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Abstract
Background In viticulture, iron (Fe) chlorosis is a common abiotic stress that impairs plant development and leads 
to yield and quality losses. Under low availability of the metal, the applied N form (nitrate and ammonium) can play 
a role in promoting or mitigating Fe deficiency stresses. However, the processes involved are not clear in grapevine. 
Therefore, the aim of this study was to investigate the response of two grapevine rootstocks to the interaction 
between N forms and Fe uptake. This process was evaluated in a hydroponic experiment using two ungrafted 
grapevine rootstocks Fercal (Vitis berlandieri x V. vinifera) tolerant to deficiency induced Fe chlorosis and Couderc 3309 
(V. riparia x V. rupestris) susceptible to deficiency induced Fe chlorosis.

Results The results could differentiate Fe deficiency effects, N-forms effects, and rootstock effects. Interveinal 
chlorosis of young leaves appeared earlier on 3309 C from the second week of treatment with NO3

−/NH4
+ (1:0)/-

Fe, while Fercal leaves showed less severe symptoms after four weeks of treatment, corresponding to decreased 
chlorophyll concentrations lowered by 75% in 3309 C and 57% in Fercal. Ferric chelate reductase (FCR) activity was 
by trend enhanced under Fe deficiency in Fercal with both N combinations, whereas 3309 C showed an increase in 
FCR activity under Fe deficiency only with NO3

−/NH4
+ (1:1) treatment. With the transcriptome analysis, Gene Ontology 

(GO) revealed multiple biological processes and molecular functions that were significantly regulated in grapevine 
rootstocks under Fe-deficient conditions, with more genes regulated in Fercal responses, especially when both forms 
of N were supplied. Furthermore, the expression of genes involved in the auxin and abscisic acid metabolic pathways 
was markedly increased by the equal supply of both forms of N under Fe deficiency conditions. In addition, changes 
in the expression of genes related to Fe uptake, regulation, and transport reflected the different responses of the two 
grapevine rootstocks to different N forms.

Conclusions Results show a clear contribution of N forms to the response of the two grapevine rootstocks under Fe 
deficiency, highlighting the importance of providing both N forms (nitrate and ammonium) in an appropriate ratio in 
order to ease the rootstock responses to Fe deficiency.

The activation of iron deficiency responses 
of grapevine rootstocks is dependent to the 
availability of the nitrogen forms
Sarhan Khalil1*, Rebeka Strah2,3, Arianna Lodovici4, Petr Vojta5, Federica De Berardinis1, Jörg Ziegler6,  
Maruša Pompe Novak2,7, Laura Zanin4, Nicola Tomasi4, Astrid Forneck1 and Michaela Griesser1*

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-024-04906-y&domain=pdf&date_stamp=2024-4-12


Page 2 of 23Khalil et al. BMC Plant Biology          (2024) 24:218 

Introduction
Iron (Fe) is considered a key micronutrient in plants, as 
its active form is involved in many biological processes, 
such as chlorophyll synthesis, photosynthesis, respira-
tion, oxidative stress responses, and nitrogen (N) assimi-
lation [1, 2]. In the earth’s crust, Fe is the fourth most 
abundant element, mostly present in the soil solution in 
ferric (Fe3+) form, while only the ferrous form (Fe2+) can 
be used by non-graminaceous plants [3]. The low solubil-
ity of this micronutrient in soil solution limits its uptake 
by plants, particularly in alkaline and calcareous soils as 
they are characterized by high pH values [4]. Any limita-
tion in Fe availability will affect plant development lead-
ing to reduced yield and quality losses [5, 6]. The main 
symptoms of Fe deficiency in grapevine appear first on 
young leaves as interveinal chlorosis (yellow color of 
interveinal areas with main vines remaining green) which 
can develop necrosis spots on the blade under prolonged 
conditions of Fe starvation [7].

Grapevine rootstocks have been characterized to 
have different abilities for taking up and transporting 
nutrients, as well as regulating hormones and signal-
ing molecules under different stresses. Therefore, using 
properly selected rootstocks could be a cost-effective 
and efficient way to prevent Fe chlorosis [8]. . Root-
stocks resulting from the crossbreeding between Vitis 
berlandieri (Planch.) and V. vinifera (L.) (e.g., Fercal and 
41B) have been classified as tolerant to Fe chlorosis. In 
contrast, the rootstocks from crossbreeding between V. 
riparia (Michx.) and V. rupestris (Scheele) (e.g., 3309  C 
and 101 − 14 Mgt) have been considered highly suscep-
tible to Fe chlorosis [9–11]. Plants have evolved mecha-
nisms or structural features to maintain Fe balance in 
the plant tissue when grown on Fe-deficient soils. Differ-
ent physiological as well as morphological changes may 
occur in response to low Fe availability [12, 13], such as 
an increase in the number of lateral roots [14, 15], or an 
enhanced ability to acidify the rhizosphere to increase Fe 
availability, and an induction of the ferric chelate reduc-
tase (FCR) activity [16, 17].

In plants, nitrogen (N) is crucial for the synthesis of 
proteins, nucleic acids, and chlorophyll [18]. Plants can 
use both, nitrate (NO3

−) and ammonium (NH4
+), but 

the availability of each form and the ratio to each other 
directly influences the uptake of other nutrients and the 
pH of the rhizosphere, as well as many plant physiologi-
cal and biochemical processes, and consequently plant 
growth and development [19–21]. Nitrate (NO3

−) is the 
preferred N source applied to fruit trees cultivation, espe-
cially for grapevines [22], but high NO3

− levels are a risk 
factor for Fe chlorosis as the pH around roots elevates 

[23] and the Fe transport from roots to shoots is inhibited 
[24, 25]. On the other hand, ammonium (NH4

+) applica-
tion could have a positive effect on nutrient absorption, 
which has been shown in grapevine where the pres-
ence of NH4

+ ions may minimize the negative impact 
of NO3

− on the Fe uptake into roots [26].In addition, it 
has been reported that the application of NH4

+ affected 
the transport of Fe from old leaves and stems to young 
leaves resulting in a significant increase in the Fe content 
of young leaves [27–29]. In conclusion, providing both 
N forms in the correct proportion can optimize plant 
growth, increasing nutrient availability, and strengthen 
plant responses to environmental stresses [30–32].

The molecular mechanisms involved in Fe homeosta-
sis, the signaling processes, and regulations have been 
investigated and summarized in annual plants e.g., Ara-
bidopsis, tobacco, cucumber, and soybean [4, 33–36]. 
Studies with perennial plants often focused on applied 
aspects, e.g. testing of new rootstocks to prevent Fe 
chlorosis in apple trees [37] or citrus [38] by analyzing 
physiological parameters and nutrient concentrations in 
roots and leaves. In grapevine, up to now, only a single 
study analyzed the transcriptomic response of grapevine 
rootstocks to Fe deficiency in plants grown in hydro-
ponic culture [11]. To cope with Fe-limiting conditions, 
grapevine, and other dicots plants tend to increase their 
absorption of Fe from the rhizosphere using a process 
defined as Strategy I (reduction strategy), which consists 
of (i) an increase in rhizosphere acidification through the 
release of H+, carboxylates and/or phenolic compounds 
to improve Fe+ 3 solubility, (ii) reducing chelated fer-
ric iron (Fe+ 3) into ferrous iron (Fe+ 2) via ferric chelate 
reductase enzyme, and (iii) the uptake and transport of 
Fe+ 2 iron into root cells via a Fe-regulated transporter 
[39]. Main proteins associated to Strategy I Fe acquisition 
are involved in rhizosphere acidification by the release 
of protons into the rhizosphere (AHA2) [40], the reduc-
tion of Fe+ 3 chelates by ferric chelate reductase activity 
(FRO2) [41], and enter symplast pathway by Iron-Reg-
ulated Transporter1 (IRT1) [42]. The transcriptional 
response to low Fe availability is mediated through bHLH 
(basic helix-loop-helix) transcription factors such as FIT 
(FER-LIKE IRON DEFICIENCY–INDUCED TRAN-
SCRIPTION FACTOR) [43]. The stress response itself is 
regulated by phytohormones, as several studies suggest 
auxin and ethylene as key metabolites in Fe deficiency 
stress response due to their involvement in promot-
ing the development of root hairs, besides the genera-
tion of local/long-distance signals and the regulation of 
root H+ fluxes [44, 45]. Furthermore, it has been shown 
that abscisic acid (ABA) is involved in both reutilization 
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and transportation of Fe from the root to the shoot in 
Arabidopsis during a Fe-deficit status [46]. Conversely, 
cytokinin can negatively impact the expression of genes 
involved in Fe uptake, such as FRO2 and IRT1 under Fe 
deficiency conditions [47].

Only a few studies have attempted to investigate the 
effect of N-form on the response of grapevine rootstocks 
to Fe deficiency [2, 48, 49]. Therefore, the knowledge 
of this interaction, especially on the biochemical and 
molecular level is rather limited. Based on the available 
information, we hypothesize that Fe uptake into grape-
vine rootstocks and its translocation under Fe deficiency 
is mainly controlled by the genotype, while the influence 
of other nutrient availability is secondary. In the pre-
sented study, we used a hydroponic system to induce the 
Fe deficiency response in two rootstocks (Fercal: tolerant 
to deficiency induced Fe chlorosis; 3309Courderc: highly 
susceptible) and implemented the additional factor of 
using different N forms (nitrate and ammonium). By 
determining morphological, physiological, biochemical, 
and molecular parameters, we aim to understand geno-
type specific adaptation of growth and stress response 
focusing on Fe uptake and translocation.

Materials and methods
Plant material and experimental setup
The experiment was performed in 2021 in a glass-
house growth chamber under semi-controlled condi-
tions (photoperiod:16  h of light and 8  h of darkness, 
light intensity of 350–500 µmol m− 2 s− 1, temperature: 
22–30  °C during days and 18–25  °C during nights, rela-
tive humidity 60–70%) of the facilities of the University 
of Natural Resources and Life Sciences Vienna (BOKU) 
at the location UFT Tulln. A standardized hydroponic 
system (Kick-Brauckmann pot system, Stoma, Sieg-
burg, Germany) was used to investigate three factors: 
the grapevine rootstock genotype [Fercal (V.berlandieri 
x V. vinifera) and Couderc 3309 (V. riparia x V. rupes-
tris)], the response to Fe deficiency, and different ratios 
of N forms. One-year-old woody cuttings of ungrafted 
rootstocks with two buds were rooted in April 2021 in 
a mixture of perlite and peat substrate (ED73T, Einheit-
serde, Sinntal-Altengronau, Germany). After 4 weeks, 
rooted cuttings were pruned to maintain one main shoot 
per plant (10–15 cm) and transferred to the hydroponic 
pot system (5 plants per pot) filled with 7.5 L of modified 
half-strength Hoagland nutrient solution [50]. The treat-
ments started 10 days after acclimation of plants to the 
new growth conditions. 6 mM of N were provided with 
different nitrate: ammonium ratio, either only as nitrate 
(NO3

−/ NH4
+ (1:0)) or as nitrate and ammonium (NO3

−/ 
NH4

+ (1:1)), both under Fe-sufficient and Fe-deficient 
conditions. The resulting four treatments were kept for 
the experimental period of 28 days: (1) N1A0/+Fe: 6 mM 

NO3
−/ NH4

+ (1:0) + 50 µM FeNa(III)-EDTA; (2) N1A0/-
Fe: 6 mM NO3

−/ NH4
+ (1:0) + 0 µM FeNa(III)-EDTA; (3) 

N1A1/+Fe: 6 mM NO3
−/ NH4

+ (1:1) + 50 µM FeNa(III)-
EDTA; (4) N1A1/-Fe: 6 mM NO3

−/ NH4
+ (1:1) + 0 µM 

FeNa(III)-EDTA.
The N was supplied as Ca(NO3)2.4H2O, (NH4) 2SO4, 

NH4NO3, or/and KNO3 with a compensation of the 
calcium with CaCl2.2H2O. The other elements were 
applied as: 1 mM MgSO4.7H2O, 0.25/0.75 mM K2SO4, 
1 mM KH2PO4, 23.2 µM H3BO3, 0.31 µM CuSO4.H2O, 
4.6 µM MnCl2.4H2O, 0.4 µM ZnSO4.H2O, 0.06 µM 
Na2MoO4.2H2O. The nutrient solutions were renewed 
once a week and evapotranspiration losses were replen-
ished with water every second day. All pots were con-
tinuously oxygenized and the pH values of all pots were 
monitored daily (portable pH Meter Hi 991,300, Hanna 
Instruments, Woonsocket, Rhode Island, US) and 
adjusted to 5.7-6.0 with either 1 M NaOH or 1 M HCl.

Plant growth and chlorosis symptoms
Standard morphometric parameters such as shoot length 
(Sh_L; cm), growth rate (GR; cm.day− 1), and specific leaf 
area (SLA; cm2.g− 1 dry matter) were measured at the end 
of the experiment from all plants (5 plants per treatment 
and rootstock). Fresh weight (FW) and dry weight (DW) 
were determined from roots, main shoot, old leaves 
(basal matured leaves), and young leaves (fully expanded 
leaves, usually the 4th to 7th leaves from the shoot tip) 
separately (DW after 72 h at 80 °C). The relative growth 
rate (RGR as g g− 1day− 1) was calculated as previously 
described by using the initial and final dry mass as input 
data [51].

Chlorosis symptoms were visually evaluated on young 
apical leaves by applying the Pouget index [52], ranging 
from 0 (no symptoms, dark green leaves) to 5 (intensive 
chlorosis, yellow leaves seen with more than 10% necro-
sis) (Fig. 1).

Chlorophyll content
During the experimental period, the chlorophyll content 
in young fully-expanded leaves was assessed on a weekly 
basis using non-destructive handheld instruments. The 
portable chlorophyll meter SPAD MINOLTA 502 (Kon-
ica Minolta, Inc., Osaka, Japan) gives the chlorophyll 
index (SPAD value), while the PolyPen RP400 UVIS (PSI 
Ltd., Drasov, Czech Republic) measures the leaf hyper-
spectral reflectance within a range from 380 to 790  nm 
and calculates several vegetation indices among them 
the NDVI (Normalized Difference Vegetation Index [53]) 
and the MCARI (Modified Chlorophyll Absorption in 
Reflectance Index [54]).

At the end of the experiment, photosynthetic pig-
ments were extracted from fully expanded young and old 
leaves of plants grown under each treatment (N = 5), by 
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a procedure described by [55] with modifications. Three 
similar leaf discs were freeze-dried for 48 h using a vac-
uum freeze dryer (Christ Beta 2–4 LD plus LT, Marin 
Christ Corporation, Osterode, Germany). 20–30  mg of 
freeze-dried leaf tissue were weighed in 2 mL tubes and 
incubated with 1.8 mL of dimethyl sulphoxide (DMSO) 
at 40  °C for 45  min until the tissue became colourless 
(Thermomixer comfort, Eppendorf, Hamburg, Ger-
many). The tubes were then centrifuged at 13,300  rpm 
for 3  min at room temperature. The supernatant was 
transferred to a cuvette and the absorbance was read in 
a Spectrophotometer (Genesys, Thermo Fisher Scientific, 
Madison, USA) at 645, 663, and 710 nm against DMSO 
as blank. The concentrations of chlorophyll a, chlorophyll 
b, and total chlorophyll were calculated using the follow-
ing equations:

chlorophyll a (mg g− 1) = [12.7 * (A663 - A710) − 2.69 
*(A645 - A710)] * V/(1000 * W).

chlorophyll b (mg g− 1) = [22.9 * (A645 - A710) − 4.68 * 
(A663 - A710)] * V/(1000 * W).

Input data are A (absorbance of chlorophyll extract 
at the specific indicated wavelength), V (final volume of 
the solution measured), and W (mg in FW of the tissue 
extracted). Total chlorophyll content is summarized from 
chlorophyll a and b.

Plant photosynthetic activity
Leaf transpiration rate (E, mmol H2O m− 2 s− 1) and 
stomatal conductance (gsw, mol H2O m− 2 s− 1) were 
measured using the porometer LI-600 (LI-COR Inc., 
Nebraska, USA) on a weekly basis between 10 and 14 h 
on clear sunny days (N = 5 per treatment and rootstock). 

Measurements were conducted at a CO2 concentration of 
400 µmol mol− 1, light intensity of 10,000 µmol m− 2 s− 1, 
and an ambient leaf temperature and relative humidity 
[49].

The maximum quantum yield of the primary pho-
tochemistry (Fv/Fm) was determined using a portable 
hand-held instrument, the Plant Efficiency Analyzer 
(PEA, Hansatech Instruments Ltd., UK). Five fully-
expanded young leaves were selected from each plant and 
were first dark adapted (∼30  min) by applying clips on 
each leaf and then exposed for 3 s to light at an intensity 
of 3500 µmol m2 s− 1. The actual photochemical efficiency 
of PSII (YII) was measured on the same leaves with the 
portable PAM-2500 chlorophyll fluorometer (Heinz Walz 
GmbH, Effeltrich, Germany). Pulse amplitude modula-
tion (PAM) measurements were taken on sunny days on 
leaves exposed directly to solar radiation.

Ferric eductase (FCR) enzyme activity
The FCR activity was measured according to [56]. Root 
tips (approximately 2 cm) were collected in 2 mL Eppen-
dorf tubes placed on ice and transferred to the laboratory. 
100 mg apical root was incubated first in 2 mL of 0.2 mM 
CaSO4 for 10 min at room temperature before transfer-
ring them to 2 mL assay solution, containing 5 mM MES-
NaOH (pH 5.5), 10 mM CaSO4, 0.1 mM Fe(III)-EDTA, 
and 0.3 mM sodium Bathophenanthrolinedisulfonic acid 
(Na-BPDS) (all chemicals from Sigma-Aldrich, Stein-
heim, Germany). This step and the following incubation 
for 1 h were performed at room temperature in the dark. 
Afterward, tubes were centrifuged at 13,300  rpm for 
2 min at room temperature and a 1 mL aliquot from each 

Fig. 1 Score for Fe-deficiency chlorosis. Pictures represent the increased symptom severity with rootstock 3309 C as observed in our experiment. The 
chlorosis score was developed for grapevine rootstock young leaves according to the Pouget index
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tube was transferred into a cuvette to measure the absor-
bance at 535  nm (Spectrophotometer Genesys, Thermo 
Fisher Scientific, Madison, USA) against BPDS as a blank. 
Activity of FCR is expressed as µmol g− 1 FW*h− 1 and 
calculated from ((A535/0.02214 µM)*(volume of assay 
solution (L))/((time (h)*(FW roots (g)).

Organic acid content in roots
The organic acid contents were determined as previ-
ously reported [57]. Briefly, frozen samples of root tips 
were ground to powder using liquid nitrogen. 20  mg 
were transferred into 2 mL tubes containing 1.8 mL 
ddH2o, vortexed, and moved to an ultrasonic bath for 
20  min at room temperature. Samples were placed on 
a shaker for 10  min at 450  rpm and then centrifuged 
at 13,300  rpm for 3  min. The supernatant was filtered 
through a 0.45 μm pore size Nylon syringe filter (Agilent 
Technologies, Santa Clara, United States). Finally, 600 
µL of centrifuged and filtered samples were vialed and 
injected into the HPLC system (Dionex™ UltiMate™ 3000, 
Thermo Fischer Scientific). The organic acids were ana-
lyzed onto Acclaim® Organic Acid Dionex column (5 μm, 
120 Å, 4.0 × 250 mm) supplied by Thermo Fisher Scien-
tific (Ballycoolen, Dublin 15, Ireland) using the following 
conditions: column temperature 30 °C; injection volume 
5 µL; mobile phase 0.1  M Sodium sulfate; flow rate 0.6 
mL min− 1; and UV detection. Chromatograms were run 
for 40 min using a detection wavelength of 210 nm.

Elemental analyses in plant tissues
The element concentrations of several macro (P, K, Ca, 
Mg, S) and micro (Fe, Mn, Zn) nutrients in grapevine root 
and leaves samples were determined by Inductively Cou-
pled Plasma–Optical Emission Spectroscopy (ICP-OES 
5800. Agilent Technologies. Santa Clara. USA), while the 
total N and C were determined by CHN analyzer (CHN 
IRMS Isoprime 100 Stable Isotope Ratio Mass Spectrom-
eter, Elementar Como Italy). For ICP analyses plant sam-
ples were oven-dried for 72 h (at 60–80 °C) and ground. 
For each sample, 100 mg of ground powder was ashed at 
550  °C in glass vials and suspended in ultrapure HNO3 
as previously described by [21]. Element quantifications 
were carried out using certified multi-element standards. 
Regarding CHN analyses, plant leaves and roots were 
dried. And their total N and C contents were determined 
by CHN-IRMS (CHN IRMS Isoprime 100 Stable Isotope 
Ratio Mass Spectrometer, Elementar).

RNA extraction, RNA seq analysis, and bioinformatics
The total RNA of root tips was extracted with the Spec-
trum Plant Total RNA kit (Sigma-Aldrich) from 100 mg 
frozen ground plant material according to the manufac-
turer’s protocol. The extraction was carried out in three 
individual samples collected from three different plants 

as biological replicates for each treatment. RNA qual-
ity and quantity control, mRNA library preparation, and 
sequencing were performed as a commercial service with 
Novogene Europe (Novogene, Cambridge, UK) as paired-
end 150 bp sequencing on an Illumina platform NovaSeq 
6000 for all 24 collected samples.

The fastq and alignment quality control utilized FastQC 
for raw fastq data, Qualimap for alignment assessment, 
and MultiQC for integrated metrics reporting [58–60], 
the fastq sequences were aligned to the reference genome 
by STAR aligner [61]. The read counting was per-
formed by featureCounts [62] with the respective GTF/
GFF file indicated below. The recent PN40024.v4 refer-
ence genome and its annotation were obtained from the 
INTEGRAPE website (https://integrape.eu/resources/
genes-genomes/genome-accessions/). The genome anno-
tation is available in the form of a general feature format 
(GFF) and a functional gene annotation was performed 
using the BLAST2GO [63]. 41,160 transcriptome iso-
forms are associated with gene ontology (GO) terms. For 
functional gene expression analysis, a standardized GO 
annotation file was transformed to the gene level. Dif-
ferentially expressed genes (DEGs) were defined by a fold 
change of 2.0 or more and a False Discovery Rate (FDR) 
threshold of less than 0.05. Differential gene expression 
analysis and GO, as well as pathway analysis for DEGs, 
were performed using the integrated Differential Expres-
sion and Pathway analysis (iDEP 1.1) [64], and selected 
enriched biological processes were plotted using an 
adapted protocol as described in [65], within the ggplot2 
package (v3.4.0) in R (v4.2.2; https://www.R-project.
org/) and RStudio (v2023.06.1 + 524; https://www.rstudio.
com/). Additionally, we conducted principal component 
analysis (PCA) using DESeq2 (v1.8.3) [66] and visualized 
it with the same ggplot2 package. The images showing 
gene expression related to auxins and ABA were created 
with BioRender.com. Genes related to the phytohor-
mones were selected based on prior knowledge and log 
fold change values being used to colour-code the level of 
expression.

Statistical analysis
Statistical analysis was performed using IBM SPSS sta-
tistic software (IBM Corp. Released 2020. IBM SPSS 
Statistics for Windows, Version 27.0. Armonk, NY: IBM 
Corp). Differences between groups (treatments within 
each rootstock and same treatment between rootstocks) 
were assessed using the robust Welch-ANOVA analysis 
of variance followed by Tukey or Games-Howell post-hoc 
test (α < 0.05) in case of homogeneity of variances was 
not ascertained (Levene-Test). Additionally, to answer 
some questions addressed in the discussion, a Two-Way 
ANOVA was calculated of selected data to understand 
the influence of rootstocks of one of the treatments 

https://integrape.eu/resources/genes-genomes/genome-accessions/
https://integrape.eu/resources/genes-genomes/genome-accessions/
https://www.R-project.org/
https://www.R-project.org/
https://www.rstudio.com/
https://www.rstudio.com/
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factors in more detail. All tables were prepared using 
Excel 2019 (Windows 10) while figures were generated by 
using the SRPLOT online tool (https://www.bioinformat-
ics.com.cn/en) and R statistical software (version 4.2.2; R 
Core Team 2022).

Results
Nitrogen-iron interaction strongly affects the phenotype 
of grapevine rootstocks
The rootstocks differed in developing chlorosis symptoms 
depending on the N source and Fe availability. Look-
ing first at Fe-sufficient treatments (Fig.  2A; N1A0/+Fe, 
N1A1/+Fe), no chlorotic leaves were observed with both 
rootstocks. In contrast, under Fe-deficient conditions, 
interveinal chlorosis of young leaves appeared earlier 
with 3309  C from the second week of treatment with 
nitrate as the sole N form (N1A0/-Fe), while symptoms 
on leaves of Fercal were observed only after 3–4 weeks 
with less symptom severity (Fig.  2A, N1A0/-Fe). These 
symptoms were for both rootstocks, much less severe as 
under Fe deficiency when the nutrient solution contained 
both N forms (NO3

− /NH4
+ (1:1); Fig.  2A, N1A1/-Fe). 

The strong effect of the applied N form is reflected in the 
treatment’s effects on the pH value of the nutrient solu-
tion (Figure S1, additional files). Minor or slightly higher 
pH values were determined in only nitrate nutrient solu-
tion, while the pH values were strongly decreased when 
both N forms were present (0.5–3.0 pH units). The influ-
ence of the rootstock on the pH value of the solution was 
less prominent, suggesting a similar N-form preference 
for N uptake.

Several growth-related parameters were differently 
affected in both rootstocks depending on Fe availabil-
ity and available N forms (Table  1 including statisti-
cal results, Fig.  2B, C). In general, plants grown under 
N1A1/+Fe condition performed better as compared 
with N1A0/+Fe in both rootstocks. The lowest values 
in most growth and biomass parameters were observed 
with both rootstocks with treatment N1A0/-Fe. In con-
trast, the response to Fe deficiency when both N forms 
were present (N1A1/-Fe) differed between rootstocks. 
The growth rate with 3309 C was affected by treatments 
(Welch´s F(3, 8.566) = 16.744, p = 0.001) with enhanced 
values in N1A1/+Fe with a mean value of 5.42  cm d− 1 
(Fig.  2B) resulting in the tallest plants (mean value of 
152.0  cm) after 30 days of treatment (Fig.  2B; Table  1). 
While in rootstock Fercal, by trend the tallest plants with 
the highest growth rate (119.4  cm; 4.26  cm d− 1) were 
observed under Fe deficiency with both N forms (N1A1/-
Fe) (Fig.  2B; Table  1), although these results have to be 
interpreted with care due to high data variability statisti-
cal tests were not conclusive (Welch´s F(3, 6.976) = 4.989, 
p = 0.038). The root (Welch´s F(3, 5.977) = 5.683, p = 0.035) 
and shoot (Welch´s F(3, 4.739) = 22.969, p = 0.003) 

biomass, with an increase of 151% and 67% respectively 
in N1A1/-Fe as compared to N1A1/+Fe (Fig. 2C; Table 1) 
is enhanced with rootstock Fercal, while a growth pro-
motion translated into an increase in root or shoot bio-
mass was not observed with rootstock 3309  C (roots: 
Welch´s F(3, 8.376) = 1.037, p = 0.425) (Fig.  2C; Table  1). 
In summary, both rootstocks respond slightly negative in 
growth with treatment N1A0/-Fe, while their response 
with treatment N1A1/-Fe differed substantially, with Fer-
cal showing a growth promotion which was not observed 
with 3309 C.

Plant physiology parameters describe chlorosis severity 
induced by treatments
Chlorosis symptom severity was evaluated by measur-
ing the chlorophyll content in young leaves and via indi-
rect non-destructive measurements with hand-held 
instruments. The total chlorophyll content was affected 
by the treatments in both rootstocks (N = 5; Fercal: 
Welch´s F(3, 7.028) = 8.426, p = 0.010; 3309  C: Welch´s 
F(3, 8.637) = 61.494, p < 0.001) (Fig.  3A, B), especially 
under Fe deficient conditions, while in both rootstocks 
no differences were observed with different N forms 
under Fe-sufficient conditions. Differences appeared 
under Fe-limiting conditions with graver symptoms 
and reduced total chlorophyll content, especially when 
N was available only as nitrate (N1A0/-Fe) (Fig.  3A, B). 
Non-destructive measurements of chlorophyll con-
tent with the SPAD meter, relate to the determined 
total chlorophyll content (Fig. 3C), especially with root-
stock 3309 C, while with Fercal the values obtained with 
N1A1/-Fe would overestimate the stress severity. In both 
rootstocks observed differences (N = 5; Fercal: Welch´s 
F(3, 16.780) = 247.525, p < 0.001; 3309  C: Welch´s F(3, 
17.304) = 645.625, p < 0.001) were related to the reduced 
values obtained under Fe-deficiency (Fig. 3C). The photo-
synthesis of plants was affected by the treatments (N = 5; 
Fercal: Welch´s F(3, 3.467) = 48.769, p = 0.002; 3309  C: 
Welch´s F(3, 3.875) = 165.291, p < 0.001) with reduced 
values for the maximum potential quantum efficiency of 
photosystem II (Fv/Fm) of dark-adapted leaves (Fig. 3D) 
or similarly for the actual photochemical efficiency (YII) 
of light-exposed leaves (Table  2). Both parameters were 
significantly reduced in Fe-deficient treatments with both 
N forms with the lowest values observed for rootstock 
3309  C, thereby reflecting nicely the stress severity. In 
contrast, the stomatal conductance (gsw) and transpira-
tion rate (E) of the measured young leaves did not change 
significantly in response to Fe availability or N forms 
in 3309  C, while some variation was detected for Fer-
cal, especially by trend higher values of gsw and E were 
observed when both N forms were present. (Table 2).

https://www.bioinformatics.com.cn/en
https://www.bioinformatics.com.cn/en
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Root biochemical adaptation for nutrient uptake
The ferric chelate reductase (FCR) activity is an essential 
enzyme for Fe uptake and our results showed some inter-
esting trends differing with Fercal and 3309 C, although 

high variability of data makes general conclusions diffi-
cult (N = 3; Fercal: Welch´s F(3, 3.969) = 6.351, p = 0.054; 
3309 C: Welch´s F(3, 3.557) = 37.342, p = 0.004). By trend, 
FCR activity was enhanced in Fercal under Fe deficiency 

Fig. 2 Rootstock’s phenotype and growth parameters at the end of the experiment. A) 3309 C and Fercal phenotype at different treatments (N1A0/+Fe; 
N1A0/-Fe; N1A1/+Fe; N1A1/-Fe), B) results of shoot growth rate (cm d-1), and C) root total biomass (g, dry weight) of both rootstocks. Values shown are 
means ± standard error. Significant differences between treatments for each rootstock are indicated with different letters (α < 0.05, Welch-ANOVA and 
Tukey or Games-Howell post hoc test, N = 5 per treatment and rootstock)
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(Fig. 4A) with both N treatments, an observation which 
needs further validation. On the contrary, in rootstock 
3309  C there was no increase in FCR activity in plants 
grown under Fe deficiency when only nitrate was applied 
(N1A0), while when both N sources were available a 
slightly higher activity was measured (Fig. 4A).

The organic acids’ content was quantified in root tips 
to evaluate their potential release as root exudates. In 
general, the measured quantities of malic and tartaric 
acid were higher in root tips compared to citric and 
oxalic acids and organic acids were enhanced in 3309 C 
while with Fercal a similar, but not significant trend 
was observed (Fig.  4B-D) (Malic acid: N = 3; Fercal: 
Welch´s F(3, 3.811) = 2.511, p = 0.203; 3309  C: Welch´s 
F(3, 3.382) = 21.763, p = 0.011; citric acid: N = 3; Fercal: 
Welch´s F(3, 4.054) = 3.720, p = 0.117; 3309  C: Welch´s 
F(3, 4.295) = 875.649, p < 0.001; tartaric acid: N = 3; Fercal: 
Welch´s F(3, 3.364) = 4.462, p = 0.110; 3309  C: Welch´s 
F(3, 3.869) = 52.635, p = 0.001).

The values obtained from 3309 C were highly increased 
under Fe deficiency (Fig. 4B-D), with both N treatments, 
but higher absolute values were determined when nitrate 
was the only available N source.

In summary, we observed a boost of some organic 
acid contents in root tips with Fe-deficient treatments 

especially with 3309 C rootstock, while in Fercal enhance 
but not significant different values between treatments 
were recorded. On the other hand, FCR activity seems to 
be induced in Fercal root tips, while the enzyme activity 
was only enhanced when both N forms were present in 
3309 C.

Effects of treatments on nutrient content profiles in 
different plant tissues
The analysis of nutrients content’ in different tissues 
showed a dynamic Fe concentration influenced by the 
rootstock genotype and the available N forms under Fe-
deficient conditions (Fig.  5A-C). In general, the Fe con-
centration in roots was much higher compared to old and 
young leaves, when Fe was supplied in the nutrient solu-
tion, and substantially dropped under Fe deficiency. In 
roots, the Fe content was affected by treatments in both 
rootstocks (N = 5; Fercal: Welch´s F(3, 7.088) = 32.108, 
p < 0.001; 3309 C: Welch´s F(3, 7.608) = 55.532, p < 0.001). 
High amounts of Fe were accumulated under Fe-sufficient 
conditions with N1A0 treatment in 3309  C and Fercal 
(Fig. 5C). High amounts were also observed with Fercal 
with N1A1/+Fe treatment, while this accumulation was 
not observed with 3309 C (Fig. 5C). In old leaves the Fe 
content was significantly affected by treatments in both 

Table 1 Growth and morphological parameters were determined with both rootstocks in all treatments (different nitrogen forms and 
Fe supply levels)

Treat-
ment

Shoot length Specific leaf 
area (SLA)

Growth rate Shoot Leaves Root Relative 
growth rate

Root/shoot 
ratio

(cm) (cm2 g− 1 DM) (cm d− 1) dry weight dry weight dry weight (g g− 1 d− 1)
(g) (g) (g)

3309 C N1A0 / 
+Fe

104.8 ± 29.8 b 395.85 ± 90.3 
ab

3.74 ± 1.1 b 8.93 ± 3.2 a 2.95 ± 0.6 ab 1.00 ± 0.3 a 0.027 ± 0.01 ab 0.090 ± 0.03 a

N1A0 / 
-Fe

83.8 ± 22.3 b 345.51 ± 120.8 
ab

2.99 ± 0.8 b 7.45 ± 2.2 a 1.07 ± 0.3 b 0.92 ± 0.1 a 0.020 ± 0.01 b 0.111 ± 0.03 a

N1A1 / 
+Fe

152.0 ± 13.1 a 408.21 ± 
46.1 b

5.42 ± 0.5 a 10.92 ± 1.8 a 3.83 ± 1.0 a 1.11 ± 0.2 a 0.034 ± 0.01 a 0.074 ± 0.01 a

N1A1 / 
-Fe

96.9 ± 13.8 b 347.69 ± 64.6 a 3.46 ± 0.5 b 8.13 ± 1.6 a 2.45 ± 0.9 ab 1.08 ± 0.4 a 0.026 ± 0.01 ab 0.099 ± 0.02 a

Welch-
ANOVA

F(3, 
8.582) = 16.670, 
p = 0.001

* F(3, 
40.119) = 4.570, 
p = 0.008

F(3, 
8.566) = 16.744, 
p = 0.001

F(3, 
8.701) = 2.671, 
p = 0.113

F(3, 
7.474) = 12.019, 
p = 0.003

F(3, 
8.376) = 1.037, 
p = 0.425

F(3, 
8.736) = 3.607, 
p = 0.060

F(3, 
7.704) = 4.183, 
p = 0.049

Fercal N1A0 / 
+Fe

59.3 ± 18.0 a 262.91 ± 61.4 b 2.12 ± 0.6 a 9.33 ± 2.5 ab 1.43 ± 0.6 b 0.59 ± 0.3 b 0.013 ± 0.01 ab 0.070 ± 0.01 a

N1A0 / 
-Fe

45.5 ± 9.0 a 319.93 ± 58.3 
ab

1.63 ± 0.3 a 7.09 ± 0.9 b 1.55 ± 0.1 b 0.48 ± 0.3 b 0.005 ± 0.00 b 0.082 ± 0.04 a

N1A1 / 
+Fe

96.1 ± 30.0 a 368.68 ± 115.1 
a

3.43 ± 1.1 a 7.95 ± 2.3 b 2.70 ± 1.0 ab 0.84 ± 0.2 b 0.012 ± 0.01 ab 0.075 ± 0.01 a

N1A1 / 
-Fe

119.4 ± 42.0 a 385.21 ± 98.6 a 4.26 ± 1.5 a 13.28 ± 0.9 a 4.65 ± 1.0 a 2.12 ± 0.6 a 0.024 ± 0.00 a 0.113 ± 0.02 a

Welch-
ANOVA

* F(3, 
7.025) = 5.227, 
p = 0.033

F(3, 
29.856) = 6.564, 
p = 0.002

* F(3, 
6.976) = 4.989, 
p = 0.037

F(3, 
4.739) = 22.969, 
p = 0.003

F(3, 
3.977) = 7.461, 
p = 0.041

F(3, 
5.977) = 5.683, 
p = 0.035

* F(3, 
5.017) = 33.376, 
p = 0.001

F(3, 
5.294) = 3.065, 
p = 0.124

Presented values are mean values with standard error. Significant differences between treatments for each rootstock are indicated with different letters. (α < 0.05, 
Welch-ANOVA and Tukey or Games-Howell post hoc test, N = 5 per treatment and rootstock)

* significant LeveneTest
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Table 2 Effect of iron availability and nitrogen forms treatments on stomatal conductance (gsw), transpiration rate (E), and efficiency of 
photosynthesis (YII) of different grapevine rootstocks
Genotype Treatment Stomatal Conductance Transpiration Rate Efficiency of photosynthesis (Y(II)) young leaves

(mol m− 2 s− 1) (mmol m− 2 s− 1)
3309 C N1A0 / +Fe 0.24 ± 0.04 a 4.11 ± 1.53 a 0.68 ± 0.03 a

N1A0 / -Fe 0.37 ± 0.07 a 4.31 ± 0.61 a 0.21 ± 0.04 c
N1A1 / +Fe 0.36 ± 0.13 a 5.39 ± 1.41 a 0.66 ± 0.03 a
N1A1 / -Fe 0.42 ± 0.18 a 6.09 ± 1.72 a 0.53 ± 0.06 a
Welch-ANOVA F(3, 10.793) = 1.477, p = 0.276 F(3, 10.070) = 3.214, p = 0.070 * F(3, 5.334) = 96.979, p < 0.001

Fercal N1A0 / +Fe 0.23 ± 0.04 ab 3.03 ± 1.35 ab 0.67 ± 0.01 ab
N1A0 / -Fe 0.14 ± 0.06 b 2.78 ± 0.91 b 0.31 ± 0.09 b
N1A1 / +Fe 0.35 ± 0.14 a 4.32 ± 1.36 a 0.65 ± 0.02 a
N1A1 / -Fe 0.32 ± 0.05 a 4.12 ± 1.09 ab 0.54 ± 0.07 ab
Welch-ANOVA * F(3, 16.257) = 17.830, p < 0.001 F(3, 17.387) = 4.121, p = 0.022 * F(3, 3.587) = 13.490, p = 0.020

Presented values are mean values with standard error. Significant differences between treatments for each rootstock are indicated with different letters. (α < 0.05, 
Welch-ANOVA and Tukey or Games-Howell post hoc test, N = 5 per treatment and rootstock)

* significant Levene Test

Fig. 3 Direct and indirect evaluation of leaves chlorophyll content and chlorophyll fluorescence. (A) Iron deficiency chlorosis visual symptoms with 
both rootstocks and all treatments (N1A0/+Fe; N1A0/-Fe; N1A1/+Fe; N1A1/-Fe), (B) total chlorophyll concentration in young leaves, (C) non-destructive 
assessment of chlorophyll content by measuring the SPAD index, and (D) maximum photochemical rate of photosynthesis (FvFm). Values shown are 
means ± standard error and significant differences between treatments for each rootstock are indicated with different letters. (α < 0.05, Welch-ANOVA and 
Tukey or Games-Howell post hoc test, N = 5 per treatment and rootstock)
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rootstocks (N = 5; Fercal: Welch´s F(3, 4.002) = 51.396, 
p = 0.001; 3309 C: Welch´s F(3, 4.039) = 65.436, p = 0.001). 
Fe content was enhanced when both N forms were pres-
ent (N1A1/+Fe) in both rootstocks, while in young leaves 
this effect was only observed with Fercal (Fig.  5A, B). 
The determined Fe contents in leaves under control con-
ditions were very similar. The Fe deficiency effect was 
comparable for both rootstocks in leaves, although the 
absolute numbers in reduction differed slightly (Table 
S1). The Fe concentration in chlorotic leaves was 29.4 mg 
kg− 1 DW and 26.4 mg kg− 1 DW for 3309 C and Fercal, in 
control leaves were 71.4 mg kg− 1 DW and 58.1 mg kg− 1 
DW for 3309 C and Fercal, respectively.

Apart from Fe, a summary of all analyzed nutrients is 
presented in the additional files (Table S1), as well as the 
correlation of the leaf chlorophyll content with Fe con-
tent and the hyperspectral leaf indices (NDVI, MCARI; 
see Figure S2). Minor changes were observed in N levels 
in the different tissues of both rootstocks, specifically 

Fercal, while the N concentration was only affected by 
the treatment in old leaves of 3309 C. In roots, the N con-
tent with 3309 C was not affected by treatments, while in 
Fercal highest N concentration was found in N1A1/+Fe.

In terms of non-destructive assessment of total leaf 
chlorophyll content, the hyperspectral leaf reflectance 
indices NDVI and MCARI were similar and suitable to 
give an estimation for both rootstocks with correlation 
coefficients of 0.66 and 0.61 respectively (Figure S2 B, C). 
On the contrary, the correlation between total chloro-
phyll content and Fe content in young leaves was affected 
by the rootstock genotype (Figure S2 A; R2 3309 C = 0.73; 
R2 Fercal = 0.51).

Significant changes in the other macronutrient and 
micronutrient contents reflect changes in the pH values 
of the nutrient solution. In general, the concentration 
of Mn in young leaves and roots of both rootstocks was 
higher under Fe deficiency, while higher concentrations 
of Mn were observed in roots when N was supplied as 

Fig. 4 Root tip biochemistry results. (A) Ferric chelate reductase activity in root tips, (B) concentration of malic acid in root tips, (C) concentration of 
citric acid, and, (D) concentration of tartaric acid in the root tips of plants under all treatments (N1A0/+Fe; N1A0/-Fe; N1A1/+Fe; N1A1/-Fe). Results were 
obtained after 28 days of treatment application with both grapevine rootstocks. Values shown are means ± standard error and significant differences 
between treatments for each rootstock are indicated with different letters. (α < 0.05, Welch-ANOVA and Tukey or Games-Howell post hoc test, N = 3 per 
treatment and rootstock)
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nitrate. Interestingly, we observed by trend higher con-
centrations of K in Fercal leaves, although this results 
were not significantly affected by the treatment, it could 
hint towards the role of potassium in alleviating Fe defi-
ciency stress through reutilization of Fe from the root 
and promoting Fe transportation towards leaves as pro-
posed [6, 67].

Transcriptomic profiles separate grapevine rootstocks 
specifically under Fe deficiency
Principal Components Analysis (PCA) confirmed a close 
similarity of transcriptional profiles of biological repli-
cates within each treatment (Fig.  6C) and determined 
a clear separation between rootstocks and treatments 
on the basis of their transcriptional profiles. Rootstock 
genotypes were separated along the first component axis 

(PCA1), while Fe deficiency treatments tended to be clus-
tered along the second component axis (PCA2).

In general, the numbers of differentially expressed 
genes (DEGs) between comparisons were rather high, 
ranging from 1551 to 14,078 (Fig.  6A). Thereby, follow-
up analysis was performed with a cut-off of | log2 (Fold 
Change) | ≥ 2 and FDR < 0.05 for both rootstocks and 
all treatment comparisons (Fig. 6B). In both rootstocks, 
the number of DEGs caused by Fe deficiency was lower 
when only nitrate was available as N source (861 and 
1449 in 3309 C and Fercal, respectively) than when equal 
amounts of nitrate and ammonium were available in the 
nutrient solution (5245 and 8363 in 3309  C and Fercal, 
respectively). Hence, regardless of N forms, there was a 
higher number of DEGs caused by Fe deficiency in Fercal 
than in 3309 C roots.

Fig. 5 Plant iron contents. (A) Iron content of young leaves (yL), (B) old leaves (OL), and (C) in roots of the two grapevine rootstocks under the treatments: 
N1A0/+Fe; N1A0/-Fe; N1A1/+Fe; N1A1/-Fe. Results were obtained after 28 days of treatment application with both grapevine rootstocks. Values shown 
are means ± standard error. Significant differences between treatments for each rootstock are indicated with different letters (α < 0.05, Welch ANOVA and 
Tukey or Games-Howell post hoc test, N = 5 per treatment and rootstock)
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The Gene Ontology (GO) enrichment analysis of DEGs 
helped us to identify key biological processes (BP) and 
molecular functions (MF) affected by Fe deficiency in 
the two rootstock genotypes and with the different N 
treatments in the nutrient solution: only nitrate or both 
nitrate and ammonium forms of N. In order to extract 
the most relevant information, the top gene-enriched 
GO terms (down-regulated and up-regulated by Fe defi-
ciency) were identified for each treatment (N1A0, N1A1), 
and for each rootstock separately (Table S2, S3, S4, S5) 
and only 5 selected up-regulated as well as down-regu-
lated pathways belonging to the biological processes are 
presented in (Fig.  7). Under N1A0 treatment in both 
genotypes, Fe deficiency induced the expression of genes 
involved in iron ion binding (MF/GO:0005506, 27 in Fer-
cal and 30 in 3309 C), although in parallel suppressed the 
expression of genes involved in iron ion transport (BP/ 
GO:0006826, 8 in Fercal, and 5 in 3309  C). The major-
ity of uniquely differentially up-regulated genes in Fer-
cal (-Fe vs. + Fe) were significantly enriched for stress 
responses such as response to hydrogen peroxide (BP/
GO:0042542, 22 genes), response to reactive oxygen spe-
cies (BP/GO:0000302, 23 genes), and response to osmotic 
stress (BP/ GO:0006970, 24 genes). While the unique up-
regulated genes in 3309 C (-Fe vs. + Fe) were significantly 
enriched for genes involved in the glutathione metabolic 

process (BP/ GO:0006749, 10 genes) and response to abi-
otic stimulus (BP/ GO:0009628, 24 genes).

Among the down-regulated genes in both rootstocks, 
some were associated with phytohormones. Fercal (-Fe 
vs. + Fe) showed a down-regulation of 6 genes related to 
the auxin metabolic process (BP/ GO:0009850), whereas 
3309 C (-Fe vs. + Fe) showed a down-regulation of 5 genes 
related to the ethylene-activated signalling pathway (BP/ 
GO:0009873) (Fig. 7A).

In Fercal, under N1A1 treatment, few biological pro-
cesses related to up-regulated DEGs (-Fe vs. + Fe) over-
lapped with GO terms under N1A0 treatment, e.g., stress 
response involving hydrogen peroxide (BP/ GO:0042542, 
39 genes). In addition to stress responses in Fercal, the 
down-regulation of the cytokinin-activated signalling 
pathway (BP/ GO:0080037, 6 genes) was enriched. In 
3309  C, several differentially expressed genes involved 
in different biological processes and molecular functions 
such as copper ion transport (BP/ GO:0006825, 7 genes), 
trehalose biosynthetic process (BP/GO:0005992, 7 
genes), and sucrose synthase activity (MF/ GO:0016157, 
5 genes) were enriched. (Fig. 7B; Table S3).

Additionally, cell wall modifying enzymes, such as 
xyloglucan:xyloglucosyl transferase (MF: GO:0016762) 
were enriched in both rootstocks, whereby Fercal had 
a higher number of up-regulated genes involved in this 

Fig. 6 Differentially expressed genes. (A) Bar graph of up-and down-regulated genes in each comparison, (B) Venn diagram showing common and 
unique DEGs (|log2 FC | ≥ 2, FDR < 0.05) in both genotypes, and (C) PCA (Principal Component Analysis) plot with the top-most variable genes gener-
ated from DeSeq2 showing variation between genotypes and treatments. Genotypes are differentiated by different shapes: 3309 C (circles), and Fercal 
(triangles), and treatments are differentiated by different colors
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pathway (21 genes) as compared to 3309  C (11 genes) 
(Table S3).

Nitrogen forms and Fe deficiency influence 
phytohormones signaling
In accordance with the published literature, in which 
auxin and abscisic acid have been shown to be among the 
primary phytohormones that regulate the responses of 
plants to Fe deficiency [68, 69]., also our transcriptomic 

data showed that several genes differentially regulated 
by Fe deficiency are involved in the biosynthesis and sig-
naling of plant phytohormones. We plotted 80 and 70 
of them on the putative auxin and ABA metabolic path-
ways, respectively (Fig. 8A, B).

In the auxin metabolic pathway six genes for Aux/
IAA family transcription factors, (Vitvi09g00437, 
Vitvi05g00838, Vitvi09g00436, Vitvi05g00271, Vit-
vi07g00687, and Vitvi14g00483) were highly up-regulated 

Fig. 7 Gene Ontology pathway enrichment analysis of differently expressed genes. (A) The top 5 enriched GO terms of biological process related to 
up-regulated and down-regulated DEGs in Fercal (-Fe vs. + Fe), and 3309 C (-Fe vs. + Fe) under N1A0 form. (B) The top 5 enriched GO terms of biological 
process related to up-regulated and down-regulated DEGs in Fercal (-Fe vs. + Fe), and 3309 C (-Fe vs. + Fe) under N1A1 form. The size of the dots represents 
the number of genes in each pathway and the color of the dots represents the -log10 of False Discovery Rate (FDR)
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Fig. 8 Phytohormones pathways. DEGs involved in the auxin and ABA signaling pathways in both grapevine rootstocks. (A) Auxin synthesis, transport, 
sensing, and transcription factors pathway, and (B) Abscisic acid synthesis, transport, signaling, and transcription factors pathway. The absolute values of 
log2FC ≥ 2 and FDR < 0.05 were used as thresholds to identify statistically significant DEGs. Color of the box indicates up (red) and down (blue)-regulated 
genes. / - not expressed, NS - not statistically significant, F1:0 - Fercal N1A0 (-Fe vs. + Fe), C1:0–3309 C N1A0 (-Fe vs. + Fe), F1:1 - Fercal N1A1 (-Fe vs. + Fe), 
C1:1–3309 C N1A1 (-Fe vs. + Fe). The detailed DEGs are listed in supplementary Table S6
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by Fe deficiency in both rootstocks and additional three 
genes only in 3309  C (Vitvi07g00042, Vitvi05g00630, 
and Vitvi09g00336) when supplied with both N forms, 
while they were not up-regulated when supplied only 
with nitrate. In 3309  C additional 12 (Vitvi03g04099, 
Vitvi18g01093, Vitvi18g01091, Vitvi09g01982, 
Vitvi09g01984, Vitvi03g01363, Vitvi04g02075, 
Vitvi03g01359, Vitvi03g01367, Vitvi01g01714, Vit-
vi04g01831 and Vitvi11g00033) genes for SAUR fam-
ily transcription factors were highly up-regulated by Fe 
deficiency when supplied with both N forms, while they 
were not up-regulated when supplied only with nitrate. 
Among them, only two genes (Vitvi04g01831 and Vit-
vi11g00033) were significantly up-regulated by Fe defi-
ciency also in Fercal.

when supplied with both N forms. Besides, some up-
regulated genes by Fe deficiency were found also in the 
auxin synthesis pathway. Also, these genes were up-regu-
lated only when supplied with both N forms.

Similarly in ABA signaling pathways, most of the 15 
genes belong to (RCAR, PYL, PP2C, and SnRK2) fami-
lies were highly up-regulated only when both forms of 
N were provided. Of these, three genes (Vitvi15g00997, 
Vitvi08g00768, and Vitvi18g00440) were highly up-reg-
ulated in both rootstocks, while four genes only in Fer-
cal (Vitvi02g00119, Vitvi16g01226, Vitvi13g00344, and 
Vitvi07g01323), and other four genes (Vitvi13g00114, 
Vitvi02g00695, Vitvi07g02005 and Vitvi12g01972) only 
in 3309 C. Also, in the ABA synthesis pathway and tran-
scription factors involved in ABA metabolism, the major-
ity of up-regulated genes belonged to 3309  C supplied 
with both N forms.

Based on the results above, Fe deficiency seems to lead 
to an increase in the expression of several genes involved 
in auxin and ABA signaling pathways in the roots of both 
rootstocks under N1A1/-Fe treatment, which supports 
the suggestions made already regarding the role of these 
phytohormones in the regulation of the Fe deficiency 
responses in strategy I plants. However, more studies are 
required to clarify the role of N form in the activation of 
these phytohormones signaling pathways under Fe defi-
ciency in grapevine rootstocks.

Iron uptake and translocation genes respond mainly to the 
different fe availability
To analyse the effect of Fe deficiency on Fe uptake and 
transport, a list of twelve genes involved in Fe uptake 
(FRO2, IRT1, AHA2); Fe transport (IREG3, OPT3, VIT1, 
YSL6); transcription factors involved in the regulation of 
Strategy I genes (bHLH38/39); Fe storage (FERRITIN); N 
uptake and transport (NR2, NRT1:2); genes involved in 
response to oxidative stress (CAT2); and genes involved 
in the regulation of root development (ZAT11) was com-
piled from the RNA-Seq analysis (Fig. 9A-L).

Corresponding to FCR activity (Fig. 4A), the expression 
of the ferric reduction oxidase 2 (FRO2) gene was not sig-
nificantly influenced by treatments in both rootstocks, 
but by trend higher values were observed in Fercal, 
while no significant change was observed with 3309  C 
(Fig.  9A). The rootstock genotype nor the treatment 
had an influence on the expression of the iron-regulated 
transporter 1 (IRT1) but in both rootstocks enhanced val-
ues were observed with N1A0/-Fe treatment (Fig.  9C). 
The expression of the plasma membrane ATPase gene 
(AHA2) was enhanced under N1A0/-Fe treatment with 
3309 C, while no significant change was determined with 
Fercal (Fig. 9B). In Fe deficiency, bHLH38/39 significantly 
increased expression in both rootstocks with N1A0 treat-
ment (Fig.  9H). The RNASeq results also showed that 
genes such as iron-regulated protein 3 (IREG3), oligopep-
tide transporter 3 (OPT3), and yellow stripe-like 6 (YSL6) 
mostly showed a trend to increase their expression in 
both rootstocks under Fe deficiency conditions. These 
genes have been reported to be involved in the Fe translo-
cation from roots to shoots under Fe-deficient conditions 
[70–72], while the vacuolar iron transporter 1 (VIT1) 
was only by trend enhanced in Fercal with N1/A1-Fe 
(Fig. 9F). The expression of ferritin was reduced in both 
rootstocks in Fe-deficient roots (Fig.  9I). Related to the 
available N forms, nitrate reductase 2 (NR2) was much 
higher expressed under control condition with N1A0 as 
compared to N1A1 in both rootstocks (Fig. 9J). When a 
mix of nitrate and ammonium was available, the expres-
sion in Fe-sufficient conditions (N1A1/+Fe) was much 
lower, than under Fe-deficient conditions (N1A1/-Fe). 
Such a difference in NR2 expression was not observed 
between N1A0/-Fe and N1A0/+Fe, as the expression in 
Fe-sufficient and Fe-deficient conditions was very similar. 
Nitrate transporter 1:2 (NRT1:2) expression was higher 
under N1A1/-Fe treatment than under N1A1/+Fe treat-
ment in Fercal with a similar trend in 3309 C (Fig. 9K), 
whereas it was higher under N1A0/-Fe treatment than 
under N1A0/+Fe only in Fercal. Furthermore, Zinc finger 
protein 11 (ZAT11), a transcriptional regulator that posi-
tively regulates primary root growth was more expressed 
in Fercal plants compared to 3309  C under N1A1/-Fe 
treatment (Fig. 9L).

Discussion
Nitrogen and Fe are growth-limiting factors in many fruit 
crops due to their involvement in a variety of vital plant 
processes (e.g., chlorophyll synthesis, electron trans-
fer, and photosynthesis), therefore, Fe deficiency can 
be a serious problem for vineyards cultivated on soils 
with scarce Fe bioavailability. In the present work, we 
sought to better understand how N forms and Fe acqui-
sition interact to affect the physiological, biochemical, 
and molecular response mechanisms of two grapevine 
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Fig. 9 Expression of genes involved in Fe uptake and translocation mechanisms. Expression of genes, as normalized counts, involved in Fe uptake and 
transport in both rootstocks and all tested treatments. Only nitrate as nitrogen source (N1A0); 1:1 ratio of nitrate and ammonium as nitrogen source 
(N1A1); Fe-sufficient treatment (+ Fe), Fe-deficient treatment (-Fe). Values represent the mean ± SE of three biological replicates (n = 3), Significant differ-
ences between treatments for each rootstock are indicated with different letters (α < 0.05, Welch ANOVA and Tukey or Games-Howell post hoc test, N = 3 
per treatment and rootstock). A) VviFRO2 (Vitvi16g01090); B) VviAHA2 (Vitvi11g01208); C) VviIRT1(Vitvi10g01358); D) VviIREG1 (Vitvi08g02084); E) VviOPT3 (Vit-
vi10g00247); F) VviVIT1 (Vitvi01g00512); G) VviYSL6 (Vitvi14g01520); H) VvibHLH38/39 (Vitvi13g01037); I) VviFerritin (Vitvi06g01761); J) VviNR2 (Vitvi18g00326); 
K) VviNRT 1:2 (Vitvi01g00921); L) VviZAT11 (Vitvi06g01682)
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rootstocks. Thereby we aim to shed more light on the 
mechanisms of Fe homeostasis in grapevine rootstocks 
with different susceptibility to Fe chlorosis.

Differences in symptom severity between rootstock 
genotypes reflect different deficiency response strategies 
in roots
It is well known that grapevine rootstocks differ in their 
tolerance to Fe chlorosis, although the mechanisms of 
these differences in susceptibility are not well studied [48, 
73]. Our results provide some additional information to 
explain the different genotype response to Fe deficiency, 
which seems to be a combination of intrinsic factors of 
gene regulation and environmental influences, such as 
the form of available N. The pH of the nutrient solution 
was strongly influenced by the form of N in the nutrient 
solution, as the presence of ammonium reduced the pH 
values (more acidic), while nitrate slightly increased the 
pH value, this effect has already been observed in pre-
vious studies [74, 75]. The rhizosphere acidification is a 
well-known mechanism to enhance the availability of 
some nutrients, especially of Fe [76]. Nitrate-fed plants 
seems to suffered more from Fe deficiency exhibiting 
severe symptoms, low total chlorophyll contents, and 
low efficiency of photosystem II (FvFm). Although, the 
Two-Way ANOVA for the total chlorophyll content in 
both rootstock leaves showed no significant interaction 
between nitrogen forms and iron availability (Nforms * 
iron avail − 3309 C: F(1, 19) = 1.589, p = 0.226; Fercal: F(1, 
18) = 1.988, p = 0.179), while results for FvFm revealed 
a significant interaction for 3309  C (F(1, 11) = 60.985, 
p = 0.001) and a minor result for Fercal (F(1, 11) = 8.303, 
p = 0.020), the observed trend for both cultivars is very 
similar. The mechanism behind this could be the high 
requirement of Fe for nitrate assimilation, as Fe contrib-
utes as a metal co-factor in enzymes of the nitrate reduc-
tive assimilatory pathway [77]. Lower symptom severity 
was observed when both N forms were supplied (N1A1), 
this could reflect that NH4

+ has positive effects on Fe 
uptake and increases Fe root-to-shoot translocation 
under Fe starvation [78, 79]. Apart from the N treatment, 
the acidification was higher with the tolerant rootstock 
Fercal than with the susceptible genotype 3309 C under 
Fe deficiency, which could not be explained by the 
expression of the AHA2 gene in root tips. Only 3309  C 
increased the expression level of the AHA2 gene signifi-
cantly in the presence of only nitrate. However, other fac-
tors could appear to be the causes of these changes in the 
pH value of the nutrient solutions, including nutrients 
uptake and release of root exudates [80].

Rhizosphere acidification could be one factor that dif-
ferentiated the response of the rootstock genotypes 
under Fe deficiency, Fe uptake and root exudation could 
be a second one. To compensate for the low availability 

of Fe in soil, Strategy I plants increase the activity of 
the root ferric chelate reductase enzyme [81]. Although 
results were not significant, the same pattern was 
observed for FRC activity and expression of FRO2 gene 
in Fercal, which increased both under Fe deficiency con-
ditions, a trend not at all observed with 3309 C. Similar 
increases in root FCR activity have been observed in 
other grapevine rootstocks (Ramsey and 140 Ruggeri) in 
response to Fe deprivation [56, 82]. In terms of the effect 
of N forms on FCR activity, an interaction could only be 
observed for 3309  C in a Two-Way ANOVA (Nforms * 
iron avail − 3309  C: F(1, 11) = 16.727, p = 0,003; Fercal: 
F(1, 11) = 0.623, p = 0,453), although previous studies hint 
towards an indirect influence of N forms on FCR activity 
by influencing apoplastic and rhizosphere pH [81, 83].

Additionally, in various plant species exposed to Fe 
deficiency, increasing biosynthesis of organic acids in 
root tips has been shown as a strategy to mobilize Fe 
and increase nutrient acquisition by plants [10, 84, 85]. 
Indeed, also the values obtained in this study varied 
between rootstocks, while 3309 C considerably increased 
the accumulation of all organic acids in root tips with Fe 
deficiency, an interaction for the factors rootstock and 
iron availability as determined by Tow-Way ANOVA was 
only obtained for malic and citric acid for 3309 C (malic 
acid: F(1, 23) = 6.158, p = 0.022; citric acid: F(1, 23) = 9.766, 
p = 0.005,), while no interaction was determined for Fer-
cal. The variability of grapevine rootstocks in organic 
acid’s accumulation under Fe-limiting conditions is 
known [73, 86], but the consequences for Fe uptake are 
not well studied.

In conclusion, we observed a difference in response 
between both rootstocks: 3309 C invests in organic acid’s 
accumulation in root tips, while Fercal seems to follow 
a strategy to enhance the ferric reductase enzyme activ-
ity in root cells. The functional consequences of these 
responses are beyond the scope of this study but could 
be an intriguing angle to pursuit in order to decipher the 
differences in symptom severity.

Root morphology adaptations under Fe deficiency as a 
factor for nutrient uptake and translocation
An extensive root system is an important assurance for 
efficient nutrient uptake. In response to Fe deficiency, 
several plants can increase the surface area of   the root 
system [87]. In our experiment, Fercal enhanced the 
root biomass, associated with an increased root growth, 
when both N forms were supplied (N1A1/-Fe), which 
was not observed in 3309  C. In parallel, the expression 
of the C2H2-zinc finger protein ZAT11 gene was strongly 
enhanced in Fercal under treatment N1A1/-Fe. In Ara-
bidopsis, the C2H2-zinc finger protein family has been 
demonstrated to be essential for several important cel-
lular functions, including transcriptional regulation, 
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development, and stress responses [88]. Among these 
genes, ZAT11 has been reported to have an impact on 
root development [89, 90]. Several plant hormones have 
been reported to be involved in regulating responses to 
Fe deficiency. It has been suggested that auxin is involved 
in the induction of modifications in root architecture, 
such as increasing root branching and the density and 
length of lateral roots, which could be adaptive strategies 
used by several plant species to facilitate Fe acquisition 
[16, 91], indicating that plants under low Fe availabil-
ity reduced the aboveground biomass more than that 
of roots [92]. A shift in the root-shoot ration was not 
observed in our results. Nevertheless, the enhanced root 
biomass including an increase in root branching of Fer-
cal could contribute to the enhancement of FCR activity 
in roots, by simply increasing the number of active root 
tips. Future studies need to quantify the number of root 
tips to conclude the size effect of morphological adapta-
tions in combination with biochemical plant responses.

Plant Fe content is modulated by Fe availability, N form, and 
Fe translocation
The severity of Fe chlorosis symptoms under Fe defi-
ciency was affected by the rootstock genotype and the 
N form availability. Iron contents in leaves and roots 
are affected not just by the Fe availability but also by the 
supplied N forms partially independent of the rootstock 
genotype. With regard to N form, 3309 C plants treated 
with nitrate as the sole N form (which had severe chlo-
rosis symptoms) showed a higher accumulation of Fe 
in roots under Fe sufficient conditions (mean values: 
N1A0 + Fe = 3367.8 ± 679.0, N1A1 + Fe = 378.8 ± 42.9; 
Welch´s F(1, 4.032) = 96.365, p = 0.001), while val-
ues in Fercal were only slightly affected by the N 
form (mean values: N1A0 + Fe = 4058.3 ± 770.0, 
N1A1 + Fe = 2369.6 ± 685.0; Welch´s F(1, 5.750) = 11.585, 
p = 0.015). Plants fed with mixed N nutrition were charac-
terized by higher Fe content in older leaves (3309 C: mean 
values: N1A0 + Fe = 82.1 ± 2.50, N1A1 + Fe = 155.6 ± 10.8; 
Welch´s F(1, 2,206) = 131.754, p = 0.005; Fercal: mean 
values: N1A0 + Fe = 61.9 ± 12.3, N1A1 + Fe = 144.5 ± 13.5; 
Welch´s F(1, 3.970) = 61.339, p = 0.001). These find-
ings could indicate that the combined ammonium and 
nitrate supply increased the Fe translocation from roots 
to mainly old leaves, while nitrate supply enhanced 
Fe retention in the root tissues. Similar results, higher 
Fe accumulation in roots with nitrate nutrition, were 
obtained with other crop species in previous studies [27, 
93]. These authors proposed a high pH value in the root 
apoplast resulting in a limitation of the reduction of Fe 
III-chelates by the FCR enzyme as a possible mechanism.

In return, Fe deficiency probably affects nitrate assimi-
lation, our results showed that nitrate reductase NR2 
gene tended to decrease it expression under N1A0 

treatment in both rootstocks. Similar effect of Fe defi-
ciency on the reduction of NR2 gene expression was 
already observed in Fe-deficient plants grown in nitrate 
as a sole source of N such as cucumber [94], tomato [95], 
and grapevine [2]. This reduction is potentially due to the 
decreased expression of genes encoding Fe-containing 
enzymes (e.g., NR and NiR) [94].

Grapevine rootstocks in our experiment affected the 
relation between Fe content in young leaves and their 
total chlorophyll content. Although Fe is essential for 
chlorophyll biosynthesis [96], the observed pheno-
type and the changes in chlorophyll could reflect the Fe 
requirement for nitrate assimilation, as recently proposed 
[77]. The chlorophyll content of plants under treatment 
N1A1/-Fe were less affected compared to plants supplied 
with nitrate as the sole N source (3309 C: mean values: 
N1A0/-Fe = 2.75 ± 0.38, N1A1/-Fe = 5.86 ± 0.78; Welch´s 
F(1, 5.808) = 12.907, p = 0.012; Fercal: mean values: 
N1A0/-Fe = 3.23 ± 0.35, N1A1/-Fe = 6.01 ± 0.78; Welch´s 
F(1, 5.560) = 10.480, p = 0.020). Although the N content 
in leaves was only marginal affected by the treatments 
(Table S1), we observed lowest contents in both root-
stocks with treatment N1A0/-Fe (OL 3309 C: 2.58 ± 0.03; 
OL Fercal: 2.28 ± 0.11), while values were slightly higher 
when both N forms were available OL 3309 C: 3.17 ± 0.18; 
OL Fercal: 2.95 ± 0.22). Plant grown under Fe-sufficient 
conditions showed a trend of slightly higher N contents 
in old leaves, although no significant differences were 
determined, maybe supporting the crucial need of Fe 
when plants assimilate nitrate [92, 94].

Many studies confirmed a considerable decrease in the 
photosynthesis in various fruit tree species under Fe defi-
ciency stress [11, 97, 98]. Despite the loss of chlorophyll, 
chlorotic leaves in our study did not exhibit a noticeable 
decrease in transpiration rate or stomatal conductance 
within the experimental timeframe. These outcomes are 
consistent with those that have been reported for grape-
vine [73] and sugar beet [99]. Contrarily the efficiency of 
PSII was affected by Fe deficiency, the ratio of variable to 
maximum fluorescence of PSII (Fv/Fm) was significantly 
limited in both rootstocks, although the effect on 3309 C 
plants was more severe. The Tow-Way ANOVA con-
firmed under Fe-deficient conditions a significant influ-
ence of the rootstock (F(1, 11) = 56.890, p < 0.001) and the 
N forms (F(1, 11) = 8.506, p = 0.019), while the interaction 
effect was small (F(1, 11) = 5.627, p = 0.045). This decrease 
may be due to the reduced energy transfer from the PSII 
to the reaction centers [100], probably due to reduced 
chlorophyll concentrations caused by the absence of 
Fe [51, 73, 101]. A growth limitation could be the con-
sequence, as an appropriate NO3

−/ NH4
+ ratio has been 

largely reported in the literature to have a positive effect 
on sustaining plant growth and increasing both biomass 
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accumulation and quality in different crops including 
grapevine [102–104].

Complex phytohormonal and transcriptional response 
regulation due to Fe deficiency and N forms
RNASeq analyses of root tips enabled us to identify simi-
larities and dissimilarities in response reactions between 
rootstocks and treatments. GO pathways associated 
with DEGs indicated differences in Fercal and 3309  C 
responses when grown under different N forms supply. 
Under N1A0 treatment, the genes involved in iron ion 
binding pathway were overexpressed in both rootstocks. 
These results indicated that both rootstocks tended to 
store Fe in their roots when supplied solely with nitrate 
over extended periods of Fe starvation, resulting in obvi-
ous chlorosis symptoms on young leaves [105]. More-
over, both rootstocks exhibited several up-regulated 
genes involved in various stress responses pathways. Sim-
ilar results were obtained by [106] in the case of citrus 
rootstocks grown under natural Fe-deficiency conditions, 
which appear to be associated with general responses 
to Fe deficiency, most likely by preventing the negative 
effects of reactive oxygen species damages [107]. In con-
trast, several genes involved in phytohormones pathways 
were significantly down-regulated in the auxin metabolic 
pathway in Fercal and in the ethylene signalling pathway 
in 3309  C. These two phytohormones have been widely 
demonstrated to be involved in regulating the responses 
to Fe deficiency by stimulating plant root growth and 
increasing the expression of genes involved in Fe acquisi-
tion in Strategy I plants [108, 109].

On the other hand, the equal supply of both forms of 
N (N1A1) showed a positive effect on the expression of 
genes that help in alleviating Fe deficiency stress. Nota-
bly, DEGs involved in xyloglucan:xyloglucosyl transferase 
activity were overexpressed in both rootstocks. This sub-
category includes genes corresponding to cell wall modi-
fying enzymes which are essential for the expansion and 
reconstruction of the cell wall [110]. Furthermore, several 
genes with significantly increased expression in the tre-
halose biosynthetic and sucrose synthase pathways were 
detected in 3309  C plants. Multiple studies have shown 
an involvement of sucrose in regulating the level of Fe 
deficiency by enhancing auxin levels in roots and increas-
ing the expression of Fe-uptake related genes (FRO2 and 
IRT1) [111]. In addition, trehalose metabolism has been 
reported to play a crucial role in protecting cellular struc-
tures from abiotic stresses [112] and to function as a sig-
nal of sucrose levels [113].

Several phytohormones, such as auxin [45], abscisic 
acid (ABA) [46], ethylene [114], and cytokinin [47] are 
considered to play either a positive or a negative role in 
regulating plant responses to Fe deficiency. According to 
reports, auxin can cause the plant root system to branch 

by promoting the growth of lateral roots [115]. The over-
expression of auxin primary response genes within Aux/
IAA and SAUR families in plants grown under Fe defi-
ciency with both N forms present supports those obser-
vations of the increase in root biomass accumulation, 
including an apparent (not-quantified) enhanced branch-
ing, which was more evident with Fercal rootstock.

Although Fe has been considered to have limited 
mobility towards young leaves, recent research has dem-
onstrated that in conditions of Fe deprivation, Fe can be 
partially remobilized from the root cell wall to the sink 
organs [78, 116]. Abscisic acid has been also considered 
to have a positive impact on Fe deficiency symptoms by 
promoting Fe transportation and translocation [117]. In 
this work, an Fe deficiency-induced expression of genes 
involved in the ABA signalling pathway (PCAR, PYL, 
PP2CA, SnRK2) was observed with both rootstocks when 
supplied with both N forms. Low nitrate levels have been 
shown to increase plant ABA content, which promotes 
the Fe remobilization from cell walls and its translocation 
from root to shoot [118]. As a consequence, a balanced 
supply of N with different forms could support the stress 
response of grapevine rootstocks under Fe deficiency.

A high number of genes were differentially expressed 
under the applied treatments, involving several molecu-
lar functions and biological processes as determined by 
the GO enrichment analysis. In the first step, we focused 
on genes involved in Fe uptake, Fe translocation, and 
their regulation. Previous research showed a strong con-
nection between Fe uptake in roots and Fe deficiency 
chlorosis, suggesting the involvement of Fe uptake genes 
(AHA2, IRT1, FRO2) in the regulation of Fe acquisition 
[119]. Expression of all of these genes was also induced 
by trend in our study, in particular, FRO2 with rootstock 
Fercal. As a consequence of the higher pH values under 
N1A0 treatment, 3309  C aimed to contain these pH 
increases by enhancing the expression of AHA2 under 
Fe deficiency. Similarly, under the same treatment, the 
expression of IRT1 was increased by trend in both root-
stocks, suggesting a higher sensitivity to scarce Fe avail-
ability when N is applied only in nitrate form [39]. On 
the other hand, the tolerant rootstock Fercal exhibited by 
trend a higher ability to increase the expression of FRO2, 
especially in N1A1/-Fe treatment, which can also be 
explained by the ability of this rootstock to increase the 
root system under this treatment providing more sites for 
FCR activity [92]. However, with the current knowledge, 
it is not clear how much this response is participating in 
the tolerance of Fercal to Fe deficiency.

Plant Fe homeostasis is strongly regulated by tran-
scription factors of the bHLH family [120]. Our 
research also revealed that bHLH38/39 was more 
expressed under Fe deficiency with nitrate as the sole 
source of N compared with nitrate: ammonium supply 
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(1:1). This finding supports previous reports that sug-
gested a direct participation of this gene in the regula-
tion of Fe deficiency response [39].

Ferritins have been characterized to be involved 
in the Fe storage in several plants, which can be 
released when necessary [30]. In line with previous 
studies, both rootstocks had varied degrees of down-
regulation of the ferritin genes under Fe-deficient con-
ditions, along with a trend to increase the expression 
of genes linked to Fe transport and mobilization, such 
as IREG3, OPT3, VIT1, and YSL6 [11, 30, 121]. This 
outcome highlights the value of ferritin storage capac-
ity in maintaining Fe concentration in all plant parts. 
A quantification of ferritin in different tissues would 
help to understand its role in Fe redistribution within 
plants.

Conclusion
In summary, grapevine rootstocks differ in their tol-
erance to Fe chlorosis and have different abilities to 
modify their growth and physiology to adapt to Fe 
absence. Fercal demonstrates a higher ability to pro-
mote root growth and activities involved in Strat-
egy I plant responses under Fe-deficient conditions. 
On the other hand, the supplied N forms appear to 
have a great influence on Fe uptake and remobiliza-
tion. Under Fe-deficient conditions, the interactions 
between nitrate and Fe affect plant productivity and 
result in more severe chlorosis symptoms, most prob-
ably due to the effect of nitrate acquisition in lower-
ing Fe solubility. In return, the low availability of Fe 
results in lower nitrate assimilation. However, it is 
still unclear how nitrate interferes with Fe acquisi-
tion at the molecular level. In contrast, the addition 
of ammonium to the N supplied appears to be able to 
alleviate Fe deficiency through either or a combination 
of the following hypothesis: (i) improving Fe availabil-
ity by its impact on lowering medium pH; (ii) increas-
ing the root apparatus ramification, providing more 
sites for FCR enzyme; (iii) reducing the demand of Fe 
required for nitrate reduction process; (iv) improving 
the availability of soluble Fe in roots by increasing the 
release of Fe from the cell wall; (v) and enhancing Fe 
reutilization and transport from source to sink organs. 
Furthermore, the expression of genes involved in the 
auxin and abscisic acid signal transduction pathways is 
significantly induced in a response to limited Fe avail-
ability when both forms of N are equally supplied, sug-
gesting a possible role of the addition of ammonium 
in the activation of these phytohormones, which is 
reported to have a positive effect on alleviating Fe defi-
ciency stress.
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