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Abstract

Two pathways exist for plant Pi uptake from soil: via root epidermal cells (direct pathway) or via associations with
arbuscular mycorrhizal (AM) fungi, and the two pathways interact in a complex manner. This study investigated dis-
tal and local effects of AM colonization on direct root Pi uptake and root growth, at different soil P levels. Medicago
truncatula was grown at three soil P levels in split-pots with or without AM fungal inoculation and where one root half
grew into soil labelled with **P. Plant genotypes included the A17 wild type and the mtpt4 mutant. The mipt4 mutant,
colonized by AM fungi, but with no functional mycorrhizal pathway for Pi uptake, was included to better understand
effects of AM colonization per se. Colonization by AM fungi decreased expression of direct Pi transporter genes
locally, but not distally in the wild type. In mtpt4 mutant plants, direct Pi transporter genes and the Pi starvation-
induced gene Mi4 were more highly expressed than in wild-type roots. In wild-type plants, less Pi was taken up via
the direct pathway by non-colonized roots when the other root half was colonized by AM fungi, compared with non-
mycorrhizal plants. Colonization by AM fungi strongly influenced root growth locally and distally, and direct root Pi
uptake activity locally, but had only a weak influence on distal direct pathway activity. The responses to AM coloniza-
tion in the mipt4 mutant suggested that in the wild type, the increased P concentration of colonized roots was a major
factor driving the effects of AM colonization on direct root Pi uptake.

Key words: Arbuscular mycorrhizal (AM) fungi, colonized root patch, direct pathway uptake (DPU), Medicago truncatula, mtpt4-
mutant, Pi transporters, resource allocation, soil P level.

Introduction

Phosphate rock as a fertilizer is important for crop produc-
tion worldwide. It is a limited and non-renewable natural
resource, being depleted at an increasing rate, while demand
for food production also increases (Cordell et al, 2009;
Gilbert, 2009). Soil inorganic phosphate (Pi) is essential
for the proper growth and functioning of plants, and plant

growth and yield are adversely affected when Pi supply is lim-
ited (Epstein and Bloom, 2005; Marschner and Marschner,
2012). Therefore, maximizing the efficiency of plant acqui-
sition of soil P with limited or no fertilizer application is
important for the future of agriculture (Lopez-Arredondo
etal,?2014).

© The Author 2015. Published by Oxford University Press on behalf of the Society for Experimental Biology.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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Root epidermal cells and roots hairs take up Pi from the
soil via the direct pathway for Pi uptake (DPU), and this cre-
ates a nutrient depletion zone around the root due to the low
mobility of P in soil (Smith ez a/., 2011). Furthermore, plants
need to overcome a large electrochemical potential gradient
in order to move Pi into cells (Schachtman et al., 1998). As a
consequence, plants have evolved strategies that can increase
the acquisition of root-derived P (Lambers ef al., 2010). One
strategy for foraging for nutrients beyond the depletion zone
of roots is the formation of arbuscular mycorrhizas, an asso-
ciation between the plant and specialized soil fungi (Smith and
Read, 2008). Arbuscular mycorrhizas increase plant uptake
of soil nutrients such as P, Zn, Ca, and Cu when they are
in limited supply, thus improving plant nutrition (Marschner
and Dell, 1994). The formation of mycorrhizas creates an
arbuscular mycorrhizal (AM) pathway for Pi uptake (MPU),
which interacts with the DPU (Smith et /., 2003, 2004). Pi
uptake via the MPU is often reduced with increasing soil P
concentration, but this effect is influenced by the AM fungal
species (Facelli ez al., 2014).

While the formation of mycorrhizas can greatly enhance
plant P acquisition, and thence plant growth, there are some
instances where mycorrhizas do not appear to provide a ben-
efit in terms of growth or P nutrition (Grace ef al., 2009). The
AM pathway can still be active, but ‘hidden’, when an AM
growth or P response is absent, and can actually dominate
Pi uptake (Smith ez al., 2003; Nagy et al., 2009). Previously,
mycorrhizas have been shown to contribute up to 100% of a
plant’s P (Smith ez al., 2004). Thus, the activity of the AM
pathway when no growth or P response is observed cannot
be discounted (Poulsen ez al., 2005; Bucher, 2007), and fur-
ther investigation into this area is needed, especially into the
interplay between the DPU and MPU, at both molecular and
physiological levels (Smith ez al., 2011).

Root Pi transporter genes involved in the direct P uptake
pathway can be down-regulated in AM plants, independ-
ent of the external P status or extent of AM colonization
(Paszkowski et al., 2002; Glassop et al., 2005; Harrison, 2005;
Christophersen et al., 2009). The genes that encode both the
direct and AM Pi transporters have been described in many
plant species, including Medicago truncatula (H. Liu et al.,
1998; Javot et al., 2007; Liu et al., 2008). The direct pathway
Pi transporter genes MtPT1, MtPT2, and MtPT3 are closely
related low-affinity Pi transporters, belonging to the PHT1
family (Bucher et al., 2001; Liu et al., 2008). The phosphate
transporter gene MtPT1 is an important direct Pi transporter
gene that appears to be expressed exclusively in the root epi-
dermal cells, cortex, and root hairs (Chiou ez al, 2001; Liu
et al., 2008). Transcript and protein levels are closely cor-
related for MtPTI, and increase greatly in response to Pi
starvation (Chiou et al., 2001). Furthermore, MtPTI expres-
sion levels (transcripts and protein) decrease when the plant
becomes colonized by AM fungi (Chiou ez al, 2001; Liu
et al., 2008). The phosphate transporter gene MtPT2 actsin a
similar way to MtPT1 with regards to Pi fertilization and AM
colonization (H. Liu ez al., 1998). However, promoter activity
for MtPT2 is strongly located in the vascular cylinder (Xiao
et al., 2006), indicating a role in plant P translocation. The

direct phosphate transporter gene MtPT3 is down-regulated
by Pi fertilization, and in roots colonized by three species of
AM fungi (Grunwald et al, 2009), and is suggested to be
expressed in the vascular tissue of roots (Liu ez al., 2008).
Two other direct Pi transporter genes have been identified,
also belonging to the PHT1 family: MzPT5, a high-affinity
Pi transporter, expressed in all parts of the root except the
vascular tissue, and affected only by some AM fungi; and
MtPT6, which is unaffected by Pi, but has reduced expres-
sion in AM plants (Grunwald et al., 2009). Thus, numerous
Pi transporter genes are working to transport soil Pi directly
via the roots in M. truncatula.

Of particular importance to the present study is the low-
affinity Pi transporter MtPT4. This protein has been identi-
fied as a mycorrhiza-induced Pi transporter in M. truncatula
(Harrison et al., 2002; Javot et al., 2007). The gene encoding
MtPT4 is exclusively expressed in AM roots, specifically in
cells containing arbuscules (Harrison ez al., 2002; Grunwald
et al.,2009). Loss of the MtPT4 function is detrimental to the
AM symbiosis because it causes mature arbuscules to degen-
erate, leading to premature arbuscule death (Javot er al.,
2007). Arbuscule development can be restored in the mipt4
mutant, under low soil N conditions (Javot ez al., 2011).

Expression of direct Pi transporter genes in non-mycorrhi-
zal plants is regulated via Pi starvation signalling pathways,
which also regulate various other signalling components.
While most of the signalling components of Pi starvation
responses have been described in the non-mycorrhizal model
plant species Arabidopsis thaliana, many are also present in
AM plants (Smith ez al., 2011). Phosphate starvation-induced
(PSI) genes are important components of the Pi starvation
regulatory pathways, along with Pi transporters, phytohor-
mones, transcription factors, and microRNAs (Rouached
et al.,2010). A PSI gene in M. truncatula, Mt4 (Burleigh and
Harrison, 1997), is down-regulated in roots by Pi fertilization
and AM colonization (Burleigh and Harrison, 1999). Plant
responses to Pi-depleted soil can occur locally via changes in
root system architecture (e.g. root hair formation), as well as
systemically (long-distance) through phosphate homeostasis
(Martin et al., 2000; Franco-Zorrilla et al., 2004; Péret et al.,
2011). Additionally, plant responses to Pi starvation can be
physiological or molecular in nature, such as changes to the
allocation of resources (photosynthate) and regulation of
PSI genes (Raghothama, 1999). The inhibition of AM colo-
nization by high soil P levels works systemically, as it is linked
to shoot P concentrations rather than local P concentrations
in roots (Breuillin ez al., 2010; Balzergue et al., 2011).

It has previously been suggested that mycorrhizas may
have a limited long-distance impact upon the direct Pi path-
way (Grenlund et al., 2013). This suggestion was based on
experiments with Pisum sativum (pea) plants that were grown
at just one soil P level (7.5mg P kg! soil) and were incom-
pletely investigated for expression of direct Pi transporter
genes (PsPTI only). Therefore, it was not possible to con-
clude if the mycorrhiza-related effect on the direct Pi uptake
pathway resulted from an increased P status in AM plants or
from more direct interactions between the AM fungus and
the DPU (Smith ez al., 2011).
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Those limitations in Grenlund et al. (2013) were addressed
in the present study with M. truncatula in split-root systems.
In addition to the A17 wild type, the mitpt4 mutant M. trun-
catula genotype (Harrison et al., 2002; Javot et al., 2007)
served to separate the effects of plant Pi signalling and of
AM colonization on the regulation of plant P uptake by
the direct and AM pathways. Furthermore, three soil P lev-
els served to investigate that regulation in terms of shoot P
status.

The hypotheses tested were (i) that localized root colo-
nization by AM fungi will reduce DPU activity locally but
not in a distal, non-colonized patch of root; (ii) that mycor-
rhiza-induced effects on DPU activity can be separated into
P-derived and direct AM effects by comparing the wild-type
and mipt4 genotypes; and (iii) that colonized and non-col-
onized patches of roots will experience differences in root
growth and P nutrition.

Materials and methods
Soil and plants

The M. truncatula cultivar Jemalong A17 (referred to as the
wild type hereafter) and mutant mipt4-1 were used in this
study, kindly provided by Maria Harrison. Seeds of both
genotypes were scarified, surface-sterilized, imbibed, and pre-
germinated (following Grunwald ez al., 2009). Pre-germinated
seeds were sown (day 0) in small pots containing 160g of a
semi-sterile (15 kGy, 10 MeV electron beam) 1:1 soil/sand
mix, which was supplemented with basal nutrients (as per
Merrild et al., 2013) including 10mg P kg (as KH,PO,),
and mixed thoroughly. Seedlings grew for 16 d before being
moved to split-pots (following Grenlund et al., 2013). Shoot
and root P contents were 0.04mg and 0.04mg P plant™ in
wild-type plants, respectively, and 0.06mg and 0.05mg P
plant™ in mtpt4 plants, on the day of transfer. The root sys-
tem of each plant was divided into two halves of a similar size
and planted in a split-root system consisting of two adjoining
pots with one root half in each (see Fig. 1). Pots contained
a semi-sterile 1:1 soil/sand mixture, as above. Three soil P
concentrations were established by mixing KH,PO, into the
growth medium at 0, 20, and 50mg P kg™'. These P additions
resulted in levels of 0.5M NaHCO;-extractable P (Olsen
et al., 1954) of 5.0%0.2, 10.1£0.3, and 19.9+0.9mg P kg
soil and are referred to as PO, P20, and P50 hereafter. While
the M. truncatula wild type was grown in all soil P treatments,
the mutant M. truncatula mtpt4 was grown at P20 only.

The split-root treatments were (i) M,M with AM fungal
inoculum in both root halves; (ii) NM,M with one root half
non-inoculated and the other inoculated with AM fungi;
and (iii) NM,NM with both root halves non-inoculated (see
Fig. 1). Soil in M pots was mixed with 75¢g of Rhizophagus
irregularis (previously named Glomus intraradices, Schiil3ler
and Walker, 2010) BEGS87 inoculum, consisting of a mixture
of dry soil, spores, and root fragments of a Trifolium sub-
terraneum pot culture. Pot A contained 600g of soil mixed
with 0.5 kBq g! of carrier-free Hy**PO,. The specific activity

Main treatment: NM M
Non-mycorrhizal control: NM NM
Mycorrhizal control: M M

Fig. 1. Set up of split-pots and AM fungal inoculation treatments (not to
scale). The left-hand pot (pot A) had unlabelled soil layers at the bottom
(1509) and top (100g) of the pot, and 600g of soil labelled with 3P in
between the two unlabelled layers; see the Marerials and methods for
further details. NM, non-mycorrhizal; M, mycorrhizal.

in 0.5M NaHCO; extracts of the **P-labelled PO, P20, and
P50 soils was 29.7+2.7, 12.4+1.5, and 7.1£0.5 kBq mg P!,
respectively. Isotope labelling was used to quantify the Pi
uptake from pot A.

A layer of unlabelled, non-inoculated soil was weighed
into both the bottom (150g) and top (100g) of each pot, to
prevent transfer of labelled soil and AM fungal inoculum
between pots. There were five replicates of each treatment.
Plants were grown in climate chambers with a 16/8h light/
dark cycle at 20/15 °C. Fluorescent daylight lamps (Osram
GmbH, Munich, Germany) provided 500 umol m~ s™!' pho-
tosynthetically active radiation (PAR; 400-700 nm). Pots were
watered every second day to 60% of water-holding capacity.

Harvesting and physiological analysis

Plants were harvested 37 d after sowing (21 d after transplan-
tation to split-pots). A subsample (~50mg) of fresh shoot
material was flash-frozen in liquid N, and kept at —80 °C.
Shoots were dried at 70 °C for 48 h and dry weights recorded.
Roots were washed, blotted, and weighed, and a weighed sub-
sample for determination of AM colonization was stored in
50% ethanol. Another ~500mg subsample of root material
was flash-frozen in liquid N,, crushed, and kept at —80 °C for
RNA isolation. The remaining root tissue was dried at 70 °C
for 48 h and dry weights were determined.

Dried shoot and root samples were oxidized in a 4:1 mixture
(v:v) of 65% nitric:70% perchloric acids, and total P was deter-
mined by the molybdate blue method using AutoAnalyzer 3
(Bran+Luebbe, Norderstedt, Germany). The **P in shoot and
root tissue was determined in the same digests in a Packard
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TR 1900 liquid scintillation counter (PerkinElmer, Waltham,
MA, USA). Shoot Pi concentrations were analysed after
homogenizing ~50mg of frozen sample in 1ml of 1M HCI
and centrifugation for 3min at 14 000 g. A 15 pl sample of
the supernatant was mixed with 240 ul of malachite green
(0.045% w/v)/ammonium molybdate (4.2% w/v) solution in a
microplate. After 1 min, 30 pl of 34% (w/v) sodium citrate was
added and the ODg4, was read 5-10min later (modified from
Lanzetta et al., 1979). Total N in shoot samples was deter-
mined in 2mg of finely homogenized samples on an EA 1110
elemental analyser (Thermo Scientific, Bremen, Germany).
Prior to determining the percentage root length colonized
by AM fungi, root samples were cleared in 10% KOH and
stained with trypan blue following Kormanik and McGraw
(1982). All roots were then assessed for total percentage root
length colonized by AM fungi, and root length (Newman,
1966). Additionally, the proportion of the root containing
AM structures (arbuscules, vesicles, and/or internal hyphae)
was assessed on subsamples of stained roots from pot B of
the NM,M pots at P20 only (McGonigle et al., 1990). The
presence of hyphae was investigated in root-free HC soil
taken from pot B of the NM,M P20 treatments, for both the
wild-type and mipt4 mutant plants, and also in HC soil from
the equivalent NM,NM pots. Qualitative information was
obtained by stereo microscope inspection of moist soil, while
quantitative data were obtained by measuring the length of
hyphae collected on membrane filters (Jakobsen et al., 1992).

RNA isolation and real-time qPCR analysis

Total RNA was extracted from ~100mg of root samples of
M. truncatula wild type and of mutant mpz4 grown at 20mg
P kg soil, using an miRNeasy Mini Kit (Qiagen Hilden,
Germany) with on-column DNase treatment following the
manufacturer’s protocol. RNA concentration was meas-
ured on a Nanodrop ND-1000 Spectrophotometer (Saveen
1 Werner, Malmo, Sweden). cDNA was synthesized from
200ng of total RNA using dNTP Mix (Qiagen) and Expand
Reverse Transcriptase (Roche) including Protector RNase
inhibitor (Roche).

The real-time PCR primers (Eurofins MWG operon,
Germany) were EFla (Liu et al, 2008), MtPTI, MtPT2,
MtPT3, MtPT4 (Grunwald et al., 2009), and M4 (Branscheid
et al., 2010). Gene expression analysis was carried out on four
replicate plants from each treatment. Real-time PCR analysis
was performed using the Rotor Gene 2000 Real Time Cycler
(Qiagen). Each 20 pl of PCR contained 8 pl of a 1.257 dilu-
tion of the reverse transcription reaction (see above), and 12 pul
of SYBR Green Master Mix (Fermentas, Thermo Scientific),
which included 500nM of each primer. Samples were heated
to 95 °C for 10min, followed by 40 cycles of 15 s at 95 °C and
I min at 60 °C. After each PCR, the specificity of the amplifica-
tion was verified by running a melt curve analysis. The Rotor
Gene 2000 software calculated relative amounts of RNA based
on PCR cycle threshold values obtained from a dilution series
from 2.5 to 6.257 (each step was a 1:3 dilution in H,O) of a
standard reverse transcription sample from a mycorrhizal or
non-mycorrhizal plant (depending on the primer of interest).
Data were normalized to EF/a mRNA levels.

Calculations

In the NM,NM and M,M control treatments, the shoot
P derived from pot A at each soil P level could be directly
derived as 50% of the measured shoot P content:

Measured P uptake from pot A =
0.5 shoot P content at harvest (1)
’ —shoot P content in seedlings at planting

Shoot P derived from pot A could also be estimated from
the **P data:

Estimated P uptake from pot A =
(33 Pshoot / SA33P in NaHCO3 extracts ) x850/600 (2)

The numerical ratio corrects for the fact that **P was mixed with
only 600¢g of the 850¢g soil in total. While the measured and the
estimated P uptake from pot A increased with increasing P level
as expected, the two methods produced different results within
each P level. Thus the ratios between estimated and measured P
uptake were 0.41,0.77, and 0.88 at PO, P20, and P50, respectively.
These ratios are means of very similar values in the NM,NM
and M,M treatments at a given soil P level and it was therefore
assumed that the observed deviation was not caused by the myc-
orrhizal status of the roots, but rather by P level-associated dif-
ferences in isotopic equilibrium between **P and *'P in the ‘plant
available’ soil P pool. Due to the similar ratios for M,M and
NM,NM plants, the ratios could be used to calculate the shoot
P derived from pot A (i.e. the NM root half) in the NM,M treat-
ments, and at a given P level by dividing the estimated uptake
(Equation 2) by one of the three ratios given above.

Shoot uptake of P from pot B was derived as the difference
between total shoot P and shoot P derived from pot A, and
then the root length-specific (RL spec) P uptake from pot B
was calculated. The minimum contribution by the MPU to
the root length-specific uptake from pot B in the M,M and
NM,M treatments was estimated by subtracting the corre-
sponding NM,NM treatment values. The minimum percent-
age contribution of mycorrhizas to root length-specific P
uptake from pot B was then calculated:

Minimum % AM contribution to shoot P =
100x(RL spec P uptake (M) —RL spec P uptake 3)
(NM,NM)/RL spec P uptake (M)

The calculation for P contribution via the MPU in NM,M
plants was modified from Smith ez al. (2004), due to the dis-
parity between estimated and measured MPU uptake in the
mycorrhizal and non-mycorrhizal control plants when using
the original equation.

Statistical analysis

Two-way analyses of variance (ANOVA) were performed on
the data, with pot configuration and soil P level as factors
when analysing the wild-type genotype only, and pot configu-
ration and genotype as factors when comparing the wild-type
and mtpt4 mutant genotypes at P20 only (see Supplementary
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Table S1 available at JXB online for ANOVA outcomes). One-
way ANOVA were performed on wild-type distribution data
(ratios) only. Where significant (P<0.05) interactions or main
effects were found, comparisons were made using Tukey’s
honestly significant difference (HSD). Student’s z-tests were
performed for certain response variables (specified in the
Results). All statistical analyses were performed using JMP
11.2.0 (SAS Institute Inc.).

Results
Root colonization and extraradical hyphal length

Root length colonized by AM fungi was <1% in all NM pots
whereas roots in M pots had 48-74% of their root length col-
onized (Fig. 2A, B). Mycorrhizal colonization decreased sig-
nificantly with increasing soil P in the pot B roots of NM,M
pots (Supplementary Table SIA at JXB online). Mycorrhizal
colonization in the mpt4 mutant was 32-36% of the root
length and was thus lower than in the wild-type genotype
(Supplementary Table S2). Furthermore, hyphal, arbuscular,
and vesicular colonization in pot B of the NM,M pots were
each significantly higher in the wild-type genotype than in the

mtpt4 mutant, with the greatest effects on arbuscule and vesi-
cle content (Fig. 2C).

External hyphae of AM fungi were found in soil from both
colonized wild-type and mtpt4 mutant treatments, although
the abundance was significantly lower in the latter (7.03£0.72
and 3.63+£0.41 m g dry soil, respectively). Although quan-
titative analysis did not reveal a significant difference in
hyphal length density between mipt4 mutant soil and NM
soil (2.79£0.50 m g! dry soil), direct microscopy confirmed
the presence of hyphae in moist HC soil from mipt4 mutant
plants, but not from non-mycorrhizal plants.

Plant growth responses to soil P level and mycorrhizal
colonization of one or both root halves

The wild-type plants exhibited strong positive growth
responses to formation of mycorrhizal associations and to
soil P supply. Shoot and root growth, and total root length
of the wild-type genotype increased significantly over three
levels of P addition: 0, 20, and 50mg P kg! (Fig. 3A, C, E).
Furthermore, at low P (P0), shoot growth was significantly
higher in the mycorrhizal pots (M,M) than the non-mycorrhi-
zal pots (NM,NM). There was no such pattern at the higher
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the P<0.05 level. (This figure is available in colour at JXB online.)

soil P additions. The mipt4 plants had significantly lower root
dry weights than the wild-type plants (pooling pot configura-
tion), and significantly lower shoot dry weights when one or
both pots were mycorrhizal (Fig. 3B, D). Total root length in
the wild-type plants was significantly lower in the mycorrhizal
pots than in the non-mycorrhizal pots, pooling soil P addi-
tion treatments (Fig. 3E), but this effect disappeared at 0 mg P
kg ! (Supplementary Table S1 at JXB online: significant inter-
action between P level and pot configuration). Colonization
by AM fungi also resulted in reduced root length in mipt4
mutant plants (Fig. 3F). Importantly, when both pot halves
were non-colonized, the wild-type and mtipt4 plants exhibited
similar physiological responses, and hence there were no plei-
otropic effects of the mipt4 mutation.

The distribution of resources between colonized and non-
colonized root-halves (i.e. NM,M pots) was calculated as
ratios of root biomass or root length in the colonized pot (M)

to the total biomass or length (NM+M). Importantly, in the
NM,NM and M,M pots, the contribution to root biomass
and length was equal between both root halves as expected,
in both wild-type and m#pt4 plants; that is, the ratio was ~0.5
(data not shown).

In the NM,M-grown wild-type plants, the ratio for both
root length and biomass tended to decrease with increasing
soil P concentration, but not significantly (P>0.05, one-way
ANOVA, Tukey’s HSD, Fig. 4A). This indicated that the AM
root half contributed less to root biomass accumulation as
the soil P addition increased. At P20, the calculated ratio
for root biomass and root length was significantly higher in
the wild-type than in the m¢pr4 mutant genotype (P<0.05,
Student’s ¢-test, Fig. 4B). In particular, the ratio was <0.5 for
both response variables in the mpt4 genotype, indicating that
the AM root half contributed less than half of the total root
biomass and length.
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Responses in plant P nutrition to soil P level and
mycorrhizal colonization of one or both root halves

As for biomass, shoot and root P content as well as root P
concentration in the wild-type plants responded strongly
to AM colonization and soil P. Shoot and root P content
increased significantly with increasing soil P addition and, at
low P (P0), were significantly higher in the mycorrhizal than
in the non-mycorrhizal wild-type plants (Fig. 5A, C). In the
mtpt4 genotype at P20, shoot and root P contents were simi-
lar to those of the wild type for completely non-mycorrhizal
plants, and were otherwise significantly lower than in the wild
type (Fig. 5B, D).

Ratios describing the distribution of P content between
the non-mycorrhizal and mycorrhizal root halves of NM,M
plants were calculated as for biomass. In the wild-type plants,
the allocation of P to the mycorrhizal pot was significantly
higher than 0.5 at all soil P addition treatments; however, it
decreased significantly as soil P addition increased (P<0.05,
one-way ANOVA, Tukey’s HSD, Fig. 4A). In the mipt4
mutant plants, allocation of P content was even between the
mycorrhizal and non-mycorrhizal root halves, and the wild-
type plants allocated significantly more P to the mycorrhizal
half than the mipt4 plants (P<0.05, Student’s z-test, Fig. 4B).

Root P concentrations in the colonized wild-type roots
were not significantly different at varying soil P addi-
tions. Conversely, non-colonized wild-type roots responded
positively and significantly to soil P addition (Fig. 5E, G).
Concentrations of P in the roots (both pot A and B) of mipt4
plants were similar between pot configurations, and were sig-
nificantly lower than those of the mycorrhizal wild-type roots
(Fig. 5F, H).

Shoot PO, concentration increased significantly with
increasing soil P concentration in the wild-type plant (pool-
ing pot configuration), and was significantly lower in the non-
mycorrhizal (NM,NM) pots than in the mycorrhizal (M,M)
pots (pooling soil P addition, Supplementary Fig. STA at
JXB online). At P20, wild-type plants grown in the M,M
pots had significantly higher shoot PO, concentration than
wild-type and mtpt4 plants of other treatments, except the

non-mycorrhizal wild-type treatment (Supplementary Fig.
S1B).

Root length-specific P uptake from pot A increased sig-
nificantly with increasing soil P addition for the non-myc-
orrhizal roots (i.e., NM,M and NM,NM plants) (Fig. 6A).
Furthermore, root length-specific P uptake from pot A was
analysed in more detail at each P level by a Student’s z-test
comparing the treatment pots (NM of NM,M) and the
NM control (NM,NM). At PO and P20, root length-specific
P uptake was significantly lower in the NM,M than in the
NM,NM plants (P<0.05). The wild-type plants had signifi-
cantly higher root length-specific P uptake at P20 than the
mtpt4 plants in the M,M pots only (Fig. 6B).

The minimum contribution to shoot P by mycorrhizas in
pot B decreased significantly with increasing soil P addition
in wild-type plants (Fig. 6C). Furthermore, when Student’s
t-tests were used to compare between NM,M and M,M pots
at each P level separately, the minimum contribution to shoot
P content was significantly higher in the NM,M pots than in
the M,M pots, for the PO and P20 treatments.

Gene expression

The expression of the direct Pi transporter genes (MtPTI,
MtPT2, and MtPT3) in wild-type and mipt4 genotypes in
the colonized root halves at P20 were evaluated by real-time
quantitative PCR, then the results were compared using
Student’s z-test for each gene. In the M,M pots and in the
colonized root half of the NM,M pots, MtPTI, MtPT2, and
M1tPT3 expression was higher in the mipt4 roots than in the
wild-type roots, in most cases significantly (Fig. 7A-C).

In the non-mycorrhizal control (NM,NM) and treatment
(NM of NM,M) pots, there were no significant differences in
any of the Pi transporter genes between genotypes (Fig. 7A—
C). In the mtpt4 roots, the expression of MtPT1, MtPT2, and
MtPT3 in non-mycorrhizal roots of the NM,M treatment
was significantly higher than in the non-mycorrhizal control
(NM,NM) treatment, whereas this was not the case in wild-
type plants. Furthermore, the mycorrhizal Pi transporter gene
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Fig. 5. Effects of increasing soil P and AM colonization on plant P content and concentration. Shoot and root P content (mg plant™), and root P
concentration in pot A and pot B (mg g™') of (A, C, E, G) the wild-type genotype at three soil P additions: O (white bars), 20 (grey bars), and 50 (black
bars) mg P kg™, and (B, D, F, H) the wild type (horizontal bars) and mtpt4 mutant (diagonal bars) at P20 only. Values are the mean +standard error, n=5.
Means followed by the same letter were not significantly different at the P<0.05 level. (This figure is available in colour at JXB online.)

MtPT4 was expressed in the mycorrhizal roots of wild-type type. Expression of M4 in other pots (NM,NM and NM,M)

plants, but not in mipt4 mutant roots (Fig. 7D). was not significantly different between the genotypes, but the
Expression of M4 in the mycorrhizal control pots (M,M) expression of M4 in the non-colonized root half in NM,M

was significantly higher in the mpt4 genotype than in the wild  pots was substantially higher in the mpt4 mutant (Fig. 7E).
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Discussion

The effect of mycorrhizal colonization of one root half
on local and distal DPU expression and activity

This work provides molecular but not physiological confir-
mation of hypothesis (i) that localized root colonization by
AM fungi reduces DPU activity locally but not in a distal,
non-colonized patch of root. Root length-specific shoot P
uptake from a non-colonized root half was actually lower
in NM,M pots than in completely non-colonized wild-type
plants. However, the magnitude of this systemic AM-induced
suppression of DPU activity was much lower than the local
suppression in AM roots, where at least 80% of the P taken
up was via the MPU at low soil P levels. Considering that up
to 100% of a plant’s P can be delivered via the MPU (Smith
et al., 2003, 2004), the actual activity of the MPU in the wild-
type plants was probably higher than the estimates presented
here, as MPU activity may have been ‘hidden’ due to down-
regulation of the DPU in AM roots.

The expression of the DPU transporter genes (MtPT1I,
MtPT2, and MtPT3) did not concur with the physiological
data as wild-type plants grown at P20 had similar levels of
gene expression in non-colonized plants to those in the non-
colonized half of NM,M plants (also seen at P0O; data not
shown). This suggests that a colonized root half did not exert
a long-distance effect upon DPU transporter expression. In

contrast, AM colonization had a strong local effect on the
DPU and MPU transporter genes. Here, expression of DPU
transporters decreased relative to their expression in non-
colonized plants, as reported previously (H. Liu ez al., 1998),
and the MPU transporter gene was expressed as expected
(Harrison ez al., 2002; Javot et al., 2007). Effects of root
colonization on expression levels differed in the mipt4 roots,
where all DPU transporter genes were expressed similarly in
non-mycorrhizal and mycorrhizal roots, but at a higher level
than in non-mycorrhizal wild-type roots. The finding that a
colonized root half influenced gene expression locally but not
at long distance might be related to a local increase in root P
concentrations, rather than AM colonization directly. Hence,
the effect was absent (and even opposite) in mipt4 roots that
were colonized but did not transfer mycorrhiza-derived P to
the plant. These results with mpt4 confirm hypothesis (ii)
that mycorrhiza-induced effects on DPU activity can be sepa-
rated into P-derived and direct AM effects by comparing the
wild-type and mipt4 genotypes. It was previously suggested
by Grenlund ez al. (2013) that mycorrhizal colonization has
a limited long-distance effect upon DPU, which is in agree-
ment with the present findings in terms of gene expression.
Thus, although an active MPU in one half of the root system
had some impact on DPU activity in the other half of the
system, this was not related to gene expression. There is grow-
ing evidence that P transporter gene expression is not always
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well correlated with P uptake activity (or flux) (C. Liu et al.,
1998; Rae et al., 2004; Grace et al., 2009; Smith et al., 2009;
Grenlund et al., 2013; Facelli et al., 2014); this could be due
to post-transcriptional and/or post-translational regulation
of the P uptake pathways.

To further explore the effect of AM colonization on plant
P uptake and nutrition, expression of M4, a PSI gene in
M. truncatula, and PO, concentration in shoots was inves-
tigated. Expression of M4 was inversely proportional to
the PO, concentration of shoots, as expected (Burleigh and
Harrison, 1997, 1998; Branscheid ez al., 2010). Furthermore,
expression of Mt4 was similar between the wild-type and
mtpt4 mutant genotypes in non-mycorrhizal control pots.
In colonized root halves, the M4 expression was similar to
that in non-mycorrhizal roots in mitpt4 mutant plants, while

it was suppressed in the wild-type plants, probably reflecting
the local increase in PO, root concentrations (Burleigh and
Harrison, 1998), as shoot PO, concentrations were similar for
wild-type and mitpt4 NM,M plants.

In conclusion, there were both physiological and molec-
ular effects of an inactive mycorrhizal P uptake pathway
(mtpt4) upon the DPU, which seems to correspond to
local changes of P/Pi concentrations in colonized roots
in a functional symbiosis. Interestingly, the expression of
the DPU transporter genes in mipt4 roots was higher in
the AM plants, both NM,M and M,M, than in NM,NM
plants and in wild-type plants of all treatments. This indi-
cates that the mutant plants compensate for the non-func-
tional MPU, and subsequent loss of contribution of P by
the MPU.
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The effect of mycorrhizal colonization of one root half
on root distribution and P nutrition

This work confirms hypothesis (iii) that colonized and non-
colonized patches of root will experience differences in root
growth and P nutrition. Specifically, root biomass was pref-
erentially allocated to the colonized root half rather than the
non-colonized root half in the wild-type plants where the P
concentrations were also higher, but this was not the case in
the mtpt4 plants. Previous split-root experiments also found
greater root biomass and P concentration in the mycorrhi-
zal side of the pot compared with the non-mycorrhizal side
(Gronlund et al., 2013), as well as greater amounts of photo-
synthate transported to the mycorrhizal half of the split pot
from the shoots (Koch and Johnson, 1984). In general terms,
mycorrhizal colonization increases root branching and root
length (Hodge et al., 2009). The lower root length in mycor-
rhizal than in non-mycorrhizal plants in this work (M,M ver-
sus NM,NM) and in several previous studies (e.g. Ravnskov
and Jakobsen, 1995; Olsson ez al., 1997) was probably caused
by fungal competition for plant carbon in the absence of a
mycorrhizal growth response, but a high root colonization, at
20mg and 50mg P kg .

In contrast to the wild-type, root biomass and root length
in the mipt4 mutant plants was higher in the non-colonized
than in the colonized root halves. The higher expression of
Mt4 and DPU MtPT genes in colonized roots compared
with non-mycorrhizal roots suggests an increased sensing of
Pi starvation in the colonized mitpt4 root half, although P
concentrations were the same for all non-mycorrhizal and
mycorrhizal root halves, which fits with only the DPU being
active.

Although the colonized mipt4 roots did not take up Pi via
the MPU, the plant still supported colonization by AM fungi,
which would have come at a carbon cost to the plant (Smith
et al.,2010), and may explain the observed reduction in shoot
and root growth in colonized mipt4 plants compared with the
wild type. Furthermore, the mipt4 plants may have reduced
investment in the colonized root half in favour of the non-
colonized root half, which would be providing a return on the
investment (in terms of Pi uptake).

Proper functioning of MtPT4 is critical to mycorrhiza-
mediated Pi uptake, and arbuscules of colonized mipt4 roots
experience premature degeneration and death when MtPT4
is inactivated (Javot et al., 2007). However, premature arbus-
cule death can be suppressed by N limitation (Javot et al.,
2011). The mtpt4 plants in this study had shoot N concen-
trations >3% dry weight in all treatments (data not shown),
which suggested that they were not N limited (Marschner and
Marschner, 2012). The arbuscules may therefore have been
experiencing premature degeneration in the mipt4 roots, and
this is supported by the lower percentage of arbuscules in the
mutant compared with wild-type roots. However, the colo-
nized mtpt4 roots, although defective in MPU Pi uptake, were
still producing external hyphae to a greater extent than previ-
ously reported (Javot et al., 2007), although at lower densities
than the wild-type. This phenotype observed in the present
study will require further work to be confirmed in light of the
differences with the work of Javot er al. (2007).

In conclusion, partial colonization of roots by AM fungi
had marked effects on the root growth distribution and on Pi
uptake locally in the colonized root system. This highlights
the plasticity of roots in response to AM colonization, where
most research on root plasticity has focused on it in response
to soil nutrient patches. Root plasticity in response to AM
colonization could confer greater competitive ability for the
plant, in terms of increased Pi uptake, and more effective
allocation of root biomass and length.

There was physiological evidence that colonization by AM
fungi had a limited, long-distance impact upon DPU activ-
ity, but this was not supported by gene expression data. This
highlights the growing disconnect between gene expression
data and actual activity, and, thus, the need to include both
physiological and molecular methods, and for further studies
on up- and downstream regulatory events.

Comparison of the results from wild-type and mipt4
mutant plants indicated that a major factor in the effect of
AM colonization on the DPU could rely on the local changes
in root P concentrations in an active symbiosis, as mipt4 myc-
orrhizal roots behaved mostly like non-mycorrhizal roots,
although they were colonized. Furthermore, the mtpz4 plants
seemed to have additional sensing of the carbon cost of the
non-functional AM symbiosis, as photosynthates were allo-
cated to the non-colonized root half.

Supplementary data

Supplementary data are available at JXB online.

Figure S1. Inorganic phosphate (PO,) concentration in
shoots.

Table S1. ANOVA summary table for all response variables.

Table S2. Mycorrhizal colonization (% of root length) of
mtpt4 mutant genotype, grown at 20mg P kg™,
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