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Iron is an essential plant nutrient, and a continuous supply of it is required as it is a key factor in various
metabolic processes, including photosynthesis, chlorophyll synthesis, and respiration. Various transcription
factors are known to regulate iron homeostasis in plants, and the bHLH transcription factor family is one of them.
The StbHLH47 is a homologue of the Arabidopsis POPEYE (PYE), which is known to repress iron homeostasis-
related genes in Arabidopsis. Potato is the most consumed vegetable in the world and is low in iron content.
We have generated CRISPR/Cas9-edited StbHLH47 lines and performed a detailed analysis of these lines. The
analysis revealed that the roots of StbHLH47 edited lines have decreased ferric chelate reductase (FCR) activity
compared to the roots of the wild-type (WT) plant. We also observed that CRISPR/Cas9 edited lines have fewer
trichomes when compared to the WT plant. The expression of genes associated with iron homeostasis was also
measured. Compared to the control, the expression of StbHLH47 was downregulated in the edited lines, while the
expression of StNAS4, StOPT3, and StFRO3 was upregulated. This suggests the negative regulation of StbHLH47
in modulating iron. The iron content was also quantified using inductively coupled plasma mass spectrometry
(ICP-MS) and found to be increased in the generated transgenic lines when compared to WT plants. Overall, this
study reveals that StbHLH47 negatively regulates the expression of iron homeostasis-related genes. StbHLH47
edited lines exhibited decreased FCR activity, changes in phenotype, and increased iron content in the potato
plants.

Key message: This study provides novel insight into the role of StbHLH47 in modulating iron content in Solanum
tuberosum and controlling the expression of various iron homeostasis-related genes.

1. Introduction

Iron is an essential micronutrient required for the growth and
maintenance of plants, and the optimal level of iron is important to
plants [11]. Iron is involved in various biochemical processes, including
photosynthesis, DNA synthesis, chlorophyll synthesis, respiration, etc.
Many biochemical pathways require iron as it is the prosthetic group
constituent of many enzymes and proteins, such as cytochromes, and
this signifies the importance of iron in the plant system [20,30]. Potato
plants utilize strategy I for iron uptake, which consists of rhizosphere

acidification by releasing H ions. The available ferric ions are reduced
to ferrous ions and finally transported inside the plant using specific
transporters [11,30]. Various genes are involved in iron uptake, ho-
meostasis, and storage. Ferric reduction oxidase 2 (FRO2) reduces ferric
ions to ferrous ions, as complex iron chelates are not uptaken by plants
[36]. The reduced ferrous ions are uptaken by the iron-regulated trans-
porter 1 (IRT1), which belongs to the ZIP family of proteins [13].
Further, the absorbed ferrous ions are chelated by nicotianamine (NA),
which transports the complex through the phloem ([19]; Bonneau et al.,
2016). The ferrous-citrate complex is transported through xylem via a
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ferric reductase domain 3 (FRD3)-like gene [17]. Another membrane
protein family, i.e., natural resistance-associated macrophage protein
(NRAMP), is involved in transporting iron in plants [12,9] (Fig. 1).
However, excess free iron is associated with oxidative stress and reactive
oxygen species. In plants, free iron is stored in vacuoles. The ferritin
proteins were previously described as having a role in iron homeostasis
and controlling iron-induced oxidative stress in plants [34,37,5].

A complex mechanism controls iron homeostasis in plants, and a
number of transcription factors are involved [24,39]. Transcription
factors belonging to the basic helix-loop-helix (bHLH) family have been
reported to regulate iron accumulation and transport-related genes in
Arabidopsis and rice [33,42]. This transcription factor family comprises
both positive and negative regulators. StbHLH47 is a homologue to
Arabidopsis POPEYE (PYE), which belongs to the basic helix-loop-helix
(bHLH) transcription factor family. The bHLH transcription factor
family controls the expression of genes through their two functional
domains, i.e., the DNA-binding domain and the protein-interacting
domain [18]. AtPYE is known to regulate iron homeostasis genes
under iron deprivation conditions [29]. A homolog of AtPYE and
StbHLH47 in rice, OsIRO3, is induced 20-70 fold upon Fe deficiency [25,
46]. Over-expressed OsIRO3 lines have hypersensitivity to low Fe, and
the genes induced by Fe deficiency are inhibited in these plants, sug-
gesting that OsIRO3 is a negative regulator of the Fe deficiency response
[23,45]. IRO3 acts as a dampener to Fe deficiency-responsive effectors
like OsNAS1/2/3, OsIRT1, and OsYSL2/15 by negatively regulating
them under iron starvation [45,46,8]. AtPYE, which is a homolog of
StbHLH47, is shown to repress bHLH Ib genes, i.e., bHLH38, bHLH39,
bHLH100, and bHLH101, by binding to their promoters [33]. These
studies signify the importance of AtPYE and its homologs in the iron
deficiency response signaling pathway.

Micronutrient deficiencies affect more than 2 billion individuals
globally [16]. Iron (Fe) deficiency affects more than 1.2 billion people
globally [6]. Fe deficiency is more prevalent in developing countries
where plant-based food is the major source of Fe [31]. Fe deficiency
affects human health by causing anemia and resulting in impaired
physical and mental health [32,7]. Potato is the third-most important
crop globally and is an agriculturally relevant crop. It is easily accessible
to the masses. Various studies have been done to increase the iron
content of potatoes. Overexpressed lines of ferritin (FER3) and IRTI
showed that potato plants are grown without exhibiting any Fe defi-
ciency symptoms in calcareous soils [4]. One study showed the
expression of MT (metal transporter), plasma membrane H+-ATPase,
oligopeptide transporter, and germin genes increased in the potato
plants (under Fe-deficient soil) and complemented the iron uptake (Xiao
et al., 2015). This study contributes to understanding the role of
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Fig. 1. Schematic representation of strategy I Iron homeostasis in plants.
(Image inspired from [11]).
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StbHLH47 with respect to iron homeostasis genes, which have not been
investigated in the potato. Previously, @we  generated
CRISPR/Cas9-edited potato lines using pHSE401 with up to 7 bp de-
letions in the target region [1]. In this report, CRISPR/Cas9-edited po-
tato lines were analyzed for FCR activity in the edited lines. Further, the
mutated lines were estimated for chlorophyll, and phenotypic changes
were observed. The mutated lines were subjected to iron stress, and the
expression of iron homeostasis-associated genes was measured using
real-time quantitative reverse transcription PCR (qRT-PCR). The iron
content was also quantified in the mutated lines using ICP-MS. Overall,
our study revealed the role of StbHLH47 potato edited lines in regulating
the iron content in the potato and its negative regulation of iron
homeostasis-associated genes in iron stress conditions.

2. Materials and methods

2.1. Sequence retrieval, phylogeny, and motif analysis of Iron
homeostasis-related genes in the Solanaceae family

The well-characterized iron homeostasis-related protein in Arabi-
dopsis thaliana was selected to characterize the iron homeostasis-related
protein in the Solanaceae family. The protein sequences of A. thaliana
AtPYE, AtFRO3, AtNAS4, AtZIF1, AtOPT3, AtFRD3, AtNRAMS3, and
AtFRO2 with accession numbers AT3G47640, AT1G23020,
AT1G56430, AT5G13740, AT1G09930, AT3G08040, AT2G23150, and
AT1G01580 were retrieved from the TAIR database (https://www.
arabidopsis.org) [3]. The reference sequences of A. thaliana were
Blastp searched against the Solanum tuberosum, Solanum lycopersicum,
Solanum melongena, Petunia axillaris, Capsicum annum, Nicotiana ben-
thamina, Nicotiana tabacum, Coffea canephora, and Nicotiana attenuata
proteomes. The top hits were retrieved and shown in Supplementary
Table S1 [10]. The retrieved sequences were aligned using ClustalW in
Molecular Evolutionary Genetics Analysis MEGA 7.0 [21] (https://www
.megasoftware.net/). The neighbor-joining (NJ) method with 1000
bootstrap replicates and complete deletion was used to construct the
phylogenetic tree. The constructed phylogenetic tree was analyzed using
the ITOL tool (https://itol.embl.de/upload.cgi) [22]. The conserved
motifs of the clusters were identified using the MEME online server
(https://meme.n-ber.net/meme) [2]. The maximum number of motifs
was 10, and the width of the motifs was between 50 and 100. The motifs
of each cluster are shown in Supplementary Table S2.

2.2. Plant materials & regeneration

The StbHLH47 CRISPR/Cas9-transgenic lines of S. tuberosum cv.
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Kulfri jyoti were generated previously in our lab for optimizing the rapid
and efficient genome editing protocol in the potato using Rhizobium
rhizogenes (strain A4) [1]. The four transgenic lines were generated by
transforming pHSE401+ gRNA in explants. The positive transformants
(callus) grown on selection media were screened for mutations and
analyzed. The hairy root lines were maintained and sub-cultured regu-
larly with a photoperiod of 16 hours of light and 8 hours of darkness at a
temperature of 24° C. For regeneration, the hairy root lines were
sub-cultured on [Murashige and Skoog medium MS pH 5.8, supple-
mented with 3 mg/L BAP, 2 mg/L Kinetin, and 0.5 mg/L NAA]. The
regenerated plantlets were sub-cultured and maintained for iron stress.
For iron suficit (Fe™) media, MS media (pH 5.8) was supplemented with
1% sucrose, 1% agar, 0.1 mM Fe-EDTA, and 0.05% MES buffer. For iron
deficit (Fe) media, MS media (pH 5.8) was supplemented with 1% su-
crose, 1% agar, 0.3 pM Ferrozine, and 0.05% MES buffer.

2.3. Iron treatment and microscopy

The regenerated plantlets were cultured on Fe™ media [MS + 1%
sucrose, 1% agar, 0.1 mM Fe-EDTA, 0.05% MES buffer] and Fe” media
[MS + 1% sucrose, 1% agar, 0.3 pM Ferrozine, 0.05% MES buffer]
(Supplementary Fig. S1). The samples were obtained after 14 days from
potato leaves, roots, and stems, which were preserved by snap freezing
in liquid nitrogen and stored at a temperature of —80C for expression
analysis.

To visualize the difference in the stem sections of plants, a stereo
zoom microscope, the Leica S9i (Leica Microsystems, Germany), was
used. The two-week-old plants (wild type (WT) and pHSE401 + gRNA
L2) and (WT and pHSE401 + gRNA L5) grown on Fe  media were
imaged. Measurements were done using the analysis tool in Leica
Application Suite version LAS V4.13.0.

2.4. Chlorophyll content and Ferric chelate reductase assay

The chlorophyll content of StbHLH47-edited and control plants was
measured. The two-week-old plants were sub-cultured on Fe™ and Fe’
media for one week. The fresh leaves were excised, snap frozen in liquid
nitrogen, and crushed into fine powder. The powder was resuspended in
80% acetone and centrifuged at 10,000 g at 4° C for 5 minutes. The
chlorophyll concentrations were determined by analyzing the absor-
bance values obtained via spectroscopy at wavelengths of 663.2 nm,
646.8 nm, and 470 nm [27].

The root-associated FCR activity of the StbHLH47 edited lines was
measured using spectrophotometry at 562 nm. The assay solution con-
sisted of 0.1 mM Fe>*EDTA and 0.3 mM ferrozine dissolved in distilled
water. The root systems of the StbHLH47 mutant lines and control plants
were submerged in the 5 ml assay solution in the dark for 20 min [43].
The ferrous Fe(ID)-ferrozine concentration was calculated using an
extinction coefficient of 28.6 mMlem™! [38].

2.5. RNA isolation, cDNA preparation and qRT-PCR analysis

For qRT-PCR analysis, RNA from the leaf, root, and stem was
extracted after 14 days from the plants grown on Fe' and Fe” media [15].
cDNA synthesis was done using the Superscript III first-strand cDNA
synthesis kit (Invitrogen USA). For expression normalization, elongation
factor 1 alpha (efla) was used as the reference gene. The expression
levels of StbHLH47 and other iron-regulating genes in mutated lines and
control plants subjected to the Fe' and Fe’ conditions were measured
using qRT-PCR. Primers used for the study were designed (Supplemen-
tary Table S3) by Primer 3 software (http://primer3.ut.ee) [40]. A
Bio-Rad (CFX96) real-time PCR detection system was used to perform
qRT-PCR. All the samples were taken in triplicate, and three technical
replicates of each biological replicate were taken. Conditions for
gRT-PCR were 95 'C for 3 min, followed by 38 cycles of 95 'C for 30 s,
Tm for 30's, and 72 'C for 30 s. The correlative expression data were
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calculated using the 2(22CTy method [28].
2.6. ICP-MS analysis

The potato plants (WT, pHSE401 + gRNA L2, and pHSE401 + gRNA
L5) were grown in soil for 14 days, and shoots and leaf samples were
collected. The samples were oven-dried (100 mg), finely powdered, and
dissolved in 8 ml of HNO3 (70%, CEM Corporation) and digested using
the microwave digestion method (CEM Corporation). After dissolution,
the samples were then shifted to 50-ml falcon tubes, which were filled
with sterile distilled water. Before analysis, a 1:10 dilution of 2% HNO3
in sterile distilled water was made. The dilution was filtered through a
0.22 pm nylon syringe filter to remove any contamination. Iron (Fe)
concentrations in plant samples were determined using inductively
coupled plasma mass spectrometry (ICP-MS, Agilent 7800). A calibra-
tion curve was prepared using a multi-element standard solution.

2.7. Statistical analysis

The data was analyzed using GraphPad Prism 9.0 (https://www.gra
phpad.com). The significant statistical difference was calculated be-
tween the two groups using a two-way ANOVA. The data was plotted
using GraphPad Prism 9.0.

3. Results
3.1. Iron regulating genes in Solanaceae family

Iron regulation is very complex and crucial for the survival of plants
and is regulated by a cluster of genes and transcription factors. To
evaluate the iron-regulating genes in the Solanaceae family, various
reference genes characterized in A. thaliana were used. We retrieved 70
genes across the proteomes of S. tuberosum, S. lycopersicum, S. melongena,
P. axillaris, C. annum, N. benthamina, N. tabacum, C. canephora, and
N. attenuate. We found 8 clusters having homology with the bHLH47,
OPT3, NAS4, ZIF1, FRO3, FRO2, FRD3, and NRAM3 are involved in iron
homeostasis in the Solanaceae family (Fig. 2a).

To further confirm that the retrieved sequences have similar func-
tions, domain analysis and motif analysis were done. We found that all
the clusters contain their own signature domains specific to their func-
tionality. The bHLH47 sequences consist of the signature HLH domain
(IPR011598). Similarly, NAS4, FRO2, OPT3, FRO3, FRD3, ZIF1, and
NRAMS3 sequences in the cluster consist of their signature domains, i.e.,
the NAS domain (IPR004298), ferric reductase domain (IPR013130)/
FAD-binding domain (IPR017927), oligopeptide transporter domain
(IPR004813), ferric reductase domain (IPR013130), MATE family
domain (IPR002528), MFS domain (IPR020846), and NRAMP family
domain (IPR001046), respectively. The clusters were analyzed for their
motifs, and the bHLH47 cluster contains similar motifs across all the
sequences (Fig. 2b). While in clusters like NRAM3, NAS4, OPT3, ZIF1,
and FRO2, all the sequences contain major motifs, suggesting their
importance in the functioning of these genes, a few motifs are specific to
certain sequences (Fig. 2b).

3.2. Genotype analysis of the generated mutants

A total of 32 probable sites were identified previously in StbHLH47
by [1], starting from the 5° UTR region. The target sequence was
selected on the first exon, which was adjacent upstream to the start
codon of the gene. The crRNA duplex was inserted into the pHSE401
vector and was under the control of the AtU6 promoter. A total of 26
transformed lines were screened for mutations. Out of 26, four lines
(pHSE401 + gRNA L2, pHSE401 + gRNA L5, pHSE401 + gRNA L6, and
pHSE401 + gRNA L7) showed deletion of 2-7 nucleotide bp when
compared to the WT [1]. The transgenic lines pHSE401 + gRNA L2
showed the maximum deletion, i.e., 7 nucleotide bp. The transgenic
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Fig. 2. : Phylogenetic tree and motif composition of iron homeostasis genes in Solanaceae family. a) Phylogenetic tree of iron homeostasis related genes in Solanaceae
family. b) Conserved motifs of bHLH47, FRD3, FRO2, NAS4, NRAM3, OPT3, ZIF1, and FRO3 represented in different colored boxes across the members of Sol-
anaceae family.

lines pHSE401 + gRNA L5 and pHSE401 + gRNA L6 showed deletions of for probable change in the open reading frame. It was found that none of
2 nucleotide bp in the same region [1]. Since the target region was the four lines (pHSE401 + gRNA L2, pHSE401 + gRNA L5, pHSE401 +
adjacent to exon 1 and lies in the 5° UTR region as well, it was checked gRNA L6, and pHSE401 + gRNA L7) had any changes in frame.

Fig. 3. : Regeneration stages of StbHLH47 line 2 and line 5 hairy roots a & e) onto MS medium, b & f) onto regeneration medium containing MS+ 3 mg/L BAP,
2 mg/L Kin, 0.5 mg/L NAA, ¢ & g) onto MS medium, d & h) in pots. Morphological differences in trichomes i) WT plant under Fe™ condition, j) pHSE401+ gRNA L2
plant under Fe™ condition, k) WT plant under Fe™ condition, 1) pHSE401+ gRNA L5 plant under Fe™ condition. Red line in Fig. 3(i-1) is the 1 mm scale.
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However, these mutations can repress the expression of StbHLH47, and
the analyzed hairy root lines were regenerated and further investigated
for their phenotype and other properties.

3.3. Transgenic StbHLH47 lines exhibit altered phenotype

The regeneration was optimized for the CRISPR/Cas9-edited trans-
genic hairy root lines of StbHLH47. Out of the four transgenic lines,
pHSE401 + gRNA L2 and pHSE401 + gRNA L5 were successfully re-
generated into plants (Fig. 3a-h). In the knockdown lines of StbHLH47,
we observed deformations in the trichomes both in Fe™ and Fe’ medium.
The trichomes of WT plants grown on Fe” medium were long and scat-
tered across the stem. However, in the StbHLH47 edited lines grown on
Fe” medium, the trichomes were short and thin when compared to the
WT plants, which was not reported earlier (Fig. 3i-1). The trichomes of
WT and StbHLH47 lines grown on Fe' medium are shown in
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supplementary Fig. S2.

We also found that the chlorophyll a, chlorophyll b, and total chlo-
rophyll content were lowered in StbHLH47 lines when compared with
the WT plants in both Fe' and Fe™ conditions. However, the chlorophyll
content decreased in the Fe™ conditions, both in WT and mutant plants
(Fig. 4a—c). The carotenoid content was also estimated, and the
StbHLH47 mutants have lower carotenoid content when compared with
the WT plants in Fe' and Fe™ conditions (Fig. 4d).

The StbHLH47 expression levels were analyzed and found to be
elevated in the WT plants when subjected to the Fe™ conditions (Fig. 5a).
The expression of various genes involved in iron homeostasis, i.e.,
StNRAM3, StOPT3, StFRD3, StFRO2, StNAS4, StFRO3, and StZIF1, was
checked in WT plants under Feconditions. We found elevated expres-
sion levels in WT plants grown in Fe” medium, with the highest fold
change in StFRO2, StZIF1, and StFRO3 (Fig. 5a). This shows that the
expression of these genes is elevated under the Fe™ conditions.

b ns ns
]

ns ns ns ns m WT
B Line2
0.4 —
B Line5
0.3
2
C]
=
9
§ 02—
Qo
z
Q
[
o
5 01—
0.0—
Fe+ Fe-
d *k *k
k¥ ns k¥ ns
o WT
3 —
B Line2
B Line5
2 —

Carotenoid (g/mg)

-

Fe+ Fe-

Fig. 4. : Estimation of pHSE401+ gRNA L2 and pHSE401+ gRNA L5 lines for a) Chlorophyll a, b) Chlorophyll b, ¢) Total chlorophyll, and d) Carotenoid. Error bars
denote the SD of the mean (n=3). Asterisks denote significance by comparing pHSE401+ gRNA L2, and pHSE401+ gRNA L5 lines with the WT using a two-way

ANOVA (p<0.0001).
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Fig. 5. : Real-time quantitative reverse transcription-polymerase chain reaction (QRT-PCR) analyses of a) StbHLH47, NRAM3, OPT3, FRD3, FRO2, NAS4, FRO3, and
ZIF1 in WT plants under Fe™ conditions. Violin plots denote the SD of the mean (n=3). Asterisks denote significance by comparing the FC of iron homeostasis genes in
WT plants under Fe' and Fe™ conditions using a two-way ANOVA (p<0.0001). b) Ferric chelate reductase (FCR) activity of pHSE401+ gRNA L2 and pHSE401+ gRNA
L5 wrt WT. Violin plots denote the SD of the mean (n=3). Asterisks denote significance by comparing the FCR activity of pHSE401+ gRNA L2, pHSE401+ gRNA L5,

and WT in Fe™ and Fe' medium using a two-way ANOVA (p<0.001).

3.4. Role of StbHLH47 in controlling iron reductase activity

To study the role of StbHLH47 on the FCR activity of the potato roots,
a ferrozine assay was performed under Fe' and Fe conditions. We
observed increased iron reductase activity in both WT and transgenic
lines, but the transgenic lines exhibited decreased iron reductase activity
when compared to the WT (Fig. 5b). This suggests that StbHLH47 edited
lines affect StFRO2, which results in lowered FCR in the potato roots.
These results implied further validation of the expression levels of
StFRO2 in knockdown StbHLH47 potato lines by qRT-PCR (Fig. 6a).

Fold Change (FC)

Leaf+

Root+

Shoot+ Leaf-

Root-

3.5. Expression profiling of iron homeostasis-related genes in SttHLH47
mutants

To further confirm the effects of StbHLH47 on the expression levels of
iron homeostasis-related genes, QRT-PCR was performed. The expres-
sion levels of eight genes, i.e., StbHLH47, StFRO3, StNAS4, StZIF1,
StOPT3, StFRD3, StNRAM2, and StFRO2, were analyzed in the leaf, root,
and stem tissues of the edited lines. The expression levels of StFRO3 and
StZIF1 were elevated throughout in the StbHLH47 mutants. However,
the fold change (FC) was further increased in leaf, root, and stem when
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Fig. 6. : a) Real-time quantitative reverse transcription-polymerase chain reaction (QRT-PCR) analyses of StbHLH47, FRO3, NAS4, ZIF1, OPT3, FRD3, NRAM2, and
FRO2 in transgenic plants in leaf, root, and stem tissues under Fe" and Fe™ conditions. Error bars denote the SD of the mean (n=3). Asterisks denote significance by
comparing the FC of iron homeostasis genes in Fe™ and Fe” medium in leaf, root, and shoot with internal control (EF1 «) using a two-way ANOVA (p<0.0001). b)
Inductively coupled plasma- Mass spectroscopy (ICP-MS) analysis of pHSE401+ gRNA L2 and pHSE401+ gRNA L5. Violin plots denote the SD of the mean (n=3).
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the plants were subjected to the Fe™ conditions. StNAS4 was also elevated
with FC 5.38, 3.17, and 2.64 in leaf, root, and stem, respectively, under
Fe™ conditions. But when subjected to the Fe” conditions, FC changes to
3.49, 2.63, and 2.02 in leaf, root, and stem, respectively (Fig. 6a).

The expression of StFRO2 was also evaluated, and it was found that
the expression decreased in root with FC 0.43 under the Fe' condition
and in the Fe condition FC was 0.24 (Fig. 6a). This shows that edited
StbHLH47 transgenic lines affected the expression of StFRO2, and due to
the reduced expression in roots, the ferric chelate reductase activity was
also reduced in the StbHLH47 knockdown lines.

The StOPT3 was elevated in roots with FC 1.95 and FC 2.46 in both
Fe' and Fe conditions, respectively. Similarly, the expression of StFRD3
was also elevated in roots with FC 2.31 under the Fe' condition and
increased to FC 2.77 in roots under the Fe™ condition (Fig. 6a). These
results signify the importance of StbHLH47 in regulating iron
homeostasis-related genes.

3.6. Iron content of StbtHLH47 mutants

To determine the effect of SthHLH47 on the iron content, we quan-
tified the iron content of both the mutated lines, i.e., pHSE401 + gRNA
L2 and pHSE401 + gRNA L5. Iron quantification of potato shoots using
ICP-MS showed that pHSE401 + gRNA L2 and pHSE401 + gRNA L5
exhibit an increased amount of iron when compared to the WT plants.
We found that pHSE401 + gRNA L2 had an iron concentration of
811 ug/g and pHSE401 + gRNA L5 had an iron concentration of 772 pg/
g, while the WT plant had a concentration of 576 pg/g of iron content
(Fig. 6b). These results suggest that StbHLH47 is responsible for main-
taining iron levels in plants and controls them negatively.

4. Discussion

Iron is an important micronutrient, and its deficiency is harmful to
plant growth and development. Plants respond to iron stress in both iron
deficiency and iron sufficiency conditions [11]. Plants can detect iron
deficiency conditions and respond by modulating iron
homeostasis-related genes. Various transcription factors play regulatory
roles in iron deficiency signaling pathways. The basic/helix-loop-helix
(bHLH) is the second largest transcription factor superfamily and is
known to modulate the expression of iron homeostasis-related genes
[14,25,35]. The StbHLH47 belongs to the bHLH transcription factor
superfamily and is a homolog to the AtPYE and OsIRO3 in potatoes.
Knocked-down AtPYE mutants were reported to increase the sensitivity
to the iron deficiency response and negatively control iron
homeostasis-related genes [29]. The role of StbHLH47 in association
with modulating iron has not been explored in potatoes.

In this study, CRISPR/Cas9 knocked-down lines were successfully
regenerated into plants from the hairy root callus. Using the developed
lines, we showed that StbHLH47 is important for the iron deficiency
response in the potatoes and modulates iron content in the potato plant.
The potato uses strategy I for the uptake of iron and utilizes a series of
genes for it. Under iron deficiency conditions, plant growth, develop-
ment, and young leaves are affected. The StbHLH47 lines exhibited
reduced chlorophyll and carotenoid content, which was also affected in
Arabidopsis when AtPYE (homolog to the StbHLH47) was silenced [29].
The expression of StbHLH47 was checked and found elevated in the WT
plants under the Fe™ conditions. The StbHLH47 lines were analyzed for
iron reductase activity, which is one of the typical indicators of iron
deficiency response [43]. The iron reductase activity, which is
controlled by FROZ, is elevated under the Fe” conditions. FRO2 reduces
ferric ions to ferrous ions, which are taken up by the membrane trans-
porters [36]. The iron reductase activity was found to be reduced in the
StbHLHA47 lines, suggesting the role of StbHLH47 in controlling StFRO2,
which was further confirmed by the reduced expression levels of
StFRO2. The bHLH TFs are known to control various plant develop-
mental processes, and we have observed decreased trichome length in
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the StbHLH47 lines (Fig. 3i-1). Previous studies have also reported de-
fects in root development, decreased root length, and shoot biomass in
OsIRO3 and AtPYE [33,42].

Previous studies have reported that AtPYE regulates the expression of
AtNAS4, AtFRO3, and AtZIF1 by directly binding to their promoters
[29]. AtPYE was further explored to reveal that it negatively controls the
expression of bHLH Ib genes, i.e., bHLH38, bHLH39, bHLH100, and
bHLH101, by binding directly to their promoters. The transcriptional
activation of bHLH IVc genes, i.e., bBHLH104, bHLH105, and bHLH115,
was repressed indirectly by AtPYE [33]. Moreover, bHLH subgroup Ib
members (bHLH38, bHLH39, bHLH100, and bHLH101) positively regu-
late the expression of IRT1 and FRO2 by forming heterodimers with FIT
under iron deficiency [41,44]. bHLH34, bHLH104, bHLH105, and
bHLH115 positively regulate bHLH38, bHLH39, bHLH100, bHLH101,
and PYE (the homolog of StbHLH47) [24,26,45].

In our study, expression levels of StFRO3, StNAS4, and StZIF1 were
elevated in the knockdown lines, while the expression levels of
StNRAM3, and StFRO2 were decreased. AtPYE can bind to the promoter
regions of FRO3, NAS4, and ZIF1 [29]. This suggests that StbHLH47 can
control the expression of StFRO3, StNAS4, and StZIF1 in the potatoes,
which is in compliance with the previous studies. The iron content was
estimated using ICP-MS and found that the StbHLH47 lines contain
increased iron levels in the shoot when compared to the WT plants.
OsIRO3 knockout lines also showed increased iron content in rice, while
overexpressing lines showed decreased iron content [42,46]. However,
FRO3, NAS4, ZIF1, FRO2, NRAM3, OPT3, and FRD3 are important genes
in iron homeostasis and well-characterized in other plants but not in the
potatoes, so they should be explored in the potatoes.

Our study suggests the importance of StbHLH47 in regulating the
expression of iron homeostasis-related genes in potatoes. Hence, more
studies should be done to decipher the regulatory relationship of Fe
deficiency with bHLH transcription factors in potatoes. Overall,
StbHLH47 negatively controls the iron levels in the potatoes, which was
confirmed using CRISPR/cas9 knockout lines. The expression of StFRO2
was reduced in transgenic lines, which led to decreased iron reductase
activity. The negative regulation of iron content by StbHLH47 indicates
its importance in modulating iron in potatoes.

5. Conclusion

In conclusion, our results identified the negative regulation of iron by
StbHLH47 under iron stress conditions in the potato, which was not
studied earlier. The CRISPR/Cas9-generated knocked-down lines of
StbHLH47 exhibited changes in the trichome number and length. The
chlorophyll and carotenoid content of the knocked-down lines
decreased when compared to the WT plants. Ferric reductase chelate
activity was checked in the transgenic lines, which was also reduced by
targeting StbHLH47. The expression of iron homeostasis-related genes
was analyzed in S. tuberosum, and StFRO3, StZIF1, StbHLH47, and
StFRO2 were upregulated in WT plants under the Fe™ conditions. These
results demonstrated the importance of these genes in iron homeostasis,
which was also checked in the StbHLH47 lines under Fe™ conditions in
different tissues. The iron content was also checked, and the StbHLH47
lines showed increased iron content when compared to the WT plants.
These results gave insight into the role of StbHLH47 in regulating iron
content and provided a knowledge-domain for further exploring the iron
homeostasis pathway in potatoes. The relationship between StbHLH47
and StZIF1, StFRO3, StNAS4, and StOPT3 can further be explored using
complementation studies to determine their roles.
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