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Abstract

Iron (Fe) is a poorly available mineral nutrient which affects the outcome of many cross-kingdom interactions. In
Arabidopsis thaliana, Fe starvation limits infection by necrotrophic pathogens. Here, we report that Fe deficiency
also reduces disease caused by the hemi-biotrophic bacterium Pseudomonas syringae and the biotrophic oomycete
Hyaloperonospora arabidopsidis, indicating that Fe deficiency-induced resistance is effective against pathogens with
different lifestyles. Furthermore, we show that Fe deficiency-induced resistance is not caused by withholding Fe
from the pathogen but is a plant-mediated defense response that requires activity of ethylene and salicylic acid.
Because rhizobacteria-induced systemic resistance (ISR) is associated with a transient up-regulation of the Fe defi-
ciency response, we tested whether Fe deficiency-induced resistance and ISR are similarly regulated. However, Fe
deficiency-induced resistance functions independently of the ISR regulators MYB72 and BGLU42, indicating that both
types of induced resistance are regulated in a different manner. Mutants opt3 and frd1, which display misregulated
Fe homeostasis under Fe-sufficient conditions, show disease resistance levels comparable with those of Fe-starved
wild-type plants. Our results suggest that disturbance of Fe homeostasis, through Fe starvation stress or other non-
homeostatic conditions, is sufficient to prime the plant immune system for enhanced defense.

Keywords: Arabidopsis thaliana, Botrytis cinerea, defense priming, Hyaloperonospora arabidopsidis, induced resistance, iron
homeostasis, plant immunity, Pseudomonas syringae.

Introduction

Iron (Fe) functions as an enzyme cofactor in several important  of Fe in soil is generally low (Guerinot and Ying, 1994), plants
cellular processes, such as respiration, DNA synthesis, hor- have developed sophisticated mechanisms to ensure suffi-
mone production, and chlorophyll biosynthesis. Fe is, therefore, cient Fe uptake. Non-grass plant species, such as Arabidopsis
an essential nutrient for nearly all living organisms (Darbani  thaliana (Arabidopsis), make use of an Fe uptake strategy
et al., 2013; Balk and Schaedler, 2014). As the bioavailability called Strategy I (Rémbheld, 1987). This Fe uptake strategy is

Abbreviations: BABA, 3-aminobutyric acid; cfu, colony-forming units; ET, ethylene; ISR, induced systemic resistance; JA, jasmonic acid; MeJA, methyl jasmonic
acid; gRT-PCR, quantitative reverse transcription-PCR; SA, salicylic acid; SAR, systemic acquired resistance.

© The Author(s) 2020. Published by Oxford University Press on behalf of the Society for Experimental Biology. All rights reserved.

For permissions, please email: journals.permissions@oup.com

1202 YoIB\ 6Z UO Jasn Jyoaun Ateiqi Ausioaun Aq 20/ 1.865/1€22/9/2 . /2I01He/qxl/wod dno-olwspede//:sdny wous papeojumoq


mailto:C.M.J.Pieterse@uu.nl?subject=

2232 | Trapet et al.

based on the reduction of ferric Fe (Fe") to ferrous Fe (Fe*"),
which can then be taken up by the roots via specific plant
transporters. A major regulator of Strategy I in Arabidopsis is
the transcription factor FER-LIKE IRON DEFICIENCY
TRANSCRIPTION FACTOR (FIT). When plants experi-
ence Fe deficiency, FIT activates, among a large set of other
genes, FERRIC REDUCTASE OXIDASE2 (FROZ2), IRON
REGULATED TRANSPORTER1 (IRT1), and the transcrip-
tion factor gene MYB72 (Colangelo and Guerinot, 2004).
FRO2 reduces soilborne Fe’* to Fe*" (Robinson ef al., 1999),
which is subsequently taken up in the root interior through
the Fe transporter IRT1 (Vert et al., 2002).

Roots of Fe-deprived Strategy 1 plants secrete protons
via the H'-ATPase pump AHA?2 to acidify the rhizosphere,
thereby increasing Fe solubility in the soil environment (Santi
and Schmidt, 2009). In addition, roots of Fe-starved plants pro-
duce and secrete Fe-mobilizing phenolic compounds called
coumarins in the rhizosphere (Tsai and Schmidt, 2017). The
root-specific transcription factor MYB72 is an important regu-
lator of the coumarin biosynthesis pathway (Zamioudis ef al.,
2014; Stringlis et al., 2018b), in which FERULOYL-COA
6'-HYDROXYLASE1 (F6'H1) is a key enzyme (Schmid et al.,
2014;Tsai and Schmidt, 2017). Downstream of MYB72, activity
of the glycoside hydrolase B~-GLUCOSIDASE42 (BGLU42)
converts glycosylated coumarins into their aglycone counter-
parts, which is required for the secretion of the coumarins into
the rhizosphere (Zamioudis et al., 2014; Stringlis ef al., 20180).
The secretion of protons and Fe-chelating coumarins into the
soil environment results in Fe solubilization and increased ef-
fectivity of FRO2 (Santi and Schmidt, 2009; Fourcroy et al.,
2014). Upon IRT1-mediated uptake of Fe by the roots, dif-
ferent Fe transporters, such asYELLOW STRIPE-LIKE (YSL)
family members and NRAMPs, take care of the proper distri-
bution of Fe throughout the plant (Kobayashi ef al., 2019). As
an excess of Fe can cause major damage to cells through the
production of hydroxyl radicals (Fenton, 1894), various organic
molecules, such as citrate, phenolics, and nicotianamine, act as
chaperones during Fe transport to prevent toxicity. Ferritins
(FERs), nicotianamine, and phytates are involved in buffering
Fe once it is stored in the vacuole, mitochondria, and chloro-
plasts (Darbani er al., 2013; Kobayashi et al., 2019). Once suffi-
cient Fe has been transported to the shoot, the demand for Fe
in the shoot decreases and the uptake of Fe by the roots be-
comes down-regulated (Connorton et al.,2017). The phloem-
specific Fe transporter OLIGOPEPTIDE TRANSPORTER
3 (OPT?3) is involved in shoot to root signaling of the leat Fe
status to finely regulate Fe homeostasis throughout the plant
(Mendoza-Cozatl et al., 2014; Zhai et al., 2014; Garcia et al.,
2018; Khan et al., 2018). Fe availability affects not only plant
nutrient status, but also plant susceptibility to disease (Aznar
et al.,2015a; Verbon et al.,2017). For example, the Arabidopsis
defense response to the pathogenic bacterium Dickeya dadantii
requires sufficient Fe content in the plant, as it involves the
release of Fe from the vacuole to develop an oxidative burst

that can limit pathogen growth (Segond et al., 2009). In re-
sponse to pathogen infection, the plant increases the expression
of FERRITINT (FER1), which encodes an Fe storage protein,
probably to protect the as yet uninfected plant tissues from the
Fe-mediated oxidative stress (Dellagi et al., 2005; Aznar et al.,
2015b). The opposite strategy, in which plants do not expose
pathogens to an excess of Fe, but rather withhold Fe from the
pathogen, is also employed. For example, in response to infec-
tion by Pectobacterium carotovorum subsp. carotovorum, Arabidopsis
withholds Fe from the pathogen by enhancing the sequestration
of Fe in the apoplast, thereby decreasing pathogen virulence
(Hsiao et al.,2017). In the interaction between Arabidopsis and
Pseudomonas syringae pv. tomato, activation of the plant immune
system was shown to suppress an Fe acquisition pathway in
the pathogen, thereby hampering pathogen virulence (Nobori
et al.,2018).In addition to Fe withholding, enhanced pathogen
resistance of Fe-deficient plants can in some cases be due to the
Fe deficiency-induced secretion of antimicrobial molecules by
the plants. An example is the above-described Fe deficiency-
induced secretion of coumarins that in addition to their Fe
mobilizing activity also possess antimicrobial properties (Beyer
et al., 2019; Stringlis et al., 2019). Finally, Fe deficiency has
been suggested to induce resistance to necrotrophic patho-
gens by enhancing the plant’s immune response, although the
underlying mechanisms are largely unknown (Kieu et al.,2012;
Koen et al.,2014).

Interestingly, the Fe deficiency response in roots of
Fe-sufficient plants is also transiently activated in response to
colonization by beneficial rhizosphere-inhabiting rhizobacteria
and fungi that promote plant growth and confer an induced
systemic resistance (ISR) that is typically effective against dif-
ferent types of pathogens (Segarra et al., 2009; Pieterse ef al.,
2014; Martinez-Medina et al., 2017; Romera et al., 2019;
Verbon et al., 2019). This phenomenon is particularly well
studied in the interaction between Arabidopsis and the bene-
ficial rhizobacterium Pseudomonas simiae WCS417 (Pieterse
et al.,2014,2020). MYB72 and BGLU42 are among the Fe de-
ficiency response genes that are also activated upon coloniza-
tion of the roots by WCS417 bacteria (Van der Ent et al., 2008;
Zamioudis et al., 2014; Stringlis et al., 2018a). As described
above, MYB72 and BGLU42 are involved in the secretion of
Fe-chelating coumarins that increase Fe’™ availability in the
soil environment (Schmid et al.,2014; Fourcroy et al.,2016;Tsai
and Schmidt, 2017; Stringlis et al., 2019). Indeed, colonization
of the roots by WCS417 improves Fe nutrition in Arabidopsis
(Verbon et al., 2019). Interestingly, mutant myb72 and bglu42
plants are incapable of mounting WCS417-ISR, indicating
that both MYB72 and BGLUA42 are also required for the onset
of ISR (Van der Ent ef al.,2008; Segarra et al., 2009; Zamioudis
et al.,2014). Overexpression of BGLU42 in ox BGLU42 plants
results in constitutively enhanced disease resistance against
different pathogens (Zamioudis et al., 2014), pinpointing the
MYB72/BGLU42 module as an intrinsic component of both
the Fe deficiency and the ISR signaling pathway (Stassen et al.,
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2020). WCS417-ISR is characterized by a ‘sensitization’ of the
plant’s immune system resulting in enhanced activation of de-
fenses only after pathogen or insect attack (Pieterse ef al.,2014).
This phenomenon is known as defense priming and provides
the plant with a cost-effective mechanism of protection against
pathogens and pests (Martinez-Medina et al., 2016). In the case
of WCS417-ISR, the defense hormones jasmonic acid (JA)
and ethylene (ET) play important regulatory roles (Pieterse
et al., 1998).

Plant defense hormones ET, JA, and salicylic acid (SA) act as
cellular signaling molecules in the regulation of the immune
processes that are activated in response to microbial patho-
gens, insect herbivores, and beneficial microbes. The hormone
signaling pathways are interconnected in a complex network
to allow plants to rapidly adapt to their biotic and abiotic en-
vironment and to utilize limited resources in a cost-efficient
manner (Pieterse et al., 2012). In Arabidopsis, SA is required
for an adequate defense response to (hemi)biotrophic patho-
gens that need living host cells to feed on, while JA and ET are
involved in the defense response against necrotrophic patho-
gens that first kill host cells, after which they feed on the con-
tents. Besides activating local defense responses, these plant
defense hormones act in systemic immune responses, such as
rhizobacteria-mediated ISR (Pieterse et al., 1998; Ton et al.,
2001), pathogen-induced systemic acquired resistance (SAR)
(Durrant and Dong, 2004;Vlot et al., 2008), and herbivory- or
wound-induced resistance (Howe and Jander, 2008; Wu and
Baldwin, 2010). SA and ET are also positive regulators of the
Fe uptake response, whereas JA is a negative regulator (Hindt
and Guerinot, 2012; Brumbarova et al., 2015; Shen et al., 2016;
Romera et al., 2019). The dual role of these hormones in Fe
nutrition and immunity, combined with the observation that
WCS417-ISR is controlled by signaling components that also
play a role in the Fe deficiency response (Zamioudis et al.,
2015), suggests an intrinsic interplay between the maintenance
of Fe homeostasis and plant immunity.

In this study, we investigated the biological mechanisms
underlying Fe deficiency-induced resistance and its relation-
ship to WCS417-ISR. We found that, like WCS417-ISR, Fe
deficiency-induced resistance is a plant-mediated defense re-
sponse that is effective against pathogens with different life-
styles, but their signaling pathways are, at least partially,
regulated differently. We provide evidence that disturbance
of Fe homeostasis is sufficient for the onset of Fe deficiency-
induced resistance.

Materials and methods

Plant material and growth condlitions

Wild-type A. thaliana accession Columbia-0 (Col-0), and the mutants
myb72-2 (Van der Ent ef al., 2008), bglu42 (Zamioudis et al., 2014), frd1-1
(Robinson et al., 1999), opt3-2 (Stacey et al., 2008), ein2-1 (Guzman and
Ecker, 1990), and sid2-1 (Wildermuth et al., 2001), and the BGLU42-
overexpressing line oxBGLU42 (Zamioudis et al., 2014), all in the Col-0
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background, were grown in hydroponic culture as described previously
(Trapet et al.,2016), with minor modifications. Briefly, vapor-phase steril-
ized seeds were stratified at 4 °C in half-strength modified Hoagland me-
dium supplemented with 0.2% agar, with full-strength standard Hoagland
medium (referred to as +Fe medium) containing 0.2 mM Ca(NO3),,
0.5 mM KNO;, 0.25 mM KH,PO,, 0.2 mM MgSO,, 70 uM H,BO,
14 uM MnClL, 1.0 uM ZnSO,, 0.5 pM CuSO,, 10 uM NaCl, 0.2 uM
Na,MoO,, and 50 uM FeNaEDTA. After 4 d, seeds were sown on seed
holders filled with 10-fold diluted +Fe medium supplemented with
0.65% agar, and placed on top of hydroponic bins (Araponics, Liege,
Belgium). The bins were filled with +Fe medium and placed in short-
day growth conditions (21-22 °C, 14 h night, 10 h day, light intensity
100 pmol m™2s™"). A transparent lid was put on the bins for the first 10
d to maintain the high humidity necessary for proper seed germination.
The hydroponic growth medium was renewed weekly from 2 weeks
onwards. After 3 weeks, the plants were rearranged from a high-density
set-up (35 plants per bin) to a low-density set-up (18 plants per bin) in
which the liquid medium was aerated. The Fe deficiency response mu-
tant frd1-1, which carries a mutation in the FRO2 gene (Robinson ef al.,
1999), was cultivated in +Fe medium supplemented to a final concentra-
tion of 300 uM FeNaEDTA, as it is not viable in +Fe medium containing
50 uM FeNaEDTA. The Fe deficiency treatment was performed after
25-32 d of growth on Fe-sufficient medium, dependent on the experi-
ment and as specified below. To this end, the liquid medium in the hydro-
ponic bins was replaced with either +Fe medium (50 uM Fe, or 300 M
Fe for frd1-1) or medium without added FeNaEDTA (referred to as —Fe
medium). To limit transfer of adhering Fe from the +Fe medium to the
—Fe medium, roots were rinsed in —Fe medium before transfer to either
fresh —Fe or +Fe medium.

Pathogen bioassays

Cultivation of the pathogens, preparation of the pathogen inocula, inocu-
lation of the plants, and measurements of disease severity were carried out
as described previously (Van Wees et al., 2013), with some minor modi-
fications. Pathogen inoculation was performed 3 d after the final transfer
of the plants to +Fe or —Fe medium.

Botrytis cinerea strain B05.10 (Van Kan et al., 2017) was cultivated
on half-strength potato dextrose agar plates for 10 d at 22 °C (16 h
night, 8 h day). Spores were harvested in half-strength potato dex-
trose broth, filtered through gauze, and resuspended to an inoculum
containing 5%10> spores ml~'. Hydroponically grown plants were in-
oculated when they were 5 weeks old by applying a 5 ul droplet of
the B. cinerea inoculum onto five mature leaves per plant. The bins
containing the inoculated plants were kept in closed trays to ensure
high humidity for optimal pathogen development. Inoculated leaves
were harvested, and pictures were taken at 3 d post-inoculation. Lesion
area was measured using the publicly available image analysis program
Image]J (version 1.51n).

Pseudomonas syringae pv. tomato DC3000 (Kunkel ef al., 1993) was cul-
tivated overnight on King’s medium B agar plates (King et al., 1954)
at 28 °C. Subsequently, bacteria were collected in 10 mM MgSO, and
washed twice by 5 min centrifugation at 5000 g. The bacteria were then
resuspended to a density of 2.5%107 colony-forming units (cfu) ml™!
(ODy4p=0.025) in 10 mM MgSO, amended with 0.02% (v/v) Silwet
L-77 (Van Meeuwen Chemicals, Weesp, The Netherlands). Five-week-
old plants were inoculated by dipping their rosette into the bacterial sus-
pension for 3 s. The bins containing the inoculated plants were kept
in closed trays to ensure high humidity. After 3 d, bacterial growth was
determined in two leaf discs harvested from two different leaves per in-
fected plant. The two leaf discs per plant were pooled and lysed using
beads in 500 pl of 10 mM MgSO,. Serial dilutions were plated on King’s
medium B agar containing 25 mg ml ™' rifampicin to determine in planta
bacterial growth.
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Hyaloperonospora arabidopsidis isolate Noco2 (Lapin et al., 2012) was
maintained on susceptible Arabidopsis mutant eds1 plants as described
(Van Damme et al., 2009). Spores were obtained from these plants by
washing infected seedlings in demi water. The spore suspension was
filtered through Miracloth and the final concentration was adjusted
to 1x10° spores ml™'. Four-week-old plants were sprayed with the
H. arabidopsidis inoculum and kept in closed trays to ensure high hu-
midity. To facilitate development of the H. arabidopsidis infection, the
trays were placed in growth conditions optimal for H. arabidopsidis de-
velopment (16 °C; 9 h day, 15 h night). Two weeks after inoculation,
plants were weighed and collected in a 50 ml conical tube containing 3
ml of demi water. After vigorous shaking, the number of H. arabidopsidis
spores in the suspension was estimated using a Birker counting
chamber. In addition to spore counting, H. arabidopsidis disease severity
was assessed by visualizing hyphal growth using trypan blue staining.
Two weeks after inoculation, six leaves were harvested from three plants
per treatment. The leaves were boiled for 2-10 min in 1 ml of trypan
blue solution [1:1:1:1 lactic acid:glycerol:phenol:water and 25% (w/v)
trypan blue]. After incubating for 1 h at room temperature, the solu-
tion was replaced by chloral hydrate for destaining overnight. Hyphal
growth in the leaves, visible as strong blue coloration, was inspected
using light microscopy.

Hormone treatment

Hormonal treatments were performed as described previously (Van Wees
et al.,2013) on 4-week-old plants, 3 d after the final transfer to either +Fe
or —Fe medium. In brief, 4-week-old plants were treated with methyl JA
(MeJA) by dipping the leaves for 4 s into a solution containing 0.015%
(v/v) Silwet L-77, 0.1% EtOH, and 100 pM MeJA (Serva, Brunschwig
Chemie, Basel, Switzerland). Mock treatments were dipped into a so-
lution containing 0.0015% (v/v) Silwet L-77 and 0.1% EtOH. Plants
were then placed back in the hydroponic bins. Shoots were harvested and
immediately frozen in liquid nitrogen at 6, 12, and 24 h after treatment.
Tissues were stored at =80 °C until RNA isolation.

RNA isolation and RT-gPCR

RNA was isolated from tissue samples using the protocol described
previously (Onate-Sinchez and Vicente-Carbajosa, 2008). DNase
I (Thermo Fisher Scientific, Waltham, MA, USA) treatment was ap-
plied to RNA samples according to the manufacturer’s instructions.
RNA samples were reverse transcribed to ¢cDNA using RevertAid H
Minus Reverse Transcriptase (Thermo Fisher Scientific), according to
the manufacturer’s instructions. Quantitative reverse transcription-PCR
(qQRT-PCR) was performed on cDNA using Power SYBR green PCR.
master mix (Applied Biosystems, Waltham, MA, USA) with gene-specific
primers.The cycle threshold (Ct) was determined using the ViiA 7 Reeal-
Time PCR system (Applied Biosystems). Gene expression data were
normalized to the gene PP2AA3 (At1g13320) (Czechowski et al., 2005).
Evidence of invariant expression of PP2AA3 under the conditions used
is provided in Supplementary Fig. S1. Relative quantification of spe-
cific mRINA levels was performed using the comparative 27**“* method
(Schmittgen and Livak, 2008). The AACt values were used for statistical
analyses, and the relative gene expression (27*“") was plotted. The fol-
lowing primers were used: FIT-forward, 5'-AAC CTA AGCTCT CCT
TCT CC-3'; FITreverse, 5'-GCA AGT TTA AGC TCT GTT CG-3%
VSP2-forward, 5'-ATG CCA AAG GAC TTG CCC TA-3'; I’'SP2-
reverse, 5'-CGG GTC GGT CTT CTC TGT TC-3'; PP2AA3-forward,
5'-TAA CGT GGC CAA AAT GAT GC-3'; and PP2AA3-reverse,
5'-GTT CTC CAC AAC CGC TTG GT-3'". Arabidopsis gene identi-
fier numbers are: FIT (At2g28160); IVSP2 (At5¢24770); and PP2AA3
(At1g13320).

Fe content measurement

Four-week-old Col-0 and opt3-2 plants were transferred to +Fe or —Fe
medium. Shoots were harvested for Fe content measurement at 7 d after
transfer. The samples were dried and mineralized as described previously
(Verbon et al., 2019). Fe content was subsequently measured by induct-
ively coupled plasma-atomic emission spectroscopy (ICAP 6000 Series,
Thermo Fisher Scientific).

Results

Fe deficiency confers enhanced resistance against
pathogens with different lifestyles

In Arabidopsis, Fe deficiency has been shown to enhance re-
sistance to necrotrophic leaf pathogens (Kieu et al.,2012;Trapet
et al., 2016). To study the spectrum of effectiveness of this Fe
deficiency-induced resistance, we first established a hydro-
ponic experimental set-up with Fe-sufficient and Fe-deficient
plants. In this hydroponic system, Fe-sufficient wild-type
Arabidopsis Col-0 plants were first grown on Fe-sufficient li-
quid Hoagland medium, after which they were transferred to
either Fe-sufficient or Fe-deficient medium (Fig. 1A). Plants
grown in Fe-deficient medium developed typical signs of Fe
deficiency: reduction of plant growth (Fig. 1B); a chlorotic
phenotype (Fig. 1C); reduction in chlorophyll content (Fig.
1D); and activation of the Fe deficiency response master regu-
latory gene FIT (Fig. 1E).

To test the effect of Fe deficiency on disease susceptibility
to pathogens with different lifestyles, leaves of Fe-sufficient
and Fe-deficient Col-0 plants were inoculated with the
necrotrophic fungus B. cinerea, the hemi-biotrophic bacterium
P syringae pv. tomato DC3000, or the obligate biotrophic
oomycete H. arabidopsidis, according to the inoculation scheme
depicted in Fig. 2A. Fe-starved Col-0 plants showed signifi-
cantly fewer disease symptoms than Fe-sufficient Col-0 plants
after infection with all three pathogens (Fig. 2B-D). Thus, Fe
deficiency confers enhanced resistance to pathogens with di-
verse lifestyles.

Previously, we demonstrated that overexpression of the Fe
deficiency-responsive gene BGLU42 in oxBGLU42 plants
grown in soil with sufficient Fe is associated with enhanced
resistance against B. cinerea, P syringae pv. tomato DC3000, and
H. arabidopsidis (Zamioudis et al.,2014).To investigate to what
extent this oxBGLU42-mediated disease resistance reflects Fe
deficiency-induced resistance, we monitored disease severity
levels against B. cinerea, P syringae pv. tomato DC3000, and
H. arabidopsidis in Col-0 and oxBGLU42 plants grown hydro-
ponically on Fe-sufficient and Fe-deficient medium. Figure
2B-D shows that when Col-0 and oxBGLU42 plants were
grown on Fe-sufficient medium, oxBGLU42 plants displayed
an enhanced level of resistance against all three pathogens,
confirming previous findings with Fe-sufficient soil-grown
plants (Zamioudis et al., 2014). The level of disease severity in
Fe-sufficient oxBGLU42 plants was reduced to a similar level
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Fig. 1. Effect of Fe deficiency on plant growth and Fe homeostasis in hydroponically grown Arabidopsis plants. (A) Schematic representation of the
experimental design using a hydroponic Arabidopsis culturing system. Four-week-old plants grown with their roots in modified Hoagland medium
containing Fe (+Fe; gray) were transferred to fresh +Fe medium or to medium lacking Fe (-Fe; green). Plant roots and shoots were harvested for analyses
at the indicated number of days after transfer. (B) Biomass of wild-type Col-0 plants at 1, 2, 3, 5, and 7 d after transfer. Per time point, asterisks indicate
a significant difference between the +Fe and —Fe treatment (Student’s t-test; *P<0.05, **P<0.005; n=3). Representative pictures (C), chlorophyll content
(D), and gRT-PCR analysis of FIT gene expression in the root (E) at 7 d after transfer. Gene expression levels were normalized to that of the constitutively
expressed gene PP2AA3 (At1g13320). Fold changes in gene expression levels relative to the average of the control plants are plotted. Error bars
represent the SEM. Asterisks indicate a significant difference between the +Fe and —Fe treatment (Student’s t-test; *P<0.05, **P<0.005, n=3-6).
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Fig. 2. Effect of Fe deficiency on disease resistance against pathogens with different lifestyles. (A) Schematic representation of the experimental design
using a hydroponic Arabidopsis culturing system. Plants were first grown with their roots in liquid medium containing Fe (+Fe) for the indicated number of
days, after which they were transferred to a fresh +Fe medium or a medium without Fe (-Fe) 3 d before pathogen inoculation. Inoculations with Botrytis
cinerea and Pseudomonas syringae pv. tomato DC3000 were performed on 35-day-old plants, and inoculation with Hyaloperonospora arabidopsidis on
28-day-old plants. Disease severity was evaluated 3 d or 14 d later, as indicated. (B) Level of disease severity of Fe-sufficient (+Fe) and Fe-deficient (-Fe)
Col-0 and oxBGLU42 plants after inoculation with B. cinerea. Values represent the mean lesion area per leaf calculated from five inoculated leaves per
plant. Pictures show representative disease symptoms. (C) Disease severity after inoculation with P syringae pv. tomato DC3000. Values represent the
number of colony-forming units (cfu) per cm? leaf. (D) Disease severity after inoculation with H. arabidopsidis. Values represent the number of spores per
gram of leaf fresh weight. Pictures show trypan blue staining of H. arabidopsidis colonization of the leaves. Different letters indicate statistically significant
differences (two-way ANOVA/Tukey HSD test, P<0.05, n=4-8).
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to that observed in Fe-starved Col-0 plants and was not re-
duced further in Fe-starved oxBGLU42 plants. These results
indicate that oxBGLU42-mediated enhanced disease resistance
against pathogens with different lifestyles is a phenocopy of
the broad-spectrum disease resistance observed in Fe-starved

wild-type Col-0 plants.

Fe deficiency-induced resistance is associated with
defense priming

The plant hormones ET and SA are implicated in both the Fe
deficiency response and plant immunity (Broekgaarden et al.,
2015; Lucena et al., 2015; Shen et al., 2016; Garcia et al., 2018;
Zhang and Li, 2019). Here, we tested whether ET and SA play
a role in the development of Fe deficiency-induced resistance
against the necrotroph B. cinerea. To this end, we made use of
the ET signaling mutant ein2-1 and the SA biosynthesis mu-
tant sid2-1, both of which have been reported to be affected
in induced defenses against B. cinerea (Thomma et al., 1999;
Segarra et al., 2013). We found that Fe starvation significantly
induced resistance against B. cinerea in wild-type Col-0, but
not in the hormone mutants tested (Fig. 3A). The observa-
tion that conditions of Fe starvation did not reduce pathogen
virulence in either ein2-1 or sid2-1 suggests that in wild-
type Col-0 plants the observed enhanced level of resistance

is mediated by Fe deficiency-induced plant defense responses,
rather than by direct effects of Fe limitation on pathogen
virulence. This was further substantiated by our finding that
sid2-1 was also impaired in Fe deficiency-induced resistance
against H. arabidopsidis (Fig. 3B). Mutant sid2-1 plants showed
significantly enhanced susceptibility to downy mildew infec-
tion when exposed to Fe deficiency (Fig. 3B), while Fe-starved
Col-0 plants showed reduced colonization of the pathogen
(Fig. 3B right panel) and produced fewer spores (Fig. 3B left
panel), albeit not statistically significant in this experiment.
Many types of broad-spectrum induced resistance are often
(partly) based on defense priming, a defensive state in which
plants do not show direct activation of immune responses fol-
lowing stimulation, but are conditioned to react faster and/
or more strongly to subsequent pathogen or insect attack
(Martinez-Medina ef al.,2016). Because Fe deficiency-induced
resistance is effective against pathogens with different lifestyles,
we tested whether defense priming plays a role in this phe-
nomenon. To this end, we mimicked necrotrophic pathogen
infection by dipping the leaves of hydroponically grown Col-0
plants, growing on either Fe-sufficient or Fe-deficient me-
dium, in MeJA, after which we monitored the expression of
the JA-responsive marker gene IVSP2 over time (Fig. 3C). In
mock-treated plants, the expression profile of the IVSP2 marker
gene was similar in both Fe-sufficient and Fe-deficient plants,
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Fig. 3. Fe deficiency-induced resistance in hormone-impaired Arabidopsis mutants ein2-7 and sid2-1, and effect on defense priming. (A) Disease
severity in Col-0, ein2-1, and sid2-1 plants grown with their roots in medium containing Fe (+Fe, gray) or medium without Fe (-Fe, green), at 3 d

after inoculation with Botrytis cinerea. The disease ratings are expressed as the mean lesion area from five inoculated leaves per plant (n=5-13).
Representative pictures of the inoculated leaves are shown. (B) Disease severity in +Fe and —-Fe Col-0 and sid2-7 plants at 14 d after inoculation with
Hyaloperonospora arabidopsidis. Disease severity is expressed as the number of spores per gram of fresh weight. Representative pictures of hyphal
growth, visualized by trypan blue staining, are shown (all taken with the same magnification). Different letters indicate statistically significant differences
(two-way ANOVA/Tukey HSD method, P<0.05, n=5-20). (C) gRT-PCR analysis of VSP2 gene expression in the shoots of 4-week-old Fe-sufficient (+Fe)
and Fe-deficient (-Fe) Col-0 plants treated with methyl jasmonate (MeJA) or with a mock treatment (Mock). Gene expression levels were normalized to
that of the constitutively expressed gene PP2AA3 (At1g13320). Log,, of the fold changes in gene expression levels relative to the average of the control
plants are plotted. Error bars represent the SEM. Per time point and per hormonal treatment (mock or MeJA), asterisks indicate a significant difference
between the +Fe and —Fe treatment (Student’s t-test; *P<0.05, **P<0.01, n=4).
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indicating that VSP2 was not directly activated in response to
conditions of Fe deficiency. Exogenous application of MeJA to
the leaves induced the expression of ’'SP2 in both Fe-sufficient
and Fe-deficient Col-0 plants. At all time points tested, MeJA-
induced VSP2 transcription was higher in Fe-deficient plants.
These results indicate that Fe deficiency-induced resistance is
associated with defense priming.

Fe deficiency-induced resistance does not require the
ISR regulators MYB72 and BGLU42

The transcriptional response of Arabidopsis roots to Fe depriv-
ation or colonization by WCS417 bacteria shows a significant
overlap: 20% of the WCS417-induced genes are also activated
in response to Fe starvation (Zamioudis ef al., 2015). Moreover,
Fe deficiency-induced resistance, oxBGLU42-mediated re-
sistance, and WCS417-ISR are all effective against B. cinerea,
P syringae pv. tomato DC3000, and H. arabidopsidis (Fig. 2)
(Pieterse et al., 1996;Van der Ent et al., 2008). Therefore, we
hypothesized that these two types of induced resistance may
be regulated by the same signaling pathway. To test this, we
studied Fe deficiency-induced resistance in mutants myb72-2
and bglu42, which have been shown to be impaired in cou-
marin secretion and the onset of WCS417-ISR, but have an
otherwise intact Fe deficiency response machinery (Van der
Ent et al., 2008; Segarra et al., 2009; Zamioudis et al., 2014).
Figure 4 shows that myb72-2 and bglu42 grown on Fe-sufficient
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medium displayed a similar level of B. cinerea disease severity
to wild-type Col-0, confirming previous findings (Van der
Ent et al., 2008; Zamioudis et al., 2014). When grown on
Fe-deficient medium, both ISR mutants mounted a significant
Fe deficiency-induced resistance against B. cinerea. These results
indicate that, in contrast to WCS417-ISR against B. cinerea, Fe
deficiency-induced resistance functions independently of the
ISR regulators MYB72 and BGLU42.

Fe deficiency-induced resistance is associated with
disturbances in Fe homeostasis

Conditions of Fe deficiency induce a disease resistance that is
effective against pathogens with diverse lifestyles. We wondered
whether this effect on plant immunity is specifically linked
to physical Fe shortage or may also be triggered in response
to other conditions that affect Fe homeostasis. To test this, we
selected two mutants with a disturbed Fe uptake response: the
leaf Fe status shoot to root signaling mutant opt3-2 (Stacey
et al.,2008) and the FRO2-deficient mutant frd1-1 (Robinson
et al., 1999). The opt3-2 mutant is impaired in leaf Fe status
shoot to root signaling (Mendoza-Cobzatl et al., 2014; Zhai
et al., 2014). As a result, it displays a constitutively active Fe
deficiency response in the roots, while it overaccumulates Fe
in the shoot ( Zhai et al., 2014; Garcia et al., 2018). The frd1-
1 mutant lacks FRO2 activity and is thus deficient in taking
up Fe from the root environment via Strategy I. As a result, it
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Fig. 4. Fe deficiency-induced resistance in ISR-impaired Arabidopsis mutants myb72-2 and bglu42. Disease severity on Col-0, myb72-2 (A), and bglu42
(B) plants grown with their roots in medium containing Fe (+Fe, gray) or medium without Fe (-Fe, green), at 3 d after inoculation with Botrytis cinerea.
Boxplots show the distribution of the mean lesion area per plant, calculated from the lesion area of five inoculated leaves. Pictures show representative
disease symptoms. Different letters indicate statistically significant differences (two-way ANOVA/Tukey HSD method, P<0.05, n=5-12).
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typically has a low Fe content throughout the plant (Yi and
Guerinot, 1996; Robinson ef al., 1999). Indeed, in our hydro-
ponics set-up, Fe-sufficient opt3-2 plants displayed higher Fe
levels in the shoots compared with wild-type Col-0 plants
(Fig. 5A), although this effect was reduced when plants were
grown under Fe deficiency. Moreover, the frd1-1 mutant re-
quired Fe supplementation in the Fe- sufficient medium to
prevent severe chlorosis. On Fe-sufficient medium, both opt3-
2 and frd1-1 displayed an enhanced level of resistance against
B. cinerea in comparison with Fe-sufficient Col-0 plants (Fig.
5B, C).The level of B. cinerea resistance in the opt3-2 and frd1-
1 mutant was similar to that observed in Col-0 growing on
Fe-deficient medium (Fig. 5B, C). Growth of opt3-2 and frd1-1
on Fe-deficient medium did not change the level of induced
resistance against B. cinerea. The mutants and Fe-starved Col-0
plants have in common that they all display a disturbed regula-
tion of Fe homeostasis. We therefore hypothesize that a change
in Fe homeostasis is sufficient for the onset of Fe deficiency-
induced resistance.

Discussion

Maintaining Fe homeostasis is an important determinant
of plant performance (Guerinot and Ying, 1994; Balk and
Schaedler, 2014; Connorton et al., 2017). Here we investi-
gated the link between the Fe deficiency response and plant
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immunity. Previously, conditions of Fe deficiency were found
to induce resistance against necrotrophic pathogens, such
as D. dadantii and B. cinerea (Kieu et al., 2012). In the pre-
sent study, we found that Fe-limiting conditions induce a
type of disease resistance in Arabidopsis that is also effective
against pathogens with a (hemi)biotrophic lifestyle (Fig. 2).
The broad-spectrum effectiveness of Fe deficiency-induced
resistance resembles that of other types of induced resist-
ance, such as pathogen-induced SAR, rhizobacteria-ISR, and
-aminobutyric acid (BABA)-induced resistance (Durrant
and Dong, 2004; Koen et al., 2014; Pieterse ef al., 2014). Both
rhizobacteria-ISR and BABA-induced resistance have been
shown to involve a transient activation of the Fe deficiency
response (Koen et al., 2014; Zamioudis et al., 2015; Romera
et al., 2019). Overexpression of the ISR regulator BGLU42,
which in the Fe deficiency response is responsible for the con-
version of glycosylated coumarins into their aglycone counter-
parts, phenocopied the broad-spectrum disease resistance that
was observed in Fe-starved wild-type plants (Fig. 2). Moreover,
the defense-related hormones ET and SA, which are involved
in both the Fe deficiency response and rhizobacteria-ISR or
BABA-induced resistance, respectively (Pieterse ef al., 1998;
Ton et al., 2005; Lucena et al., 2015; Shen et al., 2016; Garcia
et al., 2018), appeared to play a role in Fe deficiency-induced
resistance (Fig. 3). However, when we tested the ISR -impaired
mutants myb72-2 and bglu42 for their capacity to mount Fe
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Fig. 5. Fe deficiency-induced resistance in Fe homeostasis-impaired Arabidopsis mutants opt3-2 and frd7-1. (A) Fe content in the shoot of 5-week-old
Col-0 and opt3-2 plants grown for 7 d with their roots in medium containing Fe (+Fe, gray) or medium without Fe (-Fe, green). (B, C) Levels of disease
severity in Fe-sufficient (+Fe) and Fe-deficient (-Fe) Col-0, opt3-2 (B), and frd7-1 (C) plants, at 3 d after inoculation with Botrytis cinerea. The disease
ratings are expressed as the mean lesion area per leaf calculated from five inoculated leaves per plant. Different letters indicate statistically significant
differences (two-way ANOVA/Tukey HSD method, P<0.05, n=4-5 for A, 6-17 for B and C).
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deficiency-induced resistance against B. cinerea, they showed
similar levels of resistance to Fe-starved wild-type plants
(Fig. 4). We thus concluded that rhizobacteria-ISR and Fe
deficiency-induced resistance are regulated, at least partly, via
distinct pathways. Previously, it was shown that low Fe avail-
ability enhanced the level of rhizobacteria-ISR (Leeman ef al.,
1996), suggesting that Fe deficiency-induced resistance and
rhizobacteria-ISR act additively.

Our observations with mutants opt3-2 and frd-1 (Fig. 5)
hinted that disturbance of Fe homeostasis per se may already be
sufficient for the development of enhanced disease resistance.
In this scenario, Fe starvation, genetic perturbation of the Fe
deficiency response, colonization of the roots by ISR -inducing
rhizobacteria, and exogenous application of chemicals, such as
BABA, that affect the Fe deficiency response, may all confer
different disturbances in Fe homeostasis, which in turn leads
to defense priming and enhanced resistance against different
types of pathogens. The nature of the primed defense responses
that contribute to the enhanced level of disease resistance in
Fe-starved plants against the three pathogens tested remains
unknown. Fe withholding from the pathogens in Fe-starved
plants seems unlikely, because conditions of Fe starvation did
not inhibit pathogen development in mutants ein2-1 and sid2-
1 as compared with Fe-sufficient growth conditions (Fig. 3A,
B). Previously, Arabidopsis defenses initiated upon P syringae
infection were shown to suppress a cluster of P syringae genes
associated with Fe uptake from the host (Nobori ef al., 2018),
but whether this process is targeted during Fe deficiency-
induced resistance remains to be investigated.

Besides Fe, sulfur (S), nitrogen (N), and phosphorus (P) have
also been reported to affect plant immunity. S has long been
recognized for its fungicidal effect and is widely used to pre-
vent fungal diseases. S fertilization promotes the production of
S-containing defense-related metabolites, such as glutathione,
phytoalexins, and glucosinolates. Hence, S fertilization leads to
S-induced resistance, and S deficiency can impair plant de-
fenses (Bloem et al., 2015). N fertilization, on the contrary,
increases rice and wheat sensitivity to blast disease (Ballini
et al., 2013), while N starvation can increase the resistance of
Medicago truncatula against Aphanomyces euteiches, potentially
through modification of nitric oxide homeostasis (Thalineau
et al., 2016, 2018). Phosphate (Pi) starvation results in a plant
response that shares features with the activation of the JA
signaling pathway and enhances resistance towards herbivores
in several plant species (Khan et al., 2016), for example via the
accumulation of defense-related secondary metabolites (Luo
et al., 2019). Pi deficiency is known to affect Fe distribution
in plants (Hirsch et al., 2006), indicating that different nutrient
deficiency responses are interconnected. The observation that
plant nutrient status modulates the plant immune system and,
through excretion of secondary metabolites, can recruit plant-
associated microbiota that aid in maintaining nutrient homeo-
stasis (Bakker et al., 2018) highlights the intricate relationship
between plant nutrition and the outcome of pathogenic and

Iron nutrition and plant immunity | 2239

mutualistic plant—microbe interactions. Future research should
therefore be focused on obtaining a detailed understanding of
how nutrient deficiencies impact plant—microbe interactions,
and how this can contribute to improve plant performance and
survival in both natural and agricultural settings.

Supplementary data

The following supplementary data are available at JXB online.

Fig. S1. qRT—PCR analysis of transcript levels of the consti-
tutively expressed reference gene PP2AA3 in roots and shoots
of Fe-sufficient (+Fe) and Fe-starved (—Fe) Arabidopsis Col-0
plants grown in hydroponic cultures under the experimental
conditions used in this study.
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