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Abstract

Changes in resource (mineral nutrients and water) availability, due to their heterogeneous distribution in space and time,
affect plant development. Plants need to sense these changes to optimize growth and biomass allocation by integrating root
and shoot growth. Since a limited supply of water or nutrients can elicit similar physiological responses (the relative activa-
tion of root growth at the expense of shoot growth), similar underlying mechanisms may affect perception and acquisition
of either nutrients or water. This review compares root and shoot responses to availability of different macronutrients and
water. Attention is given to the roles of root-to-shoot signalling and shoot-to-root signalling, with regard to coordinating
changes in root and shoot growth and development. Involvement of plant hormones in regulating physiological responses
such as stomatal and hydraulic conductance is revealed by measuring the effects of resource availability on phytohormone
concentrations in roots and shoots, and their flow between roots and shoots in xylem and phloem saps. More specific evi-
dence can be obtained by measuring the physiological responses of genotypes with altered hormone responses or concen-
trations. We discuss the similarity and diversity of changes in shoot growth, allocation to root growth, and root architecture
under changes in water, nitrate, and phosphorus availability, and the possible involvement of abscisic acid, indole-acetic
acid, and cytokinin in their regulation. A better understanding of these mechanisms may contribute to better crop manage-
ment for efficient use of these resources and to selecting crops for improved performance under suboptimal soil conditions.

Key words: Mineral nutrients, water deficit, intracellular and long-distance signalling, abscisic acid, auxin, cytokinins,
sugars, growth, root architecture.

Introduction

Plant growth and productivity depend greatly on water and
mineral nutrient availability in the soil and their capture by
the roots. Arable farmers try to minimize shortfalls in avail-
ability through skilled and well-informed management of the
soil. Less appreciated is that a better understanding of how
plants cope with suboptimal water and mineral nutrient sup-
ply can also improve crop management and help select more
resilient crop genotypes for the future.

This review integrates hitherto dispersed information
on whole-plant responses to changes in water and nutrient

supply. It compares root and shoot responses to these changes
(first perceived by the root system) and evaluates root-to-
shoot signalling mechanisms, which help ensure that shoot
behaviour harmonizes with root supply of water and mineral
nutrients, especially nitrogen (N) and phosphorus (P). Since
similar mechanisms appear to underpin the perception of
nutrient or water availability and their acquisition, some uni-
fying principles emerge. We shall successively address the per-
ception of external changes in nitrate, phosphorus, or water
by the roots themselves (e.g. gene regulation, root branching

Abbreviations: ABA, abscisic acid; AQP, aquaporin; IAA, indole-acetic acid; MAPK, the mitogen-activated protein kinase; N, nitrogen; P, phosphorus; Pi, inorganic

phosphate; PSR, phosphate starvation responses.
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and elongation, nutrient and water uptake, and root hydrau-
lic conductivity) and then follow the effects of long-distance
root-to-shoot signalling on shoot responses such as those
regulating stomatal and growth responses. A much less
widely recognized influence of reverse signalling from shoots
to roots on root/shoot relationships will also be considered.
While it is not always easy to separate local responses from
those regulated at the whole-plant level, this succession pro-
vides a convenient conceptual framework for analysis.

Intracellular signalling in roots under
changing resource availability

This section assesses recent progress in identifying the molecu-
lar basis of the initial sensing of changes in nutrient and water
supply. Since these early intracellular signalling responses are
resource specific (Morcuende et al., 2007), nutrient and water
availability are considered separately.

Nitrate

Many studies have addressed responses to nitrate re-supply
in previously N-starved plants (see below). Transcriptomic
analysis revealed rapid changes (within minutes) in root gene
expression after transfer of N-starved plants to nitrate solution
(Krouk et al.,2010b). Primary nitrate responses involve changes
in gene expression of enzymes catalysing nitrate reduction and
amino acid assimilation, as well as nitrate transporters, such as
NRT?2 (high-affinity transporter) (Forde, 2002). These primary
nitrate responses were detected in nitrate reductase mutants,
suggesting direct induction by nitrate itself (Wang ez al., 2004).
Nitrate receptor function is presently attributed to nitrate
transporters (called transceptors due to combined functions of
receptor and transporter), with the most convincing evidence
of transceptor function being established for the low-affinity
nitrate transporter CHL1/NRT1 (Gojon ez al., 2011).

Initial upregulation of expression of some genes involved
in the primary nitrate response is subsequently followed by
their downregulation. Thus, the transcript level of NTR2.1
increased within 30min of exposure to 25mM KNO;,
peaked by 3h, and then declined to a steady level (Ho ef al.,
2009). Applying inhibitors of N assimilation indicated that
downregulation of gene expression was mediated by ammo-
nium, glutamine, and other amino acids (Zhuo ez al., 1999).
Consequently, the effect may be classified as feedback regula-
tion resulting from accumulation of the products of nitrate
metabolism. Recent reports have implicated transcription
factors LBD37/38/39 (lateral organ boundary domain) in
negatively regulating the primary nitrate response (Rubin
et al., 2009). Conversely, the transcription factor NLP7 (char-
acterized as a ‘master regulator’ of nitrate-induced responses)
and protein kinase CIPKS interacting with calcineurin B-like
protein (CBL) can positively regulate the primary nitrate
response (Krapp et al., 2014). How these apparently oppos-
ing mechanisms enable adequate uptake of nitrate becomes
clear from comparison with its operation under N starvation.

Effects of nitrate starvation have been less studied than its
re-supply (De Jong et al., 2014). Expression of Nrt2;1 was

persistently upregulated by NOj; starvation in Arabidopsis
plants probably due to its release from feedback repression by
N metabolites (Lejay et al., 1999). Interestingly, expression of
genes for transcription factors LBD37/38/39 that negatively
regulate nitrate uptake displayed very low expression under
N-limited conditions (Rubin ef al., 2009). Furthermore, nip7
mutants showed a phenotype typical of nitrogen-starved
plants, irrespective of N supply, suggesting that NLP7 is
required to suppress N-starvation responses (Castaings
et al., 2011). Thus, interaction of the factors involved in the
N response (Fig. 1) enable adequate nitrate acquisition and
metabolism depending on it its level in the root environment.

The NLA (nitrogen limitation adaptation) gene encoding
a ubiquitin ligase is involved in controlling responses to N
starvation (Peng et al., 2007). Senescence-mediated nitrogen
remobilization does not occur in nla mutants, implicating
NLA in nitrogen recycling. Evidence of the control of nitrate
uptake by NLA is missing, although recent data suggest its
participation in regulating the activity of phosphate trans-
porters (Park et al., 2014; see below).

Phosphorus (P)

Phosphate ([inorganic P (Pi)] starvation responses (PSRs) in
plants include regulatory components, in which transcription
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Fig. 1. Simplified scheme of nitrate signalling. Changes in nitrate
concentration are perceived by transceptors (e.g. low-affinity nitrate
transporter NRT1), enabling changes in expression of enzymes

catalysing nitrate reduction and amino acid assimilation, as well as nitrate
transporters, such as NRT2 (high-affinity transporter). Initial upregulation
of NRT2 expression following N re-supply to previously N-starved

plants is subsequently followed by feedback downregulation resulting
from the accumulation of the products of nitrate metabolism. This is
probably mediated by transcription factors LBD37/38/39 (lateral organ
boundary domain, negative regulator of the primary nitrate response).
Gene expression for transcription factors LBD37/38/39 is very low under
N-limited conditions. NRT1 acts upstream of ANR1 (a nitrate-regulated
member of the MADS-box family of transcription factors), regulating
increased root branching under a localized supply of nitrate. At low nitrate
concentrations, NRT1 functions as an auxin transporter out of the root tip,
thus inhibiting lateral root growth. Lines ending in arrows and bars indicate
positive and negative effects, respectively. Dotted lines indicate uncertainty
in the response.
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is either activated or repressed by low Pi, and many down-
stream target genes (Lei ef al., 2011). Reversion of PSRs
by Pi re-supply can help identify their primary characteris-
tic (Yang and Finnegan, 2010). Based on homology studies,
orthologues of IPS (induced by phosphate starvation non-
coding RNA involved in P homeostasis, e.g. regulation of the
Pi transporters) were discovered in Arabidopsis and cereal
species (Huang ez al., 2011). Changes in expression of target
genes enable adaptive responses facilitating external Pi acqui-
sition, mobilizing internal and external organic Pi, limiting Pi
consumption, and adjusting Pi recycling internally (Lin ef al.,
2014).

As with nitrate signalling, numerous regulatory compo-
nents exhibit either negative (e.g. ubiquitin conjugase PHO2)
or positive effects (e.g. transcription factor WRKY75 and
SPX1 proteins) (Yang and Finnegan, 2010) on PSR. PHO?2
was confirmed to be a target gene for the microRNA miR399
having miR399 target sites in the S-untranslated region of
its transcripts (Yang and Finnegan, 2010). The MYB tran-
scription factor PHR1 was the first molecular determinant
shown to be required for Pi starvation-dependent responses.
Changes in the expression of most of the regulatory compo-
nents of Pi-starvation signalling, and their target genes, are
dependent on PHR1. SUMO E3 ligase SIZ1 acts upstream
of PHRI1 and enables a control mechanism that acts both
negatively and positively on different PSRs (Miura ez al.,
2005). More recent data show cross-talk between Pi and N
response pathways. NLA together with PHO2 destabilize the
phosphate transporter PHT1;4 via ubiquitin-mediated pro-
teolysis and maintain the protein at a low level, thus limiting
Pi uptake and preventing imbalance between P and N under
N starvation (Park et al., 2014). This complicated regulatory
network probably co-ordinates numerous processes involved
in adaptation of plants to changes in Pi availability. A simpli-
fied scheme of PSR is presented in Fig. 2.

Water

The search for mechanisms sensing water shortage has led to
the discovery of several putative osmosensors. Most are anal-
ogous to the yeast osmosensor SLN1, activating the mitogen-
activated protein kinase (MAPK) cascade (Kumar ez al.,
2013). The Arabidopsis SLN1 homologue, AtHK1, comple-
mented the salt-sensitive growth defect of yeast sinl/shol
mutants (Urao et al., 1999). However, direct evidence for a
role of AtHK1 as an osmosensor in plants is still missing.
Another histidine kinase, CREI1, which was identified as a
cytokinin receptor, is also able to complement the yeast sln/
mutant in the presence of cytokinin (Inoue er al., 2001).
Although the functional importance of osmotic signalling
components was related mostly to stomatal closure (Baxter
et al., 2014), an MAPK cascade may be implicated in root
osmotic adjustment under water deficit.

While nutrient transporters are the main targets of N and
P cellular signalling, the membrane water-channel aquapor-
ins (AQPs) are involved in dehydration responses. Decreased
root hydraulic conductance due to reduced AQP activity was
detected during the initial phases of water deficit caused by
drought (Aroca et al., 2012). Adding the neutral osmolyte
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Fig. 2. Simplified scheme of PSR. Although the presence of P sensors
was suggested, their exact position remains unclear. P responses include
regulatory components controlling expression of target genes. These
regulatory components exhibit either negative (e.g. ubiquitin conjugase
PHO?2, target gene for miRNA399) or positive (e.g. transcription factor
WRKY75 and SPX1 proteins) effects. The MYB transcription factor PHR1
is required for Pi starvation-dependent responses, with SUMO E3 ligase
SIZ1 acting upstream of PHR1. SIZ1 may also control the auxin receptor
TIR1, thereby modifying the root system architecture. Lines and arrows are
as in Fig. 1 legend.
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polyethylene glycol to the maize root zone inhibits AQPs,
thereby decreasing diffusional water transfer after only 10 min
(Ionenko et al., 2012). Rapid changes in AQP activity may be
due to post-transcriptional modifications of water channels
(Maurel et al., 2008), thereby altering membrane permeabil-
ity for water. A correlation between apoplastic water poten-
tial and phosphorylation of ZmPIPs and SoPIP2;1 was also
demonstrated (Hachez et al., 2012).

In maize, the plasma-membrane AQP genes PIPI;1, PIPI;5
and PIP2;4 were induced after root osmotic adjustment (Zhu
et al.,2005). Under these conditions, the decline in AQP activ-
ity, which initially prevented water losses by root cells (Steudle,
2000), was no longer necessary, and increased AQP expression
could maintain water flow. Thus, rapid and delayed cellular
responses in roots can enable adaptation of water relation-
ships to water deficit. A scheme of root responses to osmotic-
induced dehydration is presented in Fig. 3.

Interestingly, P and nitrate supply also change expression
of AQP genes and hydraulic conductance (Liu er al., 2008;
Calderon-Vazquez et al., 2008).

Thus, although distinct signalling cascades are involved in
the response to availability of either water or the main nutri-
ents, a common feature is that they enable fast changes in
activity of specific transporters necessary for the capture of
resources.

Root architecture: environmental
regulation and importance

Many of the mechanisms discussed above were first identified
in single-celled microbes (e.g. inhibition of N assimilation by
their end products). However, plants possess higher-order
mechanisms, due to their more complex organization, that
allow the flexible and responsive architecture of organs such
as root systems, facilitating acquisition of water and nutrients.

Enhanced root growth (either in absolute terms or relative
to shoot growth) is a common response to reduced availability
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Fig. 3. Scheme of some root responses to osmotic-induced dehydration.
Early and delayed responses are deduced from experiments applying
osmotic stress and comprise events occurring within minutes (early)

to several days (delayed) (data from Aroca et al., 2012). Dehydration

is perceived by putative osmosensors [AtHKT1, CRE, AQPs (a sensor
role of AQPs; Hill et al., 2004)]. AtHKT1 and CRE are analogous to the
yeast osmosensor SLN1 activating the MAPK cascade. Decreased root
hydraulic conductance due to reduced AQP activity (phosphorylation/
dephosphorylation events) is an early response to protect cells from
dehydration. The MAPK cascade may be implicated in root osmotic
adjustment under water deficit, with plasma membrane AQPs genes being
induced after root osmotic adjustment (delayed response). Lines and
arrows are as in Fig. 1 legend.

of water, nitrates, and phosphates, although each of these fac-
tors influence root elongation and branching in specific ways.
Although exact root growth responses are sometimes spe-
cies specific and also depend on factors other than resource
availability (e.g. soil structure), there is agreement concerning
optimal root architecture for efficient acquisition of water,
nitrate, and phosphate. Typically, root traits enabling ‘topsoil
foraging’ enhance Pi acquisition when this element is limit-
ing (Lynch, 2013). This may be related to localization of Pi
mainly in the upper soil layers due to low solubility and leach-
ing. This topsoil-foraging ideotype was modelled in hydro-
ponically and agar-grown Arabidopsis plants where roots of
low-P-supplied plants were commonly shallower due to inhi-
bition of primary root elongation and stimulation of lateral
root formation (Giehl ez al., 2014).

In contrast, a ‘steep, cheap, and deep’ ideotype was pro-
posed for optimal acquisition of water and N in deep soil
strata (Lynch, 2013). This pattern of root architecture is
important for both N and water acquisition, since nitrate
is highly soluble and moves deeper in the soil during the
growing season, and water availability is typically greater at
depth. Furthermore, a low nitrate (0.05mM) supply stimu-
lated primary root elongation (Linkohr er al., 2002; Tian
et al., 2005), while primary root growth was maintained
under water deficit (Voothuluru and Sharp, 2013). However,
the effects of low N on lateral root growth are contradic-
tory, probably dependent on sugar concentration, with
high sugar levels inhibiting lateral root growth in N-starved
plants (Little et al., 2005).

Inhibition of lateral root development by drought stress
is considered an important adaptive response (Xiong ez al.,
2006). However, moderate soil drying (25% decline in soil
water content compared with well-watered plants) acceler-
ated elongation of some lateral roots of maize and wheat
plants (Ito e al., 2006). Although longer roots penetrating
a deeper soil layer enable water uptake when upper soil lay-
ers are drying, a shallow yet extensive root system may allow
exploitation of light rainfalls that fail to infiltrate the soil to
a great depth (Hodge, 2010). Similarly, a dimorphic root sys-
tem, having both shallow and deep roots to enable acquisition
of mineralized N in the topsoil as well as leached N at depth,
is considered advantageous (Richardson ez al., 2009). Such
a dimorphic root system was detected in plants under local
application of fertilizers (placement in bands 15cm apart at
8-10cm depth). Consequently, wheat roots were shorter with
more laterals at the site of high nutrient content, while they
were longer outside the nutrient-rich patch enabling deeper
penetration of the soil, with this pattern of root architec-
ture increasing the drought resistance of plants grown with
localized placement of fertilizers under field conditions
(Trapeznikov et al., 2003).

Some components of intercellular nutrient signalling are
implicated in root growth responses. Thus, ANR1 (a nitrate-
regulated member of the MADS-box family of transcription
factors) regulated increased root branching under localized
supply of nitrate (Zhang and Forde, 1998). Downregulating
ANRI expression prevented lateral root branching in response
to localized nitrate supply.

It is clear that changes in root architecture are important
for the efficient acquisition of water and nutrients. Since hor-
mones control root growth, discussion of the mechanisms by
which they regulate root growth is necessary.

Nutrient and water availability affects root
phytohormone status and local hormonal
functions

Changes in availability of water and nutrients influence the
expression of genes controlling hormone metabolism, inter-
cellular transport and signalling. However, measuring gene
expression alone does not always predict the effects on plant
hormone concentrations, since the activity of enzymes cat-
alysing both hormone synthesis and decay are frequently
elevated simultaneously (e.g. both IPT genes coding for iso-
pentenyltransferase catalysing cytokinin synthesis and those
for cytokinin oxidase were upregulated in plants re-supplied
with nitrate; Sakakibara et al., 2006). The effects of water and
nutrient availability on hormone concentrations (cytokinins,
auxin, and abscisic acid) and the involvement of hormones in
adaptation to the level of water and nutrients are discussed
below in succession.

Cytokinins

Although the importance of cytokinins in responses to N and
P starvation have frequently been discussed, many authors do



Responses to availability of mineral nutrients and water | 2137

not measure root cytokinin concentrations directly, instead
relying on indirect evidence of cytokinin involvement in
nutrient deficit responses. Thus, increased cytokinin oxidase
expression occurs under Pi starvation (Uhde-Stone et al.,
2003), water deficit (Brugiere ef al., 2003), and nutrient defi-
ciency (Vysotskaya et al., 2009), implying cytokinin degra-
dation. Furthermore, treatment with exogenous cytokinins
can repress expression of AtIPS1 (non-coding RNA, specifi-
cally responsive to Pi) and other Pi-starvation-induced genes
(Martin et al., 2000), while ahk3 mutant plants deficient in
cytokinin perception show reduced repression of several Pi
starvation-responsive genes by cytokinins (Franco-Zorrilla
et al., 2005). Since exogenous cytokinins inhibit expression
of nitrate, Pi, and sulfate transporters, a nutrient-induced
increase in cytokinin concentrations has been suggested as a
negative-feedback regulation of nutrient uptake (Kiba ez al.,
2011). Thus, cytokinins seem to be intimately associated with
responses to water and nutrient availability and subsequent
physiological and morphological adaptations.

An increased cytokinin concentration inhibited root elon-
gation under high N (20 mM nitrate) (Tian et a/., 2005), and
exogenous cytokinin (0.5 uM kinetin) inhibited Arabidopsis
root elongation (Laplaze et al., 2007). Furthermore, roots in
tobacco plants overexpressing a cytokinin oxidase gene were
longer (compared with WT plants), thereby increased drought
resistance (Werner ez al., 2010). Thus, cytokinins are clearly
implicated in regulating root growth under changing N and
water availability. However, inhibition of root elongation
under P starvation (1 M phosphate) is unlikely to be cyto-
kinin mediated, as low P is presumed to decrease cytokinin
concentrations (Franco-Zorrilla ez al., 2005). Although indi-
rect evidence suggests that a decrease in cytokinins contributes
to the PSR (Martin ez al., 2000), further measurements of root
tip cytokinin concentrations of Pi-starved plants are required.

Abscisic acid (ABA)

Although numerous studies attribute plant drought responses
to increased production of ABA by roots in drying soil
(Wilkinson et al., 2012; Puértolas et al., 2013), root ABA
concentrations of nutrient-deficient plants are less frequently
measured. Although root ABA concentrations increased 2- to
3-fold in Arabidopsis following N deficiency (Balazadeh et al.,
2014), only transient increases were detected in barley plants
(Brewitz et al., 1995). Dilution of nutrients led to root -tip
ABA accumulation in wheat, while root bulk ABA concentra-
tions were similar to those in well-fed plants (Vysotskaya ez al.,
2008). This diversity of root ABA accumulation responses sug-
gests that other potential regulatory variables (e.g. root water
potential, root nutrient status) need investigating. ABA can
also influence root hydraulic conductance, due possibly to its
effect on AQP activity (Zhu et al., 2005; Maurel et al., 2008).
Conversely, the role of nutrient deprivation-induced changes
in root hydraulic conductance (discussed above) in mediating
root ABA concentrations deserves further attention.

The role of ABA in mediating growth responses to nutrient
deficits is less clear, since it does not always accumulate follow-
ing nutrient starvation (see above). However, increased ABA

concentration in the primary root tip maintained its elongation
in nutrient-starved wheat (Vysotskaya et al., 2008). Conversely,
lateral root growth may be inhibited by ABA, as ABA-deficient
Arabidopsis mutants had more lateral roots under osmotic
stress (Xiong et al., 2006) and excessively high nitrate (De Smet
et al., 2006). Since some reports suggest osmotic stress may
mediate the effects of high nitrate concentrations (Roycewicz
and Malamy, 2012), future studies should address the possibil-
ity that inhibition of lateral root emergence by excessively high
nitrates may arise from stimulating ABA accumulation.

Auxin

Auxin is well known for regulating root initiation and lateral
root development, and changes in water or nutrient avail-
ability can modify auxin concentration, distribution, and
signalling. The axr4 mutant failed to respond to a localized
nitrate treatment, suggesting an overlap between the auxin-
and N-response pathways in regulating lateral root growth
(Zhang et al., 1999). Hypothetically, the low-affinity nitrate
transporter NRT1 is implicated in the auxin-controlled
response of lateral roots to nitrate availability (Krouk ez al.,
2010a), with its putative capacity for auxin transport out of
the root tip under low nitrate inhibiting lateral root growth.
In contrast, the auxin transport activity of NRT1 is inhibited
at high nitrate concentration, causing auxin accumulation
within lateral root primordia and lateral root growth.
Adding auxin to P-sufficient roots mimicked the effects of
P starvation (inhibited primary root growth and increased
branching), suggesting involvement in root growth responses
to P availability (Ribot et al., 2008). Furthermore, P starva-
tion changed auxin concentrations measured in root apices,
zones of initiation of lateral primordia, and elongating lateral
roots (Nacry et al., 2005). However, root auxin concentration
may not always alter following P starvation, suggesting that
P-induced changes in sensitivity to auxin are important, possi-
bly dependent on auxin receptor (TIR1) and the transcription
auxin responsive factor (ARF19) (Pérez-Torres et al., 2008).
Data concerning involvement of auxins in responses to water
deficit are scarce. In transgenic rice overexpressing the OsGH3-2
gene coding for an enzyme catalysing conjugation of the auxin
indole-acetic acid (IAA) to amino acids, IAA content was lower
than in wild-type plants, which was accompanied by a reduced
number of lateral roots and drought hypersensitivity (Du ef al.,
2012), contrary to expectation that reduced growth of lateral
roots increases drought resistance (Xiong et al., 2006).
Although plant hormone concentrations respond to
changes in water and nutrient availability and probably regu-
late adaptive root reactions, they are also involved in long-
distance signalling between roots and shoots (see below).

Long-distance signalling pathways
regulate plant responses to the availability
of mineral nutrients and water

Shoot-to-root signalling can be important in regulating
root responses. For example, nitrate re-supply to N-starved
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roots initially upregulates expression of the NRT72.1 gene,
which is normally downregulated afterwards (Little ez al.,
2005). However, in split-root experiments, NRT2.1 expres-
sion remains elevated in roots supplied with 1 mM nitrate,
when the remaining roots are N starved (Gansel ez al., 2001).
Thus, split-root experiments indicate that NRT2. 1 expression
may be controlled by shoot-to-root signals of N demand or
some signals originating from starved roots. A recent report
suggested that the small C-terminal-encoded peptide CEP1
serves as a signal emitted from the starved roots (Tabata
et al., 2014). In split-root experiments, induction of SEP
genes in the root directly experiencing N starvation or its
treatment with 1 uM CEP1 was accompanied by upregula-
tion of NRT2.1 in the untreated distant roots.

Another example demonstrating the dependence of the
root response on whole-plant nutrient status comes from
experiments with Pi-starved plants. Upregulation of the /PS/
gene and genes for Pi transporters and Pi uptake activity in
P-starved roots was repressed by Pi supply to other roots
(Franco-Zorrilla et al., 2005). It was suggested that part of
the root system takes up sufficient nutrients for the whole
plant and that corresponding nutrient-starvation response are
systemically downregulated in the remaining roots (Martin
et al., 2000). Thus, root responses are seemingly regulated by
both nutrient supply and demand.

Similarly, the dependence of local root responses on long-
distance signalling from other plant parts can regulate root
branching. Although supplying 12mM nitrate to parts of the
root system stimulated lateral root growth, branching was
inhibited when the same concentration was supplied to the
whole root system (Scheible ez al., 1997). It was suggested
that nitrate regulates root branching both locally and systemi-
cally: its external presence stimulates lateral root initiation or/
and elongation of those roots in direct contact with nitrate,
while endogenous plant nitrate concentrations (above a cer-
tain threshold) inhibit lateral root elongation (Forde, 2002).

To understand systemic whole-plant responses to nutrient
and water availability, it is important to identify signals origi-
nating from roots that can be transferred to shoots and then
back to the roots.

Nutrients and hydraulic long-distance signalling

Nutrients themselves are the most obvious candidates for the
role of root-to-shoot signals of their own availability. Shoot
gene expression (about 300 genes) changed 20min after
nitrate re-supply to the roots (Castaings et al., 2011), suggest-
ing direct effects of nitrate signalling prior to nitrate assimila-
tion in the roots.

Although it was considered that nitrate ions are not phloem
mobile, and hence cannot inform roots of shoot N demand
(Imsande and Touraine, 1994), more recent evidence indicates
phloem nitrate transport to ensure nitrate remobilization to
sink tissues (Krapp et al., 2014). Consequently, either nitrates
or their metabolites may serve as long-distance systemic sig-
nals indicating shoot N status to the roots and regulating
root responses such as inhibiting nitrate uptake. However, in
hni mutants affected in systemic feedback repression of root

nitrate uptake by shoot N status, phloem amino acid con-
centrations were inversely correlated with repression of the
nitrate transporter NRT2.1 (Girin et al., 2010), suggesting
that amino acids are not systemic signals.

Piis both xylem and phloem mobile, and decreased basipe-
tal Pi flow may act as a long-distance signal communicating
information on shoot P status to the roots (Lin ez al., 2014).
Under P starvation, leaf growth inhibition was attributed to
low root P export and shoot accumulation (Amtmann et «l.,
2006). However plants underexpressing PHOI (a gene partic-
ipating in Pi transport from roots to shoots) maintained their
shoot growth comparable to a Pi-sufficient wild-type plant,
despite their low Pi content, suggesting that leaf Pi content is
not the only growth-regulating factor (Rouached ez al., 2011).

In split-root experiments, when some roots were P starved,
phosphate from Pi-replete roots was proposed to act as a sig-
nal suppressing P starvation induced genes in the P-starved
roots. However downregulation of the Mt4 gene (belonging
to the Mt4/TPSI1 family, widely used as molecular indicators
of Pi starvation) occurred before increased P levels sourced
from P-replete roots, suggesting that phosphate is not the sys-
temic signal (Dinant and Suarez-Lopez, 2012).

Stomatal closure in response to soil water deficit is a
well-studied example of long-distance root-to-shoot signal-
ling seemingly related to hydraulic signalling. Nevertheless,
although stomata can close in response to hydraulic signals
(Kudoyarova et al., 2013, and references therein), stomatal
closure of plants exposed to partial root zone drying, when
leaf water potential was maintained, suggests the action of
chemical signals exported from roots in drying soil rather
than hydraulic signalling (Blackman and Davies, 1983) (see
below).

Hydraulic signals are important not only for adaptation to
water availability but also for nutrient uptake, since transpira-
tion-driven ‘mass flow’ of soil water can increase nutrient flow
to the root surface (Cramer et «l., 2009). Root hydraulic con-
ductance increased rapidly in the presence of locally increased
nitrate availability contributing to water uptake by roots in
nitrate-rich soil, and it was suggested that nitrate concentra-
tion was translated into a hydraulic signal transmitted rap-
idly throughout the plant (Gorska ez «l., 2008). Furthermore,
decreased root hydraulic conductance in response to P (Radin
and Eidenbock 1984) and N (Dodd et al., 2002) starvation
can decrease leaf turgor, thereby inhibiting leaf growth and
causing stomatal closure. Nevertheless, experiments that
maintained leaf turgor following nutrient deprivation (by
applying a pneumatic pressure to the roots) failed to sustain
leaf growth, suggesting that leaf water relationships are not
the primary limiting factor (Dodd et a/., 2002), and that other
signals (other than water and nutrients) are important regula-
tors of shoot responses.

ABA and cytokinins as long-distance signals

Nitrate re-supply to N-starved plants rapidly stimulates
root cytokinin biosynthesis and xylem export to the shoots.
Furthermore, the ability of cytokinins to regulate expression
of at least some nitrate-inducible genes suggests that these
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hormones are important in nitrate signalling (Sakakibara
et al., 2006). In contrast, diluting the nutrient solution
(including a 10-fold decrease in nitrate concentration) had
no effect on root cytokinin export (Vysotskaya et al., 2009).
Nevertheless, nutrient shortage decreased shoot cytokinin
concentrations, which was attributed to cytokinin oxidase
activation. Applying fluridone (an ABA biosynthesis inhibi-
tor) to nutrient-starved plants alleviates both the increase in
shoot cytokinin oxidase enzyme activity and decreased shoot
cytokinin content (Vysotskaya et al., 2009), suggesting ABA
mediation of shoot cytokinin status, which may be common
to both nutrient deprivation and soil drying (Davies et al.,
2005; Kudoyarova et al., 2007).

Enhanced xylem ABA export from roots when the soil is
allowed to dry can precede any decrease in leaf water sta-
tus (Zhang and Davies, 1989; Puértolas ez al., 2013). The
importance of ABA export from roots in mediating drought
long-distance signalling was demonstrated by experiments
showing increased foliar ABA concentrations when a greater
root biomass was exposed to partially dry soil, independent
of any changes in leaf water relationships (Martin-Vertedor
and Dodd, 2011).

ABA accumulation in response to nutrient starvation
depends on the nutrient dynamics. Abrupt withdrawal of
the nitrate supply increased the xylem sap ABA concentra-
tion (Dodd ez al., 2003), whereas gradual nitrate depletion
did not affect it (Palmer ez al., 1996). Alternatively, gradual
P depletion increased the root xylem sap ABA concentration
and foliar ABA concentration by 6- and 2-fold, respectively
(Jeschke et al., 1997). Resolving the impacts of specific nutri-
ent deficiencies, and the rate of stress imposition, on root
ABA and cytokinin status and subsequent xylem export
deserves further attention if plant responses to multiple abi-
otic stresses are to be predicted.

Changes in hormone export from roots and their shoot
concentration are involved in regulating shoot responses
to availability of soil resources. While stomatal closure
in response to soil drying has mainly been associated with
increased xylem ABA concentrations (Davies ez al., 2005),
decreased shoot cytokinin concentration and export from
the root system may also be important (Kudoyarova ez al.,
2007). Cytokinins can directly influence stomatal opening
and counteract ABA-induced stomatal closure (Davies ef al.,
2005; Dodd 2005). A new insight is that cytokinin-induced
upregulation of nitrate transporters in leaves (Kiba ez al.,
2011) may be related to stomatal opening, as the nitrate
transporter NRT1 regulates nitrate accumulation in guard
cells (Castaings ez al., 2011). Whether guard-cell nitrate status
modulates local cytokinin accumulation (and possible guard-
cell autonomous regulation in response to shoot nutrient sta-
tus) should be assessed.

Alternatively, stomatal closure in response to nutrient
starvation was correlated with increased stomatal sensitivity
to ABA (Jeschke and Hartung, 2000), which may occur in
stressed plants due to apoplastic alkalization (Wilkinson and
Davies, 2008). Under increased pH, weak acids such as ABA
dissociate and cannot pass through the plasmalemma, causing
apoplastic accumulation and stomatal closure after binding

to external-facing receptors in the plasmalemma (Hartung
1983). Stomatal closure in response to apoplastic ABA
may be ascribed to the guanine nucleotide-binding protein-
coupled receptor GCR1 (one of multiple ABA-perception
sites located in the plasma membrane and positively regu-
lating ABA signalling; Wang and Zhang, 2008). Nitrate
uptake by anion/proton symport systems (Santi ez al., 2003)
explains apoplastic alkalization at high nitrate concentra-
tions (Wilkinson and Davies, 2008). Xylem sap alkalization
in response to nitrate deprivation may also cause stomatal
closure independent of any increase in xylem ABA concen-
tration, although the mechanisms of pH changes in this case
are unclear (Dodd ez al., 2003).

Thus, changes in stomatal conductance related to root
cytokinin and ABA export and shoot accumulation, as well
as stomatal sensitivity to these hormones, present a good
example of the common response to availability of water and
nutrients regulating water balance and nutrient flow into the
plants.

Hormonal signalling is also important for the control
of shoot growth in response to changes in availability of
resources. Independent of the source of nitrate-induced foliar
cytokinin accumulation (upregulation of foliar IPT gene
expression or translocation of root-synthesized cytokinins to
shoots), their elevated concentration is likely to mediate both
cell division and elongation (since both processes are inhib-
ited in shoots of cytokinin deficient plants; Werner er al.,
2003). Although diluting the nutrient medium of hydroponi-
cally grown plants decreased both leaf cytokinin concentra-
tion and leaf growth (Vysotskaya ez al., 2009), exogenous
cytokinin supply prevented shoot growth inhibition (Kuiper
et al., 1989).

Short-term experiments (1-2 weeks) with partial root zone
drying have also emphasized the importance of root-to-shoot
chemical signals in regulating leaf growth. Decreased foliar
cytokinin concentrations following partial root zone drying
(Kudoyarova et al., 2007) probably contributed to decreased
leaf growth by decreasing cell division and expansion. Thus,
as with transpiration, similar increases of ABA and decreases
of cytokinins in response to water deficit and nutrient starva-
tion may limit shoot growth.

Recirculation of cytokinins and ABA in plants is impor-
tant for plant adaptation to availability of resources.
Basipetal phloem cytokinin transport can inhibit nutrient-
starvation-induced upregulation of transporter and other
gene responses in roots (Martin ez al., 2000; Franco-Zorrilla
et al., 2005; Kiba et al., 2011). However, attempts to inhibit
P-starvation responses by supplying cytokinins to part of the
roots resulted only in local, and not systemic, effects (star-
vation responses still occurred in roots that were not treated
with cytokinins; Franco-Zorrilla er al., 2005). Nevertheless,
manipulating cytokinin concentrations in distant plant organs
may be difficult. Split-root experiments demonstrated that
cytokinins accumulated only in treated (local cytokinin appli-
cation) roots, and their content did not change in untreated
roots (Kudoyarova et al., 2014a). In roots treated with exog-
enous zeatin, cytokinin transport to the shoots was prevented
due to their active uptake by root cells (Kudoyarova ez al.,
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2014b). This may explain the absence of a systemic response
of Pi-starved plants to exogenous cytokinins but does not
imply that changes in endogenous cytokinins do not serve as
long-distance signals.

The importance of ABA transported from shoots for
root adaptation to foliar water deficit (induced by high
atmospheric evaporative demand) was shown by inhibit-
ing phloem transport by cooling the shoot base, which
restricted root ABA accumulation and thus root hydrau-
lic conductance (Kudoyarova et al., 2011). Although it was
suggested that an ABA-dependent signalling pathway oper-
ates within the developing lateral root primordium (Walch-
Liu et al., 2006), long-distance ABA signalling cannot be
excluded, since this hormone is phloem mobile (Jeschke and
Hartung, 2000), and changes in the availability of mineral
nutrients influence phloem transport of ABA (Vysotskaya
et al., 2008).

Auxins

Although auxin concentration and sensitivity may be modi-
fied in roots themselves participating in local root growth
responses (see above), auxin transport from the shoot into
the root controls lateral root development (Reed ez al., 1998).
Auxin concentration in phloem sap and roots was lower in
maize supplied with high nitrate, and was correlated with
reduced root growth (Tian ez al., 2008). Furthermore, the
release from systemic inhibition of lateral root emergence
detected after transfer of Arabidopsis plants from high to low
nitrate medium was accompanied by increased root auxin
concentrations (Walch-Liu ef al., 2006). Consequently, auxin
transport from shoots to roots may well be important for
adaptive systemic root growth responses to availability of soil
resources.

Thus, alongside ABA and cytokinins discussed above, aux-
ins transported from shoots to roots through the phloem are
probable systemic signals integrating whole-plant responses
to mineral and water deficiency, although further study is
necessary to integrate what is known about the individual
hormones. One example of such integration is the capacity
of cytokinins to influence root responses (such as lateral root
emergence) indirectly by affecting phloem transport of aux-
ins from shoots to roots (Hachiya et al., 2014).

Sugars

Under water or nutrient deficits, sugars accumulate in leaves
and roots (De Jong et al., 2014; Lin et al., 2014), since photo-
synthesis is usually less affected than shoot growth (Pinheiro
and Chaves, 2011). This linkage of shoot growth retardation
and accumulation of sugars is clearly outlined in the case of
water deficit (Pinheiro and Chaves, 2011) but the same also
should be true for nutrient starvation. Decreased use of sug-
ars in cell-wall synthesis of growing cells is likely to make
an important contribution to sugar accumulation in nutri-
ent- and water-starved plants, as may changes in the enzyme
activities involved in sugar- and starch-related pathways (De
Jong et al., 2014; Lin et al., 2014).

Higher apoplastic sugar accumulation may be related to
decreased stomatal conductance under low N. It was sug-
gested that accumulated sucrose is carried towards the sto-
mata by the transpiration stream and stimulates stomatal
closure via hexokinase (Granot et al., 2014).

Accumulated sugars are available for transport to roots to
support their growth. Transport is favoured by the increased
sugar concentration at the source end of the phloem, elevat-
ing the pressure gradient driving carbohydrate transport in
sieve tubes, especially under drought (Sevanto, 2014), but this
also should apply to P- and N-starvation responses accompa-
nied by sugar accumulation.

Apart from being a substrate for root growth, sugar trans-
ported from the shoots also acts as a signal controlling the
activity of nutrient transporters (Lejay ez al., 2008) and root
branching (Jain ez al., 2007). Sucrose was suggested to effect
lateral root growth via regulation of auxin transport from
shoot to root (Jain et al., 2007). NRT2 gene expression is
regulated diurnally, and decreased expression during the dark
period is reversed by supplying the roots with sucrose (Lejay
et al., 1999). Expression of many transporter genes is hexoki-
nase dependent (Lejay er al., 2008). Alongside hexokinase-
mediated stimulation of NRT2 expression, some glucose
metabolites activate nitrate transport through putative post-
transcriptional modification of transporters independently
of hexokinase signalling (De Jong et al., 2014).

Impaired phloem loading of sucrose in pho3 mutants
leads to attenuated P-deficiency responses (compared with
wild-type plants) (Zakhleniuk ez al., 2001). Thus, sucrose
translocation in the phloem meets the criteria for a causal
intermediary signal linking P availability to adaptive root
responses (Hammond and White, 2008).

Collectively these results suggest that sucrose transported
from the shoot via the phloem contributes to adaptive
responses in roots to availability of nutrients and water.

Conclusions

Comparing plant responses with changes in the availability
of either mineral nutrients or water reveals some differences
(mainly the specific molecular mechanisms involved in root
perception of different stresses; Figs 1-3) but also similarities,
mostly involving hormonal long-distance signalling (Fig. 4).

Decreased resource availability generally increases root-
to-shoot ABA export and/or decreases cytokinin export.
Furthermore, shoot ABA accumulation can decrease shoot
cytokinin concentration by activating cytokinin oxidase.
These changes in shoot hormone content inhibit leaf growth
(more rapidly and to a greater extent than photosynthesis),
causing foliar sugar accumulation and its transport to roots
due to the decreased demand of sink leaves. Sugars act both
as substrate for root growth and a signal controlling auxin
transport from shoots to roots and its distribution in the roots
(Fig. 4). However, future experiments need to discriminate
the effects of exogenous (supplied in vitro) and endogenous
sugar concentrations. The importance of cross-talk between
sugar and hormonal signalling for adaptation to resource
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Fig. 4. Scheme showing similar whole-plant effects of water and nutrient
deficits. Decreased resource availability generally increases root-to-shoot
ABA export and/or decreases cytokinin export. Furthermore, shoot ABA
accumulation can decrease shoot cytokinin concentration by activating
cytokinin oxidase. These changes in shoot hormone content inhibit leaf
growth (more rapidly and to a greater extent than photosynthesis), causing
foliar sugar accumulation and its transport to roots (probably controlled

by cytokinin decline) due to decreased demand of sink leaves. Sugars act
as both substrates for root growth and a signal controlling auxin transport
from shoots to roots and its distribution in the roots.

availability has not been addressed sufficiently and should be
studied in the future.

Although allocation to root growth is a typical response
to the shortage of nitrate, phosphate, and water, assimilates
delivered to the roots are differentially distributed enabling
their efficient uptake. Auxins are believed to be involved in
root architectural changes, but more information is needed
to understand how subtle changes in auxin distribution
between root cells are achieved under different resource
limitations. Unfortunately, the DRS reporter construct,
frequently used to study auxin cellular signalling, does not
distinguish between changes in cellular auxin concentration
and their sensitivity to auxin (e.g. Pérez-Torres et al., 2008;
Krouk et al., 2010a). The use of antibodies allows the distri-
bution and concentrations of auxins, ABA, and cytokinins
to be measured in the same root sections via immunolocali-
zation (Vysotskaya et al., 2007; Kudoyarova et al., 2014a).
This may contribute to a better understanding of the control
of root architecture and may allow the design of better root
systems to minimize resource limitations when fertilizers or
water are in scarce supply.

An improved understanding of the processes affecting
resource acquisition should contribute to increasing crop
yield and food security. Further studies of the hormonal
relationships of transgenic lines knocked out in their pri-
mary sensing mechanisms of nutrient availability (e.g. /bd,
Rubin et al., 2009) may indicate interactions between intra-
and intercellular signalling. Transcription factors involved in

nutrient signalling (such as LBD37/38/39, NLP7, WRKY?75,
and PHR1 mentioned above) may affect phytohormone lev-
els or their transport (which was suggested for LBD by Rubin
et al., 2009), but confirmation has not been forthcoming.
Future progress in crop improvement in suboptimal environ-
ments may depend on attempts to couple more tightly inter-
cellular and long-distance signalling of resource availability.
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