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The phyB-dependent induction of HY5
promotes iron uptake by systemically activating

FER expression
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Abstract

Iron (Fe) deficiency affects global crop productivity and human
health. However, the role of light signaling in plant Fe uptake
remains uncharacterized. Here, we find that light-induced Fe
uptake in tomato (Solanum lycopersicum L.) is largely dependent on
phytochrome B (phyB). Light induces the phyB-dependent accumu-
lation of ELONGATED HYPOCOTYL 5 (HY5) protein both in the
leaves and roots. HY5 movement from shoots to roots activates the
expression of FER transcription factor, leading to the accumulation
of transcripts involved in Fe uptake. Mutation in FER abolishes the
light quality-induced changes in Fe uptake. The low Fe uptake
observed in phyB, hy5, and fer mutants is accompanied by lower
photosynthetic electron transport rates. Exposure to red light at
night increases Fe accumulation in wild-type fruit but has little
effects on fruit of phyB mutants. Taken together, these results
demonstrate that Fe uptake is systemically regulated by light in a
phyB-HY5-FER-dependent manner. These findings provide new
insights how the manipulation of light quality could be used to
improve Fe uptake and hence the nutritional quality of crops.
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Introduction

Iron (Fe) is an essential element for almost all living organisms. It is
central to a variety of cellular activities including chlorophyll (Chl)
synthesis, photosynthesis, respiration, oxygen transport, and DNA
synthesis (Kobayashi & Nishizawa, 2012; Vigani & Murgia, 2018).

& Jingquan Yu™"

The photosynthetic electron transfer chain, particularly photosys-
tems I (PSI) and II (PSII), is rich in Fe-containing proteins (Nouet
et al, 2011). Although Fe is highly abundant in soils, poor solubility
and availability in neutral to alkaline soils limit Fe uptake and
utilization (Lei et al, 2020). Hence, Fe deficiency constitutes a seri-
ous abiotic stress for plants that limits crop productivity (Briat et al,
2015). Moreover, the limited availability of Fe in plant foods particu-
larly vegetables is a main cause of Fe deficiency anemia in humans
(DellaValle et al, 2015; He et al, 2016). In fact, Fe deficiency is a
serious global health problem that leads to a deterioration in the
quality of life for those suffering from Fe deficiency and ultimately
chronic diseases (Dahlerup et al, 2015). Therefore, understanding
the complex mechanisms of Fe uptake and homeostasis in plants is
not only important for crop production, but also for human health.

Plants have developed two main strategies for optimizing Fe
uptake in situations of Fe deficiency, i.e., reduction (Strategy I) and
chelation (Strategy II). All dicots and non-graminaceous plants
generally acquire Fe via strategy I mechanisms (Schmidt, 2003).
Strategy I incorporates three steps. Firstly, root plasma membrane
proton pumps such as H'-ATPase serve to acidify the rhizosphere
and increase Fe®" solubility in the soil. Secondly, Fe*" is reduced to
Fe*" on root surface by ferric chelate reductase (FCR) encoded by
ferric reductase oxidase (FRO). Thirdly, Fe?" is transported across
the membrane by iron-regulated transporters (IRT) and the natural
resistance-associated macrophage proteins (NRAMP). The expres-
sion of several FRO, IRT, and NRAMP genes is Fe responsive and is
directly regulated by the central basic helix-loop-helix (bHLH) tran-
scription factor FER in tomato or its ortholog FER-like iron
deficiency-induced transcription factor (FIT) in Arabidopsis, respec-
tively (Ling et al, 2002; Colangelo & Guerinot, 2004). However, little
information is available on how FER and FIT are regulated.

The importance of shoots in Fe acquisition has long been recog-
nized. Moreover, the nature of the long-distance signals that convey
information concerning leaf Fe status to the roots is a long-standing
question in Fe research (Grusak & Pezeshgi, 1996; Grillet et al,
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2018). To date, many researchers have attempted to identify the
systemic signals involved in this process. Several components such
as Fe itself, auxin, iron-nicotianamine transporters, and IRON MAN
peptides have been implicated in the regulation of systemic Fe defi-
ciency responses (Maas et al, 1988; Wu et al, 2012; Kumar et al,
2017; Grillet et al, 2018). However, the mechanisms and processes
that facilitate systemic Fe uptake in response to Fe deficiency have
remained elusive. The studies reported here focus on the identifi-
cation of components involved in shoot-to-root communication
during Fe deficiency responses. We examined the role of a light-
controlled systemic signal transmission loop in regulating Fe uptake
by the roots and associated photosynthetic electron transport system
in the leaves. Data are presented showing that red light activates the
phytochrome B (phyB)-induced protein called ELONGATED HYPO-
COTYL 5 (HYS), which is a basic leucine zipper (bZIP) transcrip-
tion factor. The movement of HYS5 from the shoots to the roots
triggers Fe uptake by directly activating FER expression in the
roots. This pathway maintains Fe homeostasis in leaves and fruits,
as well as providing Fe for incorporation into proteins involved in
photosynthesis and other important metabolic pathways. These
findings not only broaden our understanding of the regulation
mechanism of Fe uptake in plants, but also provide new insights
concerning how manipulation of light quality might be used to
improve the efficiency of Fe uptake and hence the nutritional qual-
ity of greenhouse crops.

Results
PhyB plays important roles in light-regulated Fe uptake

We first determined the sensitivity of tomato to Fe limitation by
growing the plants hydroponically with a range of Fe concentra-
tions. The plants grown with 20 uM Fe-EDTA had the highest levels
of biomass accumulation, together with the greatest SPAD readings
(an indicator of chlorophyll) and light-saturated photosynthetic
rates (Asa), maximal photochemical efficiencies (Fv/Fm), and
photochemical efficiencies at PS I [Y(I)] and PS II [Y(II)], as well as
the highest electron transport rates through PS I [ETR (I)] and PS II
[ETR(II)] (Appendix Table S1). These parameters were lower at the
low (0, 0.2, and 2 pM) and high (200 uM) Fe concentrations. To
determine whether Fe uptake is light responsive, we determined the
extent of Fe depletion in the nutrient solution at 6-h intervals in the
system where plants were grown at a Fe-EDTA concentration of
20 uM. We found that Fe uptake at night (at 12-24 h) was only
about half that measured during the day (at 0-12 h, Fig 1A). More-
over, the levels of FER, IRT1, FRO1, and NRAMPI transcripts and
the FCR activity in the roots were significantly lower at night
compared to the day (Fig 1B and Appendix Fig S1). Other experi-
ments showed that the roots had higher levels of IRTI transcripts
when they were harvested in the light compared to roots that were
harvested in the dark, regardless of the changes in photoperiods
applied. These findings suggest that IRT1 expression is controlled by
light (Appendix Fig S2A and B).

We therefore explored whether Fe uptake is a photoreceptor-
dependent process by comparing Fe uptake in wild-type (WT)
tomato plants and in a range of photoreceptor-deficient mutants,
including far-red light (phyA), red light (phyBl, phyB2, and
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phyB1B2), and blue light (cryI). Fe accumulation, SPAD values, and
FCR activities were similar or slightly lower in the phyA, phyB2, and
cryl mutants than in the WT plants under Fe-sufficient conditions
(Fe-EDTA at 20 pM) (Fig 1C and D, and Appendix Fig S3A). In
marked contrast, Fe accumulation, FCR activity, and SPAD values
were much lower in the phyBI and phyB1B2 mutants than in the
WT plants. While growth with a low Fe supply (Fe-EDTA at 2 uM)
resulted in significant decreases in Fe accumulation and SPAD
values, FCR activities were significantly increased in the roots of the
WT, phyA, and cryl plants. However, the level of induction was
much less in the phyBI and phyB1B2 mutants than in the WT. In
addition, the application of FeSO, to leaves at a concentration of
0.4 mM significantly increased Chl accumulation and SPAD values,
together with increases in Y(I) and Y(II) in the phyBIBZ2 plants
(Appendix Fig S3B). These results suggest that the Fe uptake capac-
ity of the phyB1B2 mutants contributed, at least in part, to the lower
chlorophyll contents, and Y(I) and Y(II) values of these plants.

To determine the respective contributions of phyB in shoots and
roots to Fe uptake, WT plants at 2-leaf stage were reciprocally
grafted with the phyBIB2 (phyB) mutants. The grafted plants were
allowed to grow under 20 uM or 2 uM Fe conditions for 7 days.
Compared to the self-grafted WT plants (WT/WT), plants with phyB
as rootstock (WT/phyB) or scion (phyB/WT) or both (phyB/phyB)
showed decreased Fe accumulation, together with lower values of Y
(I) and Y(II) under both Fe supply levels (Figs 2A and EV1A and B).
Crucially, the decreases in Fe concentration and the Y(I) and Y(II)
values were lower in the WT/phyB plants and greater in the phyB/
WT and phyB/phyB grafts than in the WT/WT plants. In addition,
the low Fe supply induced significant increases in the levels of FER,
FROI, IRT1, and NRAMP]I transcripts and in FCR activity in the WT/
WT plants. This increase was attenuated in the WT/phyB plants and
was greatly diminished in the phyB/WT and phyB/phyB plants
respectively (Figs 2B and C, and EV2A-C). Therefore, light-induced
Fe uptake is dependent on the expression of PHYB in the shoots, but
not in the roots.

We next examined the phyB-mediated light quality regulation of
Fe uptake by growing WT and phyB plants under either high (H, 2)
or low (L, 0.5) red [R, (660 nm) /far-red [FR, (720 nm)] ratios. The
L-R/FR growth conditions decreased Fe accumulation, Y(I) and Y
(I), the levels of FER, FROI, and IRT1 transcripts, and FCR activities
under both Fe-sufficient and insufficient conditions in the WT plants
(Figs 2D-F and EV1C and D, and Appendix Fig S4). However, L-R/
FR-induced decreases in these parameters were attenuated or abol-
ished in the phyB mutants.

HYS5 is essential for tolerance to phyB-regulated iron deficiency

The light-dependent activation of phyB increases the accumulation
of HYS at both the transcriptional and protein levels in Arabidopsis
(Osterlund et al, 2000; Lee et al, 2016). Consistent with these obser-
vations, the levels of HY5S mRNAs were lower in the shoots of the
phyB/WT and phyB/phyB plants than in those of the WT/WT and
WT/phyB plants under Fe-sufficient conditions (Fig 3A). Crucially,
Fe deficiency induced a significant increase in the abundance of
HYS transcripts only in the shoots of the WT/WT and WT/phyB
plants. This increase was absent from the phyB/WT and phyB/phyB
shoots (Fig 3A). In comparison, lower levels of HYS transcripts were
measured in the roots of the WT/phyB and phyB/phyB plants at

© 2021 The Authors
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Figure 1. The effects of light and photoreceptors on Fe uptake in tomato plants.

A Fe absorption rates determined every 6 h over a 24-h period during the day (0-6 and 6-12 h) and at night (12-18 and 18-24 h) under Fe-sufficient (20 uM, +Fe)
conditions. Day and night are indicated by the white and black bars, respectively. Time points 0 and 12 h correspond to 8 AM and 8 PM, i.e,, the times for light on

and off, respectively.

B Relative FCR activities during the day (at 6 and 12 h) and at night (at 18 and 24 h) under Fe-sufficient (20 uM, +Fe) conditions. Day and night are indicated by the
white and black bars, respectively. Time points 0 and 12 h correspond to 8 AM and 8 PM, i.e, the times for light on and off, respectively.
C Fe contents of the whole plants of wild-type plants and photoreceptor mutants grown under white light with either Fe-sufficient (20 uM, +Fe) or Fe-deficient (2 uM,

—Fe) conditions for 7 days.

D Relative FCR activities in the roots of wild-type plants and photoreceptor mutants grown under white light with either Fe-sufficient (20 uM, +Fe) or Fe-deficient

(2 uM, —Fe) conditions for 7 days.

Data information: Values are the means + SD, n = 4 (biological replicates), P < 0.05 (Tukey’s test).

both Fe supply levels (Fig 3B). Ultimately, there was a larger accu-
mulation of the HYS protein in the leaves and roots of the WT/WT
and WT/phyB plants, compared to the phyB/WT and phyB/phyB
leaves and roots at both Fe supply levels (Fig 3C). Therefore, the
expression of PHYB in shoots plays a more crucial role in the HYS
accumulation than PHYB expression in the roots.

We also determined the accumulation of HY5 protein in the roots
of the WT and the phyB mutants under L-R/FR and H-R/FR at both
Fe supply levels. The phyB mutants had a lower level of HYS accu-
mulation in the roots under both light quality conditions at both Fe
supply levels (Fig 3D). Crucially, while a decrease in the R/FR ratio
from 2.0 to 0.5 diminished the accumulation of the HYS protein in
the WT roots, it had little effect on HYS accumulation in the phyB
roots. In addition, the HYS accumulation induced by a low Fe
supply was lower in the phyB roots that those of the WT roots.

Given the greater accumulation of HYS in the roots of the WT/
phyB plants relative to the phyB/phyB mutants, we next investigated
whether this response is linked to changes in HYS transport from

© 2021 The Authors

the leaves. For these studies, reciprocally grafting between the WT
and HY5 overexpressing plants containing a HA tag as scions or
rootstocks were grown under Fe-sufficient or Fe-deficient conditions
(Fig 3E). HYS overexpressing lines were generated by the constitu-
tive overexpression of the 3HA-tagged HYS protein under the
control of the 35S promoter. The HA-tagged HYS protein was unde-
tectable in the leaves of the WT/WT and WT/HYS plants, regardless
of the Fe level supplied (Fig 3E). In comparison, the HA-tagged HY5
protein was detectable in both the leaves and the roots of the HY5/
WT and self-grafted HYS plants (HYS5/HYS). These results strongly
suggest that HYS5 is transported from the leaves to roots. However,
HYS cannot be transported from roots to shoots.

HY5 activates FER expression in the phyB-regulated iron
deficiency tolerance pathway

To examine the role of HYS in Fe uptake and in the regulation of PSI
and PSII electron transport, we prepared reciprocally grafts between

EMBO reports 22:e51944 2021 3 of 15
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Figure 2. Shoot phyB plays an important role in Fe uptake and photosynthetic electron transport in leaves.

A-C Fe contents of whole plants, FER expression in roots, and relative FCR activities in the roots of plants grown under Fe-sufficient (20 uM, +Fe) or Fe-deficient (2 uM,
—Fe) conditions for 7 days. The phyB1B2 (phyB) mutants and wild-type (WT) plants were reciprocally grafted and grown hydroponically under white light.
D-F Fe contents of whole plants, FER expression in roots and relative FCR activities in the roots of plants grown under Fe-sufficient (20 uM, +Fe) or Fe-deficient (2 pM,

—Fe) conditions for 7 days. Plants were exposed to high (H-, 2.0) or low (L-, 0.5) red (R) to far-red (F

R) ratios.

Data information: Values are the means + SD, n = 4 (biological replicates), P < 0.05 (Tukey’s test).

HYS5-RNAi (hyS), WT, and HYS-OE (HYS) plants. The levels of HYS
transcripts were decreased by 83.1% in the hyS leaves compared to
the WT. Conversely, the levels of HYS transcripts were increased by
25.6-fold in the HYS leaves relative to the WT (Appendix Fig S5A).
There was a decrease in the accumulation of HYS protein in the hyS
leaves relative to the WT and an increase in HYS protein accumula-
tion in the HYS leaves relative to the WT. The extent of HYS protein
accumulation was lower in the leaves of the hy5 and WT plants at
night compared to the daytime levels. However, no day/night dif-
ferences in HYS protein accumulation were observed in the HYS
plants (Appendix Fig S5B).

The plants with hy5 as the scion or rootstock had lower SPAD
values than the plants with WT as scion or rootstock. In contrast,
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plants with HY5 as scion or rootstock had higher SPAD values than
the WT. These differences were most marked under Fe insufficient
conditions (Appendix Fig S6A and B). The plants with hyS as the
scion or rootstock showed lower Fe accumulation, with lower Y(I)
and Y(II) values than the plants with WT as the scion or rootstock
under Fe-deficient and Fe-sufficient conditions (Fig 4A and EV3A
and B). Conversely, the plants with HYS as scion or rootstock had a
greater level of Fe accumulation with higher Y(I) and Y(II) values
than the plants with WT as the scion or rootstock under similar
nutritional conditions. Notably, the hy5/WT plants accumulated less
Fe with lower values of Y(I) and Y(II) than the WT/hyS5 plants.
Consistent with these observations, plants with hyS as scion or root-
stock had lower levels of FER, FRO1, IRT1, and NRAMP]I transcripts,

© 2021 The Authors
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and FCR activities than those with WT as the scion or rootstock
under Fe-deficient and Fe-sufficient conditions (Figs 4B and C, and
EV3A and B, and EV4A-C). In contrast, these parameters were
increased when HYS5 was used as the scion or rootstock compared
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to the values obtained when the WT was used as the scion or root-
stock under similar conditions. Furthermore, the abundance of HYS
transcripts in the shoots had a greater impact on the levels of FER,
FROI, IRT1, and NRAMPI transcripts and on FCR activities than
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Figure 3. HY5 gene expression is influenced by phyB and the movement of HY5.

Zhixin Guo et al

A Levels of HY5 transcripts in leaves of reciprocal grafts of phyB1B2 (phyB) and wild-type (WT) tomato plants grown under white light (200 umol m=2 s~2) for 7 days.

=2 =1

B Levels of HY5 transcripts in roots of reciprocal grafts of phyB1B2 (phyB) and wild-type (WT) tomato plant grown under white light (200 pmol m~ s™~) for 7 days.
C Accumulation of HY5 protein in leaves and roots of reciprocal grafts of phyB and WT plants grown under white light (200 umol m~2 s~%) for 7 days. Rubisco and p-
Actin were used as loading controls for leaves and roots in the Western blot analysis, respectively. The values shown above each lane indicate the relative abundance

of the HY5 protein.

D Accumulation of HYS protein in the roots of WT and phyB plants under high (H, 2.0) or low ratio of (L, 0.5) red (R) to far-red (FR) light conditions. B-Actin was used as
loading controls in the Western blot analysis. The values shown above each lane indicate the relative abundance of the HY5S protein.

E Accumulation of HY5:3HA protein in leaves and roots of reciprocal grafts involving HY5-OE and WT plants grown under white light (200 pmol m~2 s~?) for 7 days.
Rubisco and B-Actin were used as loading controls for leaves and roots in the Western blot analysis, respectively.

Data information: In (A, B), values are the means + SD, n = 4 (biological replicates), P < 0.05 (Tukey’s test). +Fe: 20 uM Fe-EDTA; —Fe: 2 uM Fe-EDTA.

Source data are available online for this figure.

HYS transcript levels in the roots, as indicated by the lower FER
transcript level and FCR activities of the roots of the hyS5/WT
plants relative to the WT/hy5 plants (Figs 4B and C, and EV3A and
B, and EV4A-C). These results strongly suggest that the abundance
of HYS transcripts in the shoots makes a major contribution to Fe
uptake. We also examined the responses of Fe uptake in the WT
and hy5 plants to changes in light quality. Similar to that in Fig 2,
Fe accumulation, Y(I) and Y(II) values, the levels of FER, FROI,
and IRTI transcripts and FCR activities were lower in the WT
plants under L-R/FR conditions, regardless of the Fe supply
(Figs 4D-F and EV3C and D, and Appendix Fig S7). However, the
effects of L-R/FR ratios on Fe accumulation, Y(I) and Y(II) values,
the abundance of FER, FROI, and IRT1 transcripts and FCR activi-
ties were low or abolished in the hy5 plants.

Acting as a transcription factor, HY5 activates the expression of
target genes by directly binding to the ACE motifs in the promoter
regions (Shin et al, 2007; Stracke et al, 2010). Sequence analysis
showed that the promoter of the FER gene contains ACE (ACGT-
containing element) motifs (Fig SA and B). EMSA analysis showed
that the HYS protein binds to the ACE motifs of the FER promoter.
When the motif was deleted, the HY5 protein lost the ability to bind
to the mutated oligonucleotide (Fig 5C). To examine the ability of
HYS to bind to the promoter of FER gene in vivo, we subjected the
transgenic OE-HYS5-3HA plants and WT plants to Fe deficiency for
one week. We then performed ChIP-gPCR experiment using an anti-
HA antibody or an anti-IgG antibody as a negative control. ChIP-
gPCR analysis of the immunoprecipitated HYS-3HA products using
the anti-HA antibody shows an enrichment of the fragments
containing the ACE motif in the FER promoter in the HY5 overex-
pressing lines of about 4.5-fold compared to the WT plants. In
contrast, the IgG control antibody failed to pull down the promoter
DNA segments and anti-HA antibody failed to pull down the exon
fragment of FER (Fig 5D and E). These findings suggest that HY5
binds to the FER promoter at the site containing the ACE motifs.

FER mediates light regulation of iron utilization

To provide further proof of the role of FER in light quality-regulated
Fe uptake, we generated grafted plants incorporating fer mutants or
the WT as the rootstocks, respectively. These lines were then grown
under either H-R/FR or L-R/FR conditions. The WT/fer plants exhib-
ited chlorosis especially under Fe-deficient conditions (Appendix Fig
S8A and B). The WT/WT plants had higher SPAD values, Fe
contents, Y(I) and Y(II) values, together with higher levels of root
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FER, FROI1, and IRT1 transcripts and FCR activities than the WT/fer
plants (Fig 6A-F and Appendix Fig S8A-C). Crucially, a decrease in
the R/FR ratios of the growth environment only decreased these
parameters in the WT/WT plants but not in the WT/fer plants
(Fig 6A-F and Appendix Fig S8A-C). These observations suggest
that FER is essential for light quality-regulated Fe uptake and associ-
ated changes in photosynthetic electron transport capacities.

PhyB-dependent activation of Fe uptake is linked to Fe
accumulation in fruit

Many greenhouse crops are produced during the fall and winter
months, which are characterized by short-day conditions. To deter-
mine whether the length of exposure to red light regulates Fe uptake
and its accumulation in tomato fruit, we exposed WT and phyB1B2
(phyB) plants (grown in either nutrient solution or in soil) to two
light conditions: 8-h white light/16-h dark or 8-h white light plus 6-
h red light/10-h dark (Fig EV5A). Red light was supplied at an
intensity of 20 pmol m™2 s~'. Exposure to red light during the night
led to increased HY5 accumulation, together with significant
increases in the accumulation of FER, IRTI, FROI, and NRAMPI
transcripts and increased FCR activity in the roots of the WT plants.
These effects were, however, attenuated in the phyB mutants
(Figs 7A-C and EV5B). In agreement with these observations, the
fruits from the phyB plants accumulated less Fe and the decrease in
Fe content was about 40.4% under the 8-h light regime (Fig 7D).
Exposure to red light during the dark period increased fruit Fe accu-
mulation by 67.9% in the WT fruits and 44.7% in the phyB fruits,
respectively.

Discussion

Shoot and root communication is essential for plants to adapt to the
changes in environment conditions. Both grafting experiments with
brz or dgl mutant and split root experiments have supported puta-
tive role of shoot-to-root communication in Fe acquisition in addi-
tion to the local signal present at the roots (Welch & LaRue, 1990;
Grusak & Pezeshgi, 1996; Schikora & Schmidt, 2001; Vert et al,
2003). However, the nature of the long-distance signals generated in
shoots has remained unclear. Here, we demonstrate that red light-
activated and phyB-induced responses result in the accumulation of
HYS. The movement of HYS from the leaves to roots activates the
expression of FER leading to the accumulation of downstream

© 2021 The Authors
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Figure 4. HYS5 plays an important role in light-regulated Fe uptake in tomato plants.

A Fe content of whole plants. Plants with reciprocal grafts of wild-type (WT), HY5-RNAi (hy5), and HY5-overexpression (HY5) were hydroponically grown under white
light conditions with either Fe-sufficient (20 uM, +Fe) or Fe-deficient (2 uM, —Fe) conditions for 7 days.

B FER expression in roots. Plants with reciprocal grafts of wild-type (WT), HY5-RNAi (hy5), and HY5-overexpression (HY5) were hydroponically grown under white light
conditions with either Fe-sufficient (20 uM, +Fe) or Fe-deficient (2 uM, —Fe) conditions for 7 days.

C Relative FCR activities in roots. Plants with reciprocal grafts of wild-type (WT), HY5-RNAi (hy5), and HY5-overexpression (HY5) were hydroponically grown under white
light conditions with either Fe-sufficient (20 pM, +Fe) or Fe-deficient (2 uM, —Fe) conditions for 7 days.

D Fe content of whole plants. WT and hy5 plants were grown under high (H) or low ratios of (L) red (R) to far-red (FR) light conditions with either Fe-sufficient (20 uM,

+Fe) or Fe-deficient (2 uM, —Fe) conditions for 7 days.

E FER expression in roots. WT and hy5 plants were grown under high (H) or low ratios of (L) red (R) to far-red (FR) light conditions with either Fe-sufficient (20 pM,

+Fe) or Fe-deficient (2 uM, —Fe) conditions for 7 days.

F Relative FCR activities in roots. WT and hy5 plants were grown under high (H) or low ratios of (L) red (R) to far-red (FR) light conditions with either Fe-sufficient

(20 uM, +Fe) or Fe-deficient (2 uM, —Fe) conditions for 7 days.

Data information: Values are the means + SD, n = 4 (biological replicates), P < 0.05 (Tukey’s test).

transcripts such as FRO1, IRT1, and NRAMP]I. This process is pivotal
for the orchestration of Fe uptake activities in tomato. In agreement
with the proposed role of phyB, prolonged exposure to red light
significantly increased HY5 accumulation in roots, together with
increased Fe accumulation in the fruit. These findings provide novel
insights into the critical role of light quality signaling in the regula-

tion of Fe acquisition. Furthermore, these findings provide a

© 2021 The Authors

step-change in our current understanding that will drive future
applications of light quality treatments designed to improve Fe
utilization by crops and accumulation in edible organs, making a
significant contribution to the improvement of human Fe nutrition.
We have provided evidence that light-induced Fe uptake is phyB-
dependent. We have shown that Fe uptake is light responsive in
tomato such that higher Fe uptake and accumulation, enhanced
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Figure 5. HYS5 acts as a transcriptional regulator of FER expression.

A, B The ACE-box elements in the promoter of tomato FER gene and oligonucleotides were used in electrophoretic mobility shift assays. Numbering is from predicted

transcriptional start sites. The FER probe contained one ACE-box (FER-wt), whereas in the FER-mut probe the ACE-box core sequence was mutated. The wild-type
(WT) and mutated ACE-box sequences are underlined. The mutated bases were indicated in red.

HYS5 directly binds to the ACE-box of FER promoter in vitro. Recombinant HY5 was purified from E. coli cells and used for DNA binding assays with probes of FER-wt,
and FER-mut. The protein purified from empty vector was used as the negative control. One thousand-fold excess of unlabeled probe was used for competition. WT
and HY5-OE plants were exposed to white light (200 pmol m~2 s™%) grown under Fe-deficient (2 uM, —Fe) conditions for 7 days.

Schematic diagram of the promoters of the indicated genes. Black triangles indicate the ACE-box. Red arrows indicate primers used for ChIP-qPCR assays. The
translational start site (ATG) is shown at position +1.

Direct binding of HY5 to the FER promoter analyzed using ChIP-gPCR in 35S-HY5-3HA-overexpressing (HY5-OE) tomato plants. WT and HY5-OE plants were exposed
to white light (200 umol m~2 s™%) grown under Fe-deficient (2 uM, —Fe) conditions for 7 days. Input chromatin was isolated from root samples at 7 days. The
epitope-tagged HY5-chromatin complex was immunoprecipitated with an anti-HA antibody. A control reaction was processed side-by-side using mouse IgG. Input

and ChIP DNA samples were quantified by RT-qPCR using primers specific for the promoter and exon fragment of the FER gene as indicated in (D). The ChIP results

are presented as percentage of the input DNA.

Data information: In (E), values are the means + SD, n = 4 (biological replicates), P < 0.05 (Tukey’s test).

Source data are available online for this figure.

levels of FER, FROI, IRT1, and NRAMPI transcripts and higher FCR
activities occur during the day than at night (Fig 1A and B,
Appendix Fig S1). The expression of IRTI is under the circadian
control in Arabidopsis (Salome et al, 2013). However, this type of
circadian regulation was not observed in tomato (Appendix Fig S2A
and B). In contrast, we found that the levels of Fe-responsive tran-
scripts were regulated by light, suggesting that the long history of
artificial selection/domestication of tomato has resulted in the loss
of the circadian clock control. Likewise, during their domestication
and spread from Equatorial South America, circadian rhythms of
tomatoes have been modified, resulting in tomato plants that are
adapted to growing under the long day conditions characteristic of
summers at higher latitudes (Muller et al, 2016). Crucially, phyB1
mutants have lower Fe contents and FCR activities than the WT. In
contrast, the phyA, phyB2, and cryl mutants had similar or slightly
lower Fe contents and FCR activities to the WT plants (Fig 1C and
D). In agreement with a putative role of phyB in Fe uptake, the posi-
tive effects of H-R/FR and long day on Fe accumulation, the levels
of transcripts encoding several Fe uptake-related proteins such as
FER, FROI, and IRT1, FCR activities and the electron transport rates
through PSII and PSI were observed in WT but not in the phyB
mutants (Figs 2D-F and 7B-D, and EV5B, and Appendix Fig S4).
These datasets provide convincing evidence in support of the critical
role of phyB in Fe uptake responses. Recently, phyB was shown to
play a role in phosphorus acquisition in Arabidopsis (Sakuraba
et al, 2018). It is worth noting that phyB is present in both shoots
and roots (Sharrock & Clack, 2002). In addition to the activation of
phyB-associated pathways in the shoots, phyB in roots could be acti-
vated by light piped from the shoots through the stem (Lee et al,
2016). However, the data obtained from the grafting experiments
reported here revealed that phyB in the shoots is more relevant to
Fe uptake than the phyB in the roots (Figs 2A-C and EV2A-C). This
finding suggests that the long and winding stems or roots of the
tomato plants prevent the transmission of red light from the shoots
to roots. The low levels of Fe uptake observed under low R/FR
ratios also suggest that the upper canopy sun leaves, which receive
higher R/FR ratios than lower leaves, play an important role in the
regulation of Fe uptake in natural environments.

We have also presented data showing that phyB-activated HYS
production functions as a systemic signal that activates Fe uptake in
the roots. PhyB enhances HYS activity at both the transcriptional

© 2021 The Authors

and protein levels during photomorphogenesis (Lee et al, 2016).
HYS is a mobile plant protein and could move from shoot to root
(Chen et al, 2016). Meanwhile, it is degraded by COP1 at night (Sri-
vastava et al, 2015). Consistent with these concepts, we have shown
that the accumulation of HYS transcripts and protein was decreased
in the leaves and roots of grafted plants, where phyB was used as
either the scion or rootstock (Fig 3A-D). Our analysis of the trans-
genic plants constitutively expressing 3HA-tagged HYS5 confirms that
the movement of the HYS protein is basipetal in direction. Hence,
HYS moves from the leaves to the roots but not in the opposite
direction (Fig 3E). Crucially, we have presented data demonstrating
that HYS plays a key role in the regulation of Fe uptake by partici-
pating in the transcriptional activation of FER expression. The data
from the in vivo and in vitro assays presented here demonstrate that
HYS5 is the activator of FER expression by directly binding to the FER
promoter (Fig 5). In addition, we have shown that FER transcripts,
transcripts of downstream genes such as FRO1, IRT1, NRAMPI, and
FCR activities were decreased in the hy5/hyS plants compared to the
WT/WT plants (Fig 4B and C, and EV4A-C). In agreement with
these observations, we have shown that modulating the R/FR ratios
in the growth environment altered Fe uptake in the WT/WT plants
but had little effect in the hy5 mutants or the WT/fer plants. These
findings suggest that HYS-FER mediates light-regulated Fe uptake in
the roots (Fig 4D-F). Moreover, the Fe contents and the abundance
of FER transcripts decreased in the descending order of the WT/WT,
WT/hyS, hyS/WT, and hy5/hy5, respectively (Fig 4A and B). These
findings demonstrate that HYS expression in both shoots and roots
participates in the regulation of Fe uptake, with the shoot-
dependent induction of HYS expression being the most important
factor. Similar to the WT/phyB plants, the WT/hy5 plants showed
high levels of Fe uptake, a greater accumulation of FER transcripts,
together with a greater abundance of downstream transcripts such
as FROI, IRT1, and NRAMPI and higher FCR activities than those
observed in the hyS/WT plants (Figs 4A-C, and EV4A-C). There-
fore, the phyB-dependent activation of HY5 accumulation in the
shoots results in HY5 movement to the roots. This process plays a
more important role in Fe uptake than changes in HYS5 in the roots
per se.

Recently, Grillet et al, (2018) demonstrated that IRON MAN, a
ubiquitous family of peptides, plays a role in the Fe transport in
plants. Meanwhile, Fe acquisition is controlled by a series of
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Figure 6. Mutations in FER abolish light quality-regulated Fe deficiency-induced responses.

A-C Fe content of whole plants (A) and the photochemical efficiencies of PSI and PSII [Y(l) and Y(II)] (B and C) in young leaves of grafted tomato plants with grafts
between WT/WT and WT/fer grown under H-R/FR (2.0) or L-R/FR (0.5) conditions for 7 days.
D-F Transcript levels of FER, FROL, and IRT1 in the roots of grafted tomato plants with grafts between WT/WT and WT/fer grown under H-R/FR (2.0) or L-R/FR (0.5)

conditions for 7 days.

Data information: Values are the means + SD, n = 4 (biological replicates), P < 0.05 (Tukey’s test). +Fe: 20 uM Fe-EDTA; —Fe: 2 uM Fe-EDTA.

regulatory events representing a hierarchical cascade of mainly
bHLH-family transcription factors such as POPEYE (PYE), BRUTUS
(BTS), iron-related transcription factor (IRO), and IAA-LEUCINE
RESISTANT3 (ILR3) (Long et al, 2010; Yin et al, 2013; Selote et al,
2015; Gao et al, 2020). Interestingly, all most all these genes are rich
in the ACE motifs in the promoter regions that allows HY5 biding.
Therefore, it is of great interest to study the relation of HY5 and
peptides or these transcription factors in the light-regulated Fe
acquisition. HYS5 has been shown to play a key role in the uptake
and/or assimilation of nitrogen (N), sulfur (S), phosphate (P) and
copper (Cu) in Arabidopsis (Lee et al, 2011; Zhang et al, 2014; Chen
et al, 2016; Sakuraba et al, 2018). A critical question concerns how
plants sense nutrient homeostasis in order to regulate nutrient
uptake. In agreement with earlier observations, the present study
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has shown that Fe deficiency results in an increase in the levels of
HYS5, FER, FROI1, IRTI, and NRAMPI transcripts, together with
increases in FCR activity. However, we found that these processes
are, at least in part, phyB-dependent (Figs 1-3, and EV2A-C).
Notably, the accumulation of FER, FROI, IRTI, and NRAMP]I tran-
scripts as a result of HYS5 overexpression was mainly observed
under Fe-deficient conditions (Figs 4B and EV4A—C). This finding is
in agreement with earlier observations that overexpression of FER is
not sufficient to induce downstream responses in tomato (Brum-
barova & Bauer, 2005). The tomato FER protein and its Arabidopsis
homologue FIT function as a regulatory hub for Fe deficiency signal-
ing. Both proteins are subject to post-transcriptional regulation
(Brumbarova & Bauer, 2005; Meiser et al, 2011; Sivitz et al, 2011).
Physiological studies have demonstrated that the overexpressed FIT

© 2021 The Authors
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Figure 7. Exposure to red light at night is linked to Fe accumulation in tomato fruits.

A Accumulation of the HY5 protein in WT and phyB1B2 (phyB) plants grown under 20 pM Fe-EDTA in nutrient solution in a growth room. Rubisco and B-Actin were
used as loading controls for leaves and roots in the Western blot analysis, respectively. The values shown above each lane indicate the relative abundance of the HYS

protein.

B The abundance of FER transcripts in the roots of WT and phyB plants grown under 20 uM Fe-EDTA in nutrient solution in a growth room.
C The relative FCR activities in the roots of WT and phyB plants grown under 20 uM Fe-EDTA in nutrient solution in a growth room.
D Fe content in the fruits of WT and phyB plants. Plants were grown in soil in a greenhouse.

Data information: Dark: 8-h white light (8 AM—4 PM); Red: 8-h white light plus supplementary red light (660 nm at 20 umol m~%s%) for 6 h at 4 PM—-10 AM. Values are

the means + SD, n = 4 (biological replicates), P < 0.05 (Tukey’s test).
Source data are available online for this figure.

or FER proteins are not active under conditions of high Fe supply
(Brumbarova & Bauer, 2005; Lingam et al, 2011; Cui et al, 2018).
Therefore, it will be interesting to study how light signaling regu-
lates the post-translational controls of FER or FIT activity.

Photosynthesis is highly sensitive to Fe limitations because many of
the metalloproteins present in the thylakoid electron transport chain
contain Fe. For example, there are two to three Fe atoms per PSII, five
per Cyt bgf, 12 per PSI, and two per ferredoxin molecule (Raven et al,
1999; Varotto et al, 2002). Consistent with this requirement, a low Fe
supply decreased electron transport activity as indicated by the low
Y(II) and Y(I) values observed under these conditions (Appendix
Table S1). Moreover, the lower Fe accumulation observed in the phyB
and hyS mutants was accompanied by lower Y(II) and Y(I) values, in
agreement with the concept that light-regulated Fe uptake is crucial for
photosynthetic electron transport through both PSII and PSI (Figs EV1
and EV3). The observed decreases in photosynthetic electron transport
observed in these mutants are likely to be linked to an overall decrease
in the photosynthetic capacity. Therefore, the phyB-HYS5 cascade
reported here plays an important role in photosynthesis, partially
through the regulation of Fe uptake.

© 2021 The Authors

An appropriate level of Fe accumulation is not only essential
for the efficient operation of many physiological processes in
plants, but also for human health. This is especially true of
vegetables because they provide a main source of dietary iron
(DellaValle et al, 2015; He et al, 2016). The data presented here
demonstrate the operation of a phyB-HY5-regulated systemic
signaling cascade, which plays a crucial role in Fe uptake by acti-
vating the expression of iron-uptake-related genes in the roots
and associated Fe accumulation in the fruit (Fig 7). This study
also highlights the potential for increasing Fe utilization efficiency
by targeting the components of this novel systemic signaling path-
way, especially for improvement of crop productivity on soils
with low iron availability. In addition, we have demonstrated
how manipulation of the light environment can be used to
improve the iron nutrition of greenhouse vegetable crops. In prac-
tical, extending the exposure to low red light intensity at night is
more feasible than modifying R/FR ratio in the day. This provides
a new strategy for the biofortification of tomato and other vegeta-

bles using artificial LED lighting, particularly with recent
developments in the LED industry.
EMBO reports 22:e51944 12021 11 of 15
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Materials and Methods
Plant materials and growth conditions

Wild-type tomato (Solanum lycopersicum “Ailsa Craig” and “Money-
maker”), the phytochrome A (phyA), phytochrome Bl (phyBI),
phytochrome B2 (phyB2), phytochrome BIB2 (phyBIBZ2), and cryp-
tochrome 1 (cryl) mutants in the cv Moneymaker background were
obtained from the Tomato Genetics Resource Center (http://tgrc.
ucdavis.edu). The iron-inefficient mutant T3238 fer (Ling et al,
2002) and its wild-type (WT) T3238 are the gifts from H.Q. Ling at
Institute of Genetics and Developmental Biology, Chinese Academy
of Sciences. HY5-RNAi (hyS) and HYS5 overexpressing (HYS5-OE or
HY5) transgenic plants tagged HA in the cv Ailsa Craig background
were generated as described previously (Wang et al, 2018).

To determine the role of both shoots and roots phyB and HY5 in
light-induced Fe uptake, WT and phyB1B2 (phyB) plants at 2 leaf
stage were reciprocally grafted, which resulted in 4 combinations
(scion/rootstock): WT/WT, phyB/WT, WT/phyB, and phyB/phyB.
In the same way, nine types of reciprocal grafts between WT, HYS,
and hy5 were generated, resulting in grafting seedlings designated
as WT/WT, hyS/hyS, WT/hyS, HYS/hyS, hyS/WT, HYS/WT, hyS/
HYS, WT/HYS, and HY5/HYS. To determine the role of FER in light-
induced iron deficiency tolerance, we created hetero-grafts by graft-
ing the WT (T3238) shoots onto roots of fer mutants (WT/fer).
Homo-grafts of WT/WT were used as controls. The grafted plants
were transferred to growth chambers with the following environ-
mental conditions: 12-h photoperiod, temperature of 25/20°C (day/
night), and PPFD of 200 pmol m2 s L

Experimental design and treatments

Tomato plants were grown on Hoagland’s nutrient solution at
a temperature of 25/20°C (day/night), a light intensity of 200 pmol
m~ 57!, and a 12-h/12-h day/night rhythm. At 4-leaf stage, plants
were grown in 2-1 black plastic buckets (3 plants per bucket) filled
with aerated Hoagland’s nutrient solution containing different Fe
concentrations. The first set of experiments (Experiment 1) were
carried out to determine the effects of Fe concentration on plant
growth. WT plants were supplied with five levels of Fe (0, 0.2, 2,
20, and 200 pM Fe-EDTA) in the nutrient solutions, respectively.
The second set of experiments (Experiment 2) were carried out to
characterize diurnal variations in Fe uptake. Nutrient solutions were
renewed every 6 h. The Fe absorption rate is defined as the change
of iron content before and after treatment in the nutrient solution
divided by the fresh weight of the roots and time. In addition, plants
were exposed to three different photoperiods (12/12, 24/0, and 0/
24 h) to determine the time course of changes in IRTI transcript
levels. The third set of experiments (Experiment 3) were carried out
to compare the Fe absorption efficiency of different photoreceptor
mutants, phyA, phyBl, phyB2, phyB1B2, and cryl. Plants were
exposed to 2 uM Fe-EDTA or 20 uM Fe-EDTA, respectively. In addi-
tion, WT plants and phyB1B2 plants were sprayed with FeSO4-7H,0
at a concentration of 0.4 mM under Fe-sufficient condition. The
spraying was repeated 7 times in total at an interval of 1 day before
material was harvested for the measurement of chlorophyll and
photosynthetic electron transport. The fourth set of experiments
(Experiment 4) were performed to determine the role of phyB in Fe
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absorption in the shoots and roots. Plants were grafted in the follow-
ing combinations: WT/WT, phyB/WT, WT/phyB, and phyB/phyB.
They were grown in nutrient solution containing either 2 uM Fe-
EDTA or 20 uM Fe-EDTA, respectively. In addition, WT and phyB
plants were grown under different light quality regimes, i.e., high
(H, 2) or low (L, 0.5) red (R, 660 nm) /far-red (FR, 720 nm) ratios
with 12-h photoperiod for 7 days. These experiments were
performed to examine the role of phyB in light quality-dependent
regulation of Fe uptake. The fifth set of experiments (Experiment 5)
were carried out with WT/WT, hyS/hy5, WT/hy5, HY5/hyS, hyS/
WT, HYS/WT, hy5/HYS5, WT/HYS, and HY5/HYS grafted plants to
determine the contribution of HYS to Fe absorption in the shoots
and in the roots. In addition, the movement of the HY5 protein was
analyzed in 3HA-tagged HYS5 plants. Furthermore, to examine the
role of HYS in light quality-dependent regulation of Fe uptake, WT
and hy5 plants were grown under different light quality regimes,
i.e.,, high (H, 2) or low (L, 0.5) red (R, 660 nm) /far-red (FR,
720 nm) ratios with 12-h photoperiod for 7 days. The sixth set of
experiments (Experiment 6) were carried out to determine the role
of FER in light quality-regulated Fe uptake. In these experiments,
WT/WT and WT/fer plants were transferred at the 2-leaf stage to
either high (2.0) or low (0.5) R/FR ratios with Fe supplied at either
2 uM Fe-EDTA or 20 uM Fe-EDTA. The seventh set of experiments
(Experiment 7) were conducted to examine the effects of the pres-
ence of R light during the photoperiod on the Fe accumulation in
the fruits of WT and phyBIBZ2 plants. Plants were grown under
20 pM Fe-EDTA in nutrient solutions in a growth chamber or in soil
a greenhouse with 8-h photoperiod (8 AM—4 PM) and temperature
of 25/20°C (day/night). Half of the plants were supplied with R light
at 660 nm at an intensity of 20 pmol m~2 s~! at the top of the
canopy from the evening for 6 h at 4 PM-10 PM. All the experi-
ments were performed over 7 days, except for experiment 7. In this
case, the hydroponic studies were performed for 7 days while the
greenhouse experiments were performed over 3 months. Chl
content was determined, and Chl fluorescence quenching analyses
were performed at the end of all treatments. Leaf and root samples
were then taken for the analysis for the biochemical parameters, the
levels of transcripts, and for the determination of Fe accumulation.

Measurement of Chl content and Chl fluorescence

Chl was extracted from newly formed leaves in acetone, and the
pigment content was determined using standard spectrophotometer
assays (Shimadzu UV-2600, Shimadzu, Japan). In addition, a
chlorophyll meter (SPAD-502; Minolta, Japan) was used for the
rapid assessment of Chl levels. The maximal photochemical efficien-
cies of PSII (Fv/Fm) and the photochemical efficiencies of the photo-
systems [Y(I),Y(II)] were measured together with the electron
transport rate [ETR(I), ETR(II)] through PSI and PSII using a Dual
PAM-100 system (Heinz Walz, Effeltrich, Germany) (Yuan et al,
2013). Prior to measurements, plants were placed in the dark for a
minimum of 20 min. The fluorescence induction curves (Slow
Kinetics) were determined in “Fluo + P700 mode” for 5 min.

Fe content determination

Shoots, roots, and fruits were harvested separately, washed three
times with ddH,0, and immediately dried at 105°C for 30 min.

© 2021 The Authors
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Then, plant samples were dried at 65°C for 3 days and weighed.
Portions of approximately 100 mg were digested with HNO;:HCIO,4
(4:1, v/v). The total Fe concentrations were determined by induc-
tively coupled plasma atomic emission spectrometry (ICP optical
emission spectrometry, Thermo Scientific, USA).

Root FCR activity determination

Ferric chelate reductase activity was determined according to a
method described previously (Lin et al, 2016). Briefly, 0.5 g roots
were placed in 50 ml assay solution (pH 5.5) consisting of 0.5 mM
CaSO4, 0.1 mM 4-morpholineethanesulfonic acid, 0.1 mM ferro-
zine, and 0.1 mM Fe-EDTA. Reduction activity was measured by
following the changes in Asg,. Reduction rates were calculated
using an extinction coefficient of 27.9 mM~! cm™'. Data were
expressed as the means of relative root FCR activity, which was
calculated as the percentage of FCR activity of different lines with
various treatments to that of the WT with sufficient Fe supply,
unless otherwise indicated.

RNA extraction and RT-qPCR analysis

Total RNA was extracted from tomato leaves or roots using
RNAprep Pure Plant Kit according to the manufacturer’s instruc-
tion (Tiangen Biotech Co., Ltd. Beijing, China). Residual DNA was
removed with DNase I, and the extracted RNA was reverse tran-
scribed using a ReverTra Ace gPCR RT Kit (Toyobo, Osaka,
Japan), following the manufacturer’s recommendations. RT-qPCR
experiments were performed using a Power SYBR Green PCR
Master Mix kit (Takara, Chiga, Japan). RT-qPCR was performed
with 3 min at 95°C, followed by 40 cycles of 30 s at 95°C, 30 s at
58°C, and 1 min at 72°C. C, values in serially diluted samples were
also determined, the yielding amplification efficiencies range from
93.2 to 108.5% for different genes. The tomato ACTIN2 gene was
used as an internal control. The relative gene expression was
calculated following previously described formulae (Livak &
Schmittgen, 2001). Primer sequences used for RT-qPCR analysis
were listed in Appendix Table S2.

Protein extraction and immunoblot analysis

Leaf and root samples were ground in liquid nitrogen and mixed
with protein extraction buffer (100 mM Tris—HCI, pH 8.0, 10 mM
NaCl, 1 mM EDTA, 1% Triton X-100, 1 mM phenylmethylsulfonyl
fluoride and 0.2% p-mercaptoethanol). The mixtures were incu-
bated at 90°C for 10 min and then centrifuged at 16,000 g for
10 min. The concentrations of proteins in the homogenates were
determined using a Bio-Rad protein assay kit (Bio-Rad Laboratories,
Hercules, CA, USA). For Western blotting, the denatured protein
extracts were separated using 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and were then
transferred to nitrocellulose membrane. The membrane was blocked
for 1 h in TBS buffer (20 mM Tris, pH 7.5, 150 mM NaCl, and 0.1%
Tween 20) with 5% skim milk powder at room temperature and
then incubated overnight in TBS buffer with 1% BSA containing a
dilution (x2,000) of mouse antibody against HYS (Shanghai Jiayuan
Bio Co., Shanghai, China) or anti-HA monoclonal antibody (Pierce,
26183, USA) to detect the HY5 and HA-tagged HYS protein. After
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incubation with a goat anti-mouse HRP-linked antibody (Millipore,
AP124P, USA), the complexes on the blot were visualized using
SuperSignal™ West Pico Chemiluminescent Substrate (Thermo
Fisher Scientific, 34080) following the manufacturer’s instructions.
Accumulation of HY5 was quantified using Quantity One software
(Bio-Rad). Rubisco (RuBisCo Large SubUnit) and B-Actin were used
as loading control.

Recombinant protein and electrophoretic mobility shift assay

The tomato HY5 recombinant protein was prepared as previously
described (Wang et al, 2018). The full-length coding region of HY5
was first PCR amplified using the primers in Appendix Table S3;
then, the product was digested with BamHI and Sacl and ligated into
the same sites of pET-32a vector. The recombinant vector was trans-
formed into E. coli strain BL21 (DE3). The recombinant histidine-
tagged His-HYS proteins were induced by isopropyl B-D-1-
thiogalactopyranoside and purified following the instructions of the
Novagen pET purification system. For binding assay, probes were
biotin end-labeled following the instructions of the Biotin 3* End
DNA Labeling Kit (Pierce, 89818) and annealed to double-stranded
probe DNA by incubating sequentially at 95°C for 5 min; then, the
temperature decreased from 95 to 55°C by 40 cycles (—1°C /cycle, 1
cycle/min), 55°C for 30 min, from 55 to 25°C by 30 cycles (—1°C /
cycle, 1 cycle/min), finally, 4°C for 5 min. EMSA of the HY5-DNA
complexes was performed using biotin-labeled probes according to
the instructions of the Light Shift Chemiluminescent EMSA Kkit
(Thermo Fisher Scientific, 20148, USA). Briefly, 0.5 pg of HY5S
fusion proteins was incubated together with biotin-labeled probes in
20 pl reaction mixtures containing 10 mM Tris-HCl, 1 mM DTT,
150 mM KCl, 100 mM ZnCl,, 50 ng pl~* poly (dI-dC), 2.5% glyc-
erol, 0.05% Nonidet P-40, and 0.5 pg ml~" BSA for 20 min at room
temperature and separated on 6% native polyacrylamide gels in
Tris-glycine buffer at 100 V. After electrophoresis, the gel was dried
and autoradiographed as described previously (Xu et al, 2014).

Chromatin immunoprecipitation (ChIP) assay

ChIP assays were performed following the instructions of the
EpiQuik™ Plant ChIP Kit (Epigentek, P-2014, USA) as described
previously (Li et al, 2011). About 1g of root tissue was harvested
from wild-type and 35S-HYS-HA plants after a week under Fe defi-
ciency conditions. Chromatin was immunoprecipitated with an anti-
HA antibody (Pierce, 26183, USA) and the goat anti-mouse IgG
(Millipore, AP124P) was used as the negative control. Both immuno-
precipitated DNA and input DNA were analyzed by RT-qPCR (Light
Cycler; Roche, Germany). Primers for ChIP-qPCR of the FER promot-
ers and exon fragment were listed in Appendix Table S4. Each ChIP
value was normalized to its respective input DNA value. All ChIP-
qPCR experiments were independently performed in triplicate.

Statistical analysis

Experiments were performed using a completely randomized
block design with four replicates. Each replicate contained 10-15
plants. Analysis of variance (ANOVA) was used to assess signifi-
cance. When interaction terms were significant (P < 0.05), dif-
ferences between means were analyzed using Tukey comparisons.

EMBO reports  22:e51944 (2021 13 of 15



EMBO reports

Significant differences between treatment means are indicated by
different letters.

Data availability
This study includes no data deposited in external repositories.
Expanded View for this article is available online.
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