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Barley preferentially activates strategy-II iron uptake 
mechanism under iron deficiency 
 

Introduction 
 

Iron (Fe) is an important nutrient for plant growth 
and development because it functions as a cofactor for 
enzymes involved in important biochemical pathways 
such as DNA and chlorophyll biosynthesis. Fe deficiency 
leads to interveinal leaf chlorosis, a decrease in leaf and 
root biomasses, and yield losses (Nikolic & Pavlovic, 
2018). Although iron is sufficiently found in the soil, 
plants cannot easily absorb it from the rhizosphere in 
the bioavailable form since it makes a complex with 
chelates easily in the soil (Lindsay & Schwab, 1982). This 
is a big problem, especially for crops grown in alkaline 
soils because the increase in soil pH decreases the 
solubility of iron. 

Two different mechanisms are evolved in plants for 
the uptake of iron into the roots (Aksoy et al., 2018). 

Dicots such as Arabidopsis thaliana mainly use a 
mechanism based on the reduction of ferric iron (Fe3+) 
to ferrous iron (Fe2+) (Strategy-I). In this mechanism, 
local acidification is performed by first releasing protons 
into the rhizosphere by H+-ATPase (AHA) transporters 
located in the root epidermis (Santi & Schmidt, 2009). 
Subsequently, Fe3+ is reduced to soluble Fe2+ by an 
oxidoreductase named ferric chelate reductase 
(FCR/FRO) (Jeong & Connolly, 2009). Finally, Fe2+ ions 
are taken into the root epidermis via a metal transporter 
called IRON-REGULATED TRANSPORTER1 (IRT1) 
(Connolly et al., 2002). The genes involved in Strategy I 
are upregulated under iron deficiency (Kobayashi & 
Nishizawa, 2012). In addition to Fe2+, IRT1 can transport 
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Abstract 
 
Plants utilize two main strategies for iron (Fe) uptake from the rhizosphere. Strategy-I is 
based on the reduction of ferric (Fe3+) to ferrous (Fe2+) iron by ferric chelate reductase 
(FCR) and is mainly observed in dicots. Strategy-II utilizes the complexation of Fe3+ with 
phytosiderophores secreted from the plant roots and mainly evolved in Gramineous 
species, including barley (Hordeum vulgare). Recent studies suggest that some species 
use a combination of both strategies for more efficient Fe uptake. However, the 
preference of barley for these strategies is not well understood. This study investigated 
the physiological and biochemical responses of barley under iron deficiency and 
examined the expression levels of the genes involved in Strategy-I and Strategy-II 
mechanisms in the roots. Fe deficiency led to decreased root and shoot lengths, fresh 
and dry weights, and Fe accumulation in the roots. Parallel to the chlorosis observed in 
the leaves, FCR activity and rhizosphere acidification were also significantly reduced in 
the roots, while the release of phytosiderophores increased. Furthermore, Strategy-II 
genes expressed higher than the Strategy-I genes in the roots under Fe deficiency. These 
findings demonstrate that Strategy-II is more activated than Strategy-I for Fe uptake in 
barley roots under Fe-deficient conditions. 
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other divalent metals, including zinc (Zn2+) and 
manganese (Mn2+), and their concentrations increase 
dramatically in roots and shoots when plants are 
exposed to Fe deficiency (Vert et al., 2002). 

Gramineous plants such as barley (Hordeum 
vulgare) mainly use a chelation-based mechanism 
(Strategy-II) (Martín-Barranco et al., 2021). Within this 
mechanism, plants produce various phytosiderophores 
(PS) through the sulfur assimilation pathway. In PS 
production, firstly S-adenosyl-L-methionine (SAM) is 
converted to nicotianamine (NA) by NICOTIANAMINE 
SYNTHASE (NAS), then NA is converted to 3'-keto acid by 
NICOTIANAMINE AMINOTRANSPHERESE (NAAT), and 
finally, 3'-keto acid is converted to 2'-deoxymugineic 
acid (DMA) by DEOXYMUGINEIC ACID SYNTHASE 
(DMAS). DMA is converted to mugineic acid (MA) by 
IRON DEFICIENCY SPECIFIC CLONE3 (IDS3), which 
functions as a dioxygenase in barley roots (Kobayashi et 
al., 2001). Nine MAs have been identified so far in rye 
and barley (Bandyopadhyay & Prasad, 2021). They are 
released from plant roots to the rhizosphere as PS via 
TRANSPORTER OF MA1 (TOM1) (Nozoye et al., 2011), 
forming a complex with insoluble Fe3+ in the soil, and 
then they are taken up into the root epidermis by 
specific oligopeptide transporters such as YELLOW 
STRIPE1 (YS1) in Zea mays and YELLOW STRIPE-LIKE15 
(YSL15) in Oryza sativa (Aksoy et al., 2018; Rai et al., 
2021). Similar to IRT1 in nongraminaceous plants, Z. 
mays YS1 serves as a major entry point for metals, 
utilizing the PS precursor NA to transport both beneficial 
(Fe2+) and potentially hazardous (Fe3+, Zn2+, Mn2+) ions 
into the plant (Murata et al., 2006). 

Previous studies showed that O. sativa IRT1 and 
IRT2 were induced in the roots under Fe deficiency 
(Ishimaru et al., 2006; Walker & Connolly, 2008). Similar 
results were also shown in Z. mays, where IRT1 and IRT2 
were upregulated by Fe deficiency in the roots (Li et al., 
2013; Li et al., 2022), and Triticum aestivum, where 
FRO2-2A and IRT1a-4A were highly upregulated under 
Fe deficiency (Hua et al., 2022). Opposite to these 
results, the expression of ZmIRT1, Sorghum bicolor IRT1 
and Triticum polonicum IRT1A, and IRT1B were not 
altered by Fe deficiency in maize (Wairich et al., 2019), 
sorghum (Wairich et al., 2019) and wheat (Jiang et al., 
2021), respectively. The inconsistent upregulation of IRT 
transporters across Gramineae suggests a fundamental 
ambiguity: is Strategy-I truly ubiquitous within this 
clade, or does its deployment remain an enigmatic, 
species-dependent phenomenon? To unravel this 
ambiguity in barley (Hordeum vulgare L.), a 
comprehensive approach was employed, examining the 
physiological, biochemical, and molecular aspects of 
barley under Fe deficiency, focusing specifically on 
transporter expression levels. This study was designed 
to elucidate whether barley utilizes both Strategy-I and 
Strategy-II, or exhibits a species-specific reliance on one 
strategy over the other. 

 
 

Materials and Methods 
 
Plant material 

Seeds of the Turkish barley cultivar Tarm-92 were 
obtained from the Bahri Dağdaş International 
Agricultural Research Institute, Turkey. Developed in 
1992 by the Field Crops Central Research Institute, 
Tarm-92 is a medium-early barley cultivar with high 
tillering capacity, resistance to lodging, drought, salinity, 
and high temperature (Benlioğlu & Özkan, 2015; Doğru 
et al., 2020). While sensitive to lead and selenium 
(Doğru, 2019; Çakır, 2007), it exhibits tolerance to boron 
toxicity (Torun et al., 2002; Öz, 2012; Çatav et al., 2023) 
and Zn deficiency (Erenoglu et al., 2000). Despite 
sensitivity to Fe deficiency (Erenoglu et al., 2000), Tarm-
92's molecular responses under this stress were 
unstudied, leaving its preferred Fe uptake strategy from 
the rhizosphere unknown. 

 
Plant growth and stress application 

For surface sterilization, barley seeds were shaken 
in a solution containing 3% sodium hypochlorite (Sigma) 
and 0.05% Tween-20 (Sigma) for 20 minutes and were 
washed five times with sterile distilled water. For 
germination, the seeds were placed in plastic Petri 
dishes containing sterile filter papers moistened with 3 
mL of half-strength (1/2) Hoagland’s nutrient solution 
(Hoagland & Arnon, 1950) at 22 ± 2 °C in a growth 
chamber for 2 days in the dark under 70% relative 
humidity. While preserving root integrity, the pre-
germinated seedlings were meticulously positioned 
through a cheesecloth membrane atop 150 mL plastic 
containers (diameter: 10 cm) containing 1/2 Hoagland’s 
nutrient solution (pH 5.8) supplemented with 50 µM 
Fe3+-EDTA (Sigma) sufficient for barley growth. The 
plants were grown in a growth chamber at 22 ± 2 °C for 
7 days under 70% relative humidity, on a 16-hour light 
(300 µmol m-2 s-1) and 8-hour dark cycle. The nutrient 
solution was regularly renewed every 24 hours to 
maintain consistent nutrient availability and prevent 
oxygen depletion. The experiment was carried out in 6 
repetitions (plastic containers) according to the 
randomized block design, where 5 plants were grown in 
each container. Container positions were randomized 
daily using a random number generator to minimize 
environmental effects and maintain consistent growth 
conditions.  

Stress treatment was carried out 7 days after the 
plants were transferred to the containers. For iron 
deficiency, Fe3+-EDTA was not added to the nutrient 
solution; instead, a Fe chelator, 300 µM FerroZine (3-(2-
Pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p′-disulfonic acid 
monosodium salt hydrate - Sigma), was added to 
remove all potential iron from the nutrient solution 
(Aksoy et al., 2013). Control groups were grown in fresh 
nutrient solution containing 50 µM Fe3+-EDTA. On the 
fifth day following the stress application, relevant 
physiological, biochemical, and molecular analyses were 
performed on barley seedlings. 
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Physiological measurements 
Following the stress application, the root and shoot 

lengths of the plants were measured with the help of a 
ruler and recorded. Measurements were made with a 
total of thirty plants in six containers for each of the Fe-
sufficient (control) and Fe-deficient (stress) media. 
Chlorophyll index was determined by the Soil Plant 
Analysis Development (SPAD) measurements (SPAD-502 
Plus, Konica Minolta, Japan) from the first fully 
developed leaves. Next, the roots and shoots of the 
plants were separated, their length was measured with 
a ruler and their fresh weights were recorded. Then, the 
tissues were dried in an oven at 65 °C for 24 hours and 
their dry weights were recorded. All physiological and 
biochemical analyses were made with 15 plants in three 
containers for each Fe-sufficient and Fe-deficient media 
except for the length measurements, which were taken 
from 30 plants, and divalent metal concentrations, 
which were taken from 3 randomly selected plants. 

 
Total chlorophyll content 

Total chlorophyll content was determined from 
100 mg of first fully developed leaves following 
extraction in 2 mL of 80% acetone using a plastic pestle 
in microcentrifuge tubes (Aksoy et al., 2013). Samples 
were incubated in the extraction buffer for 24 hours in 
the dark at 4 °C for complete extraction. The absorbance 
readings of the extracts were determined at 470, 646.8, 
and 663.2 nm as compared to 80% acetone and the total 
chlorophyll content was calculated according to 
Lichtenthaler & Wellburn (1983). 

 
FCR enzyme activity 

For the measurement of FCR activity, first the root 
fresh weights were recorded after brief drying with 
tissue paper. Then, the root samples were incubated in 
a 20 mL of solution of 0.1 mM Fe (III)-EDTA (Sigma) and 
0.3 mM ferrozine (Sigma) for 24 hours in the dark at 
room temperature (Aksoy & Koiwa, 2013). Then, the 
absorbance of the solution was read at 562 nm against 
the blank without roots. The enzyme activity was 
calculated with a molar extinction coefficient of 28.6 
mM-1 cm-1. 

 
Phytosiderophore release 

Phytosiderophore release was quantified 
according to Reichman & Parker (2007). Briefly, two 
hours after the lights are turned on, plant roots were 
washed with distilled water three times and transferred 
into 20 mL of 200 μM CaCl2 to collect the exudates by 
incubating them in the growth chamber for 6 hours. 
Microbial degradation of the PS was inhibited by 
addition of 50 μg/L Micropur into the extraction 
solution. At the end of the incubation, exudates were 
filtered through a 0.45 µm filter and quantified by Fe-
binding assay. 0.5 mL of 0.2 mM FeCl3 was added onto 
10 mL filtered exudate solution and mixed for 15 
minutes on a rotary shaker. Then, 1 mL of 1 M sodium 
acetate (pH 7.0) buffer is added into the mixture and it 

was shaken for another 10 minutes. The mixture was 
filtered into 0.25 mL of 6 M HCl via a coarse filter paper 
to reduce Fe3+ to Fe2+ and 0.5 mL of 80 g/L 
hydroxylamine hydrochloride was added on top. Finally, 
the solution was incubated at 55°C for 30 minutes to 
complete the reduction process. When the solution was 
cooled down to room temperature, 0.25 mL of 2.5 g/L 
ferrozine and 1 mL of 2 M sodium acetate (pH 4.7) buffer 
were added to start the Fe-binding reaction. 
Immediately, the mixture was briefly mixed by hand and 
the absorbance was measured at 562 nm against the 
blank without plants. PS concentration was calculated 
according to standard curve generated by FeCl3 series. 

 
Divalent metal concentrations 

For the measurement of root and leaf Fe, Zn, and 
Mn concentrations, the samples were incubated in 2 
mM CaSO4 and 10 mM EDTA for 10 minutes followed by 
washing twice with distilled water to eliminate any 
metal particles attached to the sample surface. Then, 
the samples were divided into 3 technical repeats of 100 
mg and dried in test tubes for 24 hours at 65 °C (Aksoy 
et al., 2013). Then, the samples were digested in 4 mL of 
98.8% HNO3 (Sigma) and 1 mL of concentrated HCl 
(Sigma) at 100 °C for 1 hour, 150 °C for 1 hour, 180 °C for 
1.5 hours, and lastly at 210 °C until no liquid is left in the 
test tubes by using a furnace (Vasconcelos et al., 2006). 
Finally, the samples were re-dissolved with 10 mL of 2% 
HNO3, and the metal contents were determined in 
Inductively Coupled Plasma Mass Spectrometry (ICP-
MS) (Bruker Aurora M90) in the pulse detector mode. 

 
Rhizosphere acidification 

The protons released from the roots were 
measured according to Pizzio et al. (2015) with minor 
modifications. Briefly, after the stress application, all 
plant roots were immersed in 20 mL of acidification 
solution (1/2 Hoagland’s solution, 2 mM MES buffer, pH 
5.8) and allowed to grow in the growth cabinet for an 
additional 48 hours. At the end of the incubation, the pH 
of the solution was measured with a pH meter 
(pH1000L, VWR) against the solution without plants. 
Then, the fresh weights of the plant roots were 
recorded. The pH = - log [H+] formula was used to 
calculate the proton release, according to the change in 
pH between the first and last reading. 

 
Gene expression analyses by real-time PCR (RT-qPCR) 

Total RNA was isolated from barley roots by 
RNeasy Plant Mini Kit (Qiagen). Genomic DNA 
contamination in the samples was removed using the 
RapidOut DNA Cleaning Kit (ThermoFisher). 1st strand 
cDNA synthesis from 2 µg of total RNA samples was 
performed using the RevertAid First Strand cDNA 
Synthesis Kit (ThermoFisher). 200 ng cDNA sample was 
amplified on a Rotorgene (Qiagen) with LightCycler 480 
SYBR Green I Master Mix (Roche) in a total volume of 20 
μL using 0.8 μM specific primers (Table 1). HvACT was 
used as a housekeeping gene in the normalization of 
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gene expression (Gines et al. 2018). Gene expression 
analyses were performed two times (technical 
replicates) for each of the 3 biological replicates. 

 
Statistical analyses 

Differences between control and stress treatments 
were analyzed using the Minitab 19 package program 
according to Student's t-test (P<0.05). 

 

Results and Discussion 
 

Barley roots and shoots are adversely affected by Fe 
deficiency 

Five days of Fe deficiency significantly impacted 
barley, highlighting its sensitivity to this nutrient 
limitation (Figure 1). Strikingly, root and shoot lengths 
plummeted significantly (P<0.05) by 40% and 20%, 
respectively (Figure 2a, b). This stunted growth 
extended to biomass, with 58.7% and 56.2% reductions 
in root and shoot fresh weights (Figure 2c, d) and 57.9% 
and 50.0% declines in dry weights (Figure 2e, f). Notably, 
Fe deficiency triggered visible chlorosis in leaves (Figure 
3a), leading to a staggering 60.6% drop in total 
chlorophyll content compared to controls (Figure 3b). 
Chlorophyll index measurements confirmed this trend, 
revealing a 33.8% decrease under Fe deficiency (Figure 
3c). This validates both measurements as reliable 
indicators of Fe deficiency-induced chlorophyll 
degradation in barley (Jiang et al., 2017). Although a 
previous study reported more severe phenotypes under 
longer Fe deprivation (Erenoglu et al., 2000), results of 
this current study demonstrate that just five days were 
sufficient to elicit clear deficiency symptoms in barley 
leaves. This aligns with research indicating a direct 
correlation between treatment duration and chlorosis 
severity in Fe-sensitive cultivars (Bandyopadhyay & 
Prasad, 2021; Martín-Barranco et al., 2021). Thus, Tarm-
92 emerges as highly sensitive to Fe deficiency, 
exhibiting significant impairments even after a short-
term deprivation. 

 
Figure 1. Overall look of the barley plants after iron deficiency 
treatment. Tarm-92 variety of barley was exposed to the Fe 
deficiency for 5 days after grown on ½ Hoagland medium for 9 
days. a. Root and shoots of plants after stress application. b. 
Leaf chlorosis after stress application. Bar: 1 cm. 

Fe accumulation in the roots and shoots of barley show 
opposite trends under Fe deficiency 

Despite five days of Fe deficiency, shoot Fe 
concentrations remained remarkably stable (Figure 4). 
However, root Fe levels dropped by a significant 40.9% 
compared to controls (P<0.05). This selective decrease 
contradicts observations from longer-term studies 
where shoot Fe content fell substantially after 
comparable or even shorter Fe deprivations (Nikolic et 
al., 2019; Mikami et al., 2011; Erenoglu et al., 2000). This 
divergence suggests two possibilities: either barley 
exhibits exceptional resilience in maintaining shoot Fe 
content even during short-term deficiency, or the five-
day treatment window simply was not sufficient for 
significant depletion in shoots. 

 
Figure 2. Physiological changes after Fe deficiency treatment. 
a. Root length. b. Shoot length. c. Root fresh weight. d. Shoot 
fresh weight. e. Root dry weight. f. Shoot dry weight. Values 
indicate the means ± SEM (n = 30 for an and b; n = 15 for c-f). 
* indicates a significant difference between the treatments 
according to Student’s t-test (P<0.05). 
 

Intriguingly, the unchanged shoot Fe content did 
not prevent Fe deficiency responses. Both biomass and 
chlorophyll levels were markedly decreased (Figures 2 
and 3), showcasing the plant's sensitivity despite 
seemingly adequate shoot Fe reserves. This raises the 
intriguing possibility that root Fe concentrations, 
despite their decline, trigger downstream signaling 
pathways in the leaves, activating deficiency responses 
even before impacting shoot iron stores. This hypothesis 
finds support in previous studies identifying root and 
leaf-derived signals under Fe deficiency (Hindt & 
Guerinot, 2012; Tabata, 2023). Alternatively, root Fe 
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Figure 3. Biochemical changes after Fe deficiency treatment. a. FCR activity at the roots. b. Rhizosphere acidification. c. 
Phytosiderophore concentration. d. Total chlorophyll content. e. SPAD value. Values indicate the means ± SEM (n = 15). * indicates a 
significant difference between the treatments according to Student’s t-test (P<0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

deprivation might trigger the overaccumulation of other 
divalent metals in leaves, reaching toxic levels and 
inducing chlorosis, as observed in some studies (Blasco 
et al., 2018). 

 
 

 

Figure 4. Fe levels in the roots and shoots after iron deficiency. 
Values indicate the means ± SEM (n = 3). * indicates a 
significant difference between the treatments according to 
Student’s t-test (P<0.05). 
 

Fe deficiency causes overaccumulation of zinc and 
manganese in the roots and shoots of barley 

Fe deficiency triggers the accumulation of other 
divalent metals, like Zn²⁺ and Mn²⁺, which can be co-
transported into the root epidermis by IRT1 (Connolly et 
al., 2002) and YS1 (Murata et al., 2006). As expected, 

barley plants exhibited significantly higher levels of 
these metals in both roots and shoots under Fe 
deficiency (Figure 5). Notably, Zn²⁺ concentrations in 
roots and shoots climbed a staggering 65.7% and 45.1%, 
respectively, while Mn²⁺ surged by a remarkable 209.1% 
and 43.7%. This striking overaccumulation suggests that 
IRT1 and/or YS1 overworks under Fe deficiency, 
inadvertently ushering in an influx of detrimental 
metals. Corroborating these findings, studies on tobacco 
(Kobayashi et al., 2003) and maize (Mozafar, 1997; Kanai 
et al., 2009) demonstrated similar Zn2+ and Mn²⁺ 
overaccumulation in roots and leaves under Fe 
deficiency, leading to impaired photosynthesis and 
biomass. Interestingly, other divalent metals, such as 
copper (Cu2+) and cobalt (Co2+) did not overaccumulate 
under Fe deficiency in tobacco (Kobayashi et al., 2003) 
whereas Cu2+ concentration was increased in 
Arabidopsis leaves and roots (Vert et al., 2002) and 
barley xylem (Alam et al., 2001) under Fe deficiency. 
These data paint a concerning picture, where barley's 
observed chlorosis under Fe deficiency (significantly 
decreased chlorophyll content) might be driven not just 
by Fe scarcity, but also by a cascade of toxicity resulting 
from excessive Zn²⁺ and Mn²⁺ accumulation facilitated 
by IRT1 and/or YS1 (Panda et al., 2012). Indeed, some 
studies provided evidence for the accumulation of 
reactive oxygen species (ROS) under Fe deficiency due 
to excessive Zn²⁺ and Mn²⁺ accumulation, preventing 
chlorophyll biosynthesis and active photosynthesis 
(Blasco et al., 2018; Fan et al., 2021). Without neglecting 
the direct effects of Fe deficiency on ROS production 
(Santos et al., 2019), this highlights the intricate 
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interplay between nutrient deficiencies and metal 
uptake pathways, urging further investigation into the 
specific mechanisms behind such collateral damage 
caused by Fe deficiency. 

 

Figure 5. Zinc and manganese levels in the roots and shoots 
after iron deficiency. a. Zn levels. b. Mn levels. Values indicate 
the means ± SEM (n = 3). * indicates a significant difference 
between the treatments according to Student’s t-test 
(P<0.05). 

 

Strategy-I and Strategy-II are affected at the 
biochemical level in barley under Fe deficiency 

To elucidate whether barley prioritizes the 
chelation-based Strategy-II or the reduction-based 
Strategy-I for Fe acquisition during deficiency, key 
biochemical parameters in the roots of barley were 
investigated under Fe-limited conditions (Figure 6). 
Firstly, Strategy-II utilization was confirmed by 
quantifying the release of phytosiderophores (PS). As 
expected, barley unveiled its arsenal, raising PS levels a 
remarkable 4.2-fold under Fe deficiency compared to Fe 
sufficient condition (Figure 6a). This robust response 
aligns with previous reports highlighting a positive 
correlation between PS release rate, Fe deficiency 
tolerance, and treatment duration in barley (Erenoglu et 
al., 2000; Rai et al., 2021). Thus, barley appears to 
adhere to the canonical tenets of Strategy-II Fe 
acquisition. However, a striking incongruity emerged. 
Despite significantly elevated PS released from the 
roots, barley displayed pronounced symptoms of Fe 
deficiency, exemplified by higher chlorosis and reduced 
root Fe content. This dissociation between robust PS 
production and impaired Fe uptake suggests the 

possibility of an alternative, strategy employed by barley 
to compensate for the reduced efficiency of its Strategy-
II system within the roots. Following confirmation of 
Strategy-II utilization through elevated PS release, 
barley's Fe acquisition repertoire was further explored 
by examining the potential contribution of a 
complementary Strategy-I pathway. Intriguingly, we 
observed a significant reduction of traits associated with 
this pathway. FCR activity exhibited a substantial 
reduction of 47.9% under Fe deficiency (Figure 6b), 
while rhizosphere acidification, characterized by H+ 
release, declined by 42.1% (Figure 6c). This deviation 
from the classic Strategy-I response, characterized by 
increased FCR activity and proton release (Aksoy et al., 
2018), suggests that barley does not readily engage this 
pathway to compensate for its apparent limitation in 
Strategy-II efficiency. While the observed reduction of 
Strategy-I in barley deviates from typical responses 
documented in non-Gramineae species, it highlights the 
intricate nature of plant Fe acquisition and the potential 
for species-specific adaptations. Some studies report 
enhanced FCR activity and rhizosphere acidification in 
Fe-tolerant non-Gramineae (Vasconcelos & Grusak, 
2014), showcasing the diverse array of responses across 
plant lineages. Further complicating the picture, 
differences in timing and magnitude of these responses 
are apparent in diverse species. For instance, while FCR 
peaks in cucumber after five days of Fe deficiency 
(Pavlovic et al., 2013) and Arabidopsis after 72 hours 
(Aksoy et al., 2013), our barley model exhibited a 
significant decline in both FCR activity and rhizosphere 
acidification. Yet, interestingly, Mikami et al. (2011) 
reported a similar non-significant decrease in FCR 
activity in barley after seven days, suggesting potential 
intraspecific diversity in strategy utilization. Taken 
together, these data suggest that barley does not solely 
depend on Strategy-I to support the Strategy-II to 
uptake Fe from the rhizosphere, which means that it can 
utilize another alternative strategy to uptake Fe 
efficiently. Recently, an alternative Fe acquisition 
strategy was identified in non-Gramineae species (Robe 
et al., 2021). In this strategy, plants secrete secondary 
metabolites like coumarins into the rhizosphere, which 
complexes with Fe3+. Although, in silico evidence 
suggest that this strategy was not evolved in barley 
(Clemens & Weber, 2016), coumarin accumulation was 
shown in the vacuoles of barley leaf mesophyll cells 
(Werner & Matile, 1985). 

This intricate tapestry of response patterns 
underscores the need for comparative studies across 
diverse plant models employing different Fe uptake 
strategies. By investigating a broader range of species 
and treatment timeframes, we can begin to elucidate 
the spectrum of adaptive plasticity in Fe acquisition and 
unravel the factors influencing specific pathway 
preferences. Such comprehensive research promises to 
advance our understanding of plant resilience and 
adaptability in the face of nutrient limitations. 
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Figure 6. Biochemical changes in the roots after Fe deficiency. a. Phytosiderophore concentration. b. FCR activity at the roots. c. 
Rhizosphere acidification. Values indicate the means ± SEM (n = 15). * indicates a significant difference between the treatments 
according to Student’s t-test (P<0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
The expression levels of genes responsible for Fe 
uptake are altered significantly in the roots of barley 
under Fe deficiency 

The effect of short-term Fe deficiency on 
decreased root Fe levels but stable shoot Fe levels 
implies that the stress signaling was not sufficiently 
affected and the Fe translocation has not yet been 
altered in the early days of stress treatment in barley. To 
evaluate how stress signaling was affected in barley 
cultivar, the expression levels of the genes involved in 
both strategies were determined in the roots (Figure 7). 
Accordingly, the expression levels of HvIRT1, HvIRT2, 
HvFRO1, HvFRO2, and HvAHA2 functioning in Strategy-I 
and HvNAS1, HvIDS2, HvIDS3, HvYS1, HvTOM1 and 
HvDMAS1 working in Strategy-II were increased 
significantly under Fe deficiency (Figure 7a). Similar to 
our results, the expression levels of the genes coding for 
IRT transporters (IRT1 and IRT2), FCRs (FRO1 and FRO2) 
and proton pump (AHA2) increases under Fe deficiency 
in non-Gramineous species (Hindt & Guerinot, 2012). 
Similarly, HvIRT1 also increases in the roots of barley 
under Fe deficiency (Pedas et al., 2008). The observed 
difference between FCR activity and rhizosphere 
acidification (Figure 6b and c) in relation to the 
expression levels of HvFRO1, HvFRO2, and HvAHA2 
suggests that, while the genes were activated after five 
days of iron deficiency, the corresponding enzymes may 
not have become fully functional. This aligns with the 
possibility that Strategy-II, as evidenced by PS release, is 
activated earlier for initial Fe acquisition, while Strategy-
I may require a longer exposure to Fe deficiency to fully 
engage and support sufficient Fe uptake for tolerance. 
Further research investigating enzyme activity across 
longer timeframes may shed light on the activation 
dynamics of different Fe acquisition strategies in barley. 

Among Strategy-II genes, HvTOM1 and HvIDS2 
expressions increased by 10 folds while HvNAS1 
expression increased by 8.9 folds (Figure 7b). In a 

previous study, the expression levels of HvDMAS1 and 
HvNAS1 increased by four folds and the level of HvTOM1 
increased by three folds in barley roots under 7 days of 
Fe deficiency (Nikolic et al., 2019). In the same study, 
HvYS1 expression increased approximately 1.8 times in 
a 2-day stress application. In our study, genotypic and 
developmental stage differences may be among the 
reasons for the higher increases in the expression levels 
of the same genes in barley roots exposed to 5 days of 
Fe deficiency. Among Strategy-I genes, the top two 
genes with the highest expression levels were HvAHA2 
and HvIRT1, with 5.7 and 5.0-fold increases, 
respectively. Therefore, it is noteworthy that among the 
increases in gene expressions, the expression levels of 
genes involved in Strategy-II were higher than those in 
Strategy-I. These results are in with PS release rates 
(Figure 6a), suggesting that Strategy-II is the main Fe 
acquisition mechanism in barley roots. 

Even though two Fe uptake strategies, namely 
Strategy-I and Strategy-II, were evolved in different 
plant groups, a combined strategy was proposed only 
for the cultivated rice to absorb Fe from the rhizosphere 
since it is adapted to live in paddies (Sperotto et al., 
2012), where Fe2+ is the more abundant form compared 
to Fe3+ in submerged conditions (Ishimaru et al., 2006). 
Recently, this combined strategy was also shown in 
Oryza genus (Wairich et al., 2019) and other 
Gramineous species, suggesting that plants have 
evolved alternative mechanisms to adapt to changing 
environmental conditions, such as flooding, to continue 
absorbing Fe from the rhizosphere. However, depending 
on the species, either one or both of the Fe uptake 
strategies may have been selectively employed for 
efficient Fe acquisition (Grillet, & Schmidt, 2019). 
Results presented in this study suggest that, while barley 
primarily relies on Strategy-II for Fe uptake evidenced by 
the substantial increase in PS levels (Figure 6a), this 
reliance should not mask the potential contribution of 
other mechanisms. The observed downregulation of 
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Strategy-I components, like FCR activity and rhizosphere 
acidification, hints at potential limitations in solely 
relying on Strategy-II. Therefore, while Strategy-II 
appears to be the main player, alternative Fe uptake 
pathways, including components of Strategy-I, likely 
play a complementary role in supporting Fe acquisition 
in barley roots. 

 
Figure 7. Relative expression of the genes in the roots of barley 
plants after Fe deficiency treatment. a. Genes involved in 
Strategy-I. b. Genes involved in Strategy-II. The expression 
level of each gene was compared to the expression level of the 
same gene in iron sufficient medium. Values indicate the 
means ± SEM (n = 3). * indicates a significant difference 
between the treatments according to Student’s t-test 
(P<0.05). 
 

Conclusion 
 

This study showed that the FCR activity and 
rhizosphere acidification, which take part in Strategy-I, 
decreased significantly in barley roots under iron 
deficiency. The decrease in both activities led to a 
reduction in the Fe accumulation in the roots. On the 
other hand, although no significant change was 
observed in the shoot Fe levels, the severity of the 
chlorosis in the leaves increased, which might be 
attributed to the over-accumulation of Zn and Mn. 
Plants secreted more phytosiderophores to the 
rhizosphere as a response to the Fe deficiency. The 
expression levels of genes involved in both Strategy-I 
and Strategy-II increased in the roots of barley exposed 
to iron deficiency, but this increase was more significant 
in Strategy-II genes. Taken together, the results of this 
study prove that the Tarm-92 is sensitive to Fe 
deficiency and it activates Strategy-II stronger than 
Strategy-I under Fe deficiency. 
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