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ABSTRACT

Iron (Fe) deficiency in food crops, particularly on calcareous soils, limits productivity
and human nutrition. This study investigated two common bean (Phaseolus vulgaris)
genotypes, Guaymi (high Fe-accumulating, HI) and Matambu (low Fe-accumulating,
LI) to understand physiological and genetic mechanisms underlying Fe uptake, shoot
accumulation, and adaptation under low and adequate Fe conditions.

Plants were grown under controlled Fe-deficient and Fe-sufficient conditions.
Root-induced acidification, ferric reductase activity, leaf chlorosis, and Fe and Mn
accumulation were measured. Gene expression of Fe-related transporters and mobilisa-
tion pathways was assessed at early and prolonged stages of deficiency.

Under Fe deficiency, HI showed stronger root acidification, higher ferric reductase
activity, and greater Fe uptake compared with LI. HI maintained growth, leaf Fe, and
Mn content, whereas LI relied on polyphenol-based Fe mobilisation. Early-stage
Fe-related gene expression differed between the two genotypes but converged under
prolonged deficiency.

The HI genotype demonstrates superior Fe absorption efficiency and adaptive
responses under Fe-limited conditions, sustaining growth and Fe accumulation in
roots and shoots. These findings highlight the potential of selecting or engineering Fe-
efficient cultivars to improve crop productivity and nutritional quality, offering a

promising strategy to address Fe deficiency in agriculture and human diets.

INTRODUCTION

The common bean (Phaseolus vulgaris) is one of the most
important legumes in the world, accounting for half of all grain
legume consumption. It has high commercial and nutritional
value, especially in developing countries (Broughton
et al. 2003; FAO 1999; Rawal 2019). Bean seeds contain higher
amounts of iron (Fe) and zinc (Zn) than cereals, rendering
them a strategic crop for addressing micronutrient deficiencies
in the human diet (Welch & Graham 2004). Globally, approxi-
mately 5 billion and 3.5 billion people consume inadequate
amounts of Fe and Zn in their diets, respectively (Passarelli
et al. 2024). This micronutrient scarcity mainly affects children
and women of reproductive age (Ritchie & Roser 2019; Stevens
et al. 2022). In East and Central Africa, where beans are a staple
food, Fe intake is minimal, and alternative sources of Fe are
often culturally unacceptable or unaffordable (Broughton
et al. 2003; Passarelli et al. 2024).

Although selecting cultivars with high bean seed Fe accumu-
lation has the potential for improving Fe delivery (Bouis &
Saltzman 2017), seed Fe concentration alone does not guaran-
tee bioavailability (Glahn & Noh 2021). Iron bioavailability is
strongly affected by anti-nutritional factors in seeds, including
polyphenols, phytate, tannins, and resistant cell walls, which
can reduce Fe absorption in both humans and animals
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(Petry et al. 2015; Glahn et al. 2016; Hart et al. 2017, 2020).
While nutritional enhancement remains a long-term breeding
goal, seed Fe accumulation can provide valuable insights into a
plant’s efficiency in Fe uptake, transport, and homeostasis.

The ability of plants to accumulate Fe in seeds may reflect
their enhanced Fe acquisition and internal distribution capac-
ity, particularly in Fe-limited soils. Genotypic variation in Fe
uptake and accumulation can optimise plant Fe nutrition, as
demonstrated in other Fabaceae, such as soybean, where Fe
and Zn accumulation QTLs co-localise with loci conferring tol-
erance to iron deficiency chlorosis (King et al. 2013). In chick-
pea, genotype-specific transcriptomic and metabolite responses
under Fe deficiency reflect differences in both stress tolerance
and nutrient accumulation (Singh et al. 2023a). In peanuts,
higher seed Fe content, together with the accumulation of res-
veratrol and ferulic acid, has been linked to improved perfor-
mance in calcareous soils (Singh et al. 2023b). These findings
suggest that seed Fe accumulation may serve as a physiological
marker for efficient Fe homeostasis under limiting conditions.

Although cultivated soils are rich in total Fe, it is often not
phytoavailable and poorly soluble for root uptake, mainly
because of a high soil pH (Schulte 2004; Broadley et al. 2012).
Today, many arable areas have calcareous soils, resulting in low
plant Fe and low crop production (Rodriguez-Lucena
et al. 2010; Shukla et al. 2021). Plants in such Fe-deficient soils
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often develop characteristic ‘lime-induced chlorosis’ (FAO
2015).

In dicots such as the common bean, Fe acquisition follows
Strategy I mechanisms (Romheld & Marschner 1986), which
involve rhizosphere acidification through the release of protons
mediated by root H'- ATPase activity (Santi & Schmidt 2009).
In addition, Fe’" chelates are then reduced to Fe*" via electron
transfer across the root cell membrane by ferric chelate reduc-
tase oxidase (FeCR) activity, which is encoded by the ferric
reductase oxidase (FRO) gene family (Chaney et al. 1972; Rob-
inson et al. 1999; Connolly et al. 2003). Fe?' is then transported
into root cells by the iron transporter IRT1, a member of the
zinc/iron-regulated transporter-like protein (ZIP) family. This
family includes additional genes, such as ZIP1 and ZIP2, which
also regulate Zn uptake (Bereczky et al. 2003; Lin et al. 2009).
Strategy I plants can also secrete phenolic compounds into the
rhizosphere to complex and mobilise Fe, thereby enhancing Fe
uptake (Rodriguez-Celma et al. 2013). For further transport
through the xylem or phloem, Fe**/Fe’" is chelated by citric
acid and nicotianamine, the latter of which is synthesised by
the NASI and NAS2 genes (von Wirén et al. 1999; Durrett
et al. 2007; Schuler et al. 2012). Fe accumulation and storage
occur via the heme protein ferritin, encoded by the FERI gene,
which also sequesters excess iron and protects the plant from
iron toxicity (Roschzttardtz et al. 2013). However, in common
bean seeds, ferritin accounts for only a small proportion of Fe
(15-29%), and most of this (70-85%) is in the non-ferritin-
bound form, which is thought to be phytate (Hoppler
et al. 2009). High Fe-accumulating varieties often show an
increased capacity to release H" ions, reduce Fe*" to Fe?", and
release organic acids (Brown 1972). These traits contribute to
the translocation and redistribution of Fe in shoot plant organs
and higher grain Fe content (Wiersma 2012; Santos
et al. 2015).

However, high Fe accumulation is occasionally associated
with undesirable plant growth and metabolic trade-offs. For
example, high Fe is associated with reduced seed sink strength,
as evidenced by fewer poorly filled pods and lower yield, which
can misleadingly inflate Fe content owing to smaller seed mass
(Beebe 2020). Finally, high Fe levels interact with other plant
nutrients: positive correlations with Zn, S, Mn, and P (Beebe
et al. 2000), positive correlations with Zn and Cu, and a nega-
tive correlation with Mn have also been reported (Moraghan
et al. 2002; Wiersma 2005; Ghandilyan et al. 2006; Pinheiro
et al. 2010).

This study sought to explore how variations in Fe content
across common bean genotypes modulate key metabolic path-
ways and interact with other micronutrients, such as Zn and
Mn, under iron deficiency. We hypothesise that differences in
seed Fe content between genotypes may influence the regula-
tion of metabolic pathways involved in nutrient uptake and
stress responses, particularly under Fe-limiting conditions. Spe-
cifically, we aim to determine if the coordination of Fe-related
traits (e.g., Fe uptake, root acidification, and ferric reduction)
is governed by genetic mechanisms, such as the upregulation of
genes linked to Fe acquisition and secondary metabolism, and
whether this regulation differs between high- and low-
efficiency genotypes.

To test this hypothesis, two common bean genotypes were
selected from a pool of 25, characterised by low- and high-seed
Fe concentrations. This study will focus on examining growth
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medium acidification, ferric reductase activity, shoot Fe accu-
mulation, and the expression of Fe-related genes under Fe defi-
ciency. Here, we evaluate whether differences in Fe
concentration between these genotypes are associated with
traits of Fe efficiency by analysing physiological and molecular
responses.

MATERIALS AND METHODS
Plant material

A total of 25 Phaseolus vulgaris genotypes were screened for
seed Fe, Zn, and Mn concentrations, including 19 genotypes
from Rwanda (Rwanda Agricultural Board) and six genotypes
from Costa Rica (Estacién Experimental Agricola Fabio Bau-
drit Moreno, Universidad de Costa Rica). Seeds used for min-
eral analysis were produced within each region during the
same cultivation cycle and under uniform field conditions,
ensuring comparable growing conditions within each group of
genotypes. Two common bean genotypes with the same origin,
similar yield and phenology, seed coat colour (black), mor-
phology, and phytic acid (PA), total phosphorus (P), and total
polyphenol content but contrasting grain Fe, Zn, and Mn con-
centrations were chosen for further analysis (Table 1). The
genotype Guaymi, with a high concentration of Fe in the seed,
was named ‘High-seed-Iron-accumulating (HI, 75.0 mg Fe
kg™! seed).” In contrast, the genotype Matambii was the one
with low Fe and was named ‘Low-seed-Iron-accumulating (LI,
52.6 mg Fe kg™! seed).” Methods for the quantification of Fe,
Zn, Mn, P, PA, and total polyphenols are described in detail in
the corresponding sections below.

Table 1. Performance and composition in grains of the two studied geno-
types; Guaymi (high seed iron-accumulating, HI) and Matambu (low seed
iron-accumulating, LI) 100-seed weight, yield, phytic acid (PA), total phos-
phorus (P), total polyphenols, Fe, Zn, and Mn grain concentrations.

genotypes
signif. (t-test HI
Guaymi (HI) Matambu (L) vs. LI)
100-seed weight (g) 19.1 +£ 15 199+ 1.8 ns
Yield (kg ha™')? 1264 + 425 1376 + 353 ns
Phytic acid (mg g™ 19.3 + 3.8 175 +2 ns
Total P(mg g~") 5.44 + 1 494+ 05 ns
Total polyphenols 10 + 34 13+£36 ns

(mg g™

Fe (mg kg’1 seed DM) 74.88 + 6.1 52.57 £ 0.9 *
Zn (mg kg~ seed 37.00 £ 1.09 26.69 &+ 0.51 ***
DM)

Mn (mg kg~ seed
DM)

22.7 £ 0.7 12.8 £ 0.07 **

The means and SD (n = 6 for Fe, Zn, and Mn; n = 13 and 11 for yield of LI
and HI, respectively, and n = 10 for 100-seed weight of both genotypes,

n = 6 for P and PA) of the two genotypes were compared using an indepen-
dent t-test.

DM = dry matter; GAE = gallic acid equivalents; ns = non-significant.
@Mean across various Costa Rican regions from 2003 to 2012.

*P < 0.05.

**P < 0.01.

**%p < 0.001.
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Determination of Total phosphorus (P) and Phytic acid (PA)

Total P and PA were measured using a PA and total phospho-
rus assay kit (K-PHYT, Megazyme, Bray, Ireland) following the
manufacturer’s instructions. With this kit, basically, PA of 1 g
of ground seed material was extracted with 20 ml of 0.66 M
hydrochloric acid, then followed a series of dephosphorylations
with phytase and phosphatases (all come with the kit); the
phosphate released from PA was measured using a modified
colorimetric molybdenum blue assay at 655 nm and calculated
as total P and PA content of the original sample.

Seed germination and growing conditions

For seed surface sterilisation, 20 g of seeds were immersed in
10% H,0O, mixed with 1 ml surfactant (Tween 20) and shaken
for 10 min at 200 rpm on an orbital shaker (SM 30; Edmund
Biithler GmbH, Bodelshausen, Germany). The seeds were then
washed three times with running distilled water. For germina-
tion, seeds were rolled in filter paper and placed vertically in a
solution of 3 mM CaSO, for 5 days in the dark at 25°C. Ger-
minated seedlings were transferred individually to 1-L tulip
glass jars (SKU: F745; Weck, Bonn, Germany) covered with
aluminium foil. The jars contained a continuously aerated
nutrient solution with the following composition (mM): Ca
(NO3),. 4H,0, 2; KH,PO,, 0.1; K,SO4, 0.7; MgSO,.7H,0, 0.5;
KCl, 2.7; ZnSO,.7H,0, 0.5; CuSO,.5H,0, 0.2; HsBO,, 1.7;
MnSO,.H,0, 0.5; NH;Mo0,0,,.4H,0, 0.01 with or without
45 uM Fe (III)ETDA. The pH of the nutrient solution was
adjusted to 6.0 with 1 M KOH. Plants were grown at
25°C-20°C (day and night temperatures respectively), 70% rel-
ative humidity, under a 16/8 h light/dark regime, and at a pho-
tosynthetic photon flux density of 300 umol m™2 s™'. The
nutrient solution was regularly changed every 3 days, and
plants were harvested 10 days after being transferred into the
growth chamber. Cotyledons were removed after unifoliate
leaves were unfurled on the second day of transfer to the
growth chamber.

Growth and morphological parameters

The chlorophyll content of the leaves was estimated by soil and
plant analyser development (SPAD) readings using a portable
chlorophyll meter (SPAD-502Plus; Konica Minolta Sensing,
Inc., Osaka, Japan). SPAD readings were taken from both the
primary leaves and the fully expanded apical trifoliate leaf. For
primary leaves, four technical replicates were recorded per leaf,
and their average was used for each plant. For the apical trifoli-
ate, one SPAD measurement was taken from each of the three
leaflets, and their average represented the value per plant. The
roots and shoots were separately sampled, rinsed with distilled
water, and dried at 70°C for 48 h. The dried samples were
ground and microwave-digested to measure micronutrients
using atomic absorption spectrometry (AAS).

Root acidification capacity

The acidification capacity of the plants was measured daily by
monitoring pH changes in the growth media. To assess the
ability of the plants to release protons into the growth medium
and to isolate fluctuations in pH as the plants adapted to the
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fresh nutrient media (every 3 days, the medium was changed),
acidification was additionally measured on Day 8. Day 8 was
chosen because it corresponded with the lowest pH values in
the iron-starved plants. Roots of intact plants were placed in
fresh glass jars containing 200 ml of continuously aerated solu-
tion. The solution comprised 10 mM KClI and 1 mM
CaCl,-2H,0 adjusted to a pH of 6.0 with 1 M KOH. The
plants remained in the solution for 6 h, and pH readings were
recorded every 30 min using a portable pH meter (Fisherbrand
Hydrus 300, Fisher Scientific).

Root-based FeEEDTA reduction

The reduction of FEEDTA by plant roots was measured accord-
ing to the methods of Chaney et al. (1972) and Vasconcelos
et al. (2006), with some minor modifications. Intact roots of
each plant were submerged in a 100 ml solution containing
0.5 mM CaS0O,.2H,0, 0.1 mM EDTA, 0.3 mM bathophenan-
throlinedisulfonic acid (BPDS), and 10 mM 2-N-morpholine
ethane sulfonic (MES) adjusted to pH 5.5 with 1 M KOH. The
absorbance of Fe*'chelated to BPDS was measured at 535 nm
on a molar extinction coefficient of 22 nm cm™'. An aliquot of
the solution without roots was used as a blank. The assay was
conducted under dim light conditions for 45 min. All plants
used in the root-based iron reduction assay were discarded and
not used for further analysis.

Total phenolic and flavonoid content determination

The concentration of total polyphenols in seeds was measured
using the method of Ainsworth & Gillespie (2007). For this
purpose, 20 mg of finely ground seed dry mass was mixed with
2 ml of ice-cold 95% methanol (v: v). The mixture was incu-
bated in the dark at room temperature for 48 h and then cen-
trifuged at 13000 x g for 5 min. The supernatant (100 pL)
was mixed with 200 pl of 10% Folin and Ciocalteu (F-C) phe-
nol reagent and 800 pl of 700 mM Na,COj;. The mixture was
incubated for 2 h, and the absorbance was measured spectro-
photometrically at 765 nm using a FLUOstar Omega micro-
plate reader (BMG Labtech, Ortenberg, Germany). A standard
curve from 0 to 1 mM gallic acid (Sigma-Aldrich, St. Louis,
United States) was used to determine total phenolics as gallic
acid equivalents (GAE). The concentrations of total polyphe-
nols and total flavonoids in roots and leaves were determined
following the method of Bravo-Monzén et al. (Bravo-Monzén
et al. 2022) with minor modifications. For total polyphenols,
50 mg of frozen ground tissue was extracted and incubated as
described above for seed samples. The supernatant (40 pl) was
mixed with 960 pl of methanol (95%), vortexed and then
mixed with 200 pl of the F-C reagent, vortexed again. After
30 min of incubation, 800 pl of Na,CO; (700 mM) was added,
the mixture was covered and incubated for 2 h after which it
was centrifuged at 13000 x g, then the absorbance was mea-
sured at 735 nm. The standard curve from 0 to 200 mg L™'
gallic acid (Sigma-Aldrich, St. Louis, United States) was used
to determine total phenolics as GAE. For total flavonoids, the
supernatant (20 pl) was mixed with 80 pl of deionised water,
followed by the addition of 30 pl of 5% NaNO, and incubation
for 5 min. Subsequently, 30 pl of 10% AICl; was added and
the mixture was incubated for 1 min. The reaction was then
neutralised with 200 pl 1 M NaOH and adjusted to a final
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volume of 1 mL by adding 640 pl of deionised water. The final
mixture was vortexed for 10 s, and 300 pl was removed for
measuring the absorbance at 510 nm. A standard curve gener-
ated from a range of 0-200 mg L™' mM catechin (Sigma-
Aldrich, St. Louis, United States) was used to determine total
flavonoids as catechin equivalents.

RNA extraction, quantification and cDNA synthesis

In a parallel experiment, additional plants were cultivated under
the same growth conditions described above to analyse the
molecular responses of iron-dependent genes. Frozen root and
leaf (primary leaf) samples from five plants (biological repli-
cates) were meticulously ground into a fine powder using a mor-
tar and pestle. Total RNA was extracted using a modified
cetyltrimethylammonium bromide (CTAB) method following
Murray & Thompson (1980) and Gambino et al. (2008). Ultra-
pure water not treated with DEPC was used to prepare all the
solutions. The extraction buffer contained 4% CTAB, 25 mM
EDTA, 2 M NaCl, 100 mM Tris-HCI (pH 8), 0.5 g L' spermi-
dine, 25 pM DTT, and 4% 2-mercaptoethanol. The pH of the
extraction buffer was adjusted to 8. Additional reagents included
0.5% SDS (w/v), 10 M LiCl, chloroform alcohol (24:1 v/v), 75%
ethanol, and 4% 3 M NaAc in absolute ethanol. Except for etha-
nol and chloroform, all solutions were incubated overnight at
37°C and autoclaved twice for 20 min at 121 °C. RNA quality
and quantity were assessed using a NanoDrop 2000c Spectro-
photometer (Thermo Fisher Scientific Inc., Waltham, United
States) for UV spectrophotometry measurements. Genomic
DNA removal and cDNA synthesis were performed using the
QuantiTect Reverse Transcription Kit (Qiagen, Venlo, Nether-
lands) according to the manufacturer’s instructions.

Relative quantification of gene expression by qRT-PCR

Gene expression analysis was conducted for six target genes:
PvIRT1 (P. vulgaris Iron-Regulated Transporter 1), PvFERI
(P. vulgaris Ferritin 1), PvFRO1 (P. vulgaris Ferric Reductase
Oxidase 1), PvNASI (P. vulgaris Nicotianamine Synthase 1),
PyNAS2 (P. vulgaris Nicotianamine Synthase 2), and PvZIP2
(P. vulgaris Zinc/Iron-Regulated Transporter-Like Protein 2), as
detailed in Table S1. Actin and Tubulin were used as internal
controls to normalise all qRT-PCR reactions. PvNASI is
predicted to be P. wvulgaris nicotianamine synthase
(LOC137814907), while PvNAS2 is predicted to be P. vulgaris
nicotianamine synthase-like (LOC137831934). These genes
were selected based on their significant roles in transport and
accumulation, in alignment with the Strategy I mechanism
described for dicot plants (Urwat et al. 2021). QRT-PCR reac-
tions were conducted on a CFX384 Real-time system (Bio-Rad
Laboratories, Hercules, CA, USA). The reaction conditions
were as follows: 20 min at 95°C, followed by 49 cycles of 30 s
at 95°C, 60 s at 60°C, and 31 s at 65°C. Amplifications were
performed using 0.3 pL of specific primers (diluted 1:100),
mixed with 7.5 pL. of 2x Green Master Mix FAST without
ROX for qPCR (GENAXXON Bioscience GmbH, Ulm, Ger-
many) and 5 pL of ¢cDNA (3 ng uL™"), with a final reaction
volume of 15 pL. Each gene (and the controls) was tested in
five biological replicates, considering three technical replicates
for qPCR. Melt curve profiles were analysed for each gene to
confirm the specificity of amplification. Gene expression data
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for the target genes were normalised to those of the control
genes. Expression data for selected genes (IRT1, FERI, FROI,
NAS1, NAS2, ZIP2) were filtered, log-transformed (loglp), and
scaled using min—-max normalisation to highlight relative
expression differences across samples. Scaled normalised
expression was visualised using R (version 4.3.1, 2023-06-16),
with the following packages: tidyverse (version 2.0.0), magrittr
(version 2.0.3), pheatmap (version 1.0.12), dplyr (version
1.1.4), and tidyr (version 1.3.1).

Total Fe, Zn and Mn determination by atomic absorption
spectrometry (AAS)

Roots, trifoliate leaves, and the remaining shoot tissues (stems
and unifoliate leaves) from the two bean genotypes were dried
and ground prior to analysis. The samples were then ashed in a
furnace at 500°C for 4 h, cooled, and wetted with a few drops
of deionised water, and then ashed again for 1 h. After cooling,
the combined ash residue was evaporated with 1:3 HNO; on a
heating plate to remove SiO, and then dissolved in 1:3 HCIL.
The final clear solution was diluted to the final volume with
deionised water and analysed with an atomic absorption spec-
trophotometer (iCE3300 AAS, ThermoFisher Scientific, Karls-
ruhe, Germany).

Statistical analysis

Statistical analyses were performed using R version 4.3.1
(2023-06-16) and RStudio Version 2023.06.2 + 561 (2023-08-
25). Data are presented as mean + standard deviation (SD)
unless otherwise stated. Normality and homogeneity of vari-
ance were assessed using the Shapiro—Wilk test and Levene’s
test, respectively, and visually examined with QQ-plots, histo-
grams, and residual plots. Comparisons between two groups
were performed using independent or paired t-tests as appro-
priate. Statistically significant differences were indicated using
asterisks: * =P <0.05, **=P<0.01, *¥*=PpP<0.001l.
When the assumptions of the ¢-test were not met, a
non-parametric alternative (Mann—Whitney U test or Wil-
coxon signed-rank test) was applied.

RESULTS

Screening of seeds from 25 P. vulgaris genotypes for micronutri-
ent concentrations of Fe, Zn, and Mn revealed clear and signifi-
cant differences. The lowest Fe concentrations were observed in
seeds from genotype rw_bb_183_b with 51.94 + 5.16 mg kg™’
dry matter (DM), closely followed by Matambid with
52.57 + 0.99 mg kg ' DM (Table 1). In contrast, the highest Fe
concentrations were observed in genotype RWV_3316
(7531 4+ 3.47 mg kg~' DM) and in Guaymi, which showed
similarly high levels (74.99 + 6.15 mg kg~ ' DM). For further
analysis, Matambu and Guaymi were selected and named LI and
HI, based on their high and low Fe-accumulating capacity in the
seed. Furthermore, the two genotypes with contrasting seed Fe
storage capacities differed widely in their Zn and Mn concentra-
tions. Based on the micronutrient concentrations (Fig. 1), LI and
HI were also identified as the most contrasting candidates. LI
seeds contained 26.69 + 0.51 mgkg ' DM of Zn and
12.85 + 0.07 mg kg”' DM of Mn, while HI seeds exhibited
higher concentrations, with 37.00 + 1.09 mg kg~' DM of Zn
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Fig. 1. Seed micronutrient concentrations of Fe, Zn, Mn (mg kg~ DM). Seeds from 25 different common bean (P. vulgaris) genotypes from Rwanda and

Costa Rica. Data represent means =+ SD of three biological replicates.

and 22.70 + 0.72 mg kg~ DM of Mn. These two genotypes
were considered suitable for comparative analysis because of their
root morphology and semi-determinate growth habit similarities
(type II b). Additionally, both genotypes show similar yield,
100-seed weight, and black seed coat. They also belong to the
same market class. Moreover, because total P, PA, and total poly-
phenol seed concentrations affect micronutrient interactions and
Fe bioavailability (Glahn & Noh 2021), these parameters were
evaluated. They were found to be similar (Table 1). A previous
report confirmed no differences in total seed polyphenol concen-
trations between HI (Guaymi) and LI (Matambu) (Le6n-Cortés
et al. 2025). This is consistent with the present observations.
Therefore, the studied genotypes fulfilled the conditions of con-
trasting primarily in micronutrient concentration while being
similar in almost all other aspects. This eliminates bias and
ensures a reliable comparison between ‘High’ and ‘Low’-Fe

genotypes.

Growth responses and chlorophyll status under Fe deficiency

After 10 days of growth, the root and shoot dry weights indi-
cated that the total plant dry weight decreased in both geno-
types under Fe-deficient conditions (Fig. 2A). Under these
conditions, HI exhibited a more pronounced reduction in
growth than LI, with dry weights reduced by 20.40% and
31.62%, respectively.

SPAD values, which indicate chlorophyll concentration and
leaf chlorosis, showed no difference in primary leaves between
HI and LI in both iron treatments (Fig. 2B). However, LI
exhibited reduced SPAD values in primary and apex leaves.

Plant Biology

Under Fe deficiency, both genotypes showed substantial reduc-
tions in SPAD values in apex leaves, with HI (19.2 £+ 1.48)
maintaining higher values than LI (11.38 £ 0.32). Pictures of
both genotypes showing the visual symptoms of iron deficiency
are shown in Fig. 2C.

Genotypic variations in iron uptake efficiency

The media pH was initially set to 6.0 on day one, with daily pH
measurements starting on day three. These daily records
showed fluctuations but generally trended toward increased
acidity. Overall, pH decreased from an average of 6.64 £ 0.01
on Day 3 to 5.66 £ 0.04 on Day 8 (Fig. 3A). Under Fe-
sufficient conditions, pH levels remained consistent across
genotypes. However, Fe deficiency led to more significant
media acidification, with genotypes responding differently: HI
maintained a more acidic medium than LI, with notable differ-
ences on Days 4, 5, and 8. For example, HI's pH on day eight
was 4.72 £ 0.13, compared with 5.88 %+ 0.04 for LI. Significant
genotypic, iron-dependent, and interactive effects were
observed (P < 0.001).

To assess acidification capacity independently of media solu-
tion changes, proton extrusion was measured in a medium
containing only KCI and CaCl,, adjusted to a pH of 6.0. Under
Fe-sufficient conditions, both genotypes displayed similar pH
plateaus (Fig. 3B). In contrast, under Fe deficiency, the growth
medium of HI exhibited a markedly lower pH (average
4.46 £ 0.17) compared with that of LI (average 5.22 £ 0.13)
from 2 to 6 h into the experiment (Fig. 3B), with HI's pH aver-
aging 14.6% lower than LI’s.
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Fig. 2. (A) Plant growth quantified by dry weight and (B) chlorosis assess-
ment using SPAD values measured on primary leaves and the apex trifoliate
leaf in two Phaseolus vulgaris genotypes: Guaymi (HI) and Matambu (LI).
Plants were grown hydroponically under sufficient (+Fe, 45 uM FeEDTA)
and deficient (-Fe, 0 uM FeEDTA) Fe conditions. Data represent means + SD
of five biological replicates. (C) Images of the plants: HI (top) and LI (bottom)
plants after 10 days of growth under iron-sufficient conditions (left) and iron
deficiency conditions (right). (A) Independent t-tests were performed within
each variety to compare treatments. (B) Differences between in SPAD values
between varieties within each compartment (primary or apex leaf) and
iron treatment were assessed using paired t-tests. Asterisks indicate statisti-
cally significant differences between iron treatments; * =P < 0.05;
** = P <0.01).
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Iron deficiency also increased polyphenol secretion in both
the leaves and roots of bean genotypes, with notable genotypic
differences (Fig. 4A). Under Fe deficiency, LI produced higher
total polyphenols in leaves (280 + 60 mg g~' FW) compared
with HI (197 4+ 30 mg g ' FW). A similar but less pro-
nounced trend was observed in roots, where LI produced
201 & 61 mg g ' FW compared with HI’s 177 + 31 mg g~ '
FW, yielding 1.4- and 1.1-fold higher polyphenols than HI in
leaves and roots, respectively. At the same time, under Fe-
sufficient conditions, root polyphenols were reduced in LI
compared with HIL.

Flavonoid concentrations differed significantly between
genotypes in leaves but not in roots, at both Fe supply levels.
Under Fe sufficiency, LI showed the highest total flavonoid
concentrations in leaves (43 & 7 mg g~ ' FW) compared with
HI (34 & 3.4 mg g ' FW), translating to 1.2 more flavonoids
of LI when compared with HI (Fig. 4B).

Root FeCR activity, assessed under Fe-sufficient and Fe-
deficient conditions, was higher in HI under Fe deficiency, with
HI reducing iron to a greater extent (2.39 + 0.19 pmol Fe**
g71 root FW) than LI (1.09 + 0.13 pmol Fe*" g71 root FW)
(Fig. 4C). In this condition, HI’s FeCR activity was 54.4%
higher than that of LL

Micronutrient partitioning and genotypic responses to Fe
deficiency

The partitioning of selected micronutrients (Fe, Zn, and Mn)
was measured in the roots, shoots, and apex trifoliate of the
two bean genotypes grown under Fe-sufficient and Fe-
deficient conditions. As expected, Fe content, consistent with
its low mobility, was highest in the roots and decreased in
the above-ground organs. Under Fe-sufficient conditions,
the Fe content in the root and apex trifoliate was similar
between the genotypes (Fig. 5A), with the only difference
observed in the shoot, where LI exhibited a lower Fe content
than HI.

Under Fe deficiency, genotypic differences in the Fe content
were pronounced. HI retained a significantly higher Fe content
in the root (7.51 + 1.13 g plant™') than LI (1.41 + 0.25 pg
plant™"), representing a 6.6-fold increase in HI. There was no
difference in shoot and apex trifoliate Fe content between
genotypes under Fe deficiency.

The Zn content followed a trend similar to that of Fe,
with the highest levels in the root and the lowest in the apex
trifoliate. Root Zn levels were similar across genotypes and
Fe conditions. HI accumulated higher Zn levels in the
shoots than LI under both Fe conditions (Fig. 5B). In the
apex trifoliate under Fe deficiency, HI (3.02 £ 0.54 pg
plant™") maintained higher Zn than LI (1.11 % 0.286 pug
plant™").

There was no difference in root Mn content between geno-
types under either Fe condition (Fig. 5C). However, Fe defi-
ciency led to increased Mn accumulation in the shoots of both
genotypes. Under Fe sufficiency, HI accumulated more Mn in
the shoots than LI. In the apex trifoliate under Fe deficiency,
Mn content was significantly higher in HI (7.90 + 1.90 pg
plant™") than in LI (2.30 % 0.40 ng plant™"), with HI exhibit-
ing a 3.4-fold increase in Mn content relative to LI.

Plant Biology
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Fig. 3. (A) Acidification of the growth medium (3-8 days after transplanting) was monitored in two common bean genotypes, Guaymi (HI) and Matamb (L),
grown hydroponically under sufficient (+Fe, 45 uM FeEDTA) and deficient (-Fe, 0 uM FeEDTA) Fe conditions. (B) The acidification capacity was additionally
assessed by transferring plants after 8 days in a medium containing 10 mM KCl and 1 mM CaCl,. Data represent means =+ SD of five biological replicates. (A)
Statistical analysis was conducted using ANOVA followed by Tukey's test at P < 0.05; ns = not significant; ns = not significant; * = P < 0.05; ** = P < 0.01;
*kk = P < (0.001. (B) For each variety and time point, differences between iron treatments were assessed using two-sample Student’s t-tests (P < 0.05), with

P-values adjusted using the Bonferroni method.

Genotypic and tissue-specific responses of iron-responsive
genes under variable iron conditions

The expression levels of six iron-responsive genes, IRT1, FERI,
FRO1, NASI, NAS2, and ZIP2, in root and leaf tissues were
measured in the two bean genotypes, HI and LI, across multi-
ple iron conditions: Fe sufficiency (+Fe), Fe deficiency (—Fe),
Fe resupply (1- and 4-h post-resupply), and Fe deficiency (4-,
24-, and 72-h post-removal) (Fig. 6).

In root tissues under Fe-sufficient conditions, both geno-
types displayed relatively low expression levels across all genes,
with enhanced expression of FROI and NASI in HI plants and
NASI in LI plants. When exposed to prolonged Fe deficiency,
both HI and LI roots showed similar upregulation of IRTI,
NASI, and NAS2, indicating comparable responses to low Fe
levels across genotypes. Differences emerged following the Fe
resupply. In HI roots, IRTI and NASI expression increased
within the first hour and intensified after 4 h. NAS2 and FERI
exhibited enhanced expression at the 4-h mark, suggesting HI's
dynamic response to iron reintroduction. In contrast, LI roots
exhibited only moderate upregulation of IRTI, NASI, and
NAS2 at 1 and 4 h, indicating a less robust response. Within
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the first few hours of Fe deficiency, HI roots showed a sus-
tained increase in IRT1 expression, peaking at 72 h, indicating
a prolonged adaptive response. NASI also remained elevated
throughout the duration, while FROI and FERI peaked at
24 h, reflecting HI'’s steady acclimation to iron deprivation. In
LI roots, IRT1 showed minimal change under Fe deficiency,
while FERI, FRO1, NASI, NAS2, and ZIP2 were sharply upre-
gulated at 4 h and subsequently decreased. FERI expression
was reduced by 24 h, while NAS1 showed a distinctive dip at
24 h, followed by a secondary rise at 72 h. These observations
suggest that LI responds to Fe depletion more transiently than
HI.

In leaf tissues, both genotypes generally exhibited lower gene
expression than roots across all conditions, suggesting that leaf
responses to iron fluctuations were subdued relative to roots.
Under Fe-sufficient conditions, HI leaves displayed strong
upregulation of FERI, whereas LI leaves showed moderate
FER1 expression. Upon Fe deficiency, HI leaves upregulated
FERI within 4 h, with levels tapering off gradually over time.
Additionally, FROI exhibited mild upregulation at 24 h, and
NASI showed consistent, mild upregulation across all time
points. In LI, FERI increased at 4 and 24 h, while NASI
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Fig. 4. (A) Total polyphenol and (B) total flavonoid content of leaf and roots
(mg g~ ' FW) and (C) Fe-chelate-reductase (FeCR) activity in roots (umol Fe?*
g~ root FW) of Guaymf (HI) and Matambu (LI) genotypes under sufficient
(+Fe, 45 uM FeEDTA) and deficient (—Fe, O puM FeEDTA) Fe conditions. Data
represent means + SD for five biological replicates. Differences in total poly-
phenols between varieties within each compartment (leaf, root) and iron
treatment were assessed using independent t-tests. Asterisks indicate statis-
tically significant differences between varieties: ns = not significant;
* =P <0.05 ** =P<0.01; *** =P <0.001.
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using independent t-tests. Asterisks indicate statistically significant differ-
ences between varieties: ns = not significant; * = P < 0.05.

showed a similar transient increase at 4 h and again at 72 h,
indicating an intermittent response to iron deficiency in leaf
tissues.

DISCUSSION

Screening seeds from 25 different P. vulgaris genotypes revealed
Fe concentrations ranging from 51.94 to 76.92 mg kg~ ' DM.
Because the seeds were produced in their respective regions,
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Fig. 6. Heatmap of the scaled normalised expression of iron-dependent
genes (IRT1, FER1, FRO1, NAS1, NAS2, ZIP2 in roots and leaves of Guaymi
(HI) and Matambu (L) genotypes grown for 1 week under sufficient (+Fe,
45 puM FeEDTA) and deficient (-Fe, 0 uM FeEDTA) Fe conditions. Addition-
ally, Fe resupply (1 h, 4 h) and Fe deficiency (4 h, 24 h, 72 h) were per-
formed after 1 week of growth. Data are means + SE of five biological
replicates. Normalised gene expression values (relative to reference genes
Actin and Tubulin) were filtered, log-transformed using log1p, and scaled
via min—-max normalisation to highlight relative expression differences across
samples for each gene.

environmental effects between locations cannot be fully
excluded; however, within each regional group all genotypes
were grown under uniform field conditions, allowing reliable
comparison among genotypes. The low-Fe genotypes in this
screening exhibited Fe levels similar to those in other low-
mineral Mesoamerican (e.g., DOR 500, 48.70 mg kg~ ' DM Fe)
and Andean (e.g., CAL96, 46.00 mg kg”' DM Fe) varieties
(Beebe 2020). Notably, the low-Fe varieties screened in this
study exhibited higher Zn concentrations than LI
(12.85 mg kg~' DM Zn), with DOR 500 and CAL96 contain-
ing 24.30 and 21.00 mg kg~ ' DM Zn, respectively. Genotypes
exhibiting the highest Fe concentrations, ranging from 74.99 to
76.92 mg kg~' DM Fe, were comparable to high-mineral lines
such as SMC 33 (78.00 mg kg~' DM Fe) (Beebe 2020). Zn
concentrations, however, were lower in HI (22.70 mg kg™ '
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DM Zn) than in SMC 33 (32.00 mgkg™' DM Zn)
(Beebe 2020). In comparison, Graham et al. (1999) screened
over 1,000 common bean genotypes and reported a wider vari-
ation in mineral content, with Fe concentrations ranging from
34 to 89 mgkg ' and Zn concentrations from 21 to
54 mg kg~ '. This broader range indicates that the variation
observed in the current set of 25 genotypes represents a subset
of the total diversity identified in larger germplasm collections.
Overall, LI and HI represent ideal choices, offering a clear con-
trast between a putatively Fe-inefficient variety (LI) and an Fe-
efficient variety (HI) for further analysis.

Reduced stunting and chlorosis in HI under iron deficiency

In the current study, the Fe efficiency trait of HI was associated
with less growth inhibition and higher chlorophyll content
under iron deficiency conditions (Fig. 2A). Previous studies
have described the role of Fe in plant growth, photosynthesis,
and chlorophyll and carotenoid biosynthesis (Thoiron
et al. 1997; Rout & Sahoo 2015; Sun et al. 2022). It has been
found that plants need around 10™° to 10™* M of Fe to allevi-
ate chlorosis and achieve optimal growth (Kim & Gueri-
not 2007). Similarly, it has been shown that Fe-efficient
varieties of common bean (Krouma et al. 2003) and soybean
(Santos et al. 2015) exhibit higher growth and less chlorosis
than inefficient varieties. Correspondingly, LI showed growth
inhibition and lower SPAD values, which could be attributed
to severe chlorosis due to reduced iron availability (Fig. 2B,C).
The higher incidence of chlorosis on the apex trifoliate than on
the primary leaves is attributed to the immobility of Fe in the
plant, which makes it less available in the upper actively grow-
ing young organs than in the relatively older parts (Hoch-
muth 2011; Rout & Sahoo 2015).

The iron efficient bean genotype showed enhanced Fe uptake,
mobilisation, and acidification but reduced polyphenol
secretion

The current results showed that under iron deficiency the
growth medium of the HI bean genotype reached a 14.6%
lower pH than that of LI, indicating stronger acidification by
HI roots. This decrease in medium pH was observed during
daily pH tracking (Fig. 3A), and the difference became more
pronounced when proton extrusion was measured in a
medium composed of KCI and CaCl, (Fig. 3B). Such acidifica-
tion of the growth medium is a typical response of dicotyle-
donous plants employing Strategy I for iron uptake. These
plants release protons, thereby acidifying the rhizosphere and
facilitating the reduction of insoluble iron (Ric de Vos et al.
1986; Santi & Schmidt 2009). Other studies have reported simi-
lar genotypic differences in the ability to acidify the growth
medium, depending on iron efficiency status. Three iron
deficiency-tolerant common bean cultivars acidified the
medium more strongly than sensitive cultivars during daily pH
recordings and during 7-8 h incubations in proton extrusion
medium (Krouma et al. 2003; Slatni et al. 2009). Therefore, the
higher medium acidification capacity observed for HI is likely
associated with its greater Fe efficiency.

In addition to higher acidification, HI showed higher FeCR
enzyme activity under iron-deficient conditions. HI reduced
54.4% more Fe than LI under iron deficiency conditions (Fig.
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5). Numerous authors have shown that FeCR is strongly
induced in roots in response to Fe deficiency in Strategy I
plants (Waters et al. 2002; Kobayashi & Nishizawa 2012). Simi-
lar studies have shown upregulation of FeCR and differences in
activity due to genotypical differences under the same Fe defi-
ciency. Root-based FeCR activity was higher under Fe-deficient
conditions, and the iron-tolerant genotypes of common beans
maintained a higher Fe’" to Fe*" reduction than the inefficient
ones (Krouma et al. 2003). An efficient bean genotype achieved
higher FeCR activity, reduction, and nodulation than ineffi-
cient genotypes on its roots (Slatni et al. 2009). As the trait of
iron uptake efficiency in plants is associated with higher reduc-
tase activity under iron deficiency (Moog & Briiggemann 1994;
Marschner, 2012), the higher reduction activity of HI observed
in this study could confirm its iron uptake efficiency.

The results reported here also indicated that Fe deficiency
promoted higher polyphenol production in leaves. This time,
LI produced more polyphenols than HI in leaves; LI secreted
about 1.4 times more polyphenols than HI in the leaves
(Fig. 4A). Similarly, LI maintained higher flavonoid levels in
leaves under Fe deficiency. Under iron deficiency conditions,
some ‘strategy I’ plants produce a wide range of molecules col-
lectively termed ‘root exudates’. These exudates include organic
acids, phenolics, flavins, and flavonoids (Dakora & Phil-
lips 2002; Cesco et al. 2010; Abadia et al. 2011; Wang
et al. 2022). Phenolics and flavonoids have both chelating and
reducing capacities and form brown complexes with Fe (Mira
et al. 2002; Grillet & Schmidt 2017; Rajniak et al. 2018). Thus,
they are thought to contribute to iron reduction in some strat-
egy 1 plants, although their Fe-reducing capacity is minimal
compared with that of the FeCR enzyme (Grusak et al. 1990;
Rodriguez-Celma et al. 2013). Furthermore, iron deficiency-
induced root-secreted phenolics have been shown to inhibit
root FeCR activity and proton extrusion or acidification in
peas (Jin et al. 2007). Thus, the high production of polyphenols
in roots and shoots in the LI genotype could be a factor in its
low FeCR activity, low acidification, and correspondingly low
root Fe uptake, and hence its Fe-inefficiency.

Although total seed polyphenol concentrations did not sig-
nificantly differ between HI and LI (Table 1), previous work in
common bean has shown that specific seed polyphenols can
either enhance or inhibit Fe bioavailability in mammalian cell
models (Hart ef al. 2017, 2020). While Guaymi and Matambu
displayed similar total polyphenol content in the seeds, Ledn-
Cortés et al. (2025) reported that Guaymi accumulates signifi-
cantly higher levels of ferulic acid, isoquercetin, and
epicatechin-polyphenols potentially relevant to iron homeosta-
sis. Whether such polyphenols also influence Fe uptake and
distribution within the plant remains largely unknown. Find-
ings from the current study support the idea that polyphenols
and flavonoids play subtle and potentially genotype-specific
roles in Fe homeostasis, and further research should aim to dis-
sect the functional impact of individual compounds in plant
iron nutrition.

HI partitioned more iron in roots and showed a higher
translocation of Fe and Mn in the above-ground parts

For Fe partitioning among the plant organs of the genotypes, con-
tent rather than concentration was considered, as differences in
organ size could result in smaller organs appearing to have
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disproportionately higher Fe levels. Results indicated a 6.6-fold
higher Fe content in the roots and 1.6-fold higher Fe content in
the shoot apex of the iron-starved HI genotype compared with
the LI genotype. A higher capacity to deploy an Fe-stressed root
response of iron reduction under Fe-limited conditions is a critical
feature of iron efficiency among plant genotypes (Marschner,
2012). The Fe reduction response alone correlates with less chloro-
sis in efficient bean genotypes under iron-limited conditions (Ells-
worth et al. 1997). Correspondingly, several authors have shown
higher root iron content in efficient genotypes under the same
conditions. For example, the HI genotype of soybean registered a
higher root Fe concentration and a higher Fe content distributed
in the apex trifoliate than its LI counterpart under Fe-deficient
conditions (Santos et al. 2015; Qiu et al. 2017). The two critical
determinants of a genotype’s Fe efficiency are its ability to grow
under Fe-limiting conditions and its capacity to deploy a robust
root response to facilitate Fe uptake from the soil (Garcia-Mina
et al. 2013). Given the limited availability of Fe in the environ-
ment, it is crucial to allocate any accessible Fe to the root system,
which underpins the efficiency discussed herein. The HI genotype
showed a higher Fe uptake capacity, accompanied by increased
rhizosphere acidification and Fe’" reduction. This capacity could
explain its higher root Fe content, reduced growth inhibition, and
lower chlorosis under Fe-limited conditions than LI.

In addition, it has been shown that there is a strong relation-
ship between the uptake of Fe and other micronutrients such
as Zn and Mn. The functions of these micronutrients are
tightly linked; many are redox active and mainly involved in
similar roles as metalloproteins and metalloenzymes (Rai
et al. 2021). Furthermore, plant uptake transporters for Fe,
Mn, and Zn were found to be relatively unspecific. For exam-
ple, IRT1 is a primary root Fe transporter that can also trans-
port Zn and Mn (Vert et al. 2002; Grotz & Guerinot 2006).
Similarly, cation diffusion facilitator (CDF) transporters, which
regulate the efflux of Fe**, Zn®*, and Mn*" into the cytoplasm
or subcellular components, are commonly shared (Gustin
et al. 2011). They also share a common chelator, nicotianamine
(NA) (Connorton et al. 2017). Zn, Fe, and Mn are also com-
monly stored in the provascular bundles and surrounding cell
layers in common bean seeds (Cvitanich et al. 2011).

In the long term, Zn and Mn are expected to be absorbed at
higher levels under iron-deficient conditions, generally in both
genotypes, because many Fe-binding ligands and transporters
have a high affinity for other divalent metals such as Zn, Mn,
or Cu (Kobayashi & Nishizawa 2012). The general increase in
Zn and Mn in the HI and LI genotypes under iron deficiency is
consistent with the findings of Leskova et al. (2017), who
observed an enhanced accumulation of Zn, Mn, and other
heavy metals in Arabidopsis shoots under Fe deficiency. Simi-
larly, Fe deficiency promoted a higher uptake of Zn (337.0%)
and Mn (2145.5%) compared with the control plants of Bras-
sica (Maillard et al. 2016). However, the differences in Zn and
Mn uptake between the HI and LI genotypes could be attrib-
uted to their contrasting Fe efficiency. Under Fe deficiency, the
efficient genotype accumulated higher amounts of Zn and Mn
in the uppermost youngest leaves compared with the inefficient
genotype. HI accumulated 2.7 and 3.4 times more Zn and Mn,
respectively, in the apex trifoliate than LI

The efficiency of the HI genotype, as evidenced by a high
uptake process characterised by high acidification and reduc-
tion under Fe deficiency, coupled with sufficient Zn and Mn in
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the media, may have promoted the uptake of Zn and Mn by
HI. In the absence of Fe, HI could have preferentially used its
robust Fe uptake process for similar divalent cations (Zn and
Mn). In addition, higher Zn and Mn concentrations in the
shoot apex of HI could have resulted from less damage from Fe
deficiency, as indicated by less growth inhibition and higher
chlorophyll content. Alternatively, the HI genotype may exhibit
a higher translocation rate, although this cannot be fully deter-
mined from the present study.

Sustained iron uptake in HI vs. transient response in LI

The differential expression patterns of iron-responsive genes in
the root and leaf tissues of the two bean genotypes, HI and LI,
under varying iron conditions were highly consistent with the
different physiology (Fig. 6). These findings indicate that root
tissues in both genotypes were more responsive to iron fluctua-
tions than leaves, reflecting the essential role of roots in sensing
and adapting to nutrient availability (Hantzis et al. 2018).
Additionally, the contrasting responses of HI and LI, particu-
larly under Fe resupply and deficiency, revealed genotype-
specific regulatory mechanisms in iron homeostasis.

Under Fe-sufficient conditions, both genotypes exhibited
low expression of iron-responsive genes, suggesting a minimal
need for active iron uptake or redistribution in iron-rich envi-
ronments. This baseline expression is consistent with studies in
other plant species, where iron homeostasis genes have low
activity under sufficient conditions, likely because of tightly
regulated feedback mechanisms that prevent excess iron uptake
and toxicity (Nabila & Guerinot 2021). The elevated expression
of NASI and FROI in HI under sufficient conditions suggests a
preparatory or basal role in iron mobilisation, indicating a
slightly more proactive iron management approach than LI.

Upon prolonged Fe deficiency, both genotypes showed simi-
lar upregulation of IRT1, NASI, and NAS2 in the roots, sug-
gesting a conserved response to low-iron availability. This
upregulation aligns with the known roles of IRT1 in iron
uptake and NAS genes in iron mobilisation within plant tissues
(Vert et al. 2002; Klatte et al. 2009). However, the marked
divergence in expression patterns upon Fe resupply highlights
the notable transient differences in genotype-specific Fe recov-
ery mechanisms. In HI, the rapid and sustained increase in
IRTI, NASI, and NAS2, along with the delayed upregulation of
FERI, suggests a swift and robust adaptation to reintroduced
iron, which is consistent with physiological data. This scenario
likely reflects an efficient iron acquisition and storage strategy,
where HI prioritises rapid iron uptake and allocation to ferritin
(FER1) for storage, a pattern observed in other iron efficient
genotypes (Slatni et al. 2009; Waters et al. 2018). In contrast,
LT’s more moderate response, with lower IRT1, NASI, and
NAS2 increases, suggests a less vigorous approach to iron
resupply, potentially indicative of a more conservative iron
uptake strategy or lower sensitivity to resupplied iron.

Under Fe deficiency at 4, 24, and 72 h, HI and LI exhibited
distinct expression dynamics, confirming differing adaptive
strategies. HI slowly upregulated IRT1 and consistently ele-
vated NASI levels. This response indicates prolonged adapta-
tion to iron scarcity, enabling HI to maximise iron acquisition
over extended periods of deprivation. The delayed but transient
peaks in FROI and FERI at 24 h further suggest that HI is not
only attempting to acquire iron through IRTI but also
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mobilising and storing any available iron efficiently. In con-
trast, LI’s transient response, characterised by an initial spike in
FERI, FROI, NASI, NAS2, and ZIP2 at 4 h followed by a rapid
decline, points to a short-term adaptation (or the more severe
transient Fe deficiency in that genotype). This response may
reflect a strategy where LI responds acutely to iron deficiency
but lacks the prolonged upregulation of iron transport genes
such as IRT1I, possibly leading to a less sustained iron acquisi-
tion capability under prolonged deficiency, consistent with the
different performance with Fe deficiency.

Leaf tissues in both genotypes showed markedly lower
expression of iron-responsive genes than roots, suggesting that
leaves play a secondary role in iron sensing/remobilisation and
homeostasis. The predominant upregulation of FERI in both
genotypes under Fe sufficiency and deficiency highlights the
primary function of ferritin in storing and managing iron to
prevent oxidative stress in leaves (Ravet et al. 2009; Parveen
et al. 2016). This observation is consistent with previous studies
where the role of ferritin in leaves was primarily protective,
buffering iron fluctuations while avoiding cellular damage
(Ravet et al. 2009). The upregulation of NASI by HI across all
deficiency points and the transient NASI response of LI suggest
limited but genotype-specific attempts to mobilise iron within
leaves during deprivation. However, the subdued expression
changes in both genotypes under prolonged deficiency indicate
a limited iron-responsive signalling capacity in leaves. This
leaf-based low inhibition supports the idea that leaves rely on
root-driven iron acquisition and are less involved in compensa-
tory iron uptake during deficiency (Bienfait et al. 1987; Wu
et al. 2012). Furthermore, it is possible that similarities or dif-
ferences in gene expression are not well represented in the pro-
teome; therefore, genotype-specific differences in the
abundance, stability, and functionality of iron-regulated pro-
teins are also possible.

This study highlights distinct iron regulatory mechanisms in
bean genotypes under iron-deficient conditions, emphasising
the superiority of the iron efficient (HI) genotype. The HI geno-
type demonstrated enhanced iron uptake through a synergistic
interaction between apoplastic acidification and FeCR activity.
This results in increased iron reduction, improved iron uptake
efficiency, and overall resilience in low-iron environments. This
response contrasts with the iron-inefficient (LI) genotype, which
relies more on polyphenol release, a strategy that is less effective
for mobilising iron and maintaining consistent iron uptake. The
robust iron uptake mechanism of HI appears to enhance the
uptake of iron and other essential divalent cations, increasing Zn
and Mn levels in young shoot tissues, and potentially contribut-
ing to its better performance under iron-deficient conditions.
Additionally, the genotypical transcriptional differences in iron
deficiency sensing and response, characterised by HI’s stable,
progressive response compared with LD’s erratic reaction, shed
light on the importance of the time dependence of iron regula-
tion for iron deficiency tolerance. It should be noted, however,
that the conclusions regarding Fe efficiency in this study are
based on a comparison of only a single HI genotype and a single
LI genotype. Including additional well-characterised HI and LI
genotypes in future studies would be advantageous to assess the
generality and universality of the observed regulatory mecha-
nisms in common beans. The 25 genotypes initially analysed in
this study were adapted to different geographical regions and
agroecological contexts. Although variation in seed Fe
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concentration has been reported among common bean geno-
types, previous studies have also indicated that, although there is
evidence of genotypic stability in Fe-related traits among envi-
ronments (Mutari et al. 2022), an influence by environmental
conditions and genotype X environment interactions can also
be found (Katuuramu et al. 2021). Thus, the differences
observed among genotypes may reflect both the intrinsic physio-
logical characteristics and environmental modulation of Fe accu-
mulation in the seeds. In the present study, contrasting
phenotypes provided a useful framework for examining
genotype-dependent responses to Fe deficiency under controlled
conditions.

Taken together, the contrasting iron uptake and regulatory
strategies of HI and LI highlight genotypic variation that could
be leveraged in breeding programmes to develop bean varieties
with enhanced iron efficiency and improved resilience in iron-
limited soils. Insights into the sustained iron regulatory
response of HI offer a promising genetic basis for improving
iron use efficiency and minimising growth inhibition due to
iron deficiency. These findings deepen the understanding of
iron homeostasis and support breeding strategies aimed at
micronutrient biofortification and improved mineral nutrition
in legumes and other crops. By integrating these findings, we
can advance toward developing bean genotypes that not only
thrive in iron-limited conditions but also contribute to addres-
sing micronutrient deficiencies in human diets.
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