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Abstract

Inorganic phosphorus (Pi) fertilizers are expected to become scarce in the near future; so, breeding for improved 
Pi acquisition-related root traits would decrease the need for fertilizer application. This work aimed to decipher the 
physiological and molecular mechanisms underlying the differences between two commercial wheat cultivars (Crac 
and Tukan) with contrasting Pi acquisition efficiencies (PAE). For that, four independent experiments with different 
growth conditions were conducted. When grown under non-limiting Pi conditions, both cultivars performed similarly. 
Crac was less affected by Pi starvation than Tukan, presenting higher biomass production, and an enhanced root de-
velopment, root:shoot ratio, and root efficiency for Pi uptake under this condition. Higher PAE in Crac correlated with 
enhanced expression of the Pi transporter genes TaPht1;2 and TaPht1;10. Crac also presented a faster and higher 
modulation of the IPS1–miR399–PHO2 pathway upon Pi starvation. Interestingly, Crac showed increased levels of 
strigolactones, suggesting a direct relationship between this phytohormone and plant P responses. Based on these 
findings, we propose that higher PAE of the cultivar Crac is associated with an improved P signalling through a fine-
tuning modulation of PHO2 activity, which seems to be regulated by strigolactones. This knowledge will help to de-
velop new strategies for improved plant performance under P stress conditions.

Keywords:   P signalling, phosphate starvation responses, phosphate transporters, root traits, strigolactones, wheat.

Introduction

Phosphorus (P) is the second most limiting nutrient in plants 
besides nitrogen, being involved in numerous cellular pro-
cesses such as protein activation, energy transfer, signalling, 
and regulation of carbon metabolism (Lan et  al., 2015; Xu 

et  al., 2018). However, unlike nitrogen, which can be fixed 
by microorganisms, the amount of P available for agriculture 
is finite (Bovill et al., 2013). Moreover, when compared with 
other essential macronutrients, P is one of the less abundant 
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elements in the lithosphere (0.1% of the total), highlighting 
the need for supplying P fertilizers to sustain modern agricul-
tural production (Campos et al., 2018). As a consequence, con-
sumption of P fertilizers has increased worldwide in the past 
decades. P fertilizers are made from non-renewable resources 
such as rock phosphates, which are expected to become scarce 
in the near future as few mining sites are discovered and de-
mand is expected to increase further by 50–100% in the next 
30 years (Cordell et al., 2009; Ulrich and Frossard, 2014). P is 
present in plants either as organic phosphate esters or as the 
free inorganic orthophosphate form (Pi). Remarkably, Pi has 
high affinity for both soil mineral particles and organic matter; 
therefore, its availability in agroecosystems is generally below 
a plant’s demand, even in fertilized sites, where up to ~90% 
of the applied P fertilizer is not taken up by the roots in the 
first year (Syers et  al., 2008; López-Arredondo et  al., 2014). 
Therefore, although a huge amount of P fertilizers are used, 
plants are normally subjected to stress due to the low avail-
ability of this essential nutrient. Nevertheless, when P fertil-
ization exceeds soil holding capacity, environmental problems 
associated with eutrophication due to P leaching are likely to 
occur (Bennett et al., 2001). In addition, these fertilizers can 
contain heavy metals, such as cadmium, that may accumulate 
in arable soils as a result of the addition of rock phosphate (van 
de Wiel et al., 2016).

Plants have developed an array of complex regulatory 
mechanisms to adapt themselves to low Pi availability in the 
soil, known as P starvation responses (PSRs), aiming to op-
timize its external and internal use (Puga et  al., 2017; Ham 
et al., 2018). These responses include changes at genetic, bio-
chemical, physiological, morphological, and rhizospheric levels 
(Puga et al., 2017). PSRs include alterations in shoot and root 
morphology, growth and development, exudation of low mo-
lecular weight organic acid anions and Pi-releasing enzymes, 
modifications in lipids and carbohydrate metabolism, associ-
ation with soil microorganisms, as well as the regulation of 
expression and activity of high-affinity Pi transporters (PHTs) 
(Lambers et  al., 2015; Campos et  al., 2018). Nevertheless, in 
order to respond accurately, plants need first to sense the P 
status both locally and systemically in order to orchestrate the 
appropriate responses (Lan et  al., 2015; Scheible and Rojas-
Triana, 2015). PSRs are themselves complex, with a large set of 
genes (>1000) being regulated. However, new genomic find-
ings have contributed to shed light on some mechanisms of 
P sensing, signalling, and homeostasis, especially in the model 
plants Arabidopsis thaliana and rice (Oryza sativa) (Liu et  al., 
2012; Lan et al., 2015). It is well established that the transcrip-
tional activator PHOSPHATE STARVATION RESPONSE 1 
(PHR1) in Arabidopsis and its orthologous OsPHR2 in rice 
play a key role in regulating the expression of numerous Pi 
starvation-induced (PSI) genes (Rubio et al., 2001; Zhou et al., 
2008). Among them, special attention has been paid to the 
miRNA miR399, whose expression is highly induced by Pi 
deprivation (Pant et al., 2008). This regulator has been shown to 
be a key systemic cue between plant tissues by modulating the 
activity of PHO2, which encodes a ubiquitin-conjugating E2 
enzyme (UBC24) implicated in protein degradation (Lin et al., 
2008). Down-regulation of PHO2 prevents the degradation of 

the Pi transporter PHO1, involved in Pi xylem loading, and 
some transporters of the PHT1 family, associated with Pi ac-
quisition and translocation within the plant (Liu et al., 2012; 
Huang et al., 2013). Another key PSI gene family involved in P 
signalling and homeostasis is At4/IPS1 in Arabidopsis and rice, 
respectively. These genes affect the miR399–PHO2 interaction 
by sequestering free miR399 through a target mimicry mech-
anism, preventing its binding to PHO2 transcripts and, thus, its 
degradation (Fig. 1) (Franco-Zorrilla et  al., 2007). Therefore, 
Pi acquisition and distribution within the plant are regulated 
mainly by the interaction of the triad IPS1–miR399–PHO2, 
which serves to fine-tune PSRs (Fig. 1).

Wheat (Triticum aestivum L.) is one of the most important food 
crops in the world, with global grain production of 7.5×1014 
g in 2016, making it the third most harvested crop worldwide, 
after sugarcane (Saccharum spp.) and maize (Zea mays L.) (FAO, 
http://faostat3.fao.org/home/E). However, wheat production 
is highly dependent on P fertilizers, leading to a higher con-
sumption per area when compared with other major crops 
(Heffer, 2013). Therefore, improving P fertilization efficiency 
in wheat cropping is a major goal in order to achieve a more 
sustainable agricultural production. The last can be achieved 
by improving the availability of P fertilizers in soil, such as 
by avoiding Pi sorption to soil particles, and/or by the devel-
opment of P use-/acquisition-efficient plants (Campos et al., 
2018). While the first option increases operational costs and 
requires modern technology, often not accessible for producers, 
breeding for Pi acquisition-efficient root systems would pro-
vide benefits to both high- and low-input systems (Wissuwa 
et  al., 2001; Rose and Wissuwa, 2012). In recent years, some 
molecular mechanisms underlying P signalling and homeo-
stasis in wheat have been revealed. Wang and co-workers char-
acterized TaPHR1, and showed that overexpressing lines had 
improved root system architecture, enhanced Pi uptake, and 
higher yield (Wang et al., 2013). In another breakthrough, the 
IPS1–miR399–PHO2 system was shown to be functional in 

Fig. 1.  Schematic summary of the P signalling and homeostasis pathway 
in plants. Upon Pi deficiency, expression of the miRNA miR399 is induced 
in the shoot. miR399 moves downwards, inactivating PHO2 in the roots. 
Regulation of PHO2 prevents the degradation of the Pi transporters PHO1 
and PHT1, which increase Pi uptake and translocation. Pi deficiency also 
induces the expression of IPS1, which binds miR399, modulating this 
response. Based on Puga et al. (2017). (This figure is available in colour at 
JXB online.)
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wheat (Ouyang et al., 2016). In that study, TaPHO2 expression 
was found to be related to root and shoot growth, shoot Pi ac-
cumulation, and activity of some PHT1 transporters (Ouyang 
et  al., 2016). In this context, the Pi transporter gene family 
PHT1 from wheat has been recently identified, consisting of 
16 phylogenetically distinct transporters (Grün et al., 2017).

On the other hand, it is well known that phytohormones 
such as auxin, cytokinin, abscisic acid, ethylene, and in particular 
strigolactones (SLs) play synergistic roles in the regulation of 
P homeostasis when plants are subjected to P stress, through 
modulation of the P signalling- and homeostasis-associated 
pathways and ultimately root functioning (Waters et al., 2017; 
Chien et al., 2018). SLs are the latest class of phytohormones de-
scribed, and have been shown to function as regulators of plant 
development/architecture and as signalling molecules in the 
rhizosphere to recruit arbuscular mycorrhizal fungi under Pi 
limitation (López-Ráez et al., 2017; Waters et al., 2017). Indeed, 
their biosynthesis is highly promoted under this stress condi-
tion (Yoneyama et  al., 2007, 2012; López-Ráez et  al., 2008). 
Recently, it has been shown that exogenous application of the 
synthetic SL analogue GR24 induced root hair elongation, 
anthocyanin accumulation, production of acid phosphatases, 
and reduced plant weight (Ito et al., 2015), which are charac-
teristic PSRs, suggesting a potential overlap between these two 
signalling and homeostasis pathways in plants. Although the 
molecular mechanisms that regulate P signalling and homeo-
stasis, and their associated plant morphological changes and Pi 
uptake capacity, are being established at the laboratory level, 
only a few studies have verified these findings in commercial 
cultivars so far. In the present work, we aimed to characterize 
at the physiological and molecular level two commercial wheat 
cultivars—Crac and Tukan—with different Pi acquisition ef-
ficiencies, and to relate these phenotypes to their ability to 
regulate P signalling and homeostasis under Pi-limited condi-
tions. The results provide new insights into the regulation of P 
signalling and homeostasis in plants and suggest new potential 
targets for future breeding strategies in plant production.

Materials and methods

Plant material and growth conditions
Seeds from the wheat cultivars Crac and Tukan (formerly know as 
TCRB14 and STKI14, respectively) were surface-sterilized in 4% so-
dium hypochlorite, rinsed thoroughly with sterile distilled water, and 
germinated for 72  h on moistened filter paper at 25  °C in darkness. 
Precise phenotyping for optimal root system characteristics is difficult 
and time-consuming as root traits are hidden under the soil, making their 
extraction for observation difficult (Zhu et al., 2011). Therefore, different 
‘artificial’ growing methods are used under laboratory conditions to fa-
cilitate their access, such as growing plants in liquid culture (hydroponics) 
or in transparent surfaces (rhizoboxes). These methods, although they do 
not fully represent the root growth in soil, give valuable clues to under-
stand general features, and the physiological and genetic background be-
hind them (Hargreaves et al., 2009). In order to access the effects of Pi 
deficiency on plant development and Pi acquisition of these cultivars, 
seedlings of each genotype were grown hydroponically (Supplementary 
Fig. S1a at JXB online) for 2 weeks with a standard nutrient solution 
(Taylor and Foy, 1985) containing 200 μM Pi in 1 litre containers and 
then half of the plants were submitted to Pi starvation (10 μM Pi in nu-
trient solution) for 3 weeks. In parallel, seedlings of each genotype were 

transferred to 0.5 litre plastic pots with a mixture of autoclaved substrate 
of sand and vermiculite (1:1) and were watered manually with standard 
nutrient solution low in Pi (10 μM) for 33 d (Supplementary Fig. S1b). In 
addition to the experiments previously mentioned, another set of plants 
were grown for 8 weeks in rhizoboxes (30 cm height, 20 cm width, and 
0.7 cm depth) filled with an acidic high P-fixing soil without P fertil-
ization (Supplementary Table S1; Supplementary Fig. S2a). Plants were 
grown under greenhouse conditions with temperatures ranging from 
16 °C to 23 °C during the day and from 10 °C to 18 °C at night, and 
were harvested at Zadoks growth stage 23 (Zadoks et al., 1974).

For gene expression analysis and SL quantification, six seedlings of 
each cultivar were grown hydroponically in 3 litre containers, containing 
a modified Long Ashton nutrient solution with 150  μM Pi (Hewitt, 
1966) in a greenhouse for a total of 5 weeks (Supplementary Fig. S1c). 
Nutrient solution was replaced twice a week. After 4 weeks, half of the 
plants were transferred to a modified nutrient solution without P and 
were left to grow for another week. For the time course Pi starvation 
experiment, plants were grown for 4 weeks under normal P conditions, 
and then half of the plants were subjected to 2, 4, and 7 d Pi deprivation. 
Six independent plants were grown per treatment and time point. Shoots, 
roots, and root exudates were collected, weighed, frozen with liquid ni-
trogen, and kept at –80 °C until use.

Root architecture measurements
For the phenotyping experiments, root systems were cleaned after 
harvest, arranged to minimize overlaps (Yao et  al., 2009), placed in an 
A3-sized Perspex tray filled with water, and scanned in both grey-scale 
and colour in a Epson Expression 11000XL calibrated for Image Analysis. 
The images were then subjected to software analysis (WinRhizo; Regent 
Instruments, Quebec, Canada), and root length, specific area, and average 
diameter were assessed.

Pi acquisition
After root architecture determination, plants were separated into roots and 
shoots, and both parts were weighed and dried at 65 °C in a forced-air oven 
for 72 h. After drying, the root and shoot samples were weighed, crushed, 
ground, ashed in a furnace at 550 °C, and digested using an H2O:HCl:HNO3 
mixture (8:1:1, v/v/v). Then, Pi content was determined using the van-
adate–molybdate colorimetric method (Murphy and Riley, 1962).

RNA extraction and gene expression analysis by qPCR
Total RNA from roots was extracted using TRIsure™ (Bioline, Toronto, 
Canada) according to the manufacturer’s instructions. The RNA was 
treated with RQ1 DNase (Promega, Madison, WI, USA) and purified 
through a silica column using the RNA Clean & Concentrator™ (Zymo 
Research, irvine, CA, USA). Before storage at –80 °C, RNA was quan-
tified using a Nanodrop 2000C spectrophotometer (Thermo Scientific, 
Wilmington, DE, USA) and its integrity checked by gel electrophoresis. 
The first-strand cDNA was synthesized with 1 μg of purified total RNA 
using the PrimeScript™ RT Master Mix (Clontech, Fremont, CA, USA) 
according to the manufacturer’s instructions. The expression of marker 
genes for different P signalling and homeostasis pathways (Supplementary 
Table S1) was analysed by real-time quantitative PCR (qPCR). All re-
actions were performed using TB Green™ Premix Ex Taq™ (Kusatsu, 
Shiga, Japan) on an iCycler iQ5 system (Bio-Rad), with 5 µl of single-
stranded cDNA (diluted 1:50) and specific primers for each gene, except 
for TaPht1;10 and tae-miR399b, where a dilution of 1:5 was used. In 
the case of the gene TaPht1:2, it is present in chromosomes A  and B, 
showing high sequence similarities among them; therefore, it was not 
possible to design specific primers able to differentiate the expression of 
the two alleles (Grün et al., 2017). The amplification protocol included 
an initial denaturation at 95 °C for 3 min followed by 35 cycles of 95 °C 
for 30 s, 58 °C for 30 s, and 72 °C for 30 s. The specificity of the dif-
ferent amplicons was checked by a melting curve analysis (from 65 °C to 
100 °C) at the end of the amplification protocol. Five independent bio-
logical replicates were analysed per treatment and time point, and each 
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PCR was done in duplicate. Relative quantification of specific mRNA 
levels was performed using the comparative 2−ΔCt method. Expression 
values were normalized using the housekeeping gene TahnRNPQ (Grün 
et al., 2017).

Strigolactone quantification
Germination bioassays were performed using extracts from frozen roots 
from plants grown for molecular analysis. For SL extraction, root extracts 
were processed as described by López-Ráez et  al. (2008). SLs are ger-
mination stimulants of root parasitic plants of the family Orobancheaceae 
(Bouwmeester et al., 2007; López-Ráez et al., 2017). Therefore, germin-
ation assays with seeds of these parasitic weeds is an indirect way to es-
timate SL levels. Germination bioassays with pre-conditioned seeds of 
the parasitic plants Phelipanche ramosa were performed as described by 
López-Ráez et  al. (2008). The synthetic SL analogue 2-epi-GR24 and 
demineralized water were included as positive and negative controls, re-
spectively. Extract dilutions of 1:10 and 1:20 were tested for seed germin-
ation. After 7 d, the germinated and non-germinated seeds were counted 
using a binocular loupe. In addition to the germination bioassays, SLs 
were quantified by UHPLC-MS/MS using GR24 as internal standard 
as described by Rial et al. (2019). Briefly, 0.1 g of ground root material 
was extracted with 1 ml of ethyl acetate in an ultrasonic bath for 10 min, 
centrifuged for 10 min at 5000 rpm, concentrated in a rotary evaporator, 
and stored at –80 °C. Before the chromatographic analysis, extracts were 
dissolved with MeOH (1:1, v/v), and GR24 was added to each sample 
to a final concentration of 10 µg l−1. Chromatographic analyses were car-
ried in a Bruker EVOQ Triple Quadrupole Mass Spectrometer with an 
electrospray ionization (ESI) source in positive mode. The mobile phase 
consisted of solvent A (water, 0.1% formic acid) and solvent B (MeOH, 
0.1% formic acid) and the flow rate was set to 0.3 ml min−1. The opti-
mized linear gradient system was as follow: 0–0.5 min, 50% B; 0.5–5 min, 
to 100% B; 5–7 min, 100% B; 7–7.5 min, to 50% B; 7.5–10.5 min, 50% 
B. The injection volume was 5 μl. The instrument parameters were set as 
described by Rial et al. (2019)

Statistical analysis
Means for plant growth, root architecture measurements, Pi acquisition, 
gene expression analysis by qPCR, and SL production were obtained 
from the results of five replicates. Data were assessed for normality, trans-
formed when necessary, and significant differences between means were 
analysed by independent Student’s t-test or ANOVA followed by Tukey 
LSD when suited. Correlations among the different variables were per-
formed using the r Pearson coefficient. All statistical analyses were carried 
out with R software.

Results

Pi acquisition and root system architecture in Crac 
and Tukan

In acidic soils, including Andisols in Chile, Pi bioavailability 
is rather low, many times due to high levels of iron and alu-
minium, which greatly affects plant productivity. In a previous 
study, a screening of wheat cultivars commonly used in Chile 
revealed high variations in Pi acquisition and grain yield when 
grown in high Pi-fixing Andisol (Seguel et al., 2017). From that 
study, we selected two cultivars—Crac and Tukan—showing 
contrasting Pi acquisition efficiency (PAE) under Pi-deficient 
conditions. The most efficient cultivar, Crac, yielded almost 
three times more than the less efficient cultivar, Tukan, at low 
Pi fertilization levels (Seguel et al., 2017). In the present work, 
we aim to decipher the physiological and molecular mech-
anisms behind such phenotypes. For that, plants of these two 
wheat cultivars were grown in different substrates and under 
different P conditions, and their Pi acquisition capacity com-
pared. Similar results were obtained with the different growing 
conditions. When grown in hydroponics (Supplementary Fig. 
S1a) with sufficient Pi, both cultivars accumulated and allocated 
P in a similar manner to shoot and roots. Pi starvation reduced 
Pi uptake in both cultivars. However, despite the loss of Pi ac-
cumulation in both organs, the loss was significantly lower in 
Crac than in Tukan (Table 1; Supplementary Table S2). Indeed, 
Pi-starved Crac plants accumulated 25% and 17% more Pi in 
the shoots and in the roots, respectively, than the less efficient 
cultivar Tukan. Differences in Pi uptake between the two cul-
tivars were even higher when using pots with inert substrate, 
where Crac accumulated 40% and 60% more Pi in shoots and 
roots, respectively, than Tukan (Table 1). The same pattern was 
also observed in soil-grown plants in rhizoboxes, although to 
a lesser extent (Supplementary Fig. S2b). Interestingly, despite 
the different Pi uptake capacities of the two cultivars under 
Pi limitation, no significant differences were observed in their 
root Pi concentration (Table 1), suggesting that the increased P 
accumulation in Crac was associated with a larger root system.

Table 1.  Phosphate (Pi) uptake, concentration, and root efficiency in accumulating Pi in shoots, roots, and the whole plant in Crac 
and Tukan

Tissue cv Hydroponic (+P) Hydroponic (–P) Pot (-P)

P uptake  
(μg)

P  
concentration  
(mg g−1)

Root  
efficiency  
(mg P m−2)

P uptake 
(μg)

P concentration 
(mg g−1)

Root  
efficiency  
(mg P m−2)

P uptake 
(μg)

P concentration  
(mg g−1)

Root  
efficiency 
(mg P m−2)

Shoot Crac 1060.±158 1.57±0.23 61.57±1.60 600±32* 1.18±0.09* 17.73±0.55 678±43** 1.06±0.04** 22.41±1.61*
Tukan 1130±43 1.41±0.04 74.17±5.05 480±22 0.92±0.05 17.04±1.99 406±28 0.89±0.02 18.48±0.77

Roots Crac 180±16 1.01±0.08 10.51±1.02 120±02* 0.44±0.03 03.65±0.11 120±18** 0.40±0.06 3.61±0.51*
Tukan 180±24 1.12±0.14 11.94±1.31 100±06 0.51±0.03 03.76±0.23 46±5 0.30±0.02 2.28±0.16

Plant Crac 1240±157 1.45±0.13 72.07±6.56 720±29** 0.92±0.01** 21.38±0.45 797±44*** 0.88±0.04** 26.46±2.05*
Tukan 1310±47 1.36±0.02 86.10±5.17 580±15 0.81±0.02 20.80±1.81 421±41 0.73±0.01 20.76±0.71

Plants were grown in Pi-sufficient conditions (+P; 200 μM, hydroponically) and under Pi starvation (–P; 10 μM, hydroponically and in pots) and were 
harvested at Zadoks growth stage 23 (Zadoks et al., 1974).
Data represent the means of five independent replicates (±SE). Asterisks indicate the significance of differences between the cultivars in the same 
condition, as determined by Student’s t-test analysis: *P<0.05, **P<0.01, ***P<0.001.

http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erz349#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erz349#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erz349#supplementary-data
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Shoot and root development under Pi deficiency
One of the main symptoms of Pi deficiency in plants is the en-
hanced root:shoot ratio; by either a reduction in shoot growth 
or an increase in root production, or both (Ericsson, 1995; 
Chien et al., 2018). To ascertain whether the differences ob-
served in PAE between Crac and Tukan are associated with 
plant development, their shoot and root architecture were ana-
lysed. As expected, no significant differences in growth were 
observed under normal Pi conditions when grown hydropon-
ically (Fig. 2a). However, under Pi starvation, plants showed a 
clear reduction in shoot growth (P<0.01), with a concomitant 
increase of root production compared with plants growing 
under normal Pi conditions (Fig. 2a; Supplementary Table 
S3). The effect was more severe in the less efficient cultivar 
Tukan, with a 37% reduction in shoot biomass, while the re-
duction was only 23% in Crac. The opposite effect was ob-
served in the roots, where an increase in biomass of 30% was 
found in Tukan under Pi starvation, while the increase was 
up to 59% in Crac (Fig. 2a; Supplementary Table S3). Taken 

together, hydroponically grown plants displayed an average 
increase of the root:shoot ratio of 128% and 87% for Crac 
and Tukan, respectively (Fig. 2b; Supplementary Table S3). The 
same trend was observed in plants grown in pots with sub-
strate, where Crac showed more shoot (34%) and root (42%) 
biomass than Tukan under Pi starvation, giving rise to a 20% 
higher root:shoot ratio in Crac (Fig. 2b). A similar pattern was 
also observed in plants grown in soil (Supplementary Fig. S2d, 
e). Therefore, a positive correlation between Pi accumulation 
and root:shoot ratio (R2=0.87, R2=0.95, and R2=0.85, P<0.01, 
for hydroponic, pot, and rhizobox experiments, respectively) 
under Pi starvation was observed in all growing conditions.

Additionally, parameters associated with root system archi-
tecture, such as total root length and root area, were evaluated 
(Fig. 3). In hydroponics, Pi deprivation increased root length in 
both cultivars by 113% and 80% in Crac and Tukan, respect-
ively (Fig. 3a; Supplementary Table S3). Root surface area also 
increased under Pi starvation, by 98% and 73%, respectively 
(Fig. 3b; Supplementary Table S3). In the pot experiment, root 

Fig. 2.  Growth rate of wheat cultivars Crac (dark bars) and Tukan (light bars) in sufficient Pi conditions (+P; 200 μM, hydroponically) and under Pi 
starvation (–P; 10 μM, hydroponically and in pots) harvested at Zadoks growth stage 23 (Zadoks et al., 1974). Graphics represent shoot and root 
biomass (A) and root:shoot ratio (B). Data represent the means of five independent replicates (±SE). n.s, non-significant differences. Asterisks indicate the 
significance of the differences between the cultivars in the same condition as determined by Student’s t-test: **P<0.01.

Fig. 3.  Root system architecture of wheat cultivars Crac (dark bars) and Tukan (light bars) grown in sufficient Pi condition (+P; 200 μM, hydroponically) 
and under Pi starvation (–P; 10 μM, hydroponically and in pots) harvested at Zadoks growth stage 23 (Zadoks et al., 1974). Graphics show total root 
length (A) and root surface area (B). Data represent the means of five independent replicates (±SE). n.s, non-significant differences. Asterisks indicate the 
significance of differences between the cultivars in the same condition as determined by Student’s t-test: **P<0.01, ***P<0.001.
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length (~65%) and surface area (~50%) were also greater in 
the most efficient cultivar, Crac, than in Tukan (Fig. 3). The 
same behaviour was observed in plants growing in rhizoboxes, 
with Crac showing wider root systems (Supplementary Fig. 
S2f, g). Differences in the diameter of the roots were also ob-
served, roots of the cultivar Crac being significantly thinner 
(2.27 mm) than those of Tukan (2.41 mm) (P<0.01). These 
differences in average diameter were also detected in plants 
growing in rhizoboxes with soil (Supplementary Fig. S2h). In 
order to assess the root system efficiency in acquiring Pi, root 
efficiency (Pi uptake per root area) was calculated. Although 
few differences were observed among cultivars in the hydro-
ponic experiment, the losses of efficiency from Pi-sufficient to 
Pi-deficient conditions in Tukan were significantly higher for 
all the experimental variables compared with those observed 
in Crac (Supplementary Table S3). Nevertheless, Crac plants 
growing in pots and rhizoboxes acquired significantly more Pi 
per root area compared with Tukan (Table 1; Supplementary 
Fig. S2i). Together, these results suggest a more developed and 
efficient root system for this genotype under P deficiency.

Gene expression of Pi transporters

We investigated whether the higher root efficiency observed 
for Crac was related to a higher induction of Pi transporters. 
For that, a new experiment under normal and Pi-deficient 
conditions was carried out in hydroponics, and gene expres-
sion levels of different Pi transporters were analysed by qPCR. 
Wheat has 16 phylogenetically distinct Pi transporters, seven of 
them being induced by Pi deprivation (Grün et al., 2017). We 
analysed the expression profile of two of them, TaPht1;2a/b 
and TaPht1;10. The first one is the most hightly expressed, 
and it was described as a fast responsive Pi marker. The other 
shows low expression levels, and its expression is increased with 
time (Grün et al., 2017). The remaining Pi-inducible TaPHT1 
shows similar expression patterns either to TaPht1;2a/b or to 
TaPht1;10, but with lower expression levels (Grün et al., 2017; 
Teng et  al., 2017). For that reason, they were not analysed 

in this work. Expression analysis revealed major differences 
among the two cultivars and their responses to Pi deprivation, 
with Crac showing higher basal levels of both transporters. The 
expression of TaPht1;2a/b was ~140 times higher in Crac than 
in Tukan, and Pi starvation induced its expression levels 6- and 
13-fold in Crac and Tukan, respectively (Fig. 4a). Therefore, the 
levels of TaPht1;2a/b upon Pi stress were ~50-fold higher in 
Crac. A similar pattern was observed for TaPht1;10, although 
its expression levels were much lower than that of TaPht1;2a/b 
(>70 times in Crac). In this case, basal transcripts levels of 
TaPht1;10 in Crac were three times higher than in Tukan, and 
the induction by Pi deficiency was 10- and 2-fold in Crac and 
Tukan, respectively, giving rise to a 15-fold greater expression 
in the former under stress conditions (Fig. 4b).

Crac and Tukan show different regulation of P 
signalling and homeostasis

All adaptive responses that plants have evolved to cope with Pi 
deficiency are regulated through P signalling and homeostasis 
mechanisms, which begin with the integration of the informa-
tion of the extracellular Pi concentration and its levels in the 
different organs (Puga et al., 2017). Here, the IPS1-mediated 
signalling cascade, including PHR1–IPS1–miR399–PHO2, 
plays a pivotal role in P homeostasis regulation by coordin-
ating the activities of Pi uptake and its root–shoot translocation 
through the transporters PHT1s and PHO1 (Fig. 1) (Ouyang 
et al., 2016; Ham et al., 2018). To investigate whether Crac and 
Tukan presented differences in the P signalling and homeo-
stasis pathway, we analysed the gene expression of TaIPS1, 
tae-miR399 [specifically from tae-miR399b family members, 
with confirmed expression and regulation activity in wheat 
roots under Pi starvation (Ouyang et al., 2016)], TaPHO2, and 
TaPHO1 in roots of the two cultivars after 7 d of Pi deprivation 
and under normal conditions. No differences in the transcript 
levels of TaIPS1 were found under optimal Pi conditions, but 
a clear induction by Pi starvation was observed in both cul-
tivars (Fig. 5a). Interestingly, a 10-fold higher induction was 

Fig. 4.  Gene expression analysis of two TaPHT1s Pi transporters in roots of Crac (dark bars) and Tukan (light bars) plants grown in nutrient solution 
with Pi (+P; 150 µM) and without Pi for the last week (–P) harvested at Zadoks growth stage 24 (Zadoks et al., 1974). Graphics represent expression of 
TaPht1;2a/b (A) and TaPht1;10 (B). Expression levels were referenced to the expression of the housekeeping gene TahnRNPQ. Bars represent the means 
of five independent replicates (±SE). Lower case letters indicate differences between cultivars in the same condition, and upper case letters indicate 
differences within the same cultivar under normal and deficient Pi conditions as determined by Student’s t-test analysis (P<0.05).
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observed in Crac compared with Tukan. As for TaIPS1, Pi star-
vation promoted tae-miR399b expression in both cultivars, 
this increase being much higher in Crac (128-fold) than in 
Tukan (~2-fold). Thus, the number of transcripts under stress 
conditions was >10 times higher in the most efficient cultivar 
Crac (Fig. 5b). The same behaviour was observed for TaPHO2 
under Pi limitation. Here, an increase of 6- and 2-fold was 
observed for Crac and Tukan, respectively, resulting in almost 
5-fold higher transcript levels in Crac (Fig. 5c). We further as-
sessed the expression of the three TaPHO2 alleles present in 
the wheat genome (1A, 1B, and 1D), using specific primers 
(Supplementary Table S2). Different patterns were observed 
for the three alleles regarding P responses (Supplementary Fig. 
S3a–c). Overall, Crac TaPHO2 alleles presented a higher in-
duction in Pi starvation, especially TaPHO2 1B, with an in-
crease of 25-fold. Tukan TaPHO2 1B and 1D showed a small, 
but significant increase in its expression under Pi deprivation 
(2.8- and 2-fold, respectively), while no differences were ob-
served for TaPHO2 1A expression. No differences in gene ex-
pression were observed for the transporter TaPHO1 (Fig. 5d).

In order to assess the dynamics of Pi signalling in the two 
cultivars, a time-course experiment was performed under the 
same conditions as described before, but harvesting plants after 
2, 4, and 7 d of Pi deprivation. Interestingly, Crac presented an 
induction of TaPHO2, TaIPS1, and tae-miR399b from day 2, 
which was steadily increased over time. However, in Tukan, the 
increasing response of these genes to Pi starvation was only 
observed at day 7 (Fig. 6), indicating a faster response by Crac 
to Pi deprivation.

Strigolactone levels in Crac and Tukan

Since the root architecture of Crac and Tukan was different 
under Pi starvation, we assessed whether SLs were involved 
in such changes. We first performed a germination bioassay 
with P.  ramosa seeds using root extracts from the two culti-
vars. GR24 (10–8 M and 10–9 M), used as positive control, in-
duced high germination, while water (negative control) did 
not induce any germination. Under Pi-sufficient conditions, 
Crac induced twice the germination of P.  ramosa comparted 

Fig. 5.  Expression levels of genes involved in P signalling and homeostasis in roots of Crac (dark bars) and Tukan (light bars) plants grown in nutrient 
solution with Pi (+P; 150 µM) and without Pi for the last week (–P) harvested at Zadoks growth stage 24 (Zadoks et al., 1974). Graphics represent gene 
expression of TaIPS1 (A), tae-miR399 (B), TaPHO2 (C), and TaPHO1 (D). Expression levels were referenced to the expression of the housekeeping 
gene TahnRNPQ. Bars represent the means of five independent replicates (±SE). Lower case letters indicate differences between cultivars in the same 
condition, and upper case letters indicate differences within the same cultivar under normal and deficient Pi conditions, as determined by Student’s t-test 
(P<0.05).
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with Tukan (Fig. 7a), suggesting a higher basal level of SLs in 
that cultivar. Pi starvation increased germination in both cul-
tivars: 7% and 10% for Crac and Tukan, respectively (Fig. 7a). 
Orobanchol was detected in the root extracts of both culti-
vars. This SL was reported as the main SL present in wheat 
exudates (Yoneyama et al., 2012). Orobanchol levels were sig-
nificantly increased ~80% in Crac plants subjected to Pi star-
vation (P<0.01; Fig. 7b). This stress also increased the amount 
of orobanchol in Tukan, which was not detected under 
Pi-sufficient conditions. Here, orobanchol levels under Pi de-
ficiency were similar to those in Crac in the absence of stress, 
indicating lower levels of SLs in Tukan, as previously observed 
in the P. ramosa germination bioassays (Fig. 7a). In addition to 
orobanchol, the SL fabacyl acetate was also detected in trace 
amounts in some samples. It was only detected in extracts from 
plants grown under Pi limitation, indicating that its biosyn-
thesis was also promoted by Pi starvation, and also showing 
higher contents in Crac (data not shown).

To explore whether the elevated SL levels are related to a 
higher activity of the SL biosynthetic pathway in the Crac 
cultivar, the expression of two key genes involved in SL 

biosynthesis—TaD27, and TaCCD8—was analysed. The se-
quential action of these two enzymes gives rise to carlactone, 
the precursor of all the canonical SLs, including strigol- and 
orobanchol-type SLs (Al-Babili and Bouwmeester, 2015; 
Zhang et al., 2018). The search for the wheat D27 gene was 
conducted using BLAST against its orthologue sequence from 
rice (LOC107276001). Two complete sequences were found 
for copies in chromosomes 7A and 7D (accession numbers: 
KX168420.1 and KX168421.1), showing 52% and 54% hom-
ology, respectively, with rice D27 (Supplementary Fig. S4). 
The same strategy was applied for CCD8; however, no direct 
match was found. Therefore, the sequence encoding the pu-
tative wheat CCD8 was searched in the wheat genome data-
base (IWGSC database), using BLAST against its orthologue 
sequence from Zea mays (ZmCCD8). One sequence for each 
chromosome was found (3A, 3B, and 3D) (Supplementary Fig. 
S5). The sequences obtained for TaD27 and TaCCD8 were 
checked for the presence of the functional domain DUF4033 
and RPE65, respectively, and their homology with wheat close 
relatives was assessed (Supplementary Figs S4a, S5b). Specific 
primers for TaD27 and TaCCD8 were designed to perform 

Days Days Days Days 

Days Days 

Fig. 6.  Expression levels of genes involved in P signalling and homeostasis in roots of Crac (dark bars) and Tukan (light bars) plants grown in nutrient 
solution with Pi (+P; 150 µM) and without Pi (–P) harvested after 2, 4, and 7 d of Pi deprivation. Graphics represent the expression of genes TaPHO2, 
TaIPS1, and tae-miR399. Expression levels were referenced to the expression of the housekeeping gene TahnRNPQ. Bars represent the means of five 
independent replicates (±SE). Lower case letters indicate differences between cultivars in the same condition, and upper case letters indicate differences 
within the same cultivar and day between +P and –P conditions, as determined by Student’s t-test (P<0.05). n.d, non-detected.
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qPCR (Supplementary Table S1). The basal expression of 
TaD27 under Pi-sufficient conditions was almost 4-fold higher 
in Crac roots than in Tukan (Fig. 7c). However, no differences 
in basal expression levels of TaCCD8 were found between the 
two cultivars (Fig. 7d). Pi deprivation induced TaD27 tran-
script levels ~40-fold in Crac, but only 3-fold in Tukan (Fig. 
7c). A similar trend was observed for TaCCD8, with an increase 
in the expression levels of ~5-fold in Crac and only ~2-fold 
in Tukan (Fig. 7d). These results confirm that Crac produces 
higher basal levels of SLs than Tukan, and responds more ef-
ficiently to P starvation through a stronger promotion of SL 
biosynthesis, which would favour a greater and faster develop-
ment of the root system in response to Pi-limiting conditions.

Discussion

Crac has an improved root system development and a 
higher Pi acquisition capacity

In the present work, we analysed the physiological and mo-
lecular traits of two commercial wheat cultivars—Crac and 

Tukan—showing differential PAE under Pi-limiting condi-
tions (Seguel et al., 2017). Interestingly, under that stress con-
dition, yield parameters correlated with root biomass and 
Pi acquisition (Seguel et  al., 2017). Here, when plants were 
grown under Pi-sufficient conditions, no differences in Pi ac-
quisition and biomass production/partitioning were observed, 
highlighting that the differences further discussed are specif-
ically related to contrasting responses to Pi limitation. In this 
sense, our results are in agreement with a previous study in 
plants grown in an acidic high Pi-fixing soil (Seguel et  al., 
2017). We show that Crac also presents a higher Pi accumu-
lation in shoots and roots when subjected to Pi deprivation 
(Table 1). Alterations in shoot and root growth and/or archi-
tecture are the most widespread plant adaptations to Pi starva-
tion, affecting the root:shoot ratio (Haling et al., 2016; Chien 
et al., 2018). Interestingly, under these conditions, Crac showed 
smaller losses of shoot biomass production and greater incre-
ments in root growth, giving rise to higher root:shoot ratios, 
which correlated with total Pi acquisition in all experiments. 
In addition to greater root:shoot ratios, Crac showed larger 
and thinner roots than Tukan (Supplementary Figs S2, S6). 

Fig. 7.  Analysis of SL levels in roots of Crac and Tukan plants grown in nutrient solution with Pi (+P; 150 µM) and without Pi for the last week (–P) 
harvested at Zadoks growth stage 24 (Zadoks et al., 1974). (A) Germination of P. ramosa seeds induced by extracts from Crac (dark bars) and Tukan 
(light bars). (B) Orobanchol levels in root extracts determined by UHPLC-MS-MS. Data represent the means of three independent replicates (±SE). 
Different letters indicate significant differences between means, as determined by Tukey LSD test analysis. n.d, not detected. Expression levels of two SL 
biosynthesis genes: (C) TaD27 and (D) TaCCD8. Bars represent the means of five independent replicates (±SE). Lower case letters indicate differences 
between cultivars in the same condition, and upper case letters indicate differences within the same cultivar under normal and deficient Pi conditions, as 
determined by Student’s t-test (P<0.05).
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Altogether, these phenotypic differences would allow Crac to 
have a higher soil exploration capacity in search of Pi patches 
under limiting conditions.

Improved PAE is associated with higher expression of 
PHT1 Pi transporter genes

Several studies correlate higher Pi accumulation and, in most 
cases, plant growth with higher expression of Pi transporters of 
the PHT1 family (Liu et al., 2013; Wang et al., 2013; Ham et al., 
2018). Recently, it has been shown that under Pi starvation, 
transcript levels of the gene TaPht1;2 were the most abundant 
of all the PHT1 transporter geness described in wheat (Grün 
et  al., 2017). This transporter is the orthologue of the rice 
OsPht1;2, which is also highly expressed in Pi-deprived roots, 
and it is characterized as a low-affinity Pi transporter, mainly 
involved in internal Pi translocation (Ai et al., 2009). The other 
Pi transporter gene analysed was TaPht1;10, whose expression 
levels were lower (~25-fold) than those of TaPht1;2. TaPht1;10 
and its orthologues in rice—OsPht1;9 and OsPht1.10—are 
considered as high-affinity Pi transporters, and are mainly in-
duced under long-term Pi starvation (Ai et  al., 2009; Grün 
et al., 2017). As expected, both genes were highly induced by Pi 
deficiency in both cultivars, confirming their role in Pi uptake 
and distribution under nutritional stress. In agreement with 
this, it has been shown that transgenic Nicotiana tabacum plants 
overexpressing a Pht1;2 gene displayed a higher Pi content and 
better growth than the corresponding wild type (Cao et  al., 
2018). These plants also showed enhanced Pi in the xylem sap, 
indicating that this transporter is involved in root:shoot Pi trans-
location. No differences in gene expression were observed for 
TaPHO1, a component of the other family of Pi transporters 
and involved in Pi xylem loading (Franco-Zorrilla et al., 2007). 
However, this was not surprising since it was previously shown 
that this transporter is regulated post-transcriptionally by the 
action of PHO2 (Fig. 1) (Lin et al., 2008; Huang et al., 2013). 
Notably, basal levels of the two genes encoding PHT1 trans-
porters under sufficient Pi conditions were higher in the most 
efficient cultivar Crac, and the final levels under Pi starvation 
were much higher than in Tukan (Fig. 4). In this sense, these 
differences could be related to the internal SL levels, which 
are directly linked to PHT1 expression and other PSI genes 
in Arabidopsis (Ito et  al., 2015). These results, together with 
the enhanced root system of Crac, indicate that this cultivar 
is better suited to respond readily to this type of nutritional 
stress by an improved Pi uptake and root:shoot translocation 
capacity.

P signalling and homeostasis, and its relationship 
to SLs

It is generally accepted that PHO2 activity is rapidly re-
duced under Pi deficiency due to high induction of miR399 
in the first hours of stress, which overcomes protection by 
IPS1 (Ajmera et  al., 2018). However, there are only a few 
studies evaluating the effect of long-term Pi deprivation on 
the regulation of this pathway. In a time-course study in rice, 
Ajmera et al. (2018) found that the number of IPS1 transcripts 

increased slowly, but more strongly than those of miR399, 
leading to a relative increase of PHO2 levels after 1 week of 
stress. A similar pattern was observed in barley plants after 16 d 
of Pi starvation, where cultivars showing high levels of HvIPS2 
matched with those with higher HvPHO2 expression (Huang 
et al., 2011). In the present study, an induction of tae-miR399b 
was observed after 1 week of Pi deficiency. However, the total 
number of transcripts at this time point was much lower than 
those of TaIPS1 (>1000 times), leading to a complete seques-
tration of tae-miR399 transcripts. This blockage would explain 
the high induction of TaPHO2 observed in our system (Fig. 5). 
Arabidopsis thaliana IPS1-overexpressing lines also presented a 
enhanced PHO2 accumulation due to higher IPS1-mediated 
miR399 sequestration (Franco-Zorrilla et al., 2007). Therefore, 
it seems that the regulation of P signalling and homeostasis 
by the triad IPS1–miR399–PHO2 is dynamic, showing a dif-
ferent regulation over time. Based on the responses observed in 
wheat seedlings and other model plants at different develop-
mental stages (Huang et al., 2011; Ouyang et al., 2016; Ajmera 
et  al., 2018), we propose a model to explain the behaviour 
of these three regulators during early and late responses upon 
Pi starvation (Fig. 8). According to this, during the first hours 
of stress, there might be a rapid induction of miR399 levels, 
which mediates the cleavage of PHO2 transcripts, probably to 
increase the relative amount of PHT1 members to promote Pi 
uptake from the soil, with the corresponding translocation to 
the shoots. In the case where Pi limitation continues over time, 
transcripts of IPS1 would increase greatly to lock miR399, and 
probably to exert other regulatory functions as well, with the 
concomitant increase in PHO2 levels. This increase will trigger 
late Pi responses related to the improvement of Pi uptake and 
modification of root architecture, probably to search for new 
Pi ‘hotspots’, among others. In agreement with this hypothesis, 
higher PHO2 levels under Pi starvation in barley correlated 
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Fig. 8.  Proposed model for the regulation of P signalling and homeostasis 
by the module IPS1–miR399–PHO2. At early stages of Pi starvation, the 
high miR399 induction favours PHO2 transcript degradation and triggers 
early phosphate starvation responses (PSRs). As Pi starvation follows, the 
miR399:IPS1 ratio diminishes due to sustained high expression of IPS1, 
increasing PHO2 degradation, and initiating late PSRs. Black and grey 
lines represent IPS1 and miR399 expression, respectively, and the dotted 
line represent PHO2 expression. (This figure is available in colour at JXB 
online.)
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with a higher root:shoot ratio (Huang et al., 2011). Conversely, 
wheat plants blocked at TaPHO2 showed a lower root:shoot 
ratio (Ouyang et  al., 2016). The initial down-regulation of 
PHO2 proposed in our model was not observed in the time-
course experiment, probably because this regulation may occur 
within hours after Pi deprivation at this developmental stage. 
On the other hand, the IPS1–miR399 relationship did not 
fully explain the variation in PHO2 levels, which was in ac-
cordance with the responses observed in rice (Ajmera et  al., 
2018). We suggest two possibilities to explain this fact: (i) 
there must be more genes involved in this complex regulation; 
and/or (ii) when IPS1 transcripts reach a certain level, they 
are sufficient to sequester miR399. Thus, further increases of 
these transcripts would not affect PHO2 degradation. Further 
studies are required to fully decipher how this signalling and 
homeostasis pathway works, especially under longer periods of 
Pi starvation and at different plant developmental stages.

As for the TaPht1;2 and TaPht1;10 transporters, the levels 
of the three regulators IPS1–miR399b–PHO2 under Pi limi-
tation were much higher in the cultivar Crac, with enhanced 
PAE, than in the less efficient cultivar Tukan. However, the basal 
transcript levels of these genes were similar under P-sufficient 
conditions. Again, these results show that Crac is more efficient 
in the response to Pi deficiency, and that this enhanced effi-
ciency is due to a better and faster Pi starvation signalling and 
homeostasis regulation. In agreement with this, Crac showed 
higher basal levels of SLs than Tukan (Fig. 6). SLs, together 
with other phytohormones, are involved in the regulation of 
P homeostasis under Pi limitation by modulating P signalling-
associated pathways and root development (Waters et al., 2017; 
Chien et  al., 2018). Therefore, it might be the case that the 
higher SL levels in Crac would act as a priming signal under 
Pi starvation to boost plant responses to the stress. However, 
further research is needed to clarify the connection between 
SLs and P signalling.

Understanding the physiological mechanisms of improved 
PAE and the genetic basis therein will allow breeders to select 
more P-efficient cultivars. This knowledge will help to diminish 
the use of P fertilizers in agriculture, thus reducing costs and 
alleviating the excessive consumption of this non-renewable re-
source. However, traits associated with PAE are complex and 
context dependent. In the present study, we suggest that the 
higher PAE of the commercial cultivar Crac might be related to 
the SLs–P signalling relationship and homeostasis through fine-
tuning modulation of PHO2 activity. This modulation, in the 
long term, would relatively reduce shoot Pi loading, favouring 
the development of an enhanced root system and giving rise 
to an increased soil exploration capacity in search of Pi patches 
under limiting conditions and to increase Pi acquisition in high 
Pi-fixing soils. Further research is needed to fully understand 
the SLs–P signalling relationship to develop new strategies for 
improved plant performance under P stress conditions.
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