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DNA methylation is an important epigenetic modiﬁcation that governs transcriptional regulation. The methylation mark is
read by a special class of proteins called methyl-CpG-binding domain proteins. The role of DNA methylation has been
found in X-chromosome inactivation, genomic imprinting, transposon silencing, and self-incompatibility. Recently,
remodeling of global DNA methylation was demonstrated in Arabidopsis during low phosphate availability. The present
study reports that AtMBD4 gene of Arabidopsis negatively regulates phosphate starvation. The T-DNA insertion mutation at
the AtMBD4 locus exhibited altered root architecture as compared to wild-type plants. Using microarray hybridization and
analysis, an increased transcript accumulation of 242 genes was observed in the mutant. Many of these genes were related
to phosphate transporters and transcription factors, involved in phosphate starvation response. Comparison of data of
atmbd4 mutant with publicly available microarray data of phosphate starvation response indicated the role of AtMBD4
protein in phosphate starvation response. Further, promoter analysis of up-regulated genes suggested that cis-regulatory
elements like MBS, W-box, and B1BS are more prominent in the promoters of up-regulated genes. Upon performing a
methylation-speciﬁc PCR, a decreased DNA methylation in the promoter regions of up-regulated genes was observed. The
accumulation of anthocyanin and inorganic phosphate in the atmbd4 mutant was found to be higher than the wild-type
plant. Altered root morphology, up-regulation of phosphate starvation-induced genes in atmbd4 mutant suggests that
AtMBD4 negatively regulates the phosphate starvation response.
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1. Introduction
In higher eukaryotes, cytosine methylation in DNA is the
most common epigenetic phenomenon that regulates the fate
of gene expression. In case of higher plants and animals,
proteins of a specialized class called methyl CpG binding
domain protein (MBD) bind to methylated DNA and play a
major role in gene silencing. In mammals, MBD proteins
bind to methylated DNA and recruit epigenetic modiﬁers
like histone deacetylases (Bogdanovic and Veenstra 2009).
Studies with plants have identiﬁed 13 MBD proteins in
Arabidopsis, 17 in rice, 14 in populous, 14 in maize 18 in
tomato, 15 in potato, 12 in capsicum and 6 in wheat (Berg
et al. 2003; Springer and Kaeppler 2005; Parida et al. 2018).
In Arabidopsis, the interaction of MBD proteins with
methylated DNA has been well documented (Ito et al. 2003;
Zemach and Graﬁ 2003; Scebba et al. 2003). Out of the 13
MBD proteins of A. thaliana, three AtMBD proteins,
(AtMBD4, AtMBD6, and AtMBD7) bind to both

methylated as well as unmethylated DNA (Zemach and Graﬁ
2003; Ito et al. 2003). Three MBDs, (AtMBD2, AtMBD5,
and AtMBD6) interact with the SWI2/SNF2 chromatin
remodeling factor DDM1 (Zemach et al. 2005). AtMBD5
interacts with AtRAN-GTPase and plays an important role in
mitosis as well as in maintaining chromatin structure (Yano
et al. 2006). The interaction of AtMBD7 with AtPRMT11
indicates a link between DNA methylation and histone
methylation (Scebba et al. 2007). AtMBD7 also interacts
with ROS5 and IDM3 and performs an important function in
the active DNA demethylation and suppression of silencing
of genomic loci with a high density of DNA methylation
(Wang et al. 2015a; Lang et al. 2015; Li et al. 2015). The
largest protein of the family, AtMBD9 contains several
chromatin-associated domains like PHD ﬁngers, BROMO
and FYRC (Berg et al. 2003). Mutation in AtMBD9 gene is
associated with abnormal phenotypes like early ﬂowering
due to the down-regulation of FLC expression and decreased
level of histone acetylation at FLC locus (Peng et al. 2006;
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Yaish et al. 2009). AtMBD6 interacts with RNA binding
proteins like RPS2C and NTF2 and regulates nucleolar
dominance through RNA directed DNA methylation (Preuss
et al. 2008; Costa-Nunes et al. 2010; Parida et al. 2017). In
Arabidopsis, AtMBD proteins have been reported to interact
with HDAC6 (Zemach and Graﬁ 2003; Parida et al. 2017).
Phosphorus is a macronutrient and a key component of
macromolecules essential for plant growth and development. In soil, about 65% of the total P exists in the organic
form (Harrison 1987). Plants absorb phosphorus in the
form of inorganic phosphate (Pi) from soil (Raghothama
1999). Therefore, plants have evolved to cope up with Pi
deﬁciency with numerous strategies to optimize Pi
acquisition. Stimulation of root architecture is the major
morphological adaptation of the plant facing a phosphate
deﬁciency (Williamson et al. 2001; Lopez-Bucio et al.
2002; Svistoonoff et al. 2007). A regulatory network
involving sensing phosphate starvation and responding to
it has been dissected (Yang and Finnegan 2010; Hammond
and White 2011; Kuo and Chiou 2011; Wang et al. 2017).
In Arabidopsis, PHR1 (Phosphate Response 1) is the
master regulator of phosphate starvation response and it
binds to P1BS (PHR1 Binding Site) (Rubio et al. 2001;
Bustos et al. 2010a, b). In addition to PHR1, PHL (PHR1
like) are also important in phosphate starvation response
(Sun et al. 2016). In rice, the OsPHR2 (orthologue of
AtPHR1) interacts with the P1BS element (Ruan et al.
2015). Over-expression of OsPHR2 leads to phosphate
accumulation, up-regulation of phosphate starvation-induced (PSI) genes and altered root architecture (Zhou
et al. 2008). The SPX domain-containing proteins are upregulated by phosphate starvation and act negatively on
the DNA binding sites of AtPHR1/OsPHR2 (Puga et al.
2014; Wang et al. 2014b). The SPX-MFS members present on the vacuolar membrane are involved in Pi transport (Wang et al. 2012, 2015b; Liu et al. 2015, 2016). The
SPX-EXS domain-containing protein PHO1 (PHOSPHATE 1) accumulates in the vascular tissue and is
responsible for loading Pi into the root xylem (Poirier
et al. 1991; Arpat et al. 2012; Hamburger et al. 2002).
Some transcription factors (TFs) are known to have a role
in phosphate starvation, including WRKY, MYB, and
transcription factors containing BHLH and zinc-ﬁnger
domains. In Arabidopsis WRKY6, WRKY42, WRKY45
and WRKY75 TFs bind to the W-box in the promoters of
PSR genes. WRKY6 and WRKY42 negatively regulate
phosphate starvation responses, whereas WRKY45 and
WRKY75 positively regulate phosphate starvation. (Devaiah et al. 2007a; Chen et al. 2009; Wang et al. 2014a).
Overexpression of AtMYB62, HHO2, OsMYB2P-1 or
OsMYB4P upregulates PSR genes leading to higher PI
accumulation (Devaiah et al. 2009; Nagarajan et al. 2016;
Dai et al. 2012; Yang et al. 2014). The mutant of Arabidopsis bHLH32 modulates several biochemical and
morphological processes that mimic Pi starvation. The
transcription factor, bHLH32 acts as a negative regulator

of phosphate starvation (Chen et al. 2007). The rice bHLH
protein OsPTF1 is induced during phosphate starvation in
roots and enhances tolerance to phosphate starvation by
modulating root architecture and enhances the expression
of phosphate transporters (Yi et al. 2005). In Arabidopsis,
the zinc ﬁnger protein ZAT6 is induced during phosphate
starvation and overexpression of its gene in plants leads to
higher Pi accumulation and altered root architecture
(Devaiah et al. 2007b). Recently, the role of DNA
methylation in phosphate starvation has been demonstrated in Arabidopsis and Populus trichocarpa (YongVillalobos et al. 2015; Schönberger et al. 2016).
Recent studies have reported regulation of phosphate
starvation response by epigenetic changes. Ubiquitination-mediated chromatin regulation has been reported to
regulate phosphate starvation responses in Arabidopsis
(Iglesias et al. 2013). These responses were also reported
to be regulated by recruiting different histone variant
during phosphate starvation (Smith et al. 2010). We tried
to analyze roles of methylated DNA binding proteins in
various plant responses by studying the phenotypes of
mutants of Arabidopsis defective in genes encoding different methylated DNA binding proteins. The mutant for
AtMBD4 showed a root phenotype, which was similar to
phenotype of roots exposed to phosphate starvation. In
this present study, we characterized the role of methylated
DNA binding domain protein, AtMBD4 protein. Analysis
of the gene expression in atmbd4 mutant using microarray
indicated its possible role in phosphate starvation
response.

2. Materials and methods
2.1

Plant material and growth condition

Surface sterilized Arabidopsis seeds (Columbia ecotype)
were germinated on 0.5X MS medium (Murashige and
Skoog 1962) under controlled condition (2°C, 16 h of light/
8 h of dark). For the vernalization, the surface sterilized
seeds on MS plates were kept at 4°C in dark for 2 days.
Seedlings were transferred to soil after 15 days and nourished with OS medium (Okada and Shimura 1990). The
atmbd4 mutant (SAIL_434_A05.v1) was sourced from
ABRC (Ohio State University, USA).

2.2

Northern hybridization

The northern analysis was carried out to analyze mRNA
levels of WT and mutant plants. Total RNA was isolated
using TRI reagent, according to the manufacturer’s instructions. About 20 lg of total RNA was used for northern
blotting. For northern hybridization, a radiolabeled genespeciﬁc probe was used.
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2.3

Microarray hybridization and data analysis

The transcriptome analysis was performed using the
microarray method, according to the manufacturer’s
instructions (Affymetrix, USA). Brieﬂy, RNA was isolated
from mutants and WT A. thaliana plants in triplicates and
analyzed by Bioanalyzer (Agilent, USA). Further 500 ng of
RNA from each sample was used for cDNA synthesis. The
cDNA sample was used for in vitro transcription and
hybridization, according to the manufacturer’s instructions
(Affymetrix, USA). Analysis of microarray data was performed using Bioconductor. The microarray data was submitted to NCBI GEO under accession number GSE59133.

2.4

Microarray data analysis using MapMan display

The visualization of microarray data was performed in the
MapMan software (Thimm et al. 2004). The MapMan
software converts the log2 value from microarray data into a
false color scale and incorporates into a schematic map of
respective metabolic and cellular processes. A downloadable
version for local application is available at (https://mapman.
gabipd.org/mapman-download).

2.5

Quantitative RT-PCR

DNA free total RNA, isolated by using RNeasy Mini Kit
(Qiagen, Germany) was used for quantitative real-time PCR
(qRT-PCR) analysis. The quality and quantity of the RNA
sample were checked by agarose gel electrophoresis and
ND-1000 spectrophotometer (Nanodrop Technologies,
USA). The ﬁrst strand cDNA synthesis was carried out using
1 lg of total RNA. For cDNA synthesis, the reaction was
carried out in 50 ll of the reaction mixture, using highcapacity cDNA reverse transcription kit (Applied Biosystems, USA). Primers for qRT-PCR were designed using
PRIMER EXPRESS software (PE Applied Biosystems,
USA) with default parameters and checked for their
uniqueness using BLAST against NCBI and TAIR databases. The further uniqueness of primer-pairs was also
checked by visualizing the dissociation curve after real-time
PCR. The real-time PCR reactions were set up using 40 ng
of cDNA sample as a template, forward and reverse primers
at 200 nM concentration and SYBR green reaction mix
(Applied Biosystems, USA). Reactions were carried out in
96-well optical reaction plate (Applied Biosystems, USA) in
ABI Prism 7000 Sequence Detection System (PE Applied
Biosystems, USA) as per the manufacturer’s instructions.
Each set of reactions involved two biological replicates and
three technical replicates. To normalize the variation among
the samples, gene encoding ACTIN-12 was used as internal
control. The threshold CT values were obtained for each
sample with target gene-speciﬁc and ACTIN-12 speciﬁc
primers. The DCT values were obtained by subtracting the
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CT value of ACTIN-12 from CT value of the sample. Further
DDCT values were obtained by subtracting the DCT value of
control samples from experimental samples. The relative
mRNA level was then calculated by the following formula:
relative mRNA level = 2-DDCT.

2.6 Analysis of promoters of differentially expressed
genes and study of methylation of selected genes
Two kb upstream sequences of differentially regulated genes
were downloaded from NCBI. These 2 kb upstream
sequences were further searched for the cis-acting motifs
using PlantCARE database. The motif for P1BS was manually identiﬁed using GENERUNNER software. The motifs
identiﬁed were presented in Venn diagrams using FUNRICH
software.
The genomic DNA was isolated by DNeasy plant mini kit
(Qiagen). The quality was veriﬁed by electrophoresis on
0.8% agarose gel and the quantiﬁcation was done using ND1000 spectrophotometer (Nanodrop Technologies, USA).
One microgram of genomic DNA was digested with either
McrBC or HpaII endonuclease. Further, 10 ng of digested
genomic DNA was used to perform PCR. The undigested
genomic DNA was used as a control. The promoter regions of
some selected genes were used for methylation analysis. All
primers used in this study are listed in supplementary table 1.

2.7 Estimation of inorganic phosphate
and anthocyanin
Inorganic phosphate estimation was performed using the
protocol of Campos (2013). Anthocyanin content was estimated according to Neff and Chory (1998). One anthocyanin
unit equals one absorbance unit [A530 - (1/4 9 A657)] in
1 ml of extraction solution.

3. Results
3.1 Mutants of atmbd4 showed abnormal root
development
The atmbd4 mutant (SAIL_434_A05.v1) has a T-DNA insertion within the coding regions (ﬁgure 1A). The mutant was
veriﬁed by northern blotting, using the AtMBD4 speciﬁc probe.
Total RNA from 15 days old seedlings of WT and atmbd4
mutant was isolated and used for northern hybridization. In
case of WT plant, the transcript was clearly detected, whereas
the mutant did not show any signal for AtMBD4 speciﬁc
transcripts (ﬁgure 1B). Morphological analysis of atmbd4
mutant plants showed small roots as compared to the WT
plants grown in the same condition. The root length of the
mutant was less than that of the wild-type plants grown under
the same condition (ﬁgure 1C, E). A common phenotypic
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Figure 1. Northern hybridization and root phenotype of atmbd4 mutant: A Schematic diagram of atmbd4 mutant showing T-DNA
insertion in the 2nd exon of atmbd4. B Northern hybridization of RNA samples from WT A. thaliana and atmbd4 mutant plants was
performed using an AtMBD4 gene-speciﬁc probe. The northern blot analysis clearly showed the absence of AtMBD4-speciﬁc transcript in
the mutant plant, whereas it was clearly detected in the WT plant. C Root morphology of vertically grown 10-day-old WT and atmbd4
mutant seedlings in Petri plates. D Root bifurcation formation in atmbd4 mutant. E Root length, secondary root and root hair density of
atmbd4 mutant as compared to wild-type. The error bar indicates standard deviation. N = 10; student’s t-test was used to ﬁnd statistical
signiﬁcance. P value **\0.005, *\0.05.

feature of atmbd4 mutants that differed from the wild-type was
the primary root that started bifurcating from the initial start
point (ﬁgure 1D). Again, an increase in root hair density was
observed in the atmbd4 mutant, but there is a decrease in the
number of secondary roots (ﬁgure 1E).

3.2 Microarray analysis to unravel the abnormal root
phenotype of atmbd4 mutant
A microarray analysis was performed using the Affymetrix ATH1 gene chip to study differentially regulated

genes in ambd4 mutant. Total RNA samples were isolated
from ﬁfteen days old seedlings of WT and atmbd4 mutant.
The analysis of microarray data suggested altered
expression of 329 genes in the mutant as compared to the
WT plants (fold change C 2 at p-value 0.05). Out of these
genes, 242 genes were up-regulated while 87 genes were
down-regulated in the mutant. The differentially expressed genes were further annotated according to TAIR10
guidelines and grouped in different functional categories,
such as genes involved in phosphate starvation, response
to stimulus (treatment of chemicals, hormones, and
nutrients etc.), response to stress and metabolic processes
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genes. The mutant also showed up-regulation of genes
involved in anthocyanin biosynthesis, including genes
encoding ﬂavonoid-3-O-glucosyltransferase, AACT1,
dihydroﬂavonol-4-reductase and leucoanthocyanidin
dioxygenase enzymes.

3.3 Pathway mapping of the differentially expressed
genes

Figure 2. Functional categorization of differentially expressed
genes in atmbd4 mutant: A Functional annotation of up-regulated
genes from microarray data for the atmbd4 mutant. B Functional
annotation of down-regulated genes from microarray data for
atmbd4 mutant. C QRT-PCR analysis of selected genes was
performed to validate microarray data. Genes that showed a high
level of differential expression in the mutant were selected for this
analysis. The similar expression pattern was observed in both
microarray and QRT-PCR. The X-axis represents different genes,
whereas the Y-axis represents the relative expression in the mutant
with reference to WT. Blue and red colors represent the expression
value in microarray and QRT-PCR respectively. The error bars
indicate standard deviation which was calculated form 2 biological
replicates and three technical replicates.

(ﬁgure 2A, B). The microarray results were veriﬁed by
performing qRT-PCR analysis with some randomly
selected genes. The expression pattern observed in
microarray analysis was found to be similar to that of qRTPCR analysis (ﬁgure 2C).
The root phenotype of atmbd4 mutant mimicked the
phenotype of plants affected by phosphate starvation.
There was a signiﬁcant up-regulation of genes involved in
phosphate starvation (table 1). The genes which showed a
signiﬁcant up-regulation in the mutant were genes
encoding phosphate transporters (AtPHT1 and AtPHT2),
phosphate induced 1 (PHI-1), MYB90, WRKY18, SPX1,
SPX3, and RNS1. Plants that faced phosphate starvation
usually show up-regulation of ﬂavonoid biosynthetic

The microarray result was further analyzed using MapMan software (Thimm et al. 2004), which mapped the
up/down-regulated genes in different pathways, giving a
false color on a scale according to the log2 expression
values. This allows a clear resolution and understanding
of comparative cellular responses in the mutant. The
mutant showed altered gene expression that affected many
cellular responses (ﬁgure 3A). In the atmbd4 mutant, the
cell wall softening was predicted by Mapman with
increased accumulation of cell wall proteins like expansin
family proteins. There was also an up-regulation of gene
encoding xyloglucan-endotransglycosylase and pectinesterase which catalyzed splitting of xyloglucan chains and
esteriﬁcation of pectin (ﬁgure 3A). There was an
increased expression of genes encoding phospholipases,
including PLDP2, SRG3, NPC4 and NPC5. The genes
encoding glycolipid biosynthesis enzymes (MGD2 and
MGDC) were also up-regulated. Starch to sugar conversion is enhanced in the mutant. This was achieved by upregulation of starch degradation enzyme BAM5 and
sucrose synthase SUS4. The amino acid biosynthetic
genes were up-regulated in the case of Asn and Val, but in
case of proline the degradative enzymes were up-regulated
and the biosynthetic enzymes were down-regulated. The
secondary metabolism was also affected in the mutant.
The dihydroﬂavonol biosynthesis enzymes (UG3GT and
DFR) and anthocyanin producing enzymes (AACT1 and
LDOX) were up-regulated.
Many genes encoding biotic stress response proteins were
up-regulated in the atmbd4 mutant, including genes encoding chitinase, PDF1, DAR4, ATTI1, PR3, and PR4. Genes
encoding heat stress response proteins were found to be upregulated in the atmbd4 mutant (HSP17.6, HSP17.8,
HSP17.4, HSP90.1, and HSP26.5) whereas genes encoding
cold stress-related proteins were down-regulated (COR15A
and B) (ﬁgure 3B).

3.4 Comparison of the transcriptomes of atmbd4
mutant and phosphate-starved wild type Arabidopsis
plants using microarrays
The transcript proﬁle of atmbd4 mutant was compared with
the transcript proﬁle of phosphate-starved Arabidopsis
plants, using microarray data available in the public domain
under the screen name E-GEOD-16722 (Bustos et al.
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Table 1. Microarray analysis, indicating changes in expression of genes in the AtMBD4 mutant
Gene name

Locus Id

Description

Log2 values
1.0736058
1.0454679
1.0454679
4.1219025
3.5672

AT4G31800
AT5G20150
AT2G38940
AT2G46880
AT3G17790
AT2G45130
AT2G02990
AT3G61060
AT5G61590
AT5G61160
AT5G13080

Phosphate-induced 1
Arabidopsis phosphate transporter 1
Phosphate transporter 1
Beta-amylase 5
Phosphatase (phosphoric monoester
hydrolase)
WRKY18 transcription factor
SPX DOMAIN GENE 1
Arabidopsis thaliana phosphate transporter 2
Purple acid phosphatase 14
Arabidopsis thaliana acid phosphatase 5
SPX domain gene 3
Ribonuclease 1
PHLOEM PROTEIN 2-A13
Decrease wax biosynthesis
Anthocyanin 5-aromatic acyltransferase 1
WRKY DNA-binding protein 75

1.1886113
1.7465494
1.2746294
1.653007
1.3250635
2.3270245
3.6284595
1.1406791
1.3296964
2.5591152
1.366263

AT1G60190
AT1G76410
AT4G34470
AT5G22920
AT3G48360
AT4G37610

E3 ubiquitin ligase
Zinc ﬁnger and RING ﬁnger domain protein
E3 ubiquitin ligase
C3HC4-type RING ﬁnger protein
BTB and TAZ domain protein 2
BTB and TAZ domain protein 5

-1.47406
1.188032
1.157015
1.9759512
1.5333948
1.996529

AT1G68880

Arabidopsis thaliana basic leucinezipper 8
Arabidopsis Thaliana Homeobox 7
MYB domain protein 47
Maternal effect embryo arrest 3
Heat shock transcription factor A7A
Multiprotein Bridging Factor 1C
Related to AP2 6
Arabidopsis thaliana Homeobox 7
BHLH039/ORG3 (OBP3-responsive gene 3)
Arabidopsis thaliana Basic LeucineZipper 1

1.91539

Gene involve in phosphate starvation
AT1G35140
PHI-1*a
APT1a
AT5G43370
PHT1a
AT5G43350
BAM5*a
AT4G15210
AT1G17710a
AT1G17710
WRKY18*a
SPX1a
ATPT2a
PAP14*a
AtACP5a
SPX3a
RNS1a
ATPP2a-A13
DEWAXa
AACT1*
WRKY75*
Ubiquitination related genes
PUB19
ATL8a
ASK12
AT5G22920a
BT2a
BT5a
Transcription factors
AtBZIP
ATHB-7
AtMYB47*
MEE3*
AT-HSFA7Aa
ATMBF1Ca
RAP2.6a
ATHB-7
ORG3*
ATBZIP1
Stress associated genes
DNAJC77

AT2G46680
AT1G18710
AT2G21650
AT3G51910
AT3G24500
AT1G43160
AT2G46680
AT3G56980
AT5G49450
AT2G42750

ATHSP90.1 a
HSP26.5-P
ATHSP17.4
AT-HSP17.6A

AT5G52640
AT4G21870
AT3G46230
AT5G12030

COR15A
COR15B
PDF1a
AT4G3a 3720
AT3G04210
PR4a
PDF1.2b
ATHCa HIB, PR3
CIPK5
DELTA-TIP2
CER1*

AT2G42540
AT2G42530
AT5G44420
AT4G33720
AT3G04210
AT3G04720
AT2G26020
AT3G12500
AT5G10930
AT4G17340
AT1G02205

*Conﬁrmed by QRT-PCR
a

Also up-regulated in phosphate starvation

DNAJ heat shock N-terminal domaincontaining protein
Heat shock protein 90.1
Heat shock protein
Heat shock protein
Arabidopsis thaliana heat shock protein
17.6A
Cold-regulated 15A
Cold-regulated 15B
Plant Defensin 1.2A
Pathogenesis-related protein
Disease resistance protein
Pathogenesis-related 4
Plant defensin 1.2b
Arabidopsis thaliana basic chitinase
CBL-interacting protein kinase 5
DELTA Tonoplast intrinsic protein 2
Eceriferum 1

-1.1758659
-2.0555468
2.50285
1.9604561
1.225559
1.1922786
-1.1758659
-1.4905462
1.1530088
-1.1686542
1.00628
1.1439753
1.1745824
1.4739063
-1.4501644
-1.0392883
3.679156
3.28253
1.325284
1.490641
3.066915
2.016087
-1.0854458
-1.7434933
-1.3036089
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Figure 3. Pathway analysis using Mapmann: The major pathways and processes were visualized using the MapMan software. Each
square represents a gene, which has been assigned to the various metabolic pathways represented in the map. Transcript levels in atmbd4
mutant relative to the levels in wild-type were displayed on a log2 scale. The genes which do not change by more than a threshold value
(log2 more than ±1) are shown in white; genes that showed an increase or a decrease in expression are shown by an increasingly intense red
and green coloration, respectively, as shown in the color bar. A Overview of the metabolism. B Responses to stress.

2010a, b). When the expression of differentially regulated
genes of atmbd4 was compared with expression of the
phosphate-starved shoot of wild-type plant, 111 common

genes were found to be up-regulated in both. However, when
compared with the microarray data of the root tissue affected
by phosphate starvation only 56 genes were found to be
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Figure 4. Comparative analysis of gene expression in atmbd4 mutant: Venn diagram showing up-regulated genes in the atmbd4 mutant in
comparison with gene induced under phosphate starvation and in other mutants. A phosphate deﬁcient plants (roots and shoots), B phr1
mutant, C phr1phl double mutant, D spx1spx2 double mutant, E pho1 mutant, F pho2 mutant.

commonly up-regulated (ﬁgure 4A). Interestingly, there
were 48 genes common in root and/or shoot of wild type
plants under phosphate starvation and in the atmbd4 mutant
(ﬁgure 4A). The commonly up-regulated genes between
atmbd4 and phosphate-starved root were annotated as
responsive to different stimuli. Many genes known to have a
role in phosphate starvation were present in both the sets,
such as PHI-1 (phosphate induced 1), PHT-1 (phosphate
transporter 1), SPX1 (SPX domain gene 1), SPX3 (SPX
domain gene 3), RNS1 (ribonuclease 1), ATPT2 (Arabidopsis
thaliana phosphate transporter 2) and APT1 (Arabidopsis
phosphate transporter 1). The common genes up-regulated in
atmbd4 and phosphate starvation are listed in supplementary
table 2.
To get an insight into the molecular mechanism, we compared gene expression data of atmbd4 mutant with data of

known mutants of phosphate starvation genes. Gene expression in the atmbd4 mutant was compared with data from phr1
mutant and phr1phl double mutant using the microarray data
of Bustos et al. (2010a, b) (E-GEOD-16722). In shoot tissue,
the phr1 single mutant and phr1phl1 double mutant shared 16
and 26 genes with atmbd4 whereas in shoot tissue 11 and 28
genes were common (ﬁgure 4B, C). The microarray data of
spx1spx2 double mutant were taken from the public domain
(EMBL-EBI) with the screen name E-GEOD-52046 (Puga
et al. 2014). There were 51 genes common in data from
spx1spx2 double mutant and atmbd4 mutant in the up-regulated category (ﬁgure 4D). The pho1 mutant microarray
analysis (using E-GEOD-5611) identiﬁed 51 genes which
were common with genes up-regulated in atmbd4 (ﬁgure 4E).
There were 23 up-regulated genes which were common in
both atmbd4 and pho2 mutants (ﬁgure 4F). There were 42
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involved in the Pi-starvation response, the promoters of
the common genes up-regulated in both atmbd4 mutant
and under phosphate starvation were analyzed. Three
major transcription factors PHR1, MYB and WRKY
families have been reported to regulate the transcriptional
activation of low phosphate-responsive genes. The DNA
binding sites of these three transcription factors were
analyzed. The corresponding binding sites of PHR1
(P1BS), MYB (MBS) and WRKY (W box) were abundantly present in the promoters of up-regulated genes
(ﬁgure 5A). There were 94 promoters with P1BS motifs
(GNATATNC, PHR1 Binding site). There were 89 genes
with MYB transcription factors Binding sites (MBS) and
39 promoters contained WRKY binding site (W box).
There were 51 genes with both the P1BS and MYB elements. Ten genes contained all these three elements
(ﬁgure 5A).

3.6

Figure 5. Cis-regulatory elements analysis and methylation
analysis: A Venn diagram showing the distribution of three major
phosphate starvation related cis-regulatory elements in commonly
up-regulated genes. B DNA methylation analysis in atmbd4 and
WT plants was carried out for some known marker genes for
phosphate starvation. Genomic DNA samples isolated from wildtype and mutants were digested with methylation sensitive or
methylation requiring restriction enzyme HpaII/McrBC and used
for PCR ampliﬁcation. ACTIN2 gene was used as a control.

and 37 up-regulated genes common with pho1 and spx1spx2
mutants respectively. The numbers of common genes in phr1
and phr1ph1l mutants were very less. There were seven TFs
(ATBZIP1, HSFA7A, EPR1, RAP2.6, EEL, ZAT6, and
WRKY18) up-regulated during phosphate starvation as well
as in atmbd4 mutant.

3.5 Promoter analysis of genes up-regulated
in both atmbd4 in phosphate sufﬁcient condition
and wild type under phosphate starvation
To determine whether the up-regulated genes correlated
with the presence of cis-regulatory elements known to be

Methylation analysis of promoter

Remodeling of global DNA methylation was recently
established in Arabidopsis during phosphate starvation
(Yong-Villalobos et al. 2015). Therefore, the genomic
DNA methylation was analyzed in some selected loci
using methylation sensitive PCR (using HpaII) and
methylation-dependent PCR (using McrBC). DNA
methylation analysis was performed in promoters of
genes which are markers of phosphate starvation and the
master regulator of phosphate starvation PHR1.
Hypomethylation of the marker genes (PEPC1, SPX3,
PLPD2, PSI, and PSII) was detected in the atmbd4
mutant (ﬁgure 5B). In case of the PHR1 promoter DNA
hypermethylation was detected. The ACTIN2 gene was
used as internal control.

3.7 Accumulation of anthocyanin and inorganic
phosphate
The root phenotype of atmbd4 mimicked the root phenotype of plants suffering from phosphate starvation. The
microarray data analysis and quantitative RT-PCR suggests
up-regulation of genes associated with phosphate starvation
response. When plants face phosphate starvation, they start
accumulating anthocyanin (Jiang et al. 2007). Our
microarray results also indicated up-regulation of genes
involved in anthocyanin biosynthesis (ﬁgure 6A). The
anthocyanin content in 10 days old seedlings of WT and
atmbd4 mutant plants was carried out. There was an
increase in anthocyanin accumulation in the mutant as
compared to the wild-type plants under the same condition
(ﬁgure 6B, C). The accumulation of anthocyanin can be
detectable in the hypocotyl of mutant seedlings. As the
microarray result indicated the role of AtMBD4 in
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Figure 6. Analysis of affected pathways and estimation of inorganic phosphate and anthocyanins: A Mapmann analysis showing upregulation of anthocyanin producing enzymes. B The accumulation of anthocyanin in wild type and atmbd4 mutant is clearly detectable in
the hypocotyl regions. Ten day old seedling of atmbd4 plant accumulated more anthocyanin (shown by an arrow) as compared to the wildtype plants grown in the same condition. C Estimation of anthocyanins: Total anthocyanins were extracted from seedlings of WT and
atmbd4 mutant plants. The Y-axis represents anthocyanin unit [A530 - (1/4 9 A657)]. Error bars indicate standard error (n = 3).
D Accumulation of inorganic phosphate: The inorganic phosphate (Pi) contents (nMol/gm) in WT and the mutants, grown in different
concentration of Pi. Error bars indicate standard error (n = 3).

phosphate starvation with increased transcript accumulation of the gene encoding phosphate transporter, the accumulation of inorganic phosphate in WT and mutant of

atmbd4 was estimated. The accumulation of inorganic
phosphate in the mutants was found to be more than that of
wild-type plants grown in the same condition (ﬁgure 6D).

AtMBD4 is involved in phosphate starvation response
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4. Discussion

4.2

Phosphate, in the form of inorganic phosphate (Pi), is taken
up by plants. Phosphate being a macronutrient for plants,
availability of Pi affects plant growth and development.
Plants have acquired many adaptive mechanisms to cope up
with phosphate starvation, including transcriptional, biochemical, physiological and morphological changes to
increase the uptake of Pi and its utilization (Wang et al.
2017). Recent reports showed that Pi starvation was also
involved in genome-wide changes in the DNA methylation
(Yong-Villalobos et al. 2015, 2016). As AtMBD4 binds to
methylated DNA and mutation in its gene results in phosphate starvation phenotype, the methylation signal induced
by phosphate availability might be interpreted by AtMBD4.
The present study reports the transcriptional changes due to
the mutation in AtMBD4 gene and its relation to phosphate
starvation response.

The SPX domain-containing proteins are involved in Pi
transportation in A. thaliana and yeast (Wang et al. 2014b).
Two genes from the PHO1 gene family containing SPX
domain, SPX1 and SPX3 were up-regulated in the mutant
atmbd4. SPX1 is a phosphate-dependent inhibitor of the
central regulator PHR1 (Puga et al. 2014). In rice, SPX3
interacts with OsPHR2 (orthologue of AtPHR1) (Shi et al.
2014). Rice SPX1 and SPX2 interact with OsPHR2 and
inhibit its binding with the PHR1-binding sequence
(GNATATNC) (Wang et al. 2014b). In beans, SPX1 positively regulates phosphate signaling and acts downstream
to PHR1 (Yao et al. 2014). In atmbd4, there is an upregulation of the SPX transcript without any change in the
transcript level of PHR1. A number of genes upregulated
were common with spx1spx2 double mutant rather than the
phr1phl1 double mutant. This suggests that AtMBD4 acts
upstream to SPX (ﬁgure 7). DNA methylation and transcription factors binding to cis acting elements regulate
gene expression during phosphate starvation (Yong-Villalobos et al. 2015, 2016). The P1BS element is absent in
AtMBD4 promoter. AtMBD4 is not up-regulated during
phosphate starvation, but a large number of genes which
are up-regulated in Atmbd4 mutant contain P1BS site,
suggesting neither PHR1 nor phosphate starvation regulates the expression of AtMBD4. The up-regulation of
MYB and WRKY family TFs and presence of MBS and
W-box in up-regulated genes suggest a network of gene
regulation under AtMBD4. Analysis of DNA methylation
in the promoters of phosphate starvation response genes
suggests hypo-methylation of phosphate starvation-induced
genes. There is no signiﬁcant alteration of expression of
methyltransferase in our microarray data, but ROS1 is
slightly (1.7-fold) up-regulated. PHR1 is hypermethylated
in the atmbd4 mutant, but the expression is unchanged. The
behavior of PHR1 in atmbd4 mutant suggests that PHR
either acts independently of AtMBD4.

4.1 Microarray analysis identiﬁed the molecular basis
of root phenotype
Our microarray data analysis revealed that a subset of upregulated genes in the atmbd4 mutant is also up-regulated
during phosphate starvation. Under phosphate starvation,
genes encoding phosphate transporters are induced and more
phosphate from the surrounding moves into plants (Smith
et al. 2000; Mudge et al. 2002). Mutation in AtMBD4 gene
also showed induction of genes encoding phosphate transporters. Gene encoding phosphate transporters PHT1 and
PHT2 are among the highly induced genes in the atmbd4
mutant. These two genes along with some other members of
the gene family are known to be up-regulated during phosphate starvation (Morcuende et al. 2007; Remy et al. 2012).
Low phosphate condition induces phosphatases and
ribonucleases from plants, which results in release of inorganic
phosphate from the complex organic substrates present in the
surroundings to the growing tissues (Bariola et al. 1994; del
Pozo et al. 1999; Li et al. 2002; Wu et al. 2003; Morcuende
et al. 2007). The analysis of our microarray data revealed that
genes encoding four purple acid phosphatases PAP2, PAP3,
PAP17 and PAP14 along with RNS1 were up-regulated in the
mutant. The up-regulation of genes encoding phosphatases and
RNase at the transcript level in atmbd4 mutant plants, grown in
normal condition, suggests that AtMBD4 is essential for the
regulatory processes, following the sensing of phosphate level,
leading to a subsequent increase in phosphate level. During low
phosphate condition miRNA399 is induced and it causes
degradation of mRNA of PHO2, which is a ubiquitin-conjugating enzyme (Fujii et al. 2005; Bari et al. 2006). PHO2
targets PHO1 and PHT1 degradation through ubiquitination
(Liu et al. 2012; Huang et al. 2013). We found more number of
overlapping genes in pho1 as compared to pho2. This suggests
AtMBD4 negatively acts on PHO1 and upstream of it, resulting
in more PHO1 degradation in the atmbd4 mutant.

4.3

AtMBD4 acts upstream of SPX

AtMBD4 acts negatively on transcription factors

Many transcriptional regulators, which are usually induced
in phosphate deﬁciency, were also up-regulated in the
mutant (Scheible et al. 2004; Morcuende et al. 2007). Several genes encoding transcriptional regulators, including
MYB90, WRKY18, WRKY75, WRKY26 and MYB47 (Devaiah
et al. 2007a; Devaiah and Raghothama 2007; Gao et al.
2008) were highly up-regulated in the mutant. The genes
encoding ASK12 (At4g34470), ASK11 (At4g34210), BTB
and TAZ domain protein 2 (At3g48360), BTB AND TAZ
domain protein 5 (At4g37610), ATL8 (At1g76410), and
At5g22920 were up-regulated in the atmbd4 mutant. These
genes are known to be a part of ubiquitin-mediated protein
degradation pathway (Farras et al. 2001; Risseeuw et al.
2003; Figueroa et al. 2005; Libault et al. 2007).
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Figure 7. Proposed regulatory network for AtMBD4 in phosphate starvation: The solid arrows represent a known positive
regulation; solid lines ending with a bar indicate a known negative
regulation: the dotted lines indicate proposed regulation.

EEL, and WRKY18 were never investigated in phosphate
starvation, their up-regulation during phosphate starvation
and in atmbd4 mutant suggests a possible role during
phosphate starvation.
A working model for AtMBD4 based on comparative
study of transcriptome in atmbd4 mutant and various
mutants involved in phosphate starvation has been proposed. The altered expression of genes involved in
phosphate starvation in wild type was compared with
expression of these genes in atmbd4 mutant and other
mutants defective in phosphate starvation response
(ﬁgure S1). We proposed that AtMBD4 acts negatively
upstream of SPX, which is a negative regulator of PHR1.
The PHR1 upregulates synthesis of microRNA399 to
down regulate PHO2 which codes for a ubiquitin conjugating enzyme. The action of PHO2 leads to degradation
of the transporters PHT1 and PHO1 (ﬁgure 7).
AtMBD4 encodes a Methyl-CpG-Binding Domain-containing protein that can bind to both methylated and
unmethylated DNA (Ito et al. 2003; Scebba et al. 2003;
Zemach and Graﬁ 2003). The molecular and biochemical
function of AtMBD4 is unknown. However, we identiﬁed its
involvement in phosphate starvation. Plants, when grown in
a phosphate-limiting media, exhibited more lateral root and
root hairs (Williamson et al. 2001; Lopez-Bucio et al. 2002;
Bates and Lynch 2001). In A. thaliana, the mutation in
AtMBD4 gene caused a similar root phenotype as that of
plants grown in phosphate limiting media. The mutant
atmbd4 showed more lateral root and root hairs with
decreased root length as compared to the WT plants grown
in the same medium. Microarray analysis showed up-regulation of genes involved in phosphate starvation. These
results strongly suggest that AtMBD4 is a negative regulator
of phosphate starvation under normal condition.
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