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Abstract

Iron and phosphorus are abundant elements in soils but poorly available for plant nutrition. The availability of these two
nutrients represents a major constraint for fruit tree cultivation such as apple (Malus x domestica) leading very often to a
decrease of fruit productivity and quality worsening. Aim of this study was to characterize common and specific features of
plant response to Fe and P deficiencies by ionomic, transcriptomic and exudation profiling of apple roots. Under P deficiency,
the root release of oxalate and flavonoids increased. Genes encoding for transcription factors and transporters involved in the
synthesis and release of root exudates were upregulated by P-deficient roots, as well as those directly related to P acquisition.
In Fe-deficiency, plants showed an over-accumulation of P, Zn, Cu and Mn and induced the transcription of those genes
involved in the mechanisms for the release of Fe-chelating compounds and Fe mobilization inside the plants. The intriguing
modulation in roots of some transcription factors, might indicate that, in this condition, Fe homeostasis is regulated by a FIT-
independent pathway. In the present work common and specific features of apple response to Fe and P deficiency has been
reported. In particular, data indicate similar modulation of a. 230 genes, suggesting the occurrence of a crosstalk between
the two nutritional responses involving the transcriptional regulation, shikimate pathway, and the root release of exudates.

Key Message

For the first time, physiological and transcriptomic response of apple plants to Fe and P deficiencies have been thoroughly
characterized and compared. Ionomic and transcriptomic analyses on apple roots have been performed and the data have been
implemented with the metabolic profiling of root exudates. Our results highlighted that a physiological and transcriptional
link occurs between the responses to Fe and P deficiencies in apple tree roots, which may contribute to the efficient strategy
to mobilize nutrients from the soil exhibited by this plant species. Data of the present work highlight that the response to
both Fe and P starvation shares common features in the modulation of transcription factors, the shikimate pathway and in
the release of root exudates. To the best of our knowledge, this evidence suggests for the first time the existence of a cross
talk between Fe and P nutritional pathways in tree plants.
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Abbreviations

ACO 1-Aminocyclopropane-1-carboxylate
oxidase

AGLA42 AGAMOUS-like 42

ALMT Aluminum-activated malate
transporter

APR APS reductase

APS ATP sulfurylase

Aux/TIAAs Auxin-responsive proteins

bHLH Basic helix-loop-helix

CHS Chalcone synthase

CHS Chalcone synthase

M Chorismate mutase

DFR Dihydroflavonol 4-reductase

ERF Ethylene response factor

FER Ferritin

FRD Ferric reductase defective

FRO Ferric reduction oxidase

HCT Hydroxycinnamoyl-CoA shikimate/

HXXXD-type AT
IRT

quinate hydroxycinnamoyl transferase
HXXXD-type acyl-transferase
Iron transporter

LPR1 Low phosphate root1

MATE Multidrug and toxin efflux transporter

MRP Multidrug resistance-associated
protein

MYBs Myeloblastosis family of transcription
factors

NAS Nicotianamine synthase

NRAMP Natural macrophage resistant protein

OPT Oligopeptide transporter

PAP Purple acid phosphatases

PDR Pleiotropic drug resistance

PFK Phosphofructokinase

PFK Phosphofructokinase

PHO PHOSPHATE protein

PHT transporters ~ High-affinity phosphate transporters

PLA2A Phospholipase A 2A

PS3 P-starvation induced transporter

TCA cycle Tricarboxylic acid cycle

VIT Vacuolar iron transporter

ZFP Zinc-finger protein

Introduction

Apple plant (Malus x domestica Borkh.) is the main woody
fruit species cropped in temperate regions with the third
highest worldwide production of edible fruits (FAOSTAT
2013). This fact is mainly ascribable to the high capacity
of this plant species to adapt itself to a wide range of soil
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and climatic conditions. However, the susceptibility of this
crop to pathogen attacks (like fungi, Bastiaanse et al. 2015)
as well as to the different availability of nutrients in soils
(including also the balancing among nutrients) can affect the
productivity and fruit quality in the various environments. In
a more general context and focusing on the nutritional disor-
ders, it is widely known that, along with nitrogen (N), phos-
phorus (P) and iron (Fe) deficiencies are the main respon-
sible for yield limitation of crops in the world (Schachtman
1998; Zhang et al. 2010). With respect to Fe, despite being
in high amount in most soils, its solubility in the soil solu-
tion (i.e. plant-available fraction) is very low. Especially in
calcareous soils, the high pH reduces the solubility of Fe and
therefore its concentration in the soil solution is not enough
to sustain the plant requirement.

Also the available fraction of P in soil solution is gen-
erally low requiring, therefore, appropriate fertilizations
to ensure adequate availability for the crops. However, the
efficiency of P fertilization is affected by P precipitation in
the soil with cations, as calcium (Ca), aluminium (Al) or Fe,
leading to Ca-, Al-. or Fe-phosphates (Raghothama 1999)
with also considerable impacts on environment. Considering
that calcareous soils account for one-third of the earth’s sur-
face (Hansen et al. 2006), the main constraints for successful
cultivation of fruit tree crops like apple are represented by
the low availability of these two essential elements (Zhang
et al. 2010).

Plants have evolved different strategies to cope with nutri-
ent shortage including the release of low- (organic acids,
amino acids, sugars, phenolic acids, flavonoids, phytosi-
derophores, etc.) and high- (polysaccharides, enzymes, etc.)
molecular weight organic compounds, generally named root
exudates (Bertin et al. 2003; Bais et al. 2006; Lucena et al.
2018). These exudates are able to increase the availability
in soil of barely available P and Fe pools by acidifying the
rhizosphere, by promoting reduction—complexation pro-
cesses, ligand exchange reactions and Fe accumulation in
plant tissues (Cesco et al. 2010, 2012; Colombo et al. 2013;
Mimmo et al. 2014; Zanin et al. 2015). In addition, plants
can also increase the spatial availability of nutrients increas-
ing their root surface by either stimulating the growth of
fine roots and root hairs or by enhancing mycorrhizal colo-
nization (Neumann and Romheld 2011). At molecular level,
plants transcriptionally modulate those genes involved in the
specific response to the nutrient starvation. In particular,
Fe-deficient plants upregulate a number of genes in order
to both increase the capability to acquire Fe and maintain
cellular homeostasis (Waters et al. 2014).

In most non-graminaceous species, Fe acquisition is
mediated by a reduction-based mechanism (called Strat-
egy I), which activation led to increase the activities of
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ATP-dependent proton pumps, ferric-chelate reductase
(FRO) and Fe?* transporter (IRT) all located on plasma
membrane of root cells; on the other hand a distinct strat-
egy is operated by grasses (called Strategy II) and it involves
the root exudation of Fe-chelating molecules, phytosidero-
phores, and the following uptake in a Fe(III)-complexed
form (Marschner et al. 1986). Nevertheless, it has to be con-
sidered that up-to-date some reports provide evidence about
the existence of a co-occurrence of Strategy I and Il compo-
nents in plants, suggesting that (although usually one kind
of Strategy is preferred) the distinction between Strategy
I-plants and Strategy II-plants is not so obvious (Kobayashi
and Nishizawa 2012; Xiong et al. 2013; Zanin et al. 2017).

Colangelo and Lou (2004) showed that Fe-deficient
Arabidopsis plants upregulate the transcription factor FIT,
which is necessary to regulate the ferric-chelate reductase
FRO?2 and the Fe** transporters IRT1 and NRAMP1. Fur-
thermore, in Fe-deficient Malus xiaojinensis, Wang et al.
(20144a) observed an upregulation of the Fe-uptake related
genes only in the earlier period of Fe-deficiency, while genes
associated to Fe remobilization process were upregulated
in the later period of nutrient shortage. Moreover, they also
detected a different expression profile of genes related with
hormones, as described also in citrus rootstocks for genes
associated not exclusively to hormone metabolism but also
to signalling (Licciardello et al. 2013).

The molecular response to P deficiency has been recently
investigated in the model plant white lupin (Secco et al.
2014; Wang et al. 2014b; Venuti et al. 2019; Zanin et al.
2019). In these works, besides the upregulation of phosphate
transporters, they observed an upregulation of the phenyl-
propanoid pathway, aluminium-activated malate transporter
(ALMT) and multidrug and toxic compound extrusion
(MATE) transporter genes correlated with the exudation of
citrate and flavonoids and the expression of hormone-related
genes. Regarding woody plants, the transcriptomic response
of the coniferous tree Pinus massoniana, gives a first insight
into the molecular mechanisms involved in the response to
P-starvation in trees (Fan et al. 2014). Specifically, an alter-
ation in genes related to the lipid metabolism, membrane
composition and transcription factors was observed. In addi-
tion, they identified a number of upregulated genes either
related to P uptake (phosphate transporters) or associated
to the transport of sugars, amino acids and organic acids
(putatively involved in Pi mobilization and acquisition).

Plant responses to nutrients deficiency have been
recently analysed on the basis of large-scale changes in
the metabolome (Rellén-Alvarez et al. 2010), proteome (Li
et al. 2008; Brumbarova et al. 2008; Donnini et al. 2010;
Rodriguez-Celma et al. 2011) and transcriptome (Thimm
et al. 2001; O’Rourke et al. 2009). To date, a high-qual-
ity draft genome sequence of the domesticated apple has
been released (Velasco et al. 2010; Daccord et al. 2017)

and therefore a genome wide analyses of transcriptional
changes occurring in apple under Fe and P starvation is
feasible. Up-to-day many transcriptomic analyses have
been conducted in relation to plant response to either Fe
(Zamboni et al. 2012; Santos et al. 2013; Li et al. 2014,
Zanin et al. 2017) or P (Zheng et al. 2009; O’Rourke et al.
2013; Secco et al. 2014; Zeng et al. 2015) deficiencies.
However, the majority of these works were carried out in
model and herbaceous plant species, while for our knowl-
edge no transcriptomic analyses have been previously per-
formed on apple under either Fe or P deficiency.

Therefore, in order to identify agronomic strategies for
coping with Fe and P deficiency it is crucial to under-
stand the mechanisms underlying the acquisition of these
nutrients with particular emphasis to those exploited by
plants to overcome these two nutritional disorders. In this
study, M9 apple (Malus x domestica Borkh.) rootstocks
were hydroponically grown either in P or in Fe deficiency.
Since root exudation is one of the most common strate-
gies adopted by plants to cope with Fe or P deficiency,
we firstly aimed at characterizing the exudation pattern of
these plants at the first appearance of nutrient-deficiency
symptoms. Moreover, to identify the key genes involved
in the strategy adopted by apple trees to cope with the two
nutrient deficiencies, an RNA-seq approach was under-
taken, highlighting the genes differentially expressed
in the roots of plants grown under the two nutritional
deficiencies.

Materials and methods
Plant growth

Apple rootstocks (Malus x domestica, Borkh., M9) were
pre-grown in sand, then transferred and grown in hydro-
ponic conditions in a continuously aerated nutrient solu-
tion with the following composition: KH,PO, 0.25 mM,
Ca(NO;), 5 mM, MgSO,, 1.25 mM, K,SO, 1.75 mM, KCI
0.25 mM, Fe(IIl)NaEDTA 20 pM, H;BO, 25 pM, MnSO,
1.25 pM, ZnSO, 1.5 pM, CuSO, 0.5 pM, (NH,):Mo0,0,,
0.025 pM. Apple trees were grown for 7 days in a full
nutrient solution and then for 35 days in Fe-free nutrient
solution (—Fe, nutrient solution without Fe(II[)NaEDTA),
or in a P-free nutrient solution (—P, nutrient solution with-
out KH,PO,), or maintained under complete nutrient solu-
tion (+P+Fe, as control). The nutrient solution in the pots
was renewed twice a week. Plants were grown in a growth
chamber under controlled conditions (day: 14 h, 24 °C,
70% relative humidity; night: 10 h, 19 °C, 70% relative
humidity).
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Characterization of plant growth

Plants were harvested 35 days after the transfer to nutrient-
deficient solutions, separating roots and shoots. Fresh weight
(FW) of roots and shoots together with the root to shoot ratio
were assessed. Light transmittance of fully expanded leaves
was determined using a portable chlorophyll meter SPAD-
502 (Minolta, Osaka, Japan) and presented as SPAD index
values (Supplemental Table S1). Measurements were carried
out weekly on young leaves and five SPAD measurements
were taken per leaf and averaged.

Collection of root exudates

Apple root exudates were collected 35 days after the trans-
fer to nutrient deficient solutions, at the first appearance of
nutrient deficiency symptoms at the leaf level (leaf chlorosis
in Fe-deficient plants and bluish leaf veins in P-deficient
ones). Plants were therefore removed from the nutrient
solutions and roots where washed several times with dis-
tilled water in order to remove any traces of nutrient solu-
tion. Plants were then transferred in smaller pots containing
250 mL of distilled water (Valentinuzzi et al. 2015a). Root
exudates were collected for 24 h continuously aerating the
solution and covering the pots with aluminium foil to main-
tain the roots in the dark to avoid photochemical reactions
(Zancan et al. 2006). After 24 h, plants were removed and
transferred to pots with fresh nutrient solution. Root exudate
solutions were filtered at 0.45 um (Spartan RC, Whatman),
frozen at —20 °C, lyophilized and resuspended in 2-mL
ultrapure distilled water.

Root exudate analyses

Organic acids were separated by high performance liquid
chromatography (HPLC) using a cation exchange col-
umn (Rezex ROA, Phenomenex), with an isocratic elution
with 10-mM H,SO, as carrier solution at a flow rate of
0.6 mL min~". Organic acids were detected at 210 nm using
a Photodiode array detector (PDA 2998, Waters).

Total phenol concentration in root exudates was deter-
mined colorimetrically using the Folin-Ciocalteu assay as
described by Lowry et al. (1951). Total flavonoid concentra-
tion was determined colorimetrically as described by Atan-
assova et al. (2011).

Total organic carbon (TOC) and total nitrogen (TN)
was determined using a Flash EA 1112 elemental analyser
(Thermo Scientific).

Elemental analysis

Oven-dried samples (60 °C) of shoots and roots were acid
digested with concentrated ultrapure HNO, (650 mL L™,
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Carlo Erba, Milano, Italy) using a single reaction chamber
(SRC) microwave digestion system (UltraWAVE, Mile-
stone, Shelton, CT, USA). Element concentrations were then
determined by Inductively Coupled Plasma—Optical Emis-
sion Spectrometry (ICP-OES Spectro CirosCCD, Spectro,
Germany). Elements quantifications were carried out using
certified multi-element standards (CPI International, https://
cpiinternational.com). The limits of detection for each ele-
ment are reported as follows: Al 6.7 mgL™', B 1.8 mg L™/,
Ba0.l mgL™, Ca2.0mg L™}, Cu3.0 mgL™", Fe 0.4 mg
L', K2.0mg L™, Li 0.1 mg L™, Mg 3.0 mg L™, Mn
02mgL™',Mo6.0mgL™!,NalOmgL™',P40mgL™,S
40mgL7!,Si120mg L™, Sr0.1 mg L™}, Ti 1.3 mg L™},
Zn 0.2 mg L~'. Tomato leaves (SRM 1573a) and spinach
leaves (SRM 1547) have been used as external certified ref-
erence material.

RNA extraction, cDNA library preparation
and sequencing

Total RNA was extracted from three biological replicates of
nine root samples (Control, —P and —Fe plants) using the
Spectrum™ Plant Total RNA Kit (Sigma Aldrich). RNA
samples were quantified using Qubit™ 2.0 Fluorometer
(Life Technology), and RNA integrity was checked with the
RNAG6000 Nano Assay using the Agilent 2100 Bioanalyzer
(Agilent Technologies; RNA requirements for library prepa-
ration were A, 50 ratio of RNA > 1.8 and RNA Integrity
Number, RIN, > 8). cDNA library preparation and sequenc-
ing reactions were performed by IGA Technology Services
s.r.l. (Udine, Italy). An amount of 2 pg of total RNA was
used for library preparation following the Illumina protocol
TrueSeq 2.0. Briefly, RNA was fragmented into fragment
with an average of 500 bp. mRNA was purified using poly-T
beads. The first- and second-strand cDNAs were synthesized
and end repaired. Adaptors were ligated after adenylation
at the 3’ ends and cDNA templates were enriched by PCR.
The 50-bp single-end reads were obtained using an Illumina
Hiseq 2000 platform.

Sequence processing

Adapters were removed using cutadapt (http://code.googl
e.com/p/cutadapt/, Martin 2011) and the reads were trimmed
for quality with ERNE-FILTER (http://erne.sourceforg
e.net). Alignment against the genome of Malus x domestica
(http://genomics.research.iasma.it/) using the transcriptome
of Malus x domestica (reference GDDH13 v1.1, including
42140 annotated genes; Daccord et al. 2017) as a guide for
transcript assembly was performed with TopHat version
2.0.5 (Kim et al. 2013) with default parameters. Transcript
expression was estimated using cufflinks (Trapnell et al.
2010), and differential expression evaluated using cuffdiff
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software (g-value < 0.05, n=3, Trapnell et al. 2012; an over-
view of the numbers of differentially expressed transcripts is
reported in Supplemental Table S2). All RNA-seq expres-
sion data are available at the public functional genomics
data repository Gene Expression Omnibus (https://www.
ncbi.nlm.nih.gov/geo) under the series entry (GSE122554).
Genes were annotated according to the annotation of M. x
domestica GDDH13 v1.1 (available files on the FTP reposi-
tory: ftp://ftp.bioinfo.wsu.edu/) and were grouped in main
functional categories according to the “biological” terms of
the Gene Ontology (Ashburner et al. 2000). A cross compar-
ison of singular enrichment analysis (SEACOMPARE) was
performed using AgriGO v2.0 software (Tian et al. 2017)
on upregulated transcripts, downregulated transcripts and all
modulated transcripts in —Fe versus +P+Fe and —P versus
+P+Fe (Supplemental Tables S3, S4, S5).

The Arabidopsis homologous to genes commonly mod-
ulated by —Fe versus +P+Fe and —P versus +P+Fe (268
genes in total) were analysed on AraNet v2 website (https://
www.inetbio.org/aranet/; Lee et al. 2015) using the default
parameters to generate a gene network. Moreover to evalu-
ate the occurrence of transcription factor (TF) binding sites
within the promoters of the 268 genes, the same list of
Arabidopsis homologous genes was loaded on the website
of a plant promoter analysis navigator, called PlantPAN 2.0
(http://plantpan2.itps.ncku.edu.tw/; Chow et al. 2015) using
the tool “Gene Group Analysis”. In the present work the
putative interactions between TFs and promoter binding sites
are referred to those TFs present in the input gene group.

Real-time reverse transcription-PCR

To validate the RNA-seq data, real-time reverse transcrip-
tion—PCR (RT-PCR) analyses were performed on apple
roots. Therefore, 1 pg of total RNA of each sample was ret-
rotranscribed using 1 pmol of Oligo d(T),;VN (New Eng-
land Biolabs) and 10.

U M-MulV RNase H for 1 h at 42 °C (Finnzymes) as
described in Zanin et al. (2016). Gene-specific primers were
designed for the target genes as well as for the housekeep-
ing genes (see Supplemental Table S6). Real-time RT-PCR
experiments were carried out in biological triplicates and
the reaction was performed by using the SsoFast EvaGreen
Supermix (Bio-Rad) as previously described (Valentinuzzi
et al. 2015b). Nevertheless, the identity of each amplicon
was determined by sequencing. The amplification efficiency
was calculated from raw data using LinRegPCR software
(Ramakers et al. 2003). The relative expression ratio value
was calculated for treated samples relative to the correspond-
ing untreated sample at the same time-point according to
the Pfaffl equation (Pfaffl 2001). Standard error values were
calculated according to Pfaffl et al. (2002).

Statistical analyses

Results are presented as means of at least three repli-
cates + standard error (SE). Statistical analysis was per-
formed using Statgraphics (Statpoint technologies, INC.,
Warrenton, VA, USA). Data were analysed by analysis
of variance (ANOVA), and means were compared using
SNK’s test at p<0.01. Multivariate analyses were carried
out by using PAST3.12 software (Hammer et al. 2001). The
validity of the PCA models were assessed by the cross-
validation approach as previously described (Pii et al.
2015). Transcriptomic data were analysed using cuffdiff
(g-value <0.05 N=3; Trapnell et al. 2012). All statistically
significant transcripts are expressed as positive or negative
Log,FC values (corresponding to up- or down-regulated
transcripts, respectively).

Results

Physiological effect of Fe or P deficiency in apple
plants

The results of the present study showed that, at the end of
the nutritional treatment, Fe and P shortage did not affect
significantly the shoot and root biomass and therefore the
shoot/root ratio (Supplemental Table S1). As expected, Fe
shortage caused a decrease in the leaf chlorophyll content
(expressed as units of SPAD index) during the growing
period of approximately 20 units compared to the +P+Fe
plants (Supplemental Table S1), showing the typical symp-
toms of Fe chlorosis on young leaves (Fig. 1). On the other
hand, P-deficient leaves showed an increased value of SPAD
index compared to +P+Fe plants, with characteristic purple-
bluish leaf veins (Fig. 1).

lonomic profile of apple plants

The analyses of both Fe and P concentrations confirmed that
the plants were experiencing the imposed nutrient deficien-
cies (Supplemental Fig. S1). An exploration of the data-
set obtained from the elemental analyses was carried out
by applying an unsupervised pattern recognition analysis
(Principal Component Analysis, PCA) and a model featur-
ing three components, accounting for a total variance of
97.3%, was generated. The scatterplot obtained by combin-
ing the Principal Component 1 (PC1—86.36%) and the PC2
(6.81%) displayed a clear separation of the samples in two
independent clusters along the horizontal axis (Fig. 2a). In
particular, —Fe roots samples were separated from —P and
+P+Fe (Fig. 2a), zinc (Zn), copper (Cu) and manganese
(Mn) were the main drivers of this clusterization, being sig-
nificantly more concentrated in —Fe roots (Table 1). On the

@ Springer


https://www.ncbi.nlm.nih.gov/geo
https://www.ncbi.nlm.nih.gov/geo
ftp://ftp.bioinfo.wsu.edu/
https://www.inetbio.org/aranet/
https://www.inetbio.org/aranet/
http://plantpan2.itps.ncku.edu.tw/

134 Plant Molecular Biology (2019) 101:129-148

Fig. 1 Leaves of apple rootstocks at 35 days after transfer (DAT) to either Fe- or P-deficient nutrient solutions compared to a +P+Fe. a Leaves
of a P-deficient plant at 35 DAT, b Leaves of a +P+Fe plant at 35 DAT, ¢ Leaves of a Fe-deficient plant at 35 DAT
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Table 1 Elements concentration in leaves and roots of apple plants harvested 35 days after the nutrient starvation treatments (P deficiency, —P;

Fe deficiency, —Fe; sufficient condition, +P+Fe)

+P+Fe —Fe -P P value
Mean SE Mean SE Mean SE
Leaves

Zn(ugg™) 6127 5.12 78.1 0.57 65.39 7.56 0.1414
Cu(ugg™ 003 Oa 0.04 0b 0.03 Oa 0.0029
Mn (ugg™h 9213 428 a 254.75 18.17b 112.81 6.83 a 0.0001
Ca(mgg™ 3073 1.52 a,b 2491 1.78 a 37.59 3b 0.0185
Mg (mgg™) 7.12 0.16 a 10.26 0.14b 7.94 0.57 a 0.0019
S(mgg™) 3.16 0.14 3.92 0.48 4.04 0.16 0.1632
K (mgg™) 4.48 0.03 a 4.1 042a 18.48 1.75b <0.0001
Cougg™ 056 0.04 0.73 0.07 0.65 0.01 0.099

Na(mgg™) 0.63 0.05 1.09 0.25 0.81 0.15 0.2222
Sr(ug g™h 51.67 2.76 b 31.17 33a 61.59 36D 0.0015

Roots

Zn(ugg™h) 4052 17.68 a 1345.47 105.83 b 392.8 1478 a <0.0001
Cu(ugg™ 02 0.03 a 0.57 0.09b 0.19 0.01a 0.0029
Mn (ugg™) 662.6 5434 a 1225.87 103.3b 573.6 28.64 a 0.0011
Ca(mgg™ 1647 091 b 13.56 03a 15.46 0.15ab 0.0271
Mg (mgg™h) 4.13 0.07 4.71 0.42 4.17 0.01 0.2539
S(mgg™ 4.07 0.21 5.36 0.73 4.49 0.2 0.2049
K(mgg™) 14.21 0.09 12.75 1.11 14.2 0.05 0.2609
Co (ugg™ 1.71 0.12 1.81 0.08 1.46 0.14 0.1765
Na(mgg™) 0.89 0.05 0.8 0.06 0.94 0.04 0.2182
Sr(ugg™) 20.62 3.29 14.51 0.58 19.76 0.83 0.1403

Bold indicate the p values under < 0.05

Values are reported as mean + SE, six independent replicates were analysed. Statistical significance has been assessed by one-way ANOVA with
Tukey post-test (p <0.05). Different letters indicate statistically different values

other hand, the PCA carried out on leaf ionome produced
a four components model, accounting for 98.11% of the
total variance. The combination of PC1 (62.19%) and PC2
(26.38%) generated a scatter plot displaying three independ-
ent clusters, according with the different treatments (—Fe,
—P and +P+Fe) along the PC1 (Fig. 2b). The main variables
responsible for this separation were Cu, Mn and magnesium
(Mg) in the negative direction of the axis, whilst calcium
(Ca) and potassium (K) in the positive one (Fig. 2b). Indeed,
Cu, Mn and Mg were significantly accumulated in the leaves
of —Fe apple plants, whereas Ca and K displayed a higher
concentration in the leaf tissue of —P plants (Table 1).

Release of root exudates by apple plants under Fe
or P deficiency

Analyses on total carbon (C) and N concentration in apple
root exudates provided a preliminary indication on the com-
position of root exudates released under either Fe or P defi-
ciency. Despite no significant differences were detectable
for C and N total content, the qualitative analysis of root

Table 2 Root exudates released by apple roots grown in a full nutri-
ent solution (+P+Fe), phosphorus (—P) and iron-deficient (—Fe) solu-
tion at 35 days after transferring the plants to the nutrient solution
(DAT)

+P+Fe -P —Fe
(pmol g_1 root FW)

C released 7.124£227"™ 527+1.70"™ 591+0.61"™
N released 0.61+0.15™ 0.61+0.12"™ 0.60+0.04 ™
Oxalate 0.17+0.01* 0.35+0.03° 0.27 £0.05%
Total phenols 329+095"™ 322+061"™ 1.93+0.29 ™
Total flavonoids ~ 0.71+0.12% 1.18+0.25° 0.41+0.13%

Total phenols are expressed as gallic acid equivalents and total fla-
vonoids are expressed as catechin equivalent; FW =fresh weight;
mean+ SE. Statistical significance has been assessed by one-way
ANOVA with Tukey post-test (p <0.05). Different letters indicate sta-
tistically different values
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Fig.3 Venn diagram of three
comparisons: —Fe versus
+P+Fe, —P versus +P+Fe and
—P versus —Fe, the number

of differentially expressed
transcripts are provided as
upregulated (italic font),
downregulated (underlined) and
contra-regulated (red numbers,
N=3, g-value <0.05)

205

87

-P vs +P+Fe

941 tot

exudates highlighted differences among samples for organic
acid and flavonoid content. Oxalic acid was the only organic
acids present over the detection limit (Table 2) in apple root
exudates, with an enhanced release by nutrient deficient
plants, especially by —P roots.

Results suggest that phenol efflux is not related to a
specific nutrient shortage since they were detectable irre-
spectively to nutritional status of plants (Table 2). On the
other hand, the most abundant release of flavonoids was
measured from roots of P-deficient plants, which was sig-
nificantly higher than the amount released by Fe-deficient
plants (Table 2).

Transcriptomic analyses of apple plant roots

For a deep comprehension of the processes that are triggered
by either a decreased Fe or P supply, the whole root tran-
scriptome of apple plants in those conditions was analysed
by RNA-seq approach. At the end of nutritional treatment
(35 DAT), apple roots were sampled and three transcrip-
tomic profiles were obtained and compared each other: —Fe,
—P and +P+Fe (this latter used as control condition; N=3).

A total of 194,474,628 reads were obtained and aligned
to the Malus x domestica reference genome (GDDH13 v1.1
whole genome assembly and annotation, available files on
the FTP repository:ftp://ftp.bioinfo.wsu.edu/; Daccord
et al. 2017). Transcriptomic data were validated select-
ing randomly 8 differentially expressed transcripts whose
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expression was checked by real time RT-PCR analyses (Sup-
plemental Table S6).

In comparison to control (+P+Fe), Fe-deficient apple
roots showed 1071 differentially expressed genes (—Fe vs.
+P+Fe: 209 up-regulated and 862 down-regulated), whilst
P starved roots modulated 941 genes (—P vs. +P+Fe: 615
up-regulated and 326 down-regulated, Fig. 3, Supple-
mental Table S2); Fig. 3 shows that 268 transcripts were
modulated in both comparisons (—Fe vs. +P+Fe and —P
vs. +P+Fe). The direct comparison of —P transcriptomic
profile with —Fe one indicated 1333 differentially modu-
lated transcripts (—P vs. —Fe: 1059 up-regulated and 274
down-regulated). Comparing Fe-deficient response with
the P-deficient one, an opposite trend of the gene expres-
sion was observed: a. 80% transcripts were downregu-
lated by Fe deficiency, while P deficiency upregulated the
majority of its modulated transcripts (a. 65%) (Fig. 3, Sup-
plemental Table S2).

Concerning biological Processes (P categories, accord-
ing to Gene Ontology, GO), the cross comparison of sin-
gular enrichment analysis (SEACOMPARE by AgriGO
v2.0 software, Tian et al. 2017) of the whole transcriptional
modulation of —Fe versus +P+Fe and —P versus +P+Fe
revealed that the “oxidation-reduction process”, “single-
organism metabolic process”, “single-organism process”,
“metabolic process” and “carbohydrate metabolic pro-
cess” were the main enriched-P categories to be commonly
regulated by both nutritional responses (significant GO
P-categories involving more than 10 modulated transcripts
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Table 3 Cross comparison of Singular Enrichment Analysis (SEA-
COMPARE) of upregulated (above table) and downregulated (below

table) transcripts in —Fe versus +P+Fe and/or —P versus +P+Fe (SEA 0.05)

Up-regulated transcript CcM -Fe vs +P+Fe -P vs +P+Fe
GO Term Onto Description 1 2 FDR Num FDR Num
GO0:0055114 P oxidation-reduction process 2.30E-08 34 3.00E-14 88
GO0:0044710 P single-organism metabolic process 5.20E-07 44 7.30E-10 115
GO0:0044699 P single-organism process 0.00056 48 3.10E-05 134
GO0:0006979 P response to oxidative stress --- --- 0.00073 13
G0:0006820 P anion transport --- --- 0.00074 10
G0:0008152 P metabolic process --- --- 0.0024 210
G0:0071669 P plant-type cell wall organization or biogenesis --- --- 0.0043 7
G0:0009664 P plant-type cell wall organization --- - 0.0043 7
GO0:0006835 P dicarboxylic acid transport --- - 0.006 5
GO0:0015743 |P malate transport --- --- 0.006 5
GO0:0015740 P C4-dicarboxylate transport - --- 0.006 5
G0:0015711 [P organic anion transport --- --- 0.018 5
G0:0006811 P ion transport --- --- 0.018 24
G0:0046942 P carboxylic acid transport --- --- 0.018 5

Down-regulated transcript cM -Fe vs +P+Fe -P vs +P+Fe
GO Term Onto Description 1 2 FDR Num FDR Num
G0:0055114 P oxidation-reduction process 1.20E-12 108 0.011 32
GO0:0071103 P DNA conformation change 4.80E-09 21 - -—-
G0:0006323 P DNA packaging 1.30E-08 19 - -
G0:0006334 P nucleosome assembly 2.00E-08 18 — —
G0:0065004 P protein-DNA complex assembly 2.00E-08 18 — —
G0:0034728 P nucleosome organization 2.00E-08 18 - -
G0:0031497 P chromatin assembly 2.00E-08 18 - -
GO0:0071824 P protein-DNA complex subunit organization 2.00E-08 18 - -
G0:0006333 P chromatin assembly or disassembly 2.40E-08 18 --- ---
G0:0044710 P single-organism metabolic process 2.10E-07 140 0.022 47
GO0:0034622 P cellular macromolecular complex assembly 2.50E-06 21 - -
GO0:0006461 P protein complex assembly 2.90E-06 21 - -
G0:0070271 P protein complex biogenesis 2.90E-06 21 - -
GO0:0051276 P chromosome organization 2.90E-06 21 - -
G0:0006325 P chromatin organization 4.80E-06 18 --- --
GO0:0065003 P macromolecular complex assembly 8.10E-06 21 - -—-
G0:0071822 P protein complex subunit organization 3.60E-05 21 - -—-
G0:0022607 P cellular component assembly 0.00019 21 — —
GO0:0044699 P single-organism process 0.001 169 J— —
G0:0043933 P macromolecular complex subunit organization 0.0013 21 --- -
G0:0008152 P metabolic process 0.002 288 - -
GO0:0006979 P response to oxidative stress 0.002 14 - —
GO0:0005975 P carbohydrate metabolic process 0.003 46 - —
G0:0009607 P response to biotic stimulus 0.004 8 --- -
G0:0016043 P cellular component organization 0.007 33 - -
G0:0044085 P cellular component biogenesis 0.0071 21 - -
G0:1901136 P carbohydrate derivative catabolic process 0.016 6 - -
G0:0046348 P amino sugar catabolic process 0.017 5 - -
G0:1901072 P glucosamine-containing compound catabolic process 0.017 5 - -—-
G0:1901071 P glucosamine-containing compound metabolic process 0.017 5 - -
GO0:0006026 P aminoglycan catabolic process 0.017 5 - —
GO0:0006030 P chitin metabolic process 0.017 5 - —
G0:0006032 P chitin catabolic process 0.017 5 - —
G0:0006996 P organelle organization 0.017 21 - -
GO0:0006022 P aminoglycan metabolic process 0.022 5 - -
G0:0044264 P cellular polysaccharide metabolic process 0.025 10 0.0081 7
G0:0006040 P amino sugar metabolic process 0.026 5 - -
GO:0071554 P cell wall organization or biogenesis 0.028 13 - -
GO0:0071840 P cellular component organization or biogenesis 0.033 33 - -
G0:0044262 P cellular carbohydrate metabolic process 0.047 13 0.018 8
G0:0006073 |P cellular glucan metabolic process --- --- 0.0073 7
G0:0044042 P glucan metabolic process --- --- 0.0073 7
G0:0005976 P polysaccharide metabolic process --- --- 0.015 7

performed using the statistical test method: Fisher, multi test adjust-
ment method: Yekutieli-FDR under dependency, significance level:

The domains of biological processes (P) of Gene ontology (GO) are shown, the complete domains of GO (biological processes, functions, cel-
lular components) are shown in Supplemental Tables S3 and S4. A simple colour model (CM) is shown, “1” refers to —Fe versus +P+Fe and “2”

to “—P versus +P+Fe”; red colour refers to low values of False Discovery Rate (FDR); yellow colour refers to high FDR values
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each, Supplemental Table S5). Other P categories were spe-
cifically enriched depending on the nutritional deficiency.
In particular among upregulated transcripts, P deficiency
enriched those categories related to the transport of organic
acids; while under Fe deficiency, P-processes involving
chromatin structure, carbohydrate metabolism and other
catabolic reactions were mainly over-represented and down-
regulated (Table 3).

Results indicated that apple roots upregulated several
known P-deficiency responsive genes (PSR genes), as
those coding for phosphate transporters, transcription fac-
tors, phosphatases and others PSR proteins (e.g. PHT1 s;
PHO1; SPX-domain containing proteins SPX1, SPX2,
SPX3; WRKY75; ABCG37, also known as PDR9; PHO2;
LPR1; ALMTs; PAPs; PS2; PS3; SCARECROW; Fig. 5,
Table 4, Supplemental Table S7). The P-deficient apple
roots showed the upregulation of three transcripts coding for
transporters that mediate the release of root exudates: several
Multidrug And Toxic compound Extrusion (MATE) tran-
scripts (as FRD3 and other two putative MATEs), five tran-
scripts encoding ALuminum-activated Malate Transporters
(ALMT) and one transcript encoding pleiotropic drug resist-
ance protein of ABC transporter family (ABCG37, Fig. 5,
Table 4, Supplemental Table S7). Under P deficiency, apple
plants also showed the upregulation of several transcripts
involved in the phenylpropanoid pathway, and more pre-
cisely to the scopoletin synthesis (including CHS, DFR,
HXXXD-type AT, putative F6'H1, FAH1; Table 4).

Under our conditions, —Fe apple roots modulated a wide
range of genes with more than a. 800 genes (75% of —Fe vs.
+P+Fe modulated transcripts) specifically responsive to Fe
deficiency and only a. 260 genes (24%) in overlapping with
those modulated even by P deficiency (Figs. 3, 5, Supple-
mental Table S2). Concerning the Fe acquisition process,
only few known Fe-responsive genes were found modu-
lated in Fe-deficient roots. In particular, transcripts encod-
ing FIT, VIT, HM3, FER, ALMT, PDR6, TT12, OPT7, YSL3
were found downregulated, while NAS4, ALMT, bHLH3S,
ABCG37 (PDR9Y), OPT3, NRAMP3, BRUTUS (BTS) were
found upregulated by Fe deficiency (Fig. 5, Table 4, Supple-
mental Table S1). A positive modulation was observed also
for F6'HI, FAH]I, two transcripts involved in the flavonoid
synthesis (Table 4).

In total, 268 genes were responsive to both Fe and P defi-
ciency. The hierarchical clustering performed on expression
levels of these genes individuated four clusters: Cluster 1,
upregulated transcripts by both Fe and P deficiencies; Clus-
ter 2, upregulated transcripts by Fe deficiency and mainly
downregulated by P deficiency; Cluster 3, downregulated
transcripts by Fe deficiency and upregulated by P deficiency;
and Cluster 4, downregulated transcripts by both Fe and P
deficiencies (Supplemental Table S8). Belonging to Clus-
ter 1 the most relevant for the acquisition of both nutrients

@ Springer

encoded for several transcription factors (bHLHs and MYBs,
Aux/IAAs), metabolic enzymes (NAS4, ACO4, HCT, CM,
PFK, amylase), transporters (OPT3, MATEs, COPT6 Cu
transporter) and ox-red proteins (cytochromes and thiore-
doxin, Fig. 4). Some interesting genes involved in the Fe
acquisition were observed in Cluster 2, as those coding for
the bHLHO038 transcription factor, OPT3, a CYP707A4
cytochrome and extensins. In Cluster 3 the modulated genes
were VIT, bHLH029, ACO4, PFK3, HCT, CHS, PLA2A and
Cytochromes. The highest number of commonly modulated
genes belonged to Cluster 4 and among these some tran-
scripts encoded for transcription factors (AGL42; MYB;
IAA7, -14, -16; ERF13), transporters (PHT1;7, MRP10)
and metabolic enzymes (HCT, CM3, APR2, Cytochromes,
PLA2A; Supplemental Table S8).

Around half of commonly modulated transcripts (114 of
268 genes) were clustered in functional gene networks by
AraNet v2 software (Supplemental Fig. S4). In the network,
most of transcription factors clustered together. Central roles
for MYB and bHLH transcription factors were highlighted,
since they were located as intermediate nodes connecting
several TFs to the other nodes (mainly metabolic enzymes).
For most of these TFs there are still few functional informa-
tion available to allow the identification of possible binding
sites on promoters of the other commonly modulated gens.
Nevertheless, in silico analysis (PlantPAN 2.0; Chow et al.
2015) identified binding sites on promoter of many mod-
ulated transcripts which were commonly modulated with
TFs: At5g39660 (CDF2), At4g32890 (GATA9), At5g15150
(HAT7), At1g69780 (AtHB13), At5g62165 (AGL42),
At2g16720 (MYB7), Atlg18330 (RVE7), At5g01380 (Sup-
plemental Table S9).

Discussion

Response of apple roots to P deficiency: P uptake
and metabolism

Phosphorus is an essential element for plant nutrition and its
lack can strongly limit growth, therefore plants have evolved
a plethora of mechanisms, including morphological, physi-
ological and molecular responses, to overcome this situation
(Yang and Finnegan 2010; Plaxton and Tran 2011).

As part of the transport, sensing and signalling P network,
the upregulation in P-deficient apple roots of several PSR
genes (Fig. 5, Table 4, Supplemental Table S7) is in agree-
ment with results obtained in model plants, such as Arabi-
dopsis and lupin (Wu et al. 2003; Wang et al. 2014b; Venuti
et al. 2019). In P-deficient apple roots, the upregulations of
several phosphate transporters (as PHTs for the Pi-uptake
and PHOL1 for the Pi loading into the xylem apoplastic space;
Hamburger et al. 2002; Nussaume et al. 2011) are key factors
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Table 4 (continued)

(5

Ferulic acid 5-hydroxylase 1

Description

Symbol
FAH1

0.10
0.03
091
0.03
0.69
0.01
0.00
0.00
0.00
0.00
0.09
0.72
0.00

—P vs —Fe
-0.56
-0.74

0.37
0.73
0.35
1.97
5.69
2.27
2.54
0.99
0.90
6.77
1.90

1.00
0.26
0.00
0.34
0.50
0.03
0.00
0.00
0.00
0.00
0.98
0.02
0.00

—P vs +P+Fe

0.09

0.04
0.92
0.00
0.84
0.03
1.00
0.01
0.64
0.00
0.99
0.01
1.00
0.00

—Fe vs +P+Fe
0.65
112.06 67.00 0.22

3474  23.55

FPKM

MD02G1136000 22.06

Gene ID

Springer

Ferulic acid 5-hydroxylase 1

FAH1

-0.52
-1.72

0.46

MD15G1249600 96.14

Leucine-rich receptor-like protein kinase family protein

—-2.08
-0.27
-0.76
-0.32
-2.18
-0.67

1.08

0.84
7.10
4.50
0.36
0.99
0.75

MD04G1232500 3.54

Squamosa promoter binding protein-like 7

SPL7
HAM3

11.75
5.73

MD13G1175800 8.56

GRAS family transcription factor

-0.41
1.66
3.51
1.59
1.16
0.85

MDO00G1043300 7.62

GRAS family transcription factor

1.41

51.09
3.58

MDO04G1163300 0.45

Vacuolar iron transporter (VIT) family protein

VIT

MDO04G1208900 4.49

GRAS family transcription factor (Scarecrow-like protein)

SCL
VIT

MD05G1040300 1.19

Vacuolar iron transporter (VIT) family protein

MD10G1024000 116.72 44.77 260.74 —1.38

MD11G1098100 8.93

GRAS family transcription factor (Scarecrow-like protein)

SCARECROW

SCL

-0.14
-1.10
-3.52

16.12
2.29
3.93

8.13
1.23
0.04
4.84

SCR
VIT

-0.20

3.25
517

MD12G1196300 2.63

Vacuolar iron transporter (VIT) family protein

MD12G1223400 0.41

Feruloyl CoA ortho-hydroxylase 1

F6’H1

18.04 3.27

MD15G1313900 0.50

3)

See Supplemental Table S7 for addition information; bold numbers referred to significant modulations (q-value <0.05, N

of plant response to increase the efficiency of Pi root uptake
(Hirsch et al. 2006). In addition to PHO1, other SPX-domain
containing proteins were positively modulated by P defi-
ciency. The SPX domains are found in a variety of proteins
involved in the transduction of P signal (Barabote et al.
2006; Duan et al. 2008; Chiou and Lin 2011) and related
to Pi homeostasis (Secco et al. 2012). In particular SPX1,
SPX?2 and SPX4 proteins interact and modulate the activity
of PHRI1, the primary MYB-transcription factor mediating
response to P deficiency in plants (Lv et al. 2014; Puga et al.
2014; Wang et al. 2014c¢). Another gene to be upregulated
by P deficiency coded for PHO2, which participates to the
post-transcriptional control of PHT abundance (Lin et al.
2008, for review see Gu et al. 2016). Concerning enzymes
known to be induced as an adaptive response to Pi starva-
tion (Baldwin et al. 1999, 2001), the transcriptomic analy-
ses highlighted the strong upregulation of a PS3 (Phosphate
Starvation-induced 3 gene encoding glycerol-3-phosphate
permease 1) and several acid phosphatases (including Phos-
phate Starvation-induced 2, PS2 transcripts). During Pi
starvation, the synthesis and secretion of extracellular acid
phosphatases increase to allow an efficient remobilization
of P from P-enriched organic compounds (Duff et al. 1994;
Tang et al. 2013). Results showed also the upregulation of
others important key players in root P-sensing, as transcripts
encoding LPR1 (a multicopper oxidases), WRKY75 (a tran-
scription factor for P acquisition and root development) and
SCARECROW (a GRAS transcription factors, key regula-
tor of root patterning and stem-cell maintenance; for review
see Rouached et al. 2010). These proteins are known to be
involved in the P sensing and signalling pathway upon P
limitation although their interaction network still remains
poorly understood.

A further part of the mechanism adopted by P deficient
plants to overcome the nutrient shortage is the release of
root exudates in the rhizosphere that contribute to nutrient
bioavailability in the soil solution. Very few information is
available on the release of root exudates by woody plants
(Sandnes et al. 2005), especially by apple trees (Zhang et al.
2007). In the present study, a greater capability to release
oxalate was observed by P-deficient apple roots than by con-
trol roots (+P+Fe, Table 2), and oxalate was the sole car-
boxylate detectable in apple root exudates. The root release
of oxalate might contribute to the solubilisation of Ca/Al/
Fe—P minerals, Fe-(hydr)oxides, as well as the release of the
Pi adsorbed onto soil colloids by ligand exchange reaction
(Gerke 2000).

Beside carboxylates, also phenols can increase P avail-
ability in the soil by competing with Pi for sorption sites
(Nannipieri et al. 2008) and therefore, their release under
P-deficiency seems to be a strategy adopted also by apple
trees (Table 2). In agreement with this observation (Table 2),
the transcriptomic analyses showed the upregulation of
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MRP10 (ATPase, coupled to transmembrane movement of

Fig.4 Hierarchical clustering (HCL) of overlapping genes regu-
lated by both Fe deficiency and by P deficiency in apple roots. The
modulation of 268 genes was shared by both nutritional stresses, as
indicated in the colour part of Venn diagram (—Fe versus +P+Fe
and —P versus +P+Fe intersection as reported in Fig. 3, N=3,
g-value <0.05) For each hierarchical cluster, the most representative

several genes involved in the biosynthesis (phenylpropanoid
pathway) and efflux of root exudates (Table 4). In Arabidop-
sis, the F6'H1 and ABCG37 play a crucial role to mediate
respectively the synthesis and the root exudation of sco-
poletin, a coumarin acting as Fe-chelator in the rhizosphere
(Schmid et al. 2014; Fourcroy et al. 2014). In plants, along
with ABCG37, also MATE and ALMT transporters have
been characterized to be the main components for the root
efflux of aluminium (Al)/Fe-chelators in the rhizosphere (as
organic acids and phenols, Liu et al. 2009; Fourcroy et al.
2014; Durrett et al. 2007). Hence, present data indicate that,
at molecular and physiological levels, P-deficient apple trees
activate pathways for the synthesis and increase the release
of these compounds acting as an efficient strategy to promote
the external Pi-solubility from mineral sources (Gottardi
et al. 2013; Wang et al. 2014b; Venuti et al. 2019).

transcripts are indicated (HCL analysis: Euclidean distance, linkage
method: average linkage, colour scale refers to the intensity of modu-
lation, as Log,FC; green colour refers to downregulated transcripts;
red colour refers to upregulated transcripts). The full list of clustered
transcripts is provided as Supplemental Table S8

Interestingly, Ca and K displayed a higher concentration
in the leaf tissue of —P plants (Table 1). Despite the basis of
this phenomenon has not yet been clarified, experimental
evidence obtained in both rice and grapevine plants grown in
field conditions reported the accumulation of both Ca and K
at leaves level upon P shortage (Rose et al. 2016; Baldi et al.
2018). In addition, a higher concentration of Ca was also
detected in strawberry fruits obtained from plants grown in
P deficiency (Valentinuzzi et al. 2015b).

Response of apple roots to Fe deficiency: Fe uptake
and metabolism

To cope with Fe-limiting conditions in the rhizosphere,

plants have developed several mechanisms that promote
and facilitate Fe availability acting on metal acquisition,

@ Springer
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Fe acquisition mechanism

(A) Epidermal cell

m --m
Soil ‘ ~_Cytosol Vacuole ,/,,, / S
-P vs +P+Fe
B) Epidermal cell

/

AHA2
ABCc3,

AR LTS

é'

Soil \_ Cytosol Vactole / Xylem

-Fe vs +P+Fe

Log, FC
| |

2 -1 0 1 2

Fig.5 Mapping of transcriptional modulation on schematic models
of Fe-acquisition mechanism (a, b) and P-acquisition mechanism
(c, d) in root cells. Transcriptional modulation is related to differ-
entially modulated transcripts in —P versus +P+Fe (a, ¢) and —Fe

regulation, storage and allocation of Fe in plants. Previ-
ous evidence in apple indicated that this species is highly
responsive to Fe deficiency within the first 2 days, while
a prolonged condition of Fe shortage can attenuate the
response (Wang et al. 2014a). In agreement with this obser-
vation, after 5 weeks of Fe deficiency, apple roots did not
show changes in the expression of /RT and FRO2, the two
main genes involved in the Strategy I response, but rather an
intriguing modulation of regulatory network of Fe homeo-
stasis. It is known that in Arabidopsis, the transcription fac-
tor FIT acts with binding partners, i.e. several other bHLHs
(forming heterodimers with bHLHO038, -039, -100, -101;
and interacting with others as bHLHO18, -019, -020, -025;
Yuan et al. 2008; Wang et al. 2013; Cui et al. 2018). In
apple different transcripts encoding bHLHs were found to
be regulated by Fe deficiency. Three transcripts homologous
to AtbHLHO038 and AtbHLH093 were upregulated in apple

@ Springer

P acquisition mechanism

a3

) Epidermal cell

ATPase

b4, ,éﬁ L

—
I’1'ﬂ
Soil .. Cytosol Vacuole Ac / ’ Xylem
-P vs +P+Fe
D) Epidermal cell
==
G
- -2+
- oz~
Soil Cytosol Vacuole Xylem
-Fe vs +P+fFe
Log, FC

versus +P+Fe (b, d). Colour scale refers to the Log, FC values of
differentially expressed transcripts: red colour refers to upregulated
transcripts, while in blue are shown downregulated transcripts (N=3,
g-value <0.05)

roots, while bPHLH029 (homologous to AtFIT) and several
other bHLHs were concomitantly downregulated by Fe defi-
ciency. As reported for bHLH100 and bHLH101, this data
might suggest that also bHLHO038 and AtbHLH093 might
have regulatory roles independent from FIT interaction
(Sivitz et al. 2012). In plants, the regulation of Fe homeo-
stasis is also under a FIT-independent signalling pathway,
a network involving bHLHs and ZFP proteins (as POPEYE
and BRUTUS; Long et al. 2010). The positive regulation in
apple roots of bHLH0O38 and BRUTUS after 5 weeks of Fe
deficiency might provide new insight into the Fe regulatory
mechanism involved in the late response.

Several transporters for the metal transport and mobili-
zation in plants were positively induced, as well some tran-
scripts involved in the phenylpropanoid synthesis (Table 4).
This observation indicates that the mechanisms for the
release of Fe-chelating compounds and the Fe mobilization
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inside the plants were active (Curie and Mari 2017). Nev-
ertheless, under Fe-deficiency the profiling analysis of
root exudates indicated that the flavonoid release was even
lower than that released by control roots (+P+Fe); while
the oxalate amount was slightly increased (Table 2). The
exudation of carboxylates as physiological response to Fe
starvation has been widely assessed in plants (Jones 1998;
Mimmo et al. 2014; Valentinuzzi et al. 2015c; Adeleke et al.
2017). In particular, the oxalate release under Fe deficiency
was previously observed also from grapevine root (Lopez-
Rayo et al. 2015). On the other hand, the metal storage and
sequestration in the vacuole was limited (as suggested by the
downregulation of several VITs and Ferritin genes), also the
Fe concentration in plant tissues confirmed a severe condi-
tion of Fe shortage (Supplemental Fig. S1). As expected,
the concentration of other metals (as Zn, Cu, Mn) increased
under Fe shortage and this behaviour was also observed in
other plant species (Tomasi et al. 2014; Pii et al. 2015). In
apple, this pattern might be consequence of the upregulation
of genes coding for metal transporters (COPT6, NRAMP?3;
Supplemental Table S7) and to the necessity of root cells to
compensate the cationic uptake for the unbalanced micro-
nutrients availability (Csog et al. 2011; Tomasi et al. 2014)
in addition, such micronutrients accumulation might be also
ascribable to the low specificity of IRT1 that, beside Fe(Il),
can also transport Mn, Zn, Cu and Cd (Korshunova et al.
1999). The overaccumulation of Cu and Mn occurred also
at the leaf level, suggesting that the upregulation of several
genes involved in the synthesis and transport of chelating
agents (e.g. nicotianamine) were active to distribute these
metals within plant (e.g. Cu—nicotianamine complex, Curie
et al. 2009).

Similarities and differences of plant response to Fe
deficiency and P deficiency

To understand cross interactions between Fe and P defi-
cient responses in apple roots, particular attention has
been paid to those genes commonly modulated by both
nutritional conditions, —Fe versus +P+Fe and —P versus
+P+Fe. In total, 268 genes were responsive to both Fe and
P deficiencies. The hierarchical clustering of this modu-
lation individuated four clusters. In particular the com-
mon upregulation by both nutritional deficiencies of MYB,
NAS, F6'HI, ALMT, COPT, is an interesting indication of
a cross-talk among the two nutritional pathways and might
suggest a novel role of transcription factors (as MYBs) in
the modulation of both Fe and P acquisition mechanisms
(Briat et al. 2015; Supplemental Fig. S4). Moreover the
common upregulation of ALMT, as main candidate trans-
porter for the carboxylate efflux (Sharma et al. 2016), is
consistent with the increase of oxalate release (Table 2).
The two nutritional deficiencies also shared the common

downregulation of some transcripts, as CLVI, AGL42,
IAAs, ERF13, LBD41, CM3 and HCT. The modulation of
these transcripts indicate that, in apple roots, the Fe and P
nutritional pathway shared a further link in the regulation
processes being either responsive to hormonal status, as
auxin and ethylene, and subject to an alteration of root
system architecture.

Of great relevance for the phenolic and flavonoid synthe-
sis is the common modulation of several enzymes related
to the shikimate pathway, as CM3, HCT, F6'H1, and espe-
cially the common upregulation of F6'HI is considered to
play an essential role for the synthesis of coumarins (Schmid
et al. 2014). However, P-deficient roots strongly upregulated
also an isoform of ABCG37 that mediates coumarin release
and this observation might indicate that this transporter is
involved in the high release of flavonoids by P-deficient roots
more than Fe deficient ones.

Opposite modulation was observed between the
two nutritional responses for the transcription factor
(bHLHO029) and for the transporters (VIT, OPT3). Their
role in the Fe acquisition is well known (Sivitz et al.
2012; Jakoby et al. 2004; Mendoza-Cdézatl et al. 2014;
Zhai et al. 2014; Kim et al. 2006) while scarce information
is available about their involvement in the P acquisition
(Supplemental Fig. S4, Supplemental Table S9). Under P
deficiency, plants did not increased the Fe content, while
Fe deficient apple plants showed an overaccumulation
of P both in roots and in shoots. An antagonistic behav-
iour between Fe and P content was previously reported in
other Fe-deficient plants (Zheng et al. 2009; Zanin et al.
2017). It is plausible that this behaviour (Fe and P content
balance) might evolve during the time of treatment and,
depending on the exudation pattern, it might be delayed
in P deficient plants in comparison to Fe deficient ones.
Nevertheless, we cannot exclude that after a long period of
Fe-deficiency, plants have worn down their response, sug-
gesting that the two nutrient deficiencies modulate at dif-
ferent times their physiological and molecular responses.

In conclusion, the data obtained within the present work
highlight that the response to both Fe and P starvation
shares common features in the modulation of transcription
factors, the shikimate pathway and in the release of root
exudates. To the best of our knowledge, this evidence sug-
gests for the first time the existence of a crosstalk between
Fe and P nutritional pathways in tree plants.
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