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Plants acquire phosphorus (P) from the soil in order
to reach the intracellular concentrations necessary for
growth and reproduction. To prevent P starvation,
both monocotyledonous and dicotyledonous plants
have evolved well-regulated systems for inorganic
phosphate (Pi) scavenging, acquisition, and recycling.
Phosphate starvation responses (PSR) in plants in-
clude release of organic acids and hydrolytic enzymes
to scavenge soil Pi from organic and inorganic sources,
metabolic modifications to bypass ATP requirements,
recycling andmobilization of internal P resources, mod-
ifications of root system architecture to increase soil
exploratory capacity, and, for many plant species, the
establishment of symbiotic relations with arbuscular
mycorrhizal fungi (Bucher, 2007).
Maize (Zea mays) is one of the most widely culti-

vated crop plants, for both staple food and industrial
usage, in tropical and temperate soils worldwide.
Under cultivation, especially in acidic and alkaline
soils, large quantities of P fertilizer are applied to
maize fields in order to maximize yields. P fertilizers,
however, are becoming increasingly costly owing to
dwindling natural reserves of rock Pi and an increase
in the costs of extracting what remains; it is projected
that we have already moved beyond the point of
peak production (Cordell et al., 2011) and that re-
serves will be exhausted before the end of the century
(Khasawneh et al., 1986). Recent progress in maize
genetics and genomics has furthered characterization
of the molecular basis of maize PSR, with the potential
to provide important information in the development
of maize varieties with enhanced P use efficiency.

GENERAL MOLECULAR RESPONSES TO LOW
PI AVAILABILITY

The most pertinent questions in the study of maize
PSR are as follows: How similar is the maize response
to what is known in other plant species? And how
is the maize response typical of cereals in general?

Exhaustive microarray analyses performed in the
model plant Arabidopsis (Arabidopsis thaliana) and rice
(Oryza sativa), together with a small but increasing
number of reports concerning the molecular basis of
PSR in maize as well as other cereals, are beginning to
shed light on these questions. Furthermore, the recent
completion of maize genome sequencing (Schnable
et al., 2009; Vielle-Calzada et al., 2009) has opened new
possibilities for the comparative study of maize and
other model species. In Table I, we summarize current
knowledge of maize PSR and compare this with what
is known from Arabidopsis. Sequencing of the maize
genome has revealed maize gene families to typically
be more expanded than their counterparts in Arabi-
dopsis, and we have consistently found multiple
maize genes that exhibit close homology to any given
Arabidopsis sequence. This level of gene duplication
raises the possibility for paralog subfunctionalization
and, consequently, both fine-tuning and greater plas-
ticity in maize PSR.

Several key regulatory components involved in the
regulation of P deprivation response have been char-
acterized in Arabidopsis, including transcription fac-
tors such as PHOSPHATE STARVATION RESPONSE1
(Rubio et al., 2001), PHR1-LIKE1 (Bustos et al., 2010),
WRKY75 and ZAT6 (Devaiah et al., 2007a, 2007b),
IPS1/At4 (Shin et al., 2006; Franco-Zorrilla et al., 2007),
the microRNA miR399 (Bari et al., 2006; Chiou et al.,
2006; Pant et al., 2008), and members of the PHO
family (Aung et al., 2006; Stefanovic et al., 2007). In
addition, global gene expression studies in Arabidop-
sis have revealed that the responses to P deprivation
include alterations in many biochemical and signaling
pathways, regulated by a complex network involving
members of a range of transcription factor gene
families (Hammond et al., 2004; Misson et al., 2005;
Morcuende et al., 2007). Microarray analysis and
large-scale sequencing projects in a number of species
have reinforced this idea and have widened our
knowledge and uncovered new strategies exploited
by plants to cope with P starvation, revealing how
particular species have evolved specific mechanisms.
Valuable genetic and genomic information has been
obtained from Arabidopsis, rice, bean (Phaseolus vul-
garis), and lupine (Lupinus albus), for which large-scale
studies have permitted a detailed characterization of
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Table I. Pi starvation-related genes in Arabidopsis and their orthologs from rice, maize, sorghum, and Brachypodium distachyon

Gene models from Arabidopsis (The Arabidopsis Information Resource version 10), rice (release 6.1), maize (release 4a.53, filtered set),
Brachypodium (release 1.0), and sorghum (release 1.4) were considered for identification of the putative orthologs by using the OrthoMCL pipeline
(Li et al., 2003) with default parameters except for miR399, At4, and IPS1. Adapted from Lin et al. (2009). ND, No data; NPOI, no putative ortholog
identified.

Gene Arabidopsis Rice Maize Sorghum Brachypodium
Description of

Function
References

PHR1 At4g28610 LOC_Os03g21240 GRMZM2G006477 Sb01g036440 Bradi1g63530 A MYB transcription factor;

it activates a subset of

Pi starvation-induced

genes by binding

to the P1BS element;

phr1 shows reduced

Pi concentration

Rubio et al. (2001);

Nilsson et al. (2007);

Zhou et al. (2008)

LOC_Os07g25710 GRMZM2G162409 Sb02g010520 Bradi1g28920

SIZ1 At5g60410 LOC_Os05g03430 GRMZM2G155123 Sb09g002225 Bradi2g38030 SUMO E3 ligase;

it facilitates the

sumoylation of PHR1

and regulates the

expression of several

Pi starvation-responsive

genes; siz1 shows

higher shoot Pi

concentration

Miura et al. (2005)

LOC_Os03g50980 GRMZM2G002999 Sb08g000380 Bradi4g45080

PHF1 At3g52190 LOC_Os07g09000 GRMZM2G158489 Sb02g005080 Bradi1g55000 An endoplasmic

reticulum-located

SEC12-related protein;

it facilitates the

trafficking of

PHT1 proteins to

plasma membrane

regulated by PHR1;

phf1 shows reduced

Pi content

González et al. (2005)

PHO1 At3g23430 LOC_Os02g56510 GRMZM2G466545 Sb04g036730 Bradi3g54920 A protein with SPX

and EXS domains; it

is involved in Pi

loading into the

xylem; pho1 displays Pi

starvation symptoms with

reduced shoot Pi

Poirier et al. (1991);

Hamburger et al.

(2002); Stefanovic

et al. (2007)

PHO2 (UBC24, LTN1) At2g33770 LOC_Os05g48390 GRMZM2G381709 Sb09g028110 Bradi2g16960 Ubiquitin E2 conjugase; it

regulates Pi uptake, allocation,

and remobilization; a target

gene of miR399s; pho2

displays Pi toxicity with

excessive shoot Pi

Delhaize and Randall

(1995); Dong et al.

(1998); Aung et al.

(2006); Bari et al.

(2006); Hu et al. (2011)

GRMZM2G464572

miR399 At1g29265,

At1g63005,

At5g62162,

At2g34202,

At2g34204,

At2g34208

osa-MIR399a

osa-MIR399b

osa-MIR399c

osa-MIR399d

osa-MIR399e

osa-MIR399f

osa-MIR399g

osa-MIR399h

osa-MIR399i

osa-MIR399j

osa-MIR399k

zma-MIR399a

zma-MIR399b

zma-MIR399c

zma-MIR399d

zma-MIR399e

zma-MIR399f

zma-MIR399g

zma-MIR399h

zma-MIR399i

zma-MIR399j

sbi-MIR399a

sbi-MIR399b

sbi-MIR399c

sbi-MIR399d

sbi-MIR399e

sbi-MIR399f

sbi-MIR399g

sbi-MIR399h

sbi-MIR399i

sbi-MIR399j

sbi-MIR399k

ND A microRNA; it

negatively regulates

PHO2 and serves as a

shoot-derived

long-distance signal;

regulated by PHR1

overexpression of

miR399; mimics the Pi

toxic phenotype of pho2

Jones-Rhoades and

Bartel (2004); Fujii

et al. (2005); Bari et al.

(2006); Chiou et al.

(2006); Lin et al.

(2008); Pant et al. (2008);

Zhang et al. (2009)

PHO3 (SUC2) At1g22710 NPOI A Suc/H+ symporter;

it regulates Pi

starvation responses;

pho3 shows reduced

total P concentration

Lloyd and Zakhleniuk

(2004); Zakhleniuk

et al. (2001)

PHT1;1 (PT1) At5g43350 LOC_Os04g10800 GRMZM2G170208 Sb06g002560 Bradi5g02750 High-affinity Pi

transporters involved

in Pi acquisition;

pht1;1 mutant shows

reduced Pi uptake

and shoot Pi content;

increased Pi uptake by

overexpression of

PHT1;1 in tobacco

cells; pht1;1/pht1;4

double mutant shows

significant decrease in

Pi uptake, shoot Pi

content, and fresh

weight

Mitsukawa et al.

(1997); Misson et al.

(2004); Shin et al.

(2004)

PHT1;4 (PT2) At2g38940 LOC_Os04g10750 GRMZM2G045473

GRMZM2G154090

Sb06g002800

Sb01g046900

Sb01g020570

Bradi5g02730

Bradi3g27680LOC_Os04g10690

LOC_Os03g05610

LOC_Os10g30790

(Table continues on following page.)
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Table I. (Continued from previous page.)

Gene Arabidopsis Rice Maize Sorghum Brachypodium
Description of

Function
References

PHT2;1 At3g26570 LOC_Os02g38020 GRMZM2G092780 Sb04g024630 Bradi3g47550 A low-affinity Pi

transporter in chloro

plast; it is involved in

Pi allocation between

roots and shoots and Pi

remobilization

between old and

young leaves

Daram et al. (1999);

Versaw and Harrison

(2002)

At4, IPS1 At5g03545

At3g09922

LOC_Os03g05334

LOC_Os01g0838350

GRMZM2G086179

GRMZM5G843352

GRMZM2G436295

ND ND Noncoding RNAs;

they regulate Pi

allocation between

roots and shoots; in

hibit the cleavage of

miR399 to PHO2

mRNA by mimicking

the target sequence of

miR399

Hou et al. (2005); Shin

et al. (2006); Franco-

Zorrilla et al. (2007)

PTF1 NPOI LOC_Os06g09370 GRMZM2G024530 Sb10g006250 Bradi1g46700 A bHLH transcription

factor; it regulates the

expression of several

Pi starvation-responsive

genes; overex

pression of OsPTF1 in

creases Pi content, r

oot growth, and tiller

number; overexpres

sion in maize leads to

improved tolerance of

low-P stress

Yi et al. (2005);

Li et al. (2011)

WRKY75 At5g13080 LOC_Os05g45230 NPOI A WRKY transcription

factor; it positively

regulates Pi starvation

responses but

negatively regulates

lateral root and root

hair growth

Devaiah et al. (2007a)

ZAT6 At5g04340 LOC_Os03g32230 GRMZM2G106026 Sb01g031900 NPOI A C2H2 zinc finger

transcription factor; it

regulates several Pi

starvation-responsive

genes; controls root

architecture, Pi up

take, and Pi

accumulation

Devaiah et al. (2007b)

BHLH32 At3g25710 LOC_Os03g15440 GRMZM2G043854 Sb01g040450 Bradi1g67500 A bHLH transcription

factor; it is a negative

regulator of Pi

starvation responses;

bhlh32 has hypersen

sitive Pi starvation

responses and

increased Pi

concentration

Chen et al. (2007)

LOC_Os01g06640 GRMZM2G088443 Sb03g005250 Bradi2g03830

SQD2 At5g01220 LOC_Os07g01030 GRMZM2G100652 Sb02g000240 Bradi1g59860 Involved in sulfolipid

biosynthesis; sqd2

mutant shows reduced

growth under Pi-

deficient conditions

Yu et al. (2002)

LOC_Os01g04920 NPOI Sb03g006480 Bradi2g02800

LOC_Os03g15840 GRMZM2G049190 Sb01g040150 Bradi1g67200

PLDz1 At3g16785 LOC_Os05g29050 GRMZM2G066485 Sb09g017850 Bradi2g27950 Involved in

phospholipid

degradation and

synthesis of galactoli

pid in roots; regulates

root architecture in

response to Pi

starvation

Cruz-Ramı́rez et al.

(2006); Li et al.

(2006a, 2006b)

LOC_Os01g20860 Sb03g012720 Bradi2g11810

CAX1 At1g08960 LOC_Os11g05070 GRMZM2G004414 Sb08g002860 Bradi4g42870 Tonoplast Ca2+/H+

antiporters; cax1/cax3

double mutant has

increased shoot Pi

content

Cheng et al. (2003,

2005)Bradi4g42880

CAX3 At3g51860 LOC_Os01g37690 GRMZM2G011592 Sb03g024820 Bradi2g41090

LOC_Os02g21009 NPOI Sb04g010130 NPOI

(Table continues on following page.)
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genetic responses to P starvation (Uhde-Stone et al.,
2003; Wasaki et al., 2003; Misson et al., 2005; Hernández
et al., 2007; Morcuende et al., 2007). For maize, using
a microarray platform to characterize a P starvation-
tolerant maize genotype, a comprehensive view of P
starvation responses in maize roots was obtained,
showing that the steady-state level of over 1,100 tran-
scripts (2% of those analyzed) is modulated by P
availability, and among those, at least 33% do not have
a significant match with an ortholog in the Arabidop-
sis genome (Calderon-Vazquez et al., 2008). Such anal-
ysis allowed the identification of some biochemical
pathways either not reported previously as P respon-
sive in other plant species or at least not as responsive
as in maize roots, including a putative shift in ni-
trogen (N) metabolism to preserve N-containing me-
tabolites, phenylpropanoids, lignin, and fatty acid
biosynthesis, in parallel with an increase in the
b-oxidation (Calderon-Vazquez et al., 2008). Further-
more, a proteomic analysis of root tips identified
changes in protein accumulation following long-term
P starvation (Li et al., 2007), indicating modifications
in carbohydrate metabolism, amino acid and nucleo-

tide synthesis and degradation, and secondary metab-
olism. Thus, to date, it is known that coordinated gene
expression is necessary to acquire and utilize P effi-
ciently in maize and that a number of regulatory com-
ponents are also P regulated. In this Update, recent
findings and opportunities for further understanding
the regulation of maize PSR are summarized.

VARIATION AMONG MAIZE VARIETIES IN
TOLERANCE TO LOW PI AVAILABILITY

The wide diversity of maize germplasm includes
many varieties adapted to grow in low-P soils, al-
though the basis of this adaptation remains to be
studied in detail. Commercial maize breeding efforts
and large-scale public programs have placed relatively
little emphasis on Pi relations per se; efficient N use
and drought tolerance remain the major goals of
targeted efforts to alleviate abiotic stress. Nonetheless,
a number of screens of diverse plant material have
been performed, taking an important step toward the
development of varieties better able to acquire and use

Table I. (Continued from previous page.)

Gene Arabidopsis Rice Maize Sorghum Brachypodium
Description of

Function
References

IPK1 At5g42810 LOC_Os04g56580 GRMZM2G150496 Sb06g031650 Bradi5g24890 An inositol polyphosphate

kinase; reduced phytate

but increased Pi

concentration in ipk1

mutant seeds; ipk1

mutant has high leaf Pi

concentration

Stevenson-Paulik et al.

(2005)

SPX1 At5g20150 LOC_Os06g40120 GRMZM2G171423 Sb04g006990 Bradi1g36610 SPX domain-containing

proteins; regulates the

expression of several

Pi starvation-

responsive genes

involved in Pi

uptake, allocation,

and remobilization

Duan et al. (2008); Wang

et al. (2009); Liu et al.

(2010)

Sb10g023590 Bradi3g07470

SPX3 At2g45130 LOC_Os10g25310 GRMZM2G370780 Sb01g032880 Bradi1g60250

LOC_Os03g29250 NPOI Sb01g023270 NPOI

PDR2 At5g23630 LOC_Os05g33390 GRMZM2G060824 Sb09g019760 Bradi2g25860 P5-type ATPase;

mediates

developmental

responses of root

meristems to Pi

availability

Ticconi et al. (2004, 2009)

MYB62 At1g68320 LOC_Os01g03720 GRMZM2G096358 Sb03g007360 Bradi2g01960 Transcription factor;

overexpression

represses the

expression of GA

biosynthetic and PSR

genes; controls root

architecture and Pi

uptake

Devaiah et al. (2009)

GRMZM2G162709

ARP6 At3g33520 LOC_Os01g16414 GRMZM2G088487 Sb08g021780 Bradi2g10130 Component in the

SWR1 (SWI/SNF

related) chromatin-

remodeling complex;

suppresses PSR gene

expression if Pi

concentration is

optimal

Smith et al. (2010)

LPR1 At1g23010 LOC_Os01g03530 GRMZM2G086727 Sb03g007480 NPOI A multicopper

oxidase; mediates the

arrest in primary root

growth when the root

tip is in contact with

low-Pi medium

Svistoonoff et al. (2007)

LOC_Os01g03549 GRMZM2G054050 Sb03g007470 Bradi2g01850

LOC_Os01g03620 NPOI Sb03g007440 NPOI

Calderón-Vázquez et al.
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available Pi resources. Furthermore, screens of this
type provide the starting point for a characterization of
the genetic architecture of maize responses to different
Pi availabilities. Given the high level of phenotypic
variation present in maize, there may be difficulties in
detecting relevant genetic variation on the basis of a
direct comparison of performance under low-Pi stress
(Sawers, 2009). For this reason, many studies have
made a relative comparison of performance between
low- and high-Pi conditions. A standard screening
methodology is well illustrated by the study of Da
Silva and Gabelman (1992). In that work, seedling
performance was assessed in a panel of maize inbred
lines, and a substantial range of performance was
observed under both low- and high-Pi availability.
Furthermore, the ranking of the lines differed between
the two growth conditions, indicative of a specific
effect related to Pi, as opposed to more general vari-
ation in plant performance. Such studies provide
strong evidence that significant variation exists in the
ability of maize to exploit the P in its environment, a
prerequisite for selection-based improvement.
Performance screens are not by themselves infor-

mative with regard to the number of genes that un-
derlie the variation observed or the nature of their
effects. Consequently, researchers have used quantita-
tive trait loci (QTL) analyses to provide further infor-
mation on the genetic architecture of variation in Pi
response. A number of studies have employed a B73-
Mo17 recombinant inbred line mapping population to
investigate variation in overall performance (Kaeppler
et al., 2000) and specific root developmental traits (Zhu
et al., 2005). Significantly, when analyses have been
performed under low- and high-Pi availability, certain
QTL have been common to both conditions, while
others have been specific to one or the other environ-
ment. A further QTL study using a population derived
from the Chinese varieties 082 and Ye107 examined a
broader range of traits, including root characteristics,
vegetative growth, and the quantity of plant exudates
(Chen et al., 2008). A number of chromosomal regions
were associated with QTL for multiple traits, indica-
tive of tight linkage of causative genes or pleiotropy.
Such QTL are candidates for general regulators of PSR.
Collectively, QTL analyses support the existence of
multiple loci linked to variation in Pi relations. Al-
though, to date, none of the genes underlying one
of these QTL has been identified, a combination of
further mapping and transcriptome analysis may fa-
cilitate future gene identification and further our un-
derstanding of the relationship between Pi availability
and maize performance.

MOLECULAR RESPONSES TO P STARVATION
IN MAIZE

When comparing P starvation responses among
plants, we can define a basic set of shared responses.
This “core” is constituted by the modification of the

mobilization, uptake, and transport of P. These mech-
anisms were first identified in dicotyledonous species,
and they have also been observed in maize genotypes
tolerant to P starvation. Here, the current knowledge
on how different genes may act during Pi starvation is
contrasted to what is hypothesized in maize.

Typical plant PSR include release of Pi from organic
and inorganic sources by increasing the synthesis and
secretion of organic acids, acid phosphatases, and
ribonucleases from roots, in parallel with the up-
regulation of genes encoding high-affinity Pi trans-
porters (Bariola et al., 1994; Li and Anderson, 1997;
Daram et al., 1998; Liu et al., 1998; del Pozo et al., 1999;
Neumann and Römheld, 1999; Raghothama, 1999;
Baldwin et al., 2001; Chiou et al., 2001; Li et al., 2002).
Several genes that code for Pi-responsive transporters
have been described in rice (Paszkowski et al., 2002),
barley (Hordeum vulgare; Schünmann et al., 2004a),
wheat (Triticum aestivum; Tittarelli et al., 2007; Miao
et al., 2009), and maize (Nagy et al., 2006), and it is
known that in maize and rice roots, the up-regulation
of P transport- and P recycling-related genes was the
most extensive adaptation under Pi starvation, as
reflected by the up-regulation of several putative Pi
transporters, phosphatase, and RNase genes (Wasaki
et al., 2003; Calderon-Vazquez et al., 2008).

Despite that the root architecture differs signifi-
cantly between monocotyledonous and dicotyledon-
ous plants (Hochholdinger and Zimmermann, 2008),
both systems under P starvation present a set of
developmental modifications that tend to increase
the exploratory capacity of the plant, particularly in
the P-rich upper layers of the soil. In Arabidopsis and
bean, P starvation results in a modification of root
hair growth (Bates and Lynch, 1996) but also in a
reduction in the length of the primary root and
changes in the angle of growth and the diameter of
lateral roots (Bonser et al., 1996; Lynch and Brown,
2001; Williamson et al., 2001; López-Bucio et al., 2002;
Hodge, 2004). In wheat and barley, root hair growth is
also an adaptive modification (Gahoonia et al., 1997).
In maize, it has been reported that P starvation in-
duces alterations in the postembryonic root system,
including modification in the angle, length, and num-
ber of shoot-borne and lateral roots (for review, see
Calderón-Vázquez et al., 2009). However, in contrast
to Arabidopsis, it appears that the primary root system
in maize, which is important for early stages of devel-
opment, is not affected by Pi availability, probably
because cereal grains contain large quantities of the P
(O’Dell et al., 1972) required during seedling estab-
lishment. Development- and hormone-related genes
have been reported in Arabidopsis as mediators of
changes in root system architecture in response to P
starvation (López-Bucio et al., 2002; Ma et al., 2003;
Pérez-Torres et al., 2009). Likewise, PHOSPHATE
DEFICIENCY RESPONSE2 (PDR2) and LOW PHOS-
PHATE ROOT1 (LPR1) and LPR2 have been pro-
posed as regulators of the root-meristem response
to P-starvation in Arabidopsis (Ticconi et al., 2004,
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2009; Reymond et al., 2006; Svistoonoff et al., 2007),
playing a key role in root cap P sensing (Ticconi et al.,
2009). In maize roots, SHORTROOT- and SCARE-
CROW-like transcription factors, which are involved
in determining meristem identity and root morphol-
ogy (Nakajima and Benfey, 2002; Lim et al., 2005),
exhibit altered expression patterns under P starvation
(Calderon-Vazquez et al., 2008). The same is true for
the root development genes ENHANCER OF GLA-
BRA3, TRANSPARENT TESTA1, NAC (for NAM [No
Apical Meristem], ATAF1/2, Cup-Shaped Cotyle-
dons2), APETALA1, and APETALA2 (Xie et al., 2000,
2002; Hardtke, 2006) and transcripts responsive to
abscisic acid and auxins, including members of the
Auxin-Responsive Factor and AUX/IAA gene fami-
lies (Vieten et al., 2007; Calderon-Vazquez et al., 2008).
In the same way, trehalose has been proposed to
regulate a number of developmental processes in
both Arabidopsis and maize (Ramon and Rolland,
2007). Its biosynthesis is mediated by the enzymes
trehalose-6-phosphate synthase (TPS) and trehalose-6-
phosphate phosphatase (TPP). In maize, the TPP en-
zyme, coded by the RAMOSA3 (RA3) gene, controls
inflorescence architecture (Satoh-Nagasawa et al.,
2006). Three maize transcripts encoding TPP enzymes
have been observed to change in accumulation under
P starvation (Calderon-Vazquez et al., 2008). Two of
those TPP transcripts are highly similar to the RA3.
Despite that there is not an ortholog of RA3 in
Arabidopsis (Satoh-Nagasawa et al., 2006), the mutant
tps1 showed a severe reduction in root length and
meristematic region, suggesting a role of trehalose or
its intermediaries in root meristem activity in Arabi-
dopsis (Ramon and Rolland, 2007). Considering the
proposed role of RA3 in the establishment of axillary
meristem identity and determinacy by either mediat-
ing sugar signaling or as a transcriptional regulator
in maize inflorescence architecture (Satoh-Nagasawa
et al., 2006), and the fact that meristematic activity but
also sugar signaling determine root developmental
responses in Arabidopsis to P starvation (Chiou and
Lin, 2011), it is possible that RA3 may be a regulator of
root developmental responses in maize.

When plants evoke the recycling and mobilization
of internal P and other metabolic resources during P
starvation, the synthesis and activity of intracellular
phosphatases is increased to mobilize vacuolar P and
additional P from other subcellular compartments in
source tissues, such as old leaves or seeds (Duff et al.,
1994), and a series of bypass reactions are established
to avoid Pi- or ATP-dependent enzymes (Duff et al.,
1989; Theodorou and Plaxton, 1993). Inmaize roots, car-
bon (C) intermediates are also differentially distributed
between shoots and roots (Usuda and Shimogawara,
1991) and glycolysis appears to be also modified
by bypassing reactions that require P, as suggested by
the high increase in expression of genes encoding
phosphoenolpyruvate carboxylase and phosphoenol-
pyruvate carboxylase kinase (Calderon-Vazquez et al.,
2008). Modifications in their expression may sustain C

supply through the tricarboxylic acid cycle or provide
C skeletons for continuing C metabolism. Similarly,
the modification of metabolic pathways in maize can
be seen at the protein and enzymatic activity levels
(Gaume et al., 2001; Li et al., 2008), including the
increase in accumulation of pyruvate dehydrogenase
complex and tricarboxylic acid cycle-related proteins,
possibly to increase the flow of C through this cycle
and to generate organic acids for exudation (Li et al.,
2008), as reported for maize (Gaume et al., 2001) and
rice (Hoffland et al., 2006). These results seem some-
how contradictory to the concentrations of organic
acid levels found in both shoots and roots of P-starved
barley plants (Huang et al., 2008). However, the au-
thors consider that barley is a P-inefficient plant,
which represents a difference from what has been
reported for maize and rice (Wasaki et al., 2003; Li
et al., 2007; Calderon-Vazquez et al., 2008; Huang et al.,
2008). It is worth mentioning that the up-regulation of
the C-metabolism genes has been reported in maize
roots, whereas an important reduction in the activity
of such enzymes has been reported in leaves of plants
under P starvation in parallel with a strong decrease in
the rate of photosynthesis (Usuda and Shimogawara,
1992).

Modifications in N assimilation and amino acid
metabolism have been considered as an indirect con-
sequence of P starvation, and it has been proposed that
such changes bear a resemblance to the response to
low-C conditions (Morcuende et al., 2007). In maize
roots, N assimilation and amino acid metabolism are
also regulated by P starvation. A significant decrease
of nitrate reductase and Gln synthetase was observed
under moderate P limitation (Calderon-Vazquez et al.,
2008). Although metabolite quantifications and en-
zyme activity measurements are still pending for
maize, the general down-regulation of enzymes in-
volved in amino acid degradation and the specificity
for synthesis of some amino acids suggest that maize
retains both C and N economies, at the same time
maintaining the synthesis of secondary metabolites
directing C toward organic acid synthesis. In the same
way, barley plants under P starvation seem to use
amino acids as an alternative C source, especially in
root, as proposed by Huang et al. (2008). These results
are in contrast to those reported for Arabidopsis,
where modifications in the abundance of transcripts
involved in amino acid metabolism are limited
(Misson et al., 2005; Morcuende et al., 2007).

In plants in general, it is known that membrane
phospholipids are degraded and replaced by sulfo-
lipids and/or galactolipids, allowing the release of P
(Essigmann et al., 1998; Andersson et al., 2003). Lipid
metabolism is deeply regulated by P starvation in
maize. At least 59 transcripts related to lipid metabo-
lism changed expression levels, including genes puta-
tively involved in the recycling of C intermediates
from the membrane. A similar shift could be inferred
in rice roots and in a very limited fashion in leaves
from an expression experiment using an array of
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approximately 9,000 cDNAs (Wasaki et al., 2003, 2006).
Although this array did not represent the full genome,
it showed the change in expression of lipid-related
genes, particularly an increase in transcript levels for
genes involved in sulfolipid synthesis. In contrast to
Arabidopsis, where phospholipid degradation is me-
diated by transcriptional regulation of phospholipases
C and D (Misson et al., 2005; Tjellström et al., 2008),
maize roots under P stress did not present a modifi-
cation in the expression of these genes. Instead, a
strong induction of phospholipase A2 and glycero-
phosphodiesterases, also related to phospholipid deg-
radation, was reported, suggesting triacylglycerol
breakdown (Calderon-Vazquez et al., 2008). An induc-
tion of b-oxidation in conjunction with fatty acid syn-
thesis was also observed in maize, possibly to provide
C intermediates for energy production, thus reflecting
a facultative use of C compounds in maize roots to
fulfill requirements during P starvation (Calderon-
Vazquez et al., 2008).
A number of P starvation responses have been

identified by gene expression profiling in maize that
have not been identified in other species. A significant
modulation of the phenylpropanoid pathway and
transcripts encoding components of the lignin biosyn-
thesis pathway were either up- or down-regulated
under P starvation. Although metabolomics data for
maize would reinforce the idea, this shift in expression
suggests a rearrangement in the structural integrity of
maize roots (Calderon-Vazquez et al., 2008). A similar
modulation of cell wall structure under P starvation
has also been suggested in rice, although not by mod-
ulation of lignin biosynthesis itself (Wasaki et al., 2003).

ASSOCIATION WITH MYCORRHIZA

Maize, as opposed to Arabidopsis, is efficiently col-
onized by arbuscular mycorrhizal fungi (Paszkowski
and Boller, 2002), and, as in other species, this inter-
action significantly increases shoot growth rate, P
content, dry matter accumulation, and rate of photo-
synthesis under P-limiting conditions (Parniske, 2008).
In maize, the benefit to the plant can vary depending
on the fungal species, soil P status, and genotype
(Gavito and Varela, 1995; Kaeppler et al., 2000; Bressan
and Vasconcellos, 2002; Wright et al., 2005; Sawers
et al., 2010). Studies realized with maize inbred lines
indicate that mycorrhizal responsiveness of maize
genotypes under low P, rather than the interaction
with the mycorrhizal fungus as such, is a key factor in
determining benefit (Kaeppler et al., 2000), although
further analyses have suggested that maize germ-
plasm may indeed harbor significant variation in the
ability to profit from mycorrhizal interaction per se
(Sawers et al., 2010).
The establishment of mycorrhizal association is pre-

ceded by a molecular dialogue between fungus and
plant host, including the root exudation of strigolac-
tones (Akiyama et al., 2005; Steinkellner et al., 2007)

and the modification of plant epidermal cells (Genre
et al., 2005). Once symbiosis is established, a series of
membrane transport systems are activated to facilitate
the exchange of metabolites, including a set of mycor-
rhizally specific P-uptake transporters. Such trans-
porters have been reported in a number of species,
including the cereals rice, wheat, barley, and maize
(Paszkowski et al., 2002; Glassop et al., 2005; Nagy
et al., 2006).

PUTATIVE REGULATORS OF P STARVATION
RESPONSES IN MAIZE

Although conserved regulatory patterns, as well as
common effectors that mediate the biochemical and
developmental responses to P starvation, have been
identified among several plant species, it is possible
that species-specific, or even variety-specific, re-
sponses have also evolved. That could be particularly
true for maize, given the complexity of the responses
to P deprivation among diverse maize varieties. Re-
search in Arabidopsis has demonstrated that the reg-
ulation of PSR involves several elements (for review,
see Chiou and Lin, 2011), including the transcription
factors PHR1 and PHR1-LIKE1 (Nilsson et al., 2007;
Bustos et al., 2010), SIZ1, a SUMO E3 ligase also
proposed as a regulator of P starvation responses
including root architecture (Miura et al., 2005), PHO2,
an E2 ubiquitin-conjugating enzyme (UBC) involved
in P loading and redistribution from roots to shoots
(Bari et al., 2006), miR399, a microRNA that targets
PHO2 mRNA and thus regulates long-distance Pi
homeostasis (Aung et al., 2006; Pant et al., 2008), the
At4/Mt4 family that blocks miR399 function (Franco-
Zorrilla et al., 2007), and PHO/SPX/EXS domain-
containing proteins (Stefanovic et al., 2007; Secco et al.,
2010).

Interesting results have been obtained in monocots
by analyzing rice, barley, and wheat responses. Two
potential rice orthologs of AtPHR1 can be identified in
the rice genome database, OsPHR1 and OsPHR2. Both
OsPHR1 and OsPHR2 are involved in P availability
signaling by regulating the expression of P starvation-
induced genes. In addition, OsPHR2, but not OsPHR1,
is related to modifications in root architecture in both
systemic and local pathways (Zhou et al., 2008). In
barley, Schünmann et al. (2004a) identified the P1BS
element in promoters of P-regulated PHT1 trans-
porters. P1BS, an imperfect palindromic DNA se-
quence, was previously identified as the PHR1 target
in promoters of P-regulated genes in Arabidopsis
(Rubio et al., 2001). Furthermore, P1BS mediates P
starvation expression in barley (Schünmann et al.,
2004b), whereas in wheat, the P1BS motif was found
in the promoter of the gene TaPHT1.2_D1 (Tittarelli
et al., 2007; Miao et al., 2009), a Pi transporter regulated
by P starvation in roots, suggesting that PHR1-like
elements could be regulating P starvation responses in
cereals.
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The ortholog of AtSPX3, OsSPX1, stands also as an
important regulator of the response to P starvation in
cereals (Wang et al., 2009). Work done by Liu et al.
(2010) has demonstrated that OsSPX1 negatively reg-
ulates OsPHR2 and miR399 in the up-regulation of
OsPT2; however, OsPHR2 positively regulates OsSPX1,
thus generating a loop in the regulation of P response
pathways in rice (Wang et al., 2009; Liu et al., 2010). In
the same way, LEAF TIP NECROSIS1 (LTN1) was re-
ported as the ortholog of Arabidopsis PHO2 (Hu et al.,
2011). Its corresponding mutant, ltn1, exhibited in-
creased Pi uptake and translocation and was also reg-
ulated by OsmiR399 in the same fashion as PHO2 in
Arabidopsis (Aung et al., 2006; Bari et al., 2006; Pant
et al., 2008; Hu et al., 2011).

Searches in the maize genome have identified at
least two sequences highly similar to PHR1 (Table I),
suggesting that the PHR1 signaling pathway may be
common in both monocotyledonous and dicotyledon-
ous species. The predicted maize PHR1 genes open up
the possibility of subfunctionalization at the level of
maize PSR developmental stage and/or tissue speci-
ficity. However, it remains to be determined if those
sequences are a result of duplication or are members
of a multigene family. Interestingly, the rice genome
contains two PHR1-like genes, both reported as in-
volved in Pi starvation responses (Zhou et al., 2008).
More research is needed to clarify the function of the
homologs of PHR1, not only in maize but also in other
plants.

Another gene that stands as a potential regulator of
P starvation in monocots is the rice transcription factor
OsPTF1. To date, no Arabidopsis homolog has been
identified. OsPTF1 overexpression enhances the toler-
ance to P starvation and also increases root surface.
A microarray analysis of the overexpressing lines
showed at least 158 genes as up-regulated, all harbor-
ing OsPTF1-binding elements in their promoter re-
gion. These findings suggest that OsPTF1 coordinates
a mechanism that allows increased tolerance to P
starvation (Yi et al., 2005). The maize genome contains
at least two sequences highly homologous to OsPTF1
(Table I). Their possible role in regulating the expres-
sion of other genes involved in Pi deficiency responses
in maize remains to be investigated. However, trans-
genic maize lines overexpressing a ZmPTF1 have
been recently reported to exhibit improved tolerance
of low-P stress and had an increased expression of key
genes in Suc synthesis and C assimilation in leaves,
including Fru-1,6-bisphosphatase and Suc Pi synthase
1 (Li et al., 2011). These results show that low Pi
tolerance in maize can be modulated by altering the
expression Pi-responsive genes that have been previ-
ously characterized in other plant species.

Two other families highly expressed in maize roots
in response to P starvation are the Mt4-like and SPX
domain-encoding genes. Three Mt4-like and nine SPX
domain transcripts were strongly induced in maize
roots, and one of them, highly similar to a member of
the PHO1 family, was found among the most highly

expressed genes in response to Pi deprivation. In the
same way, four PHO2-like sequences and 43 transcrip-
tion factors were also reported as regulated by P
starvation (Calderon-Vazquez et al., 2008). In general,
it is possible that some of the mechanisms controlling
P responses are conserved in maize and Arabidopsis,
including the microRNA miR399-derived pathway
(the maize genome contains at least 10 miR399 pre-
cursors; Zhang et al., 2009).

CONCLUDING REMARKS

Maize is fundamental as a staple food but also as a
source of primary compounds for industrial innova-
tions. The identification of P starvation-tolerant geno-
types and knowledge of how they respond are keys to
fully take advantage of this cereal. As described above,
transcriptomics and proteomics are tools that have
been used to provide a general overview of the maize
PSR. However, more detailed and comprehensive
studies that could uncover the diversity of responses
in maize germplasm are still pending. The task is now
to focus on a gene functional analysis of the maize ho-
mologs to those that have been reported as key com-
ponents in P starvation signaling pathways in other
plants by overexpression and transposon insertionmu-
tants as well as complementation studies in other
model systems. In the same way, by taking advantage
of high-throughput DNA sequencing technology to-
gether with the recently available information on the
maize genome (Schnable et al., 2009; Vielle-Calzada
et al., 2009), it is possible now to resequence and an-
alyzemaize genotypes with contrasting P starvation
responses and P utilization efficiency to set up genome-
wide strategies for mapping and marker development.
Using these tools, we will have a much deeper under-
standing of the physiological, biochemical, and molec-
ular adaptations to P starvation in maize and attempt to
associate QTLs of Pi utilization efficiency with genes
identified by genome mining.
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