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Loss of OPT3 function decreases phloem copper levels
and impairs crosstalk between copper and iron
homeostasis and shoot-to-root signaling

in Arabidopsis thaliana
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Abstract

Copper (Cu) and iron (Fe) are essential micronutrients that are toxic when accumulating in excess in cells. Thus, their uptake by
roots is tightly regulated. While plants sense and respond to local Cu availability, the systemic regulation of Cu uptake has not
been documented in contrast to local and systemic control of Fe uptake. Fe abundance in the phloem has been suggested to
act systemically, regulating the expression of Fe uptake genes in roots. Consistently, shoot-to-root Fe signaling is disrupted in
Arabidopsis thaliana mutants lacking the phloem companion cell-localized Fe transporter, OLIGOPEPTIDE TRANSPORTER 3
(AtOPT3). We report that AtOPT3 also transports Cu in heterologous systems and contributes to its delivery from sources to
sinks in planta. The opt3 mutant contained less Cu in the phloem, was sensitive to Cu deficiency and mounted a transcriptional
Cu deficiency response in roots and young leaves. Feeding the opt3 mutant and Cu- or Fe-deficient wild-type seedlings with Cu
or Fe via the phloem in leaves downregulated the expression of both Cu- and Fe-deficiency marker genes in roots. These data
suggest the existence of shoot-to-root Cu signaling, highlight the complexity of Cu/Fe interactions, and the role of AtOPT3 in
fine-tuning root transcriptional responses to the plant Cu and Fe needs.

Introduction elements are toxic to cells if they accumulate in their free io-
Iron (Fe) and copper (Cu) are essential elements that are re-  nic forms (Broadley et al. 2012; Ravet and Pilon 2013). The
quired in trace amounts to comp|ete the life cycle of all or- essential yet toxic nature of Fe and Cu is attributed to the

ganisms, including plants and humans. However, these  ease with which they accept and donate electrons
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(Broadley et al. 2012; Ravet and Pilon 2013). This ability has
been capitalized by nature, as Cu- and Fe-containing enzymes
are required for vital physiological reactions, including
photosynthesis, respiration and scavenging reactive oxygen
species (Broadley et al. 2012; Ravet and Pilon 2013). In add-
ition, Cu is required for cell wall lignification and reproduc-
tion (Epstein and Bloom 2005; Broadley et al. 2012; Chen
et al. 2020; Rahmati Ishka and Vatamaniuk 2020; Sheng
et al. 2021; Perez-Anton et al. 2022; Rahmati Ishka et al.
2022; Vatamaniuk 2022). Recent studies implicate Cu in
light-dependent seed germination (Jiang et al. 2021), shaping
the shoot architecture, transition to flowering, stigmatic pa-
pillae development, and senescence (Ishka and Vatamaniuk
2020; Sheng et al. 2021), as recently reviewed in (Rahmati
Ishka et al. 2022). Mounting evidence from studies in animal
species suggests that in addition to a static function as a co-
factor of cellular enzymes, Cu is involved in cell signaling
(Turski and Thiele 2009; Turski et al. 2012; Chang 2015;
Tsang et al. 2020). In plants, Cu participates in phytohor-
mone signaling and accumulation. Specifically, Cu(l) in the
transmembrane sensor domain of the ethylene receptor
ETHYLENE RESPONSE 1 (ETR1) is essential for ethylene bind-
ing and receptor function in ethylene signaling in
Arabidopsis (Arabidopsis thaliana) (Rodriguez et al. 1999;
Schott-Verdugo et al. 2019). Likewise, the binding of the
plant defense hormone salicylic acid to its receptor
NONEXPRESSER OF PR GENES 1 (NPR1) occurs via Cu; more-
over, Cu deficiency increases the accumulation of jasmonic
acid in Arabidopsis leaves (Wu et al. 2012; Yan et al. 2017;
Rahmati Ishka et al. 2022). Fe-containing enzymes are also in-
volved in nitrate and sulfate assimilation, chlorophyl biosyn-
thesis, and ethylene and jasmonic acid accumulation
(Broadley et al. 2012; Li and Lan 2017; Cui et al. 2018).

Cu and Fe uptake by plant roots and their internal trans-
port and storage are rigorously regulated at transcriptional
and posttranscriptional levels in response to their availability
in the local environment and the demands of the developing
shoot (Burkhead et al. 2009; Ravet and Pilon 2013; Kobayashi
2019; Pottier et al. 2019; Spielmann and Vert 2020). To main-
tain Cu homeostasis, plants regulate cellular Cu uptake and
economize Cu use by prioritizing it during deficiency from
non-essential to essential Cu enzymes (Burkhead et al.
2009; Ravet and Pilon 2013; Rahmati Ishka et al. 2022). In
Arabidopsis, both mechanisms are controlled by a conserved
transcription factor, SPL7 (SQUAMOSA PROMOTER
BINDING PROTEIN-LIKE7) (Yamasaki et al. 2009; Bernal
et al. 2012). In addition to SPL7, a member of the basic
helix-loop-helix (bHLH) family, CITF1 (cu
DEFICIENCY-INDUCED TRANSCRIPTION FACTOR 1, also
named bHLH160) regulates Cu uptake from roots, delivery
to leaves, flowers, and anthers (Yan et al. 2017). CITF1 acts
together with SPL7, and both are required for Cu delivery
to reproductive organs and fertility (Yan et al. 2017). The
SPL7-dependent regulon also includes the Fe/Cu
REDUCTASE OXIDASE genes FRO4 and FROS; several Cu
transporter genes, including COPT1, COPT2 and, in part,
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COPTé6, which encode members of the CTR/COPT/SLC31
(CU TRANSPORTER/CU TRANSPORTER/SOLUTE CARRIER
31) family; CITF1 and the uncharacterized transcription fac-
tor gene bHLH23 (also named CITF2) (Yamasaki et al. 2009;
Bernal et al. 2012; Jung et al. 2012; Gayomba et al. 2013;
Jain et al. 2014; Araki et al. 2018; Alexander et al. 2019;
Schulten et al. 2022). FRO4/5 and COPT2 are also down-
stream targets of CITF1 (Yan et al. 2017). The altered expres-
sion of SPL7- and CITF1-regulated genes and the increased
expression of CITF1 constitute a signature of the Cu defi-
ciency response. Recent studies have shown that SPL7 is ex-
pressed mainly in the Arabidopsis vasculature and locally
regulates root and shoot responses to Cu deficiency (Araki
et al. 2018). The existence of long-distance Cu signaling has
not yet been reported.

Regulation of Fe homeostasis in Arabidopsis involves a net-
work of transcription factors from the bHLH family (Jeong
et al. 2017; Kim et al. 2019). Specifically, a member of the
IVb subgroup of the bHLH family, URI (UPSTREAM
REGULATOR OF IRT1, identical to bHLH121), acts upstream
as an Fe-dependent switch (Kim et al. 2019; Gao et al. 2020).
URI heterodimerizes with a subgroup IVc bHLH member
to regulate the expression of the master regulator of Fe
homeostasis FIT (FER-LIKE FE DEFICIENCY-INDUCED
TRANSCRIPTION FACTOR, also named bHLH29) (Kim et al.
2019; Gao et al. 2020). FIT forms heterodimers with Ib sub-
group bHLH transcription factors to regulate the expression
of multiple genes in Arabidopsis roots, among which are
some components of the Fe uptake system, IRT1
(FE-REGULATED TRANSPORTER 1), FRO2, and AHA2
[ARABIDOPSIS H " -ATPASE], reviewed in Jeong et al. (2017)
and Schwarz and Bauer (2020)). The upregulated expression
of Ib bHLH genes, FIT, AHA2, FRO2, and IRT1, and the newly
discovered IMA/FEP Fe-sensing peptide genes (FE MAN
[IMA]/FE UPTAKE-INDUCING PEPTIDE [FEP]) is a hallmark
of the root Fe deficiency response (Jeong et al. 2017; Grillet
et al. 2018; Hirayama et al. 2018; Schwarz and Bauer 2020).
These and other Fe-responsive genes are upregulated in re-
sponse to local and systemic Fe status signals (Gayomba
et al. 2015; Jeong et al. 2017; Grillet et al. 2018; Hirayama
et al. 2018; Schwarz and Bauer 2020).

Several mutants with disrupted shoot-to-root Fe defi-
ciency signaling have been identified in Arabidopsis and
other plant species. All exhibit constitutive activation of
Fe-acquisition genes even when grown under Fe-sufficient
conditions (Garcia et al. 2013; Kumar et al. 2017) and re-
viewed in Gayomba et al. (2015). Of these, a member of
the OPT (OLIGO PEPTIDE TRANSPORTER) clade of the
OPT transporter family, Arabidopsis OPT3, is considered a
key player in the systemic signaling of Fe deficiency (Stacey
et al. 2002, 2008; Mendoza-Coézatl et al. 2014; Zhai et al.
2014). While the opt3-1 knockout allele is embryo-lethal,
the opt3-2 and opt3-3 alleles possess residual levels of OPT3
expression and overaccumulate Fe in roots and leaves be-
cause they cannot appropriately downregulate the expres-
sion of AHA2, IRT1, FRO2, or other Fe deficiency-responsive
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genes (Stacey et al. 2002, 2008; Mendoza-Cdzatl et al. 2014;
Zhai et al. 2014). Arabidopsis OPT3 can mediate Fe uptake
into Xenopus laevis oocytes and budding yeast
(Saccharomyces cerevisiae), localizes to companion cells of
the phloem, mediates Fe loading to the phloem, and facili-
tates Fe delivery from sources (mature leaves) to sinks (roots
and seeds) (Zhai et al. 2014). Based on these findings, OPT3
has been suggested to communicate the Fe sufficiency status
to the root by loading Fe into the phloem companion cells in
leaves. Consistent with this suggestion, the loss of the Fe
transport function in the opt3-3 mutant and the decreased
Fe accumulation in its phloem sap not only led to a lower ac-
cumulation of Fe in seeds but also is perceived as the Fe de-
ficiency signal by roots (Zhai et al. 2014). Local sensing of high
Fe status in the shoot does not seem to be disrupted in weak
opt3 mutants, as evidenced by the increased expression of
genes encoding the Fe-storage proteins FERRITIN 3 (FER3)
and FER4 (Khan et al. 2018).

Fe abundance or a lack thereof in plant tissues is tightly
linked to the accumulation of other transition metals
(Baxter et al. 2008). In this regard, the crosstalk between Fe
and Cu is now well documented. The hallmark of this cross-
talk is the overaccumulation of Cu under Fe deficiency con-
ditions and the overaccumulation of Fe under Cu deficiency
conditions (Bernal et al. 2012; Waters and Armbrust 2013;
Kastoori Ramamurthy et al. 2018; Rai et al. 2021; Sheng
et al. 2021). FIT and the bHLH Ib group transcription factors
(bHLH38, bHLH39, bHLH100, and bHLH101) have also been
shown to control the upregulation of Cu uptake genes
(COPT2, FRO4, and FROS) under Fe-deficiency and Cu is re-
quired for improving plant growth under Fe-deficiency con-
ditions (Colangelo and Guerinot 2004; Cai et al. 2021).
Consistent with the increased Cu uptake, the expression of
Cu-deficiency-regulated genes is downregulated under Fe de-
ficiency (Waters et al. 2012, 2014; Yan et al. 2017). Conversely,
Fe overaccumulation can also decrease Cu uptake in
Arabidopsis and animal systems (Klevay 2001; Waters and
Armbrust 2013; Ha et al. 2016). Together, these studies sug-
gest that Cu and Fe homeostasis are interconnected and that
deficiency for one of the metals or both can interfere with
their local and/or long-distance status signaling.

Here we provide evidence that in addition to Fe,
Arabidopsis OPT3 mediates Cu uptake into Xenopus oocytes
and yeast cells. Loss of OPT3 function in the opt3-3 mutant
results in decreased Cu accumulation in the phloem and di-
minished Cu recirculation from sources (mature leaves) to
sinks (young leaves and the seed coat of developing seeds)
compared to the wild-type. In addition, the opt3-3 mutant
experiences Cu deficiency, as evidenced by low Cu accumu-
lation in its roots and young leaves and the increased expres-
sion of Cu-deficiency marker genes in these tissues.
Importantly, these defects are rescued by Cu application.
Furthermore, Cu feeding via the phloem in the shoot rescued
the molecular symptoms of Cu deficiency in the root of the
wild-type and the opt3-3 mutant, suggesting the existence of
long-distance shoot-to-root Cu signaling. This suggestion is
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further strengthened by results from reciprocal grafting ex-
periments using wild-type and the opt3-3 mutant.
Interestingly, phloem-feeding with Cu in the shoot also res-
cued molecular symptoms of Fe deficiency in the root of
the opt3-3 mutant and decreased the transcript abundance
of molecular markers of Fe deficiency in the root of wild-
type. Likewise, phloem-feeding with Fe in the shoot downre-
gulated the expression of both Fe- and Cu-deficiency marker
genes in the root of the opt3-3 mutant or wild-type. These
data assign new transport capabilities to AtOPT3, suggest
the existence of shoot-to-root signaling of Cu status, and
highlight the complexity of the crosstalk between Cu and
Fe in long-distance signaling.

Results

Mineral distribution has changed in the vasculature
of the opt3-3 mutant, and the mutant accumulates
less cu in the phloem

Arabidopsis OPT3 localizes to the plasma membrane, associ-
ates with the phloem (Fig. 1A and (Mendoza-Coézatl et al.
2014; Zhai et al. 2014)), resides in phloem companion cells
(Mustroph et al. 2009), and facilitates Fe accumulation in
the phloem, likely via xylem-to-phloem transfer (Zhai et al.
2014). As a result of this function, Fe concentration in the
phloem sap is significantly lower, while it is considerably
higher in the xylem sap in the opt3-3 mutant compared to
the wild-type (Zhai et al. 2014). Here, we used synchrotron
X-ray fluorescence (XRF) microscopy to compare the spatial
distribution of Fe and other elements in the vasculature of
the opt3-3 mutant (referred to as opt3 thereafter) and in
the wild-type. We first evaluated mineral distribution in ma-
ture leaves, which serve as photosynthetic sources of nutri-
ents for developing leaves at the vegetative stage.
Consistent with our previous findings (Zhai et al. 2014),
the opt3 mutant accumulated more Fe throughout the leaf
blade compared to the wild-type, with the bulk of Fe located
in minor veins (Fig. 1B and Supplemental Fig. S1, A to D). We
also found that in addition to Fe, mature leaves of the opt3
mutant accumulate more Cu (Fig. 1C and Supplemental
Fig. S1, A to D), manganese (Mn), and zinc (Zn) (Fig. 1C
to E). Mn and Zn were spread throughout the leaf blade of
the wild-type, including the vasculature, with the highest ac-
cumulation in basal cells of trichomes (Fig. 1, D, E, H, I and K).
Cu also accumulated in the vasculature of the opt3 mutant,
and its distribution pattern in minor veins resembled the dis-
tribution of Fe (Fig. 1, B, C and K, and Supplemental Fig. S1,
A to D).

We then used 2D-XRF in confocal mode (2D-CXRF) with a
specialized x-ray collection optic to obtain a micron-scale
resolution; this setup enabled comparative analyses of min-
eral localization in the phloem and the xylem of the opt3 mu-
tant and the wild-type. For the current study, this technique
is preferable to traditional XRF methods (both 2D-XRF and
3D micro-XRF tomography) because it allows quantitative
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Figure 1. OPT3 mediates Cu loading to the phloem. A) Hand-cut cross sections through the petiole of transgenic wild-type plants expressing the
OPT3pro:GFP construct (Zhai et al. 2014). B to E) 2D-XRF maps of the indicated minerals in mature leaves. F to J) 2D-CXRF maps of the indicated
elements in the vasculature of mature leaf petioles. K) Merged images of calcium (Ca) and indicated elements. Ca maps show the overall structures
of the vascular tissues of the wild-type (WT) and the opt3-3 mutant (opt3), and that the majority of Cu and Fe in the mutant is associated with the
xylem and fascicular cambium (FC). Plants were grown hydroponically with 250 nM CuSO, for 26 d (in B to E) or 5 wk (in F to I) before tissues were
collected. In B to K, scale bars, 1 mm. Xy xylem; FC, fascicular cambium; Ph, phloem. B to K) Representative images from three analyzed plants.
Results from other independent experiments are shown in Supplemental Fig. S1C to ).
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comparisons of metal distributions among different samples
without the need to control or limit sample thickness or lat-
eral size (Mantouvalou et al. 2012). Using 2D-CXRF, we deter-
mined that the spatial distribution of elements is altered
in the opt3 mutant compared to the wild-type (Fig. 1, F, |
and K and Supplemental Fig. S1E to J). We validated this re-
sult by comparing the distribution of fluorescence from cal-
cium (Ca, used to visualize cell boundaries, [Fig. 1) and
Supplemental Fig. S11]) overlayed with the fluorescence
from Fe or Cu, Zn, or Mn (Fig. 1K). Specifically, while Fe
was either evenly distributed between the xylem and the
phloem regions or was found more towards the phloem in
the wild-type, the bulk of Fe was associated more towards
the xylem and fascicular cambium region and to a lesser ex-
tent in the phloem region in the opt3 mutant (Fig. 1, F and K
and Supplemental Fig. S1, E and J). The concentration of Mn
and Zn was higher in the phloem than the xylem in the wild-
type and increased in both the xylem and the phloem of the
opt3 mutant (Fig. 1, H, I and K and Supplemental Fig. S1G, H
and J). Cu was mainly located in the fascicular cambium and
phloem regions and, to a lesser extent, the xylem in the wild-
type (Fig. 1, G and K and Supplemental Fig. S1, F and J). By
contrast, the bulk of Cu was associated with the xylem and
fascicular cambium and, to a lesser extent, the phloem tissues
in the opt3 mutant (Fig. 1, G and K and Supplemental Fig. STF
and )).

Consistent with 2D-CXRF results, the concentration of Cu
in the phloem was significantly lower in the opt3 mutant
compared with the wild-type (Fig. 2A). The decreased accu-
mulation of Cu in the phloem of the opt3 mutant relative to
the wild-type was independently found by the Walker lab
(Supplemental Fig. S1K).

Roots, young leaves, and the seed coat of developing
seeds of the opt3 mutant accumulate less Cu
Past studies have shown that mutant alleles of OPT3 overac-
cumulate Fe, Mn, and Zn in their roots and leaves (Stacey
et al. 2008; Mendoza-Cézatl et al. 2014; Zhai et al. 2014).
Since the 2D-CXRF analysis of mineral distribution in the vas-
culature also pointed to the role of OPT3 in Cu homeostasis,
we refined our past study of total internal metal accumula-
tion to include Cu. Consistent with past findings, roots and
both mature and young leaves of the opt3 mutant accumu-
lated significantly more Fe, Mn, and Zn compared to the cor-
responding organs of the wild-type (Supplemental Fig. S2). By
contrast, the concentration of Cu in the roots of the opt3
mutant was less than 1/3 of the wild-type levels (Fig. 2A).
We also found that the Cu concentration was higher in ma-
ture leaves (sources) and lower in young leaves (sinks) in the
opt3 mutant compared to the wild-type (Fig. 2A). We ob-
tained similar results using the independent opt3-2 allele
(Supplemental Fig. S3).

We then analyzed the accumulation and distribution of
Cu, Fe, Mn, and Zn in other source tissues, such as silique
valves and their sinks, developing and mature seeds.
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Inductively coupled plasma-mass spectrometry (ICP-MS)
analysis determined that silique valves of the opt3 mutant
overaccumulate Cu, Fe, Mn, and Zn compared to the wild-
type (Fig. 2B). Using 2D-XRF, we found that developing seeds
of the mutant accumulate less Cu and Fe (Fig. 2C and
Supplemental Fig. S4A) but more Mn and Zn relative to
the wild-type (Fig. 2C), suggesting that Cu and Fe delivery
from sources to sinks is lower in the mutant. Indeed, the spa-
tial distribution of Cu detectable by 2D-XRF in developing
seeds of both wild-type and the opt3 mutant was distinct
from that of Fe. Specifically, Cu was associated primarily
with the seed coat of the developing seed, while Fe mainly
localized in the embryo vasculature.

We also used high-resolution Synchrotron-based XRF
Computed Microtomography (F-CMT) to visualize minerals
in mature seeds. Similar to embryos, Cu was associated main-
ly with the seed coat and was detected throughout the seed
and the vasculature (Supplemental Fig. S4B). We observed lit-
tle to no difference in Cu accumulation in the seed coat of
the mature seed of the mutant relative to the wild-type,
while the Cu concentration in the vasculature appeared to
be lower in the opt3 mutant than the wild-type
(Supplemental Fig. S4B). Total Cu concentrations in mature
seeds were similar in both genotypes (Supplemental Fig.
S4C). As was shown previously, Fe was associated with vascu-
lar parenchyma cells in mature wild-type seeds
(Supplemental Fig. S4B and (Kim et al. 2006)). Fe distribution
did not change in the mutant, although Fe levels in opt3 vas-
cular parenchyma cells were significantly lower than in the
wild-type. Consistently, total internal Fe concentration was
lower in opt3 mutant seeds compared to the wild-type
(Supplemental Fig. S4C). While the distribution of Mn and
Zn did not change in the mutant relative to the wild-type,
opt3 mutant seeds accumulated significantly more Zn
(Supplemental Fig. S4,B and C). Together, our data suggest
that OPT3 contributes to the phloem-based redistribution
of Cu from mature leaves to young leaves and from silique
valves to developing seeds (most detectible at the seed
coat). Therefore, in addition to Fe, AtOPT3 may also trans-
port Cu.

OPT3 mediates Cu uptake in Xenopus oocytes and
yeast

We assessed the ability of OPT3 to transport Cu in Xenopus
laevis oocytes, as we previously showed that OPT3 localizes
to the plasma membrane and mediates Fe and cadmium
(Cd) ions uptake into oocytes (Zhai et al. 2014). We tested
Cu®* (provided as CuSO,4) and Cu complexed with its bio-
logical ligand, nicotianamine (Cu-NA) as potential transport
substrates. We observed that OPT3 transports both free Cu®*
ions and Cu provided as a Cu—NA complex into oocytes
(Fig. 3A). However, OPT3-expressing oocytes contained 4.2
times more Cu when it was provided as the free ion than
when complexed with NA. This finding suggested that free
Cu®" ions are a preferred OPT3 substrate, at least in this
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Figure 2. The opt3-3 mutant accumulates less Cu in the phloem sap, roots, young leaves and the seed coat of developing seeds than wild-type. A) Cu
concentration in the phloem sap and the indicated plant tissues of the wild-type and the opt3-3 (opt3) mutant. Plants were grown hydroponically
under Fe- and Cu-sufficient conditions. Values are means + SE. Asterisks indicate statistically significant differences from wild-type (P < 0.05,
Student’s t-test, n = 4 independent phloem sap collections or four independent ICP-MS experiments. In each experiment, tissues were collected
from 4 to 5 plants grown in the same container). An independent analysis of Cu concentration in the phloem sap in the opt3-3 allele and Cu
and Other elemental concentrations in tissues of the second allele opt3-2 are shown in Supplemental Fig. S1E and SS3, respectively. B) ICP-MS ana-
lysis of mineral accumulation in dry silique valves collected from soil-grown plants. Values are means + SE. Asterisks indicate statistically significant
differences from the wild-type (P < 0.05, Student’s t-test, n = 3 independent experiments. In each experiment, tissues from four to five plants grown
in the same container were pooled and represented an independent measurement. Data for the wild-type and the opt3-2 allele are shown in
Supplemental Fig. S3. C) Representative 2D-SXRF images of siliques from wild-type and opt3. Fifteen-mm-long developing siliques were collected
from soil-grown plants and subjected to 2D-SXRF analysis. White arrows point to embryos. A representative image from three independent experi-

ments is shown; results from the other two independent experiments are shown in Supplemental Fig. S4A.

heterologous system. Visual examination and membrane po-
tential measurements allowed us to assess the cellular integ-
rity of mock and OPT3-expressing oocytes throughout
uptake experiments to rule out the possibility that the ob-
served fluxes were the product of membrane leakiness due
to cellular Cu toxicity rather than specific OPT3-mediated
Cu uptake (Supplemental Fig. S5). Under control conditions,
the membrane potential of cells expressing OPT3 was about
20 mV less negative than that recorded from mock cells,
consistent with our earlier reports (Zhai et al. 2014).
Exposure to the Cu’’-containing uptake solution for 3 h
did not change the appearance or survival rates of mock
and OPT3-expressing oocytes (Supplemental Fig. S5A).
Under these conditions, mock cells experienced only a small
gain in membrane potential (from —57+1mV to —50 +
1 mV), and a slightly larger change in the same direction re-
corded for OPT3-expressing cells (from —35 + 4 mV to —21
+ 4 mV). After transferring cells into Cu-free solution, the

survival rates of OPT3-expressing cells, but not those of
mock-treated cells, dramatically decreased over the next
21 h of incubation in Cu-free medium (Supplemental Fig.
S5A). The decreased survival rates were associated with the
significant increase in the membrane potential in the
OPT3-expressing vs. mock-treated cells (Supplemental Fig.
S5A). Decreased survival rates and increased membrane po-
tential in the OPT3-expressing oocytes vs. mock-treated cells
was observed after long-term (24 h) but not short-term (3 h)
incubation with Cu (Supplemental Fig. S5B). We conclude
that the drop in the survival rates of OPT3-expressing cells re-
sulted from OPT3-mediated Cu accumulation, leading to cel-
lular toxicity, which was manifested by a loss in cellular ability
to maintain a resting potential, leading to eventual cell death.

We further validated the ability of OPT3 to transport Cu by
functional complementation assays in budding yeast, which
does not synthesize NA. We used the Cu-deficient yeast mu-
tant ctridctr2Actr34 lacking the high-affinity plasma
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Figure 3. OPT3 transports Cu in X. laevis oocytes and S. cerevisiae. A) Cu uptake into Xenopus oocytes injected with either OPT3 cRNA (OPT3) or
water (Mock). Cu uptake was measured after 3 h. The uptake solution was supplemented with 25 uM Cu-NA (Cu-NA) or 100 uM CuSO, (Cu’”, the
final free Cu®" activity in the uptake solution being estimated to be 35 UM as determined by GEOCHEM-EZ (Shaff et al. 2010)). Values are means +
SE. Asterisks indicate statistically significant differences (**, P < 0.01, using Student’s t-test, n = 5 independent replicates; each replicate of the sample
contained 8 to 10 oocytes). B) Cu concentration in the wild-type yeast strain SEY6210 and its isogenic ctr142434 mutant both expressing the empty
YES3-Gate vector (WT and ctr4, respectively) or the ctr142434 mutant expressing YES3-Gate-OPT3 (OPT3), grown with 20 pM CuSOy. Different
lowercase letters indicate significant differences (n =4 to 5 independent ICP-MS measurements [independently grown cells]), ANOVA followed
by Tukey’s HSD test). C) Wild-type yeast strain SEY6210 (WT) and the ctr142434 mutant transformed with the empty YES3-Gate vector or
ctr142434 transformed with the vector containing the OPT3 cDNA (OPT3) or the Arabidopsis Cu transporter gene COPT2 (COPT2), were diluted
10-fold serially and spotted onto solid YPEG medium supplemented with different concentrations of CuSO,. Colonies were visualized after incu-
bating plates for 3 d at 30 °C. Dilution series are indicated on the right.

membrane Cu uptake transporter genes Ctr1 and Ctr3 and
the vacuolar membrane Cu efflux transporter gene Ctr2
(Dancis et al. 1994; Rees et al. 2004). Due to low internal
Cu, ctr1dctr24ctr34 mutant cells manifest a respiratory de-
fect because of the altered activity of the Cu-dependent
cytochrome c oxidase complex in the mitochondrial respira-
tory chain. This defect can be visualized by the failure of the
ctr1dctr24ctr34 mutant to grow on non-fermentable carbon
sources such as ethanol and glycerol (YPEG medium) unless
Cu is supplied exogenously (Dancis et al. 1994). Indeed,
ctridctr24ctr34 cells expressing the empty YES3-Gate vector
accumulated 10 times less Cu than the vector-expressing
wild-type (Fig. 3B). The expression of OPT3 in mutant cells in-
creased their Cu accumulation by 5-fold compared to the
vector-expressing cells, although it did reach the level of
the vector-expressing wild-type cells (Fig. 3B).

We also compared the growth of the ctr1Actr2Actr3A mu-
tant and wild-type strains expressing the empty YES3-Gate
vector and the ctr1Actr2Actr3A mutant transformed with
YES3-Gate containing the OPT3 ¢cDNA on a medium contain-
ing the non-fermentable carbon sources ethanol and glycerol
(YPEG). The ctr1Actr2Actr3A mutant transformed with
Arabidopsis COPT2 was used as an additional positive control

(Gayomba et al. 2013). As shown previously, vector-
expressing ctr1Actr2Actr3A cells did not grow in YPEG me-
dium, even when the medium was supplemented with low
(10 and 20 pM) concentrations of Cu, but grew well on
YPEG supplemented with 100 pM CuSO, (Fig. 3C and
(Gayomba et al. 2013)). Unlike COPT2-expressing mutant
cells, OPT3-expressing mutant cells did not grow in YPEG me-
dium without supplemental Cu. However, in contrast to
vector-expressing ctr1Actr2Actr3A cells, OPT3-expressing
cells were able to grow when 10 uM or 20 uM CuSO, was
added to the medium (Fig. 3C). These results are consistent
with a role for OPT3 in Cu uptake and suggest that, unlike
CTR/COPTs, OPT3 might be a low-affinity Cu transporter,
at least when expressed in yeast. Together, our results
show that OPT3 mediates the transport of Cu ions in heter-
ologous systems.

The opt3 mutant is sensitive to Cu deficiency

We next tested the sensitivity of the opt3 mutant to Cu de-
ficiency by comparing its growth and development to the
wild-type, both grown hydroponically with or without Cu
supplementation (Fig. 4). As observed previously, the rosette
size of the opt3 mutant was smaller than that of the wild-type

€202 1y 6 Uo Jasn Areiqi Asioaun (U0 Aq £45250./€S0PEO0N/I1991d/E601 "0 L/10P/aI0IE-20UBADEY|[90]d/W0d"dNOdILSPED.//:Sd)lY WO} PapEOjuMOd



8 | THE PLANT CELL 2023: Page 1 of 29

even under control conditions (Fig. 4A) (Stacey et al. 2008;
Mendoza-Cozatl et al. 2014; Zhai et al. 2014). We found
that the rosette size becomes even smaller under Cu defi-
ciency compared to control conditions; by contrast, Cu defi-
ciency did not affect rosette size in the wild-type (Fig. 4A)
early in the vegetative stage of development. The independ-
ent opt3-2 allele exhibited a similar sensitivity to Cu defi-
ciency in the medium as opt3-3 (Supplemental Fig. S6A).
As evidenced by the shorter root length and lower fresh
weight of the opt3 mutant, we also observed an increased
sensitivity to Cu deficiency in the opt3-3 mutant relative to
wild-type in seedlings grown on solid medium containing
the Cu chelator bathocuproine disulfonate (BCS)
(Supplemental Fig. S6B to D). Consistent with the increased
sensitivity of the opt3 mutant to Cu deficiency and our find-
ing that it experiences molecular symptoms of Cu deficiency,
cupric reductase activity was significantly higher in roots of
the opt3 mutant than in wild-type (Supplemental Fig. S6E).

We then tested whether the transition to flowering was de-
layed in the opt3 mutant under control conditions and/or un-
der Cu deficiency, as we recently showed that Cu was involved
in this developmental decision (Rahmati Ishka and
Vatamaniuk 2020). Consistent with our recent findings, wild-
type plants flowered significantly later and developed more
rosette leaves when grown hydroponically without Cu than
with Cu (Fig. 4B to D and Table 1). The opt3 mutant failed
to flower within the time frame of the experiment (8 wk)
and developed 30%- and 90% more rosette leaves than the
wild-type when grown on medium without or with CuSQO,, re-
spectively (Fig. 4, C and D and Table 1). Leaves of the opt3 mu-
tant were significantly shorter and were extensively chlorotic
compared to the wild-type, when both were grown without
added Cu (Fig. 4, E and F). Although the length of the rosette
leaves from mutant and wild-type plants was comparable to
control Cu levels (125 nM CuSOy), the leaves of the mutant
possessed  Cu-deficiency-characteristic ~ chlorotic  spots
(Fig. 4F). The delayed transition to flowering, the increased
number, and the length of rosette leaves of the mutant
were rescued by transferring the mutant to medium with
high (500 nM) CuSO, (Fig. 4C to E Table 1 and
Supplemental Fig. S7A). Transferring the mutant to a lower
(250 nM) Cu concentration also rescued the small size of
the mutant, although to a lesser extent compared to the high-
er Cu concentration (500 nM) (Supplemental Fig. S7B).

The opt3 mutant mounts transcriptional
Fe-deficiency responses in roots but not in shoots
We next used transcriptome deep sequencing (RNA-seq) to
test whether the expression of Cu deficiency-responsive
genes was altered in roots, mature and young leaves of the
opt3 mutant compared to the wild-type. Using Illumina se-
quencing, we obtained 54, 79, and 59 million clean reads
from roots, mature and young leaves, respectively
(Supplemental Data Set S1). Of these, 86% of reads from
roots and mature leaves and 93% of reads from young leaves

Chia et al.

mapped to the Arabidopsis reference genome and were em-
ployed to estimate transcript abundance and differential ex-
pression. Compared to wild-type, we identified 376, 673, and
1,942 differentially expressed genes (DEGs) in opt3 mutant
roots, young leaves and mature leaves, respectively (ratio >
1.5 or £0.67, false discovery rate [FDR] < 0.05; Fig. 5, A to
C). We confirmed the higher expression of canonical Fe
deficiency-responsive genes, known to positively regulate
Fe-deficiency responses to facilitate Fe uptake (FIT, IRT1,
FRO2, bHLH38, bHLH39, bHLH100, bHLH101, MYBI10,
MYB72), the Fe-sensing peptide gene FEP2/IMA2, coumarin
biosynthesis, and transport genes (CYP82C4, S8H and
PDR9/ABCG37) in opt3 mutant roots (Fig. 5B and
Supplemental Data Set S2). In addition, we detected IRT1
in the roots of the opt3 mutant grown under control condi-
tions and the roots of the wild-type grown under Fe
deficiency but not in the roots of the wild-type or the fit-2
mutant grown under control conditions by immunoblot
analysis (Supplemental Fig. S8). Of other Fe deficiency-
regulated genes, FRO3, encoding a chloroplast-localized protein,
and the Fe exporter gene FE REGULATED 3 (IREG3, also named
FERROPORTIN 3 [FPN3]), whose encoded protein is dual-
targeted to mitochondria and chloroplasts, were also upregu-
lated in opt3 mutant roots compared to the wild-type (Fig. 5B
and Supplemental Data Set S2). Of 237 genes upregulated in
opt3 mutant roots, 32 (or 13.5%) were among robust FIT targets,
and six (or 0.025%) were among POPEYE (PYE) targets
(Supplemental Data Set S2 and (Mai et al. 2015)), suggesting
that the opt3 mutant mounts a primarily FIT-regulated Fe defi-
ciency response under Fe-sufficient conditions.

Notably, the expression of a negative FIT regulator gene,
ZAT12, was upregulated in roots of the opt3 mutant vs.
wild-type as well (Fig. 5B and Supplemental Data Set S2). In
addition, the expression of genes mediating cellular response
to Fe overload was upregulated. Specifically, the expression
of FER1 encoding a chloroplast-localized Fe-sequestering pro-
tein, whose expression is upregulated by Fe overload to pro-
tect chloroplasts from Fe toxicity, was upregulated in the
roots of the opt3 mutant compared to the wild-type (Fig. 5B
and Supplemental Data Set S2). The expression of IREG2/
FPN2, VTL1, VTL2, and VTLS5 mediating Fe sequestration into
the vacuole was upregulated as well (Fig 5B and
Supplemental Data Set S2). These data suggest that despite
the upregulated FIT-transcriptional network, root cells also
perceived the Fe-sufficiency/overload signal and responded
by increasing the expression of FIT negative regulators and
genes involved in mitigating Fe-overload toxicity.

It is noteworthy that while opt3 mutant roots constitutive-
ly overexpressed genes encoding Fe uptake components even
when grown in Fe-sufficient conditions, the magnitude of the
response was considerably larger when the mutant was
grown under Fe deficiency (Fig. 5D). This result was consist-
ent with the important role of OPT3 in mitigating and con-
trolling the basal response of the root to Fe deficiency.

We then compared the expression of Fe-deficiency re-
sponsive genes in young and mature leaves of the opt3
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Figure 4. The opt3-3 mutant Is sensitive to Cu deficiency. A and B), wild-type (WT) and the opt3-3 mutant (opt3) were grown hydroponically with (+
Cu) or without (— Cu) 125 nM CuSO,. Images were taken 4 wk A) or 9 wk B) from seed sowing. Data for the opt3-2 allele and wild-type are shown in
Supplemental Figure S6A. C-E) Time to flowering C), primary rosette leaf number D) and leaf length E). Seeds were germinated and plants grown
hydroponically without or with Cu (0 or 125, respectively and white bars). After 4 wk of growth, a subset of plants grown with or without Cu was
transferred to 500 nM CuSO, (500 and gray bars). Measurements were taken after the appearance of the first flower. A and B show a representative
image of plants from three independently conducted experiments. In C-D, values are means =+ SE. Different lowercase letters indicate significant
differences (ANOVA followed by Tukey’s HSD, JMP Pro 14 software package). Data were combined from three (n = 3 for opt3) to five (n =5 for
wild-type) independent experiments. In each independent experiment, measurements were taken from two plants per genotype and per condition.
F) shows a representative image of leaves (from young to old in the direction from left to right) of the wild-type and the opt3-3 mutant both grown

hydroponically for 4 wk without (0 nM Cu) or with Cu (125 nM Cu).

Table 1. Average day from the date of sowing to flowering in wild-type
and the opt3-3 mutant grown hydroponically with 0 or 125 nM
CuSO,A subset of plants was shifted to 500 nM Cu®

Cu concentrations, nM

Genotype 0 0 to 500 125 125 to 500
Wild-type (Col-0)  468+29 402+08 423+08 41.8+12
opt3-3 NAP 480+18 NAP 484+ 18

*Values are means =+ standard error (n =3 to 6).
®N.A; not applicable. The mutant did not flower during the course of measurements,
which ranged from 5 to 8 wk.

mutant and wild-type. Unlike roots, both mature and
young leaves of the opt3 mutant did not show a transcrip-
tional Fe deficiency response. Specifically, none of the ca-
nonical  Fe-deficiency  upregulated genes  were
upregulated in young or mature leaves of the opt3 mutant
(Fig. 5B and Supplemental Data Sets S3 and S4). Moreover,
FEP1/IMA3, known to be involved in Fe sensing and typic-
ally upregulated in leaves and roots under Fe deficiency
(Grillet et al. 2018), was downregulated in mature leaves
of the opt3 mutant relative to the wild-type; At5g05250,
encoding a protein of unknown function and upregulated
by Fe deficiency in leaves of different Arabidopsis accessions
(Waters et al. 2012), was downregulated in both young and

mature leaves of the opt3 mutant compared to the wild-type.
Fe  deficiency-downregulated  genes = NICOTIANAMINE
SYNTHASE 3 (NAS3), YELLOW STRIPE-LIKE 1 (YSL1) and YSL3
were highly upregulated in mature leaves in the opt3 mutant,
and YSL7T was also upregulated in young leaves of the opt3 mu-
tant compared to the wild-type (Fig. 5B and Supplemental
Data Sets S3 and S4). FRO7, encoding a chloroplast-localized
ferric chelate reductase, as well as FRO6, encoding a plasma
membrane-localized protein, were highly upregulated in ma-
ture leaves of the opt3 mutant relative to wild-type, although
their expression is not regulated by Fe deficiency in
Arabidopsis shoots (Mukherjee et al. 2006) (Fig. 5B and
Supplemental Data Set S3). We also observed the high upregu-
lation of Fe-sufficiency markers FER1, FER3, and FER4 in both
mature and young leaves of the opt3 mutant compared to
the wild-type (Fig. 5B and Supplemental Data Sets S3 and S4).
Together, our RNA-seq data help unravel the details of contrast-
ing responses of the Fe regulon in roots, young and mature
leaves of the opt3 mutant and support the past observation
that opt3 mutant leaves sense Fe overload (Khan et al. 2018).

The opt3 mutant mounts a transcriptional Cu
deficiency response

Roots of the opt3 mutant accumulated significantly less Cu
than the roots of wild-type plants, albeit total internal Cu
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Figure 5. The opt3-3 mutant mounts a Cu deficiency response in roots and young leaves. A) Total number of differentially expressed genes in roots,
mature leaves and young leaves of the opt3 mutant compared to wild-type, according to RNA-seq data (ratio >= 1.5 or <=0.67, false-discovery rate
[FDR] < 0.05). B, C) Venn diagrams showing the number of upregulated B) or downregulated C) genes in roots, mature and young leaves. Overlaps
indicate the number of genes co-regulated in the indicated tissues. Genes associated with Fe and Cu homeostasis are shown in B) and C). Genes
involved in Cu homeostasis are marked in bold; genes associated with Fe and Cu deficiency responses are marked in bold and are underlined. D) The
expression of the Fe transport system is upregulated in the roots of the opt3 mutant under Fe deficiency. Plants were grown hydroponically for 31
d. A subset of plants sas transferred to fresh medium with no added Fe. Roots were collected after 4 d of additional growth with or without Fe. White
and black bars represent the transcript abundance of the indicated genes in the wild-type and the opt3 mutant, respectively. Values are means + SE.
(n =3 independent RT-qPCR experiments per genotype. In each experiment, roots were pooled from four plants grown in the same container for
RNA extraction). Asterisks indicate statistically significant differences in gene expression in wild-type grown with or without Fe (P < 0.05, Student’s

t-test). Different lowercase letters indicate significant differences (P < 0.05; ANOVA followed by Tukey HSD, JMP Pro 14 software package).

concentration in the mutant roots reached what would be
considered sufficiency (Fig. 2A and (Broadley et al. 2012)).
We therefore anticipated that the expression of genes be-
longing to the Cu-deficiency regulon in roots would not
be altered in the opt3 mutant. However, we discovered
that the expression of canonical Cu-deficiency induced
genes responsible for Cu uptake (CITF1, COPT2, FRO4,
and FROS5) is upregulated in opt3 mutant roots compared
to wild-type roots (Table 2, Fig. 5B and Supplemental
Data Set S2).

Since small RNAs were not included in the RNA-seq analysis,
we tested the expression of canonical Cu MIRNA precursors in
roots of the opt3 mutant and wild-type plants by RT-qPCR
(Pilon 2017). The precursors MIR397a/b, MIR857a, MIR389b/
¢, and MIR408 were upregulated in opt3 roots when compared
to wild-type roots (Fig. 6A). Moreover, the Cu deficiency-

repressed genes Cu/Zn SUPEROXIDE DISMUTASE 1 (CSD1),
CSD2 and BLUE-CU-BINDING PROTEIN (BCB), contributing
to Cu economy/metal switch, were downregulated by more
than 2-fold. Consistently, the expression of FSD1 (FE
SUPEROXIDE DISMUTASE 1) was upregulated by 2.7-fold in
roots of the opt3 mutant compared to the wild-type
(Table 2, Fig. 5C and Supplemental Data Set S2). In addition,
several other canonical Cu-deficiency upregulated genes
(bHLH23, ZRT/IRT-LIKE PROTEIN 2 [ZIP2], YSL2, TOUCH 4
[TCH4], At2g47010, At4g10500, At1g31710, (Bernal et al.
2012; Waters et al. 2012, 2014; Yan et al. 2017; Schulten
et al. 2022)) were upregulated in roots of the opt3 mutant
compared to the wild-type (Table 2, Fig. 5B and
Supplemental Data Set S2). Of 16 Cu-deficiency regulated
genes in the opt3 mutant, 10 are considered to be
SPL7-dependent (Supplemental Data Set S2). These results
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Table 2. Expression of Cu deficiency-responsive genes in roots, mature leaves and young leaves of the opt3-3 mutant. Wild-type Arabidopsis and
opt3-3 plants were grown hydroponically with 0.125 uM CuSO, for 4 wk prior to tissue collection for RNA-seq analysis. Upregulated or
downregulated genes are shown in bold font and marked with asterisks (ratio >= 1.5 or <=0.67, [FDR] < 0.05)

AGI ID Gene Name RPKM? Ratio (YL vs ML®)

opt3_R®  wt R®  opt3_ML®  weML®  op3_YL®  weyl® R° M yl® wt opt3
AT5G59030 COPT1 73 35 164.4 98.9 68.3 60.4 2.1 1.7 11 0.6° 0.4*
AT3G46900 COPT2 183.3 46.1 1.6 20 0.4 0.1 4.0° 0.8 33 0.1? 0.2*
AT2G26975 COPT6 03 0.3 382 26.1 16.5 17.7 1.1 15 0.9 0.7% 0.4°
AT4G24120 YSL1 0.2 0.4 10.4 33 43 25 0.4 31 172 0.8 0.4°
AT5G24380 YSL2 19.2 103 15 1.0 13 0.5 1.9° 0.7 2.8% 0.5% 0.9
AT5G53550 YSL3 19.3 205 21.0 11.6 82 86 0.9 18 10 0.7% 0.4°
AT5G23980 FRO4 221.4 103.4 56 8.7 0.6 0.8 2.1° 0.7 0.7 0.1? 0.1*
AT5G23990 FROS 326.7 395 0.5 0.7 0.1 0.0 8.3% 0.8 NA 0.2% 0.1?
AT1G71200 CITF1 96 15 0.0 0.0 0.0 0.0 6.6" NA NA 1.0 0.3
AT1G08830 CSD1 100.0 243.4 69.3 102.0 28.2 181.1 0.4° 0.7 0.2* 1.8 0.4*
AT2G28190 CSD2 72.7 1233 68.8 151.0 138.6 452.8 0.6* 0.5 0.3% 3.0° 2.0
AT2G02850 ARPN 17.9 19.6 0.7 0.7 22 65 0.9 1.0 0.3° 9.8° 33°
AT5G20230 BCB 1.4 3.6 258.6 325.8 413 110.8 0.4° 0.8 0.4 03° 0.2°
AT1G12520 Ccs1 32.7 55.8 18.6 20.9 125 39.4 0.6* 0.9 0.3% 1.9 0.7%
AT2G44790 uce2 1068.8 1418.9 45 1.9 13 4.4 0.8* 2.4° 0.3% 23 0.3*
AT4G25100 FSD1 3320 120.9 807.2 584.7 681.3 264.0 2.7* 1.4 2.6* 0.5* 0.8*
AT3G56240 CCH 2430 171.8 103.8 96.9 42,6 39.8 1.4° 1.1 1.1 0.4° 0.4°
AT1G71040 LPR2 30.1 31.0 102.9 835 356 433 1.0 12 0.8 05° 0.4°
AT2G07687 COoX3 1.1 23 1.0 13 0.3 0.7 05 0.8 0.4 05 0.3*
AT1G18140 LAC1 2.4 29 0.0 0.0 0.4 1.0 0.8 NA 0.4 98.0*  14.6*
AT2G29130 LAC2 224 283 0.1 0.3 0.4 1.0 0.8 0.2 05 32 7.4°
AT2G46570 LAC6 26 26 0.7 0.4 32 3.2 1.0 1.8 1.0 8.2° 4.6°
AT5G01600 FER1 286.9 167.6 1349.9 97.8 642.6 112.6 1.7 138 57° 1.2 0.5%
AT3G56090 FER3 28.0 218 115.2 13.2 197.7 58.6 13 87°  34* 44" 1.7%
AT2G40300 FER4 10.7 10.7 97.2 40.3 139.3 90.6 1.0 24 15 23° 1.4

?RPKM, Reads Per Kilobase of transcript per Million mapped reads.
PR, roots; ML, mature leaves, YL, young leaves.

show that roots of the opt3 mutant manifest molecular symp-
toms of Cu deficiency, even though these plants were grown
under Cu-sufficient conditions and the internal concentration
of Cu in roots was at the level of sufficiency (Fig. 2A and
Supplemental Fig. S3).

We also found that young leaves of the opt3 mutant man-
ifested molecular symptoms of Cu deficiency, as evidenced
by the increased expression of YSLT and YSL2, which are typ-
ically upregulated under Cu deficiency and involved in lateral
movement of minerals, including Cu (Fig. 5, B and C and
Table 2, Supplemental Data Set S3). Genes associated with
either Cu buffering (METALLOTHIONEIN 1A [MT1A] and
METALLOTHIONEIN 2A MT2A) or Cu economy (CSD1,
CSD2, COPPER CHAPERONE FOR SOD1  [CCS1],
PLANTACYANIN [ARPN], UCLACYANIN 2 [UCC2]) were
downregulated, while FSD1 was upregulated (Fig. 5, B and C
and Supplemental Data Set S3).

Turning to mature leaves, we detected a different set of
genes as being differentially expressed in the opt3 mutant
compared to the wild-type, and the pattern of the regulation
(up or down) of canonical Cu-deficiency-regulated genes was
not symptomatic for either deficiency or sufficiency
(Supplemental Data Set S4). Specifically, as might be ex-
pected under Cu deficiency, the expression of the genes
COPT1, YSL1, and YSL3, which are associated with Cu uptake
and lateral movement, was higher in the opt3 mutant than in

wild-type. Other Arabidopsis Cu-deficiency upregulated
genes, including At1g32350 and At5g02670, were also upre-
gulated in mature leaves of the opt3 mutant. Of genes typic-
ally downregulated by Cu deficiency, At4g15660 was also
downregulated in the opt3 mutant relative to the wild-
type, as well as PLASTOCYANIN 2 (PETE2), associated with
Cu sparing, and METALLOTHIONEIN 1B (MT1B), associated
with Cu buffering. By contrast, the expression of another
Cu sink, UCC2, which is typically downregulated by Cu defi-
ciency, was upregulated in mature leaves of the opt3 mutant
compared to the wild-type, while NITRATE TRANSPORTER
2.7 (NRT2.7), typically upregulated by Cu deficiency in
Arabidopsis, was downregulated in the opt3 mutant.

To conclude, our RNA-seq data show that both roots and
young leaves of the opt3 mutant mounted a transcriptional
Cu deficiency response while only mutant roots manifested
a transcriptional Fe-deficiency response. In addition, our find-
ing of the distinct transcriptional response and metal accu-
mulation between mature and young leaves of the mutant
emphasizes the need to separate these leaves in analyses of
mutant phenotypes.

OPT3 is transcriptionally upregulated by short-term
Cu deficiency

While OPT3 is robustly upregulated in roots and leaves by
Fe deficiency, it was not among Cu deficiency-responsive
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Figure 6. The expression of Cu MIRNA genes is upregulated in the opt3-3 mutant. A) Transcript abundance of MIRNA397a/b, MIR857a, MIR398b/c,
and MIR408 precursors in roots of 5-wk-old wild-type (open bars) or the opt3 mutant (black bars) grown hydroponically with 125 nM CuSO,. Values
are means = SE. Asterisks indicate significant differences compared to wild-type, which was set to 1 (P < 0.05, Student’s t-test, n = 4 independent
RT-qPCR experiments per genotype. In each experiment, roots were pooled from four plants grown in the same container for RNA extraction). B)
Relative expression levels of OPT3, IRT1 and CITF1 in roots of wild-type subjected to 1 to 4 d of Cu deficiency. CITF1 was used as a marker of Cu
deficiency to validate treatment efficiency. Values are means =+ SE. Different lowercase letters indicate significant differences (P < 0.05; ANOVA fol-
lowed by Tukey’s HSD, JMP Pro 14 software package, n = 4 independent RT-qPCR experiments per condition. In each experiment, roots were pooled

from four plants grown in the same container for RNA extraction.

genes in existing RNA-seq datasets. In these previous
RNA-seq analyses, plants were exposed to Cu deficiency
for a minimum of 3 d. Since OPT3 responds to Fe defi-
ciency within 24 h (Khan et al. 2018), we hypothesized
that OPT3 might also be transcriptionally upregulated
by short-term exposure to Cu deficiency. Thus, we com-
pared OPT3 expression in Arabidopsis subjected to Cu
deficiency for 24 or 96 h. We also examined the expres-
sion of the Cu-deficiency marker CITF1 to validate the ef-
ficiency of our treatments. CITF1 was upregulated in
roots 16-fold after 24 h of Cu deficiency and remained
highly upregulated after 96 h. The expression of OPT3
was also upregulated, although to a lesser extent, after
24 h of Cu deficiency, but unlike CITF1, the transcript
abundance of OPT3 decreased after 96 h of treatment
(Fig. 6B). IRT1 expression was not upregulated by Cu de-
ficiency (Fig. 6B).

Supplemental Cu rescues the molecular symptoms of
Cu deficiency in the opt3 mutant

Since transferring the opt3 mutant to higher Cu concentra-
tions decreased its time to flowering to the level of wild-
type and rescued the length of rosette leaves (Fig. 4 and
Supplemental Fig. S7A), we predicted that supplemental
Cu would also decrease the expression of Cu
deficiency-responsive genes. To test this hypothesis, we
compared the transcript levels of the Cu deficiency markers
CITF1, COPT2, FRO4, and FROS5 in the roots of the opt3 and
wild-type. In parallel, we also tested the expression of the

key Fe deficiency markers IRT1 and FRO2. Consistent with
the RNA-seq data (Table 2), the expression of CITF1,
COPT2, FRO4, and FRO5 was upregulated in roots of the
opt3 mutant relative to the wild-type, which were both
grown under control conditions (Fig. 7). The transcript le-
vels of Cu deficiency markers dropped in opt3 mutant roots
after transfer to higher Cu concentrations (Fig. 7A to H).
We note that transferring wild-type plants to higher Cu
also decreased the expression levels of CITF1, COPT2,
FRO4, and FROS, suggesting that 125 nM CuSO, was some-
what Cu-limiting, even though the growth and develop-
ment of wild-type plants were not affected. Supplemental
Cu in both concentrations also decreased the expression le-
vels of IRTT and FRO2 in opt3 mutant roots compared to
their levels under control conditions (Fig. 7, ) to M). It is
worth noting that the higher Cu concentration (500 nM)
increased the expression of both IRTT and FRO2 in wild-
type roots, reinforcing the existence of interactions be-
tween Cu and Fe homeostasis.

OPT3 function in the shoot regulates both Fe and Cu
deficiency responses of the root

We next tested whether the increased expression of Cu defi-
ciency markers in opt3 mutant roots was due to its altered
shoot-to-root signaling. To this end, we used reciprocal graft-
ing with wild-type and opt3 plants and examined the tran-
script levels of the Cu-deficiency markers CITF1, COPT2,
FRO4, FROS in roots (Fig. 8). Their expression was upregulated
in the roots of grafted opt3/opt3 (opt3 scions grafted to opt3
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Figure 7. Cu supplementation partially rescues the molecular symptoms of Cu deficiency in opt3-3 mutant roots. Plants were grown hydroponically
under control conditions (white bars) until the late-vegetative stage before a subset of plants was transferred to fresh medium with higher Cu con-
centrations (250 nM CuSO,, light gray barsin A, B, E, F, J, K or 500 nM CuSO,, dark gray bars in C, D, G, H, L, M). Plants were grown for another week
before tissue collection and RT-qPCR analysis. The transcript abundance of the indicated genes was normalized to the wild-type grown under con-
trol conditions. Values are means + SE. Different lowercase letters indicate significant differences (ANOVA followed by Tukey’s HSD, JMP Pro 14
software package, n =3 RT-qPCR experiments per genotype). In each experiment, roots were pooled from three plants grown in one container
for RNA extraction. Data are normalized to the expression of ACTIN2; the expression of genes in the wild-type grown under 125 nM CuSO; (control

conditions) was set to one.

rootstocks) compared to grafted WT/WT (wild-type [WT]
scions grafted to WT rootstocks [control grafts], Fig. 8A). The
expression of CITF1, COPT2, FRO4, and FRO5 was also elevated
in roots of grafts with opt3 scions and wild-type rootstock
(Fig. 8A). By contrast, grafting of wild-type shoots onto opt3
rootstocks downregulated CITF1, COPT2, FRO4, and FRO5 ex-
pression relative to control grafts (Fig. 8A). These data show
that OPT3 function in the shoot is sufficient to regulate the
transcriptional Cu deficiency responses in the root.

Grafted plants performed as expected, as evidenced by the
expression of the Fe-deficiency markers IRT1 and FRO2 in dif-
ferent graft combinations (Fig. 8B and (Zhai et al. 2014)). As
shown previously, IRTT and FRO2 were upregulated in roots
of opt3/opt3 compared to WT/WT grafts (Fig. 8B and (Zhai
et al. 2014)). Grafting wild-type shoots onto opt3 mutant

roots downregulated IRT7 and FRO2 expression relative to
their expression in control grafts (Fig. 8B). By contrast, graft-
ing of opt3 shoots onto wild-type roots increased the expres-
sion of Fe deficiency markers (Fig. 8B). Together, these data
show that OPT3 function in the shoot regulates both Fe-
and Cu-deficiency responses of the root. These data also sug-
gest the existence of systemic shoot-to-root Cu status
signaling.

Cu feeding via the phloem in the shoot regulates the
expression of Cu- and Fe-deficiency responsive genes
in roots

To test whether the Cu status of the shoot can be commu-
nicated to the root and whether Cu movement via the
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Figure 8. The OPT3 function in the shoot controls the expression of Cu deficiency markers. Transcript abundance of Cu- A) and Fe-deficiency B)
markers in the roots of grafted plants. The wild-type and the opt3-3 mutant were used for reciprocal grafting. WT-S/WT-R, wild-type scion grafted to
wild-type rootstock (control); opt3-S/opt3-R, opt3 scion grafted to opt3 rootstock; WT-S/opt3-R, wild-type scion grafted to opt3 rootstock; opt3-S/
WT-R, opt3 scion grafted to wild-type rootstock. Values are means + SE. (n = 4 independent experiments [PCR runs, each representing an independ-
ent experimental setup]; roots were pooled from four plants per the experimental setup). Different lowercase letters indicate significant differences
(P < 0.05; ANOVA followed by Tukey’s HSD, JMP Pro 14 software package). Data were normalized to the expression of ACTIN2; the expression of

genes in the wild-type was set to one.

phloem from the shoot to the root influences the expression
of Cu acquisition genes, we performed phloem-feeding ex-
periments via the abrasion of the leaf vasculature. We first
tested this approach using the phloem symplastic tracer
5,6 carboxyfluorescein-diacetate (CFDA) (Grignon et al.
1989; Oparka et al. 1994). After diffusing into plant cells,
CFDA is cleaved by cellular esterases to yield a
membrane-impermeable form of the dye carboxyfluorescein
(CF). Indeed, we detected CF accumulation in the roots of
wild-type plants after CFDA solution feeding via an incision
in the leaf vasculature (Supplemental Figure S9, A and B).

Since systemic signaling of Fe deficiency has already been
established, we first exposed wild-type Arabidopsis plants
to Fe deficiency and assessed whether Fe feeding to the
phloem in the shoot would rescue the expression of the Fe
deficiency markers FIT and IRT1. Since COPT2 is also upregu-
lated by Fe deficiency via FIT, we used COPT2 as a marker for
Fe as well as Cu deficiency. We also used CITF1 because of its
contrasting response to Fe and Cu deficiencies: downregu-
lated by Fe deficiency and upregulated by Cu deficiency
(Yan et al. 2017). Consistent with one of the proposed roles
of Fe in systemic signaling, feeding Fe via the phloem in the
shoot of Fe-deficient plants decreased the expression of
FIT, IRT1, and COPT2, while increasing CITF1 expression
(Fig. 9A). We also noticed that Fe, but not mock-feeding, res-
cues the chlorosis of young leaves from Fe-deficient plants
(Supplemental Fig. S9D). These data are consistent with
the proposed regulatory role of Fe availability in the phloem
in the shoot in controlling the expression of Fe-deficiency re-
sponsive genes in the root. Some of these genes (COPT2 and
CITF1) also respond to Cu deficiency.

We then exposed wild-type to Cu deficiency, fed Cu to the
vasculature in the shoot and determined that the expression
of the Cu-deficiency markers CITF1, COPT2 and Cu miRNAs
precursors, MIR397a/b, MIR857a, MIR389a/b, and MIR408 is
significantly downregulated in the root (Fig. 9B).
Interestingly, we also found that Cu feeding via the phloem
in the shoot downregulates FIT and IRTT expression
(Fig. 9B). These data show that Cu availability in the phloem

in the shoot can influence the expression of not only Cu but
also Fe deficiency-responsive genes in the root.

Feeding Cu or Fe to the phloem in the shoot of the
opt3 mutant attenuates the expression of both Fe and
Cu deficiency-responsive genes in opt3 mutant roots
Past studies of foliar Fe application by Fe spraying did not res-
cue the expression of Fe acquisition genes, which are consti-
tutively overexpressed in opt3 mutant roots (Garcia et al.
2013). This finding is not surprising considering the defect ex-
hibited by the opt3 mutant in Fe and Cu loading to the
phloem in leaves (Figs. 1, F, G, K and 5B and (Zhai et al.
2014)). We thus asked whether feeding with Fe via the vascu-
lature in the shoot would rescue the expression of the
Fe-deficiency markers FIT and IRT1 in the root. Consistent
with the suggested repressive role of Fe in the phloem, the
expression of FIT and IRT1 was downregulated in roots of
Fe-fed plants compared to mock-fed plants (Fig. 9C).
Unexpectedly, we also found that the expression of the Cu
deficiency markers CITF1 and COPT2 is downregulated in
the root of the Fe-fed mutant relative to the mock-fed mu-
tant (Fig. 9C). Interestingly, the expression of MIR397a/b,
MIR857a, MIR389a/b, and MIR408 precursors in the opt3 mu-
tant root did not respond to the phloem-feeding with Fe in
the shoot (Fig. 9C).

Next, we fed Cu to the phloem in the shoot to test whether
it would have a similar repressive effect on the expression of
Fe- and Cu-deficiency-regulated genes in opt3 mutant roots.
The expression of Cu-deficiency markers, including CITFT,
COPT2 and MIR397a/b, MIR857a, MIR389a/b, and MIR408
precursors, was significantly downregulated in the roots of
Cu-fed compared to the mock-fed mutant (Fig. 9D). The ex-
pression of the Fe-deficiency marker genes FIT and IRT1,
which are constitutively upregulated in the opt3 mutant,
was also downregulated in opt3 mutant roots compared to
the mock-fed mutant (Fig. 9D). Together, these data suggest
the existence of crosstalk between Fe and Cu in
shoot-to-root systemic signaling directed at the regulation
of Cu and Fe uptake system in the root.
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Figure 9. Cu or Fe feeding via the phloem in the shoot represses the molecular symptoms of Cu and Fe deficiencies in the root of the wild-type and
the opt3-3 mutant. RT-qPCR analysis of Cu- and Fe-deficiency molecular markers in the roots of 33-day-old wild-type A, B) or the opt3 mutant C, D).
Wild-type plants were grown hydroponically and subjected to either Fe A) or Cu B) deficiency. The opt3 mutant was grown hydroponically in Cu-
and Fe-sufficient conditions (C, D). Roots were collected after 24 h of phloem-feeding with Fe (black bars) or Cu (gray bars) or control feeding (mock,
open bars). The mock treatment for Cu feeding was MiliQ water, and the mock treatment for Fe feeding was citrate. Asterisks indicate statistically
significant differences from the expression of genes in mock-fed plants, set to one (P < 0.05, Student’s t-test, n = 4 [PCR runs, each representing an
independent experimental setup]; roots were pooled from four plants per each experimental setup). Data are normalized to the expression of
ACTIN2; the expression of genes in mock-treated wild-type (A, B) or mock-treated opt3 (C, D) was set to one.

Cu or Fe feeding via the phloem downregulates the expres-
sion of CITF1, Cu MIRNA precursors and FIT in Arabidopsis
roots subjected to simultaneous Cu and Fe deficiencies.

We showed that Cu and Fe accumulation in the phloem
was lower in the opt3 mutant than in the wild-type and
that OPT3 function is important for regulating Cu- and
Fe-deficiency responses in the root (Figs. 1, 8 and 9). To mi-
mic the effect of simultaneous Cu and Fe deficiencies in the
phloem of the opt3 mutant and explore its influence on the
expression of corresponding deficiency markers in roots, we
subjected wild-type Arabidopsis plants to concurrent Fe and
Cu deficiencies. We tested the expression of CITF1 and
MIR397a/b, MIR857a, MIR389a/b, and MIR408 precursors be-
cause these genes are highly regulated by Cu deficiency and
are downregulated by Fe deficiency (Waters et al. 2012; Yan
et al. 2017). We also tested FIT expression, as it is responsive
to Fe but not Cu deficiency (Colangelo and Guerinot 2004;
Bernal et al. 2012). We determined that Cu and Fe deficien-
cies applied individually have an opposite effect on the ex-
pression of CITF1 and MIR397a/b, MIR857a, MIR389a/b, and
MIR408 precursors (Fig. 10A); FIT expression was upregulated
under Fe but not Cu deficiency (Fig. 10A). By contrast, all
tested genes were highly upregulated when Fe and Cu defi-
ciencies were applied simultaneously (Fig. 10A). This result
suggested that simultaneous Fe and Cu deficiencies act in
parallel/autonomously on the expression of Cu- and
Fe-responsive genes in the root.

Cu feeding via the phloem in the shoot downregulated the
expression of not only Cu MIRNA precursors and CITF1 but
also FIT in the root of plants grown under simultaneous Cu
and Fe deficiencies (Fig. 10B). Feeding with Fe also downregu-
lated not only FITT expression but also that of CITFT; out of
the Cu MIRNA precursors measured, the expression of all, but
not the MIR857a precursor, was downregulated in roots of
the wild-type grown under simultaneous Cu and Fe deficien-
cies (Fig. 10C). Together, these data suggest that Cu and Fe in
the phloem can, in part, mimic each other’s function in long-
distance signaling.

Cu and Fe deficiencies applied simultaneously
increase root Fe uptake and its delivery to shoots
while high Fe reduces Cu uptake

Because Cu deficiency stimulates Fe uptake, we hypothesized
that Cu deficiency in the opt3 mutant and its lower Cu and Fe
accumulation in the phloem compared to the wild-type may
contribute to increased Fe accumulation in its roots and
leaves. To test this hypothesis, we exposed wild-type to Cu
and Fe deficiencies individually and concurrently. We then
analyzed Fe accumulation in the roots and leaves of wild-type
plants. We found that Cu deficiency increases Fe accumula-
tion in both roots and leaves of wild-type Arabidopsis com-
pared to control conditions (Fig. 11A). This finding was
consistent with past observations using different
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Figure 10. Cu and Fe deficiencies applied simultaneously increase the expression of CITF1, Cu MIRNAs and FIT. A) Transcript abundance of CITF1,
the indicated Cu MIRNA precursors and FIT was analyzed in the roots of plants grown under control conditions (+ Cu) or without cooper but with
Fe (—Cu) for 4 wk before tissue collection. To achieve Fe deficiency, plants were grown under control conditions for 3 wk, transferred to a solution
without Fe and grown for one additional week (—Fe). For the simultaneous Fe- and Cu-deficiency treatment, plants were grown without Cu but with
Fe for 3 wk and then transferred to fresh hydroponic medium lacking both Cu and Fe. Tissues were collected and analyzed after an additional week of
growth (—Cu —Fe). B) Transcript abundance of the indicated genes in roots of wild-type grown under simultaneous Cu and Fe deficiencies after
phloem feeding with Cu (gray bars) or control feeding (mock, open bars). C) Transcript abundance of the indicated genes in roots of the wild-type
grown under simultaneous Cu and Fe deficiencies after phloem feeding with Fe (black bars) or control feeding (mock, open bars). The mock treat-
ment for Cu feeding was MiliQ water, and the mock treatment for Fe feeding was citrate. In A-C), values are means =+ SE. Different lowercase letters
indicate significant differences in A) (ANOVA followed by Tukey’s HSD, JMP Pro 14 software package); asterisks in B) and C) indicate statistically
significant differences from the expression of genes in mock-fed plants (P < 0.05, Student’s t-test). In A-C, n = 3 to 4 independent experiments (PCR
runs, representing an independent experimental setup where roots were pooled from three plants per experiment for RNA extraction). Data were
normalized to the expression of ACTIN2; the expression of genes in wild-type grown under control conditions A) or mock-treated wild-type (B, C)
was set to one.

experimental setups (Bernal et al. 2012; Waters et al. 2012; Here, we also asked whether the increased accumulation of
Kastoori Ramamurthy et al. 2018; Sheng et al. 2021). We ob-  Fe in opt3 mutant roots contributed to their lower Cu accu-
served a decrease in Fe accumulation in both roots and mulation (Fig. 2A). To mimic high Fe conditions, we grew
shoots under Fe deficiency. Interestingly, the simultaneous  wild-type plants under control (10 uM) or high (50 uM) Fe

application of Cu and Fe deficiencies increased Fe accumula-  in the medium and evaluated the accumulation of Cu.
tion in both roots and shoots compared to sole Fe-deficiency Indeed, due to the toxic nature of Fe, high Fe in the medium
conditions (Fig. 11A). We note that plants were subjected to  limited root growth while increasing root Fe levels in the
Fe deficiency for 1 wk, prior to which they were grown under  wild-type compared to controls (Supplemental Figure S10,
Fe-replete conditions. Thus, it is possible that internal apo- A and B). Furthermore, increased Fe concentration in the
plastic Fe reserves were taken up and accounted for Fe accu- root was accompanied by a significantly lower Cu concentra-
mulation in shoots under simultaneous Fe and Cu  tion in roots and shoots (Fig. 11B). While the mechanism of
deficiencies. It is also possible that the simultaneous applica-  the effect of high Fe concentration (provided as Fe-HBED) on
tion of both Cu and Fe deficiencies stimulate an as yet un- Cu uptake is unknown, it is possible that Fe either represses

identified high-affinity Fe uptake pathway that contributes  the Cu uptake system or decreases Cu availability in the out-
to the root uptake of residual Fe in the medium. side medium. Notably, decreased Cu uptake in high Fe
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Figure 11. Cu and Fe availability in the medium influences each other’s uptake and accumulation in Arabidopsis roots and shoots. A) Fe concen-
tration in roots and shoots of Arabidopsis plants grown for 5 wk in control conditions (+Cu + Fe) or Cu deficiency (—Cu). To impose Fe deficiency
(—Fe), a subset of plants grown in control conditions for 4 wk was transferred to the same medium without Fe and grown for one more week. For
simultaneous Cu and Fe deficiencies (—Cu — Fe), plants were grown without Cu for 4 wk and then transferred to fresh hydroponic medium lacking
both Cu and Fe and grown for one more week. Values are means + SE. Different lowercase letters indicate significant differences (ANOVA followed
by Tukey’s HSD, JMP Pro 14 software package, n = 3 to 5 independent ICP-MS measurements, each representing an independent experimental set-
up; roots and shoots were pooled from four plants per each experimental setup to obtain one measurement). B) Cu concentration in roots and
shoots of Arabidopsis, grown for 5 wk in control conditions (10 uM Fe) or with high Fe (50 uM Fe). Values are means =+ SE from n = 5 ICP-MS mea-
surements. For each measurement, tissues were pooled from four plants grown in the same container. In total, five containers from two batches of
independently grown plants per condition were analyzed. Asterisks indicate statistically significant differences (P < 0.05, Student’s t-test).

conditions was also documented in animal species (Klevay
2001; Ha et al. 2016).

We recognize that these experiments do not perfectly
match the scenario in the opt3 mutant that experiences in-
ternal Cu and Fe deficiencies under control conditions.
Nevertheless, our results favor the intriguing suggestion
that in addition to lower Fe and Cu accumulation in the
phloem of the opt3 mutant, decreased Cu accumulation in
its roots and leaves contribute to its Fe overaccumulation.
We also propose that high Fe in the roots of the opt3 mutant
negatively affects Cu accumulation in the roots of the mu-
tant compared to the wild-type.

Discussion

Fe and Cu are essential micronutrients, yet they are toxic for
the growth and development of all organisms if their accumu-
lation is not highly regulated. The homeostasis of these ele-
ments is intricately related. The hallmark of this relationship
in plants is the increased accumulation of Cu in plant tissues
under Fe deficiency and the overaccumulation of Fe under Cu
deficiency (Fig. 11 and (Bernal et al. 2012; Waters and
Armbrust 2013; Kastoori Ramamurthy et al. 2018; Rai et al.
2027; Sheng et al. 2021)). The toxicity of both metals is avoided
by the ability of plants to regulate Cu and Fe transport systems
in response to fluctuations in Cu and Fe availability in the im-
mediate root environment and the demands of the develop-
ing shoot. The Arabidopsis phloem companion cells-specific
Fe transporter, OPT3, is involved in signaling Fe demand
from shoots to roots and in transporting Fe to developing tis-
sues such as the seed. The systemic control of Cu uptake into
roots and its relationship to the systemic control of Fe uptake
in plants has not yet been documented. Data presented in this
article suggest the existence of systemic signaling of Cu status,
its interaction with systemic Fe signaling, and the central role
of OPT3 in these regulatory pathways (Fig. 12).

OPT3 transports Cu and the Cu-NA complex, but
free Cu®* ions are preferred substrates in
heterologous systems
The nature of the transport substrate of OPT3 has been under
scrutiny and is a matter of debate in the literature. OPT3 be-
longs to the OPT family that is phylogenetically divided into
two groups: the YSL and OPT clades (Lubkowitz 2011).
Analyses of the transport capabilities of some members of
the Arabidopsis and rice (Oryza sativa) OPT family have re-
vealed their capacity to transport synthetic tetra- and penta-
peptides in heterologous systems (Osawa et al. 2006), while
members of the YSL clade are expected to transport metal—che-
late complexes (Osawa et al. 2006). Given the role of OPT3 in Fe
homeostasis and signaling, it thought to transport either pep-
tides that can serve as metal ligands (glutathione [GSH]) or
metal-ligand complexes (metal-nicotianamine [metal-NA])
(Stacey et al. 2008; Lubkowitz 2011). Thus, our past finding
that OPT3 transported free ions, Fe and Cd when expressed
in Xenopus oocytes or the yeast Fe uptake mutant fet3 fet4
was unexpected (Zhai et al. 2014). Consistent with the
proton-coupled nature of OPT-mediated transport, our past
studies and studies of our colleagues had shown that the acid-
ification of the uptake medium stimulated OPT3-mediated in-
ward currents (Osawa et al. 2006; Zhai et al. 2014). A construct
encoding OPT3-GFP was previously heterologously expressed in
yeast and mislocalized to internal vesicles rather than residing at
the plasma membrane (Mendoza-Cézatl et al. 2014). To pre-
vent OPT3-GFP processing/folding challenges and its retention
at the endoplasmic reticulum, which may occur when integral
plasma membrane proteins are forced to accumulate to high
levels, and to avoid the use of a relatively large epitope tag
(GFP) (Emmerstorfer et al. 2014), we used untagged OPT3 for
functional complementation assays in yeast, reported in Zhai
et al. (2014), and this article.

Here, we showed that OPT3, in addition to Fe and Cd ions
(Zhai et al. 2014), also transported Cu ions when its cDNA
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Figure 12. OPT3-facilitated Cu and Fe transport to the phloem companion cells mediates Fe—Cu crosstalk in shoot-to-root signaling. A) OPT3 med-
iates Fe and Cu loading to phloem companion cells for the distribution to sink organs, including roots. Phloem-mobile Fe and/or Cu represses the
expression of Fe and Cu uptake systems, either acting directly as a repressor(s) or indirectly by sequestering or inhibiting the synthesis of a promotive
signal in the phloem companion cells. B) Fe deficiency in the outside medium stimulates Cu accumulation in roots and leaves (Waters et al. 2012,
2014; Waters and Armbrust 2013) and Figure 11A. Under these circumstances, OPT3 loads mainly Cu to the phloem in the shoot. The concentration
of Fe in the phloem decreases, which causes the upregulation of the expression of the Fe uptake system in the root. Cu availability in the phloem,
provided by OPT3, fine-tunes the expression of Fe transport genes to avoid Fe overload observed in the opt3 mutant. The repressive role of Cu on the
expression of Cu and Fe uptake system can occur directly or indirectly via scavenging or inhibiting the production of a promotive signal in the
phloem companion cells. A similar scenario occurs under Cu deficiency, where OPT3 mainly loads Fe to fine-tune the expression of Cu uptake genes
C). Simultaneous Fe and Cu deficiencies in the outside medium autonomously upregulate the expression of both Cu and Fe uptake genes as both
elements are less available in phloem sap D). The scenario is different in the opt3 mutant E): a Ithough both Fe and Cu are available in the outside
medium, the opt3 mutant experiences simultaneous Fe and Cu deficiencies in the phloem. Low Fe accumulation in the phloem stimulates tran-
scriptional Fe deficiency response in the root, overriding local Fe sufficiency (Fe sufficiency in the medium and high Fe accumulation in the
root) that should have repressed the upregulation of Fe uptake system in the root of the opt3 mutant. Since Fe is available in the outside medium,
Fe accumulates in roots of the opt3 mutant. Cu deficiency in the phloem, roots and leaves also leads to Fe accumulation and transcriptional Cu
deficiency response. Increased Fe accumulation from both pathways, in turn, decreases Cu uptake, as shown in Figure 11B and documented in ani-

mal species (Klevay 2001; Ha et al. 2016), further altering Fe—Cu crosstalk. Figure 12 was created in Biorender.com.

was expressed in Xenopus oocytes or a yeast Cu transport
mutant (Fig. 3). We also found that OPT3 could transport
both free Cu®* ions and Cu provided as Cu-NA complex
(Fig. 3A). Notably, OPT3-expressing oocytes accumulated
4.2 times more Cu when it was provided as a free ion rather
than complexed with NA, suggesting that free Cu ions are the
preferred OPT3 substrate in this heterologous system.
Transport capabilities and substrate preferences of OPT3
must be further tested in planta.

Our recent report showed that the members of the YSL
clade of the OPT transporter family YSL3 in purple false
brome (Brachypodium distachyon) and YS1 in maize (Zea
mays) also transport Cu ions in Xenopus oocytes (Sheng
et al. 2021). Unlike AtOPT3, Cu uptake by BAYSL3 was not
detected when the Cu-NA complex was provided as a sub-
strate (Sheng et al. 2021). Similar to AtOPT3, ZmYS1 was cap-
able of transporting Cu provided as free ions as well as the
Cu-NA complex; similar to AtOPT3, Cu ions were the pre-
ferred transport substrates of ZmYS1 in the Xenopus oocyte
heterologous system (Sheng et al. 2021). Vascular tissue-
localized NA efflux transporters, NAET1 and NAET2, have

been identified recently in Arabidopsis (Chao et al. 2021).
These transporters localize to synaptic-like vesicles in the vas-
culature and control Fe and Cu delivery to seeds. Therefore,
as suggested by Chao et al. (2021), OPT3 and NAET1/NAET2
may act in concert in Cu/Fe and NA delivery, respectively, to
the phloem. In the phloem, Cu and Fe would then form a
complex with NA to facilitate mineral delivery to sink tissues.
A similar scenario occurs with Fe and citrate transport to the
xylem via IREG1/FPN1 and FRD3 (FERRIC REDUCTASE
DEFECTIVE 3) transporters, respectively (Rogers and
Guerinot 2002; Green and Rogers 2004; Morrissey et al.
2009). In the xylem, tri-Fe(lll), the tri-citrate complex is
formed to facilitate Fe delivery to shoots (Rellan-Alvarez
et al,, 2009).

Recent in silico analysis using protein secondary and ter-
tiary structure simulations and binding affinity results of
docking analyses suggested that AtOPT3 and its counterpart
from maize, ZmOPT3, may transport Fe complexed with GSH
(Kurt 2021). Despite this prediction, AtOPT3 does not ap-
pear to transport GSH when expressed in the yeast GSH
transport mutant hgt1A, and the addition of GSH to the
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Xenopus oocytes bathing medium decreases Cd transport
(Zhai et al. 2014). Our finding that AtOPT3 does not trans-
port GSH in yeast has been recently validated (Zhang et al.
2016). The AtOPT3 counterpart in rice, OsOPT7, is essential
for Fe homeostasis and sources-to-sink partitioning but does
not transport Fe—NA, Fe—DMA complexes, or GSH in oocytes
either (Bashir et al. 2015). It is noteworthy that, unlike
AtOPT3, other OPT family members in Arabidopsis,
AtOPT4 and AtOPT6, as well as the closest AtOPT3 homolog
from brown mustard (Brassica juncae), BjGt1, all transport
GSH (Bogs et al. 2003; Cagnac et al. 2004; Zhang et al.
2016). Recent analyses of the Arabidopsis opt6 mutant impli-
cated AtOPT6 in GSH long-distance transport and delivery to
sink organs, especially flowers (Wongkaew et al. 2018). It is
worth noting that similar to the opt3 mutant, the loss of
AtOPT6 function delays the transition from the vegetative
to the reproductive stage (Wongkaew et al. 2018). It would
be interesting to test whether mineral nutrient homeostasis
is disrupted in the opt6 mutant.

Cu loading to the phloem companion cells and
delivery to sinks depend on AtOPT3
The role of AtOPT3 in Fe and Cu loading to the phloem com-
panion cells for subsequent partitioning from source to sink
tissues is evidenced by the decreased accumulation of these
metals in the phloem of the opt3 mutant (Fig. 1F, G, K and
Supplemental Fig. S1E) (Zhai et al. 2014). We cannot exclude
the possibility that the lower phloem Cu levels in the opt3
mutant might be a secondary consequence of a major dis-
ruption in Fe homeostasis, including strong Fe overaccumu-
lation in source leaves. However, our finding that mature
leaves of the opt3 mutant contain higher levels of Cu while
young leaves contain lower levels of Cu than the wild-type
is consistent with a contribution of OPT3 to the phloem-
based delivery of Cu, in addition to Fe from sources to sinks
(Fig. 2A, Supplemental Fig. S3 and (Zhai et al. 2014), respect-
ively). Here we also showed that AtOPT3 was important for
Cu and Fe delivery to developing seeds and, in addition to
leaves, silique valves might act as sources of these minerals
for developing seeds (Fig. 2, B and C, and Supplemental
Fig. S4A). This suggestion is based on our findings that silique
valves of the mutant overaccumulated Fe and Cu while de-
veloping seeds accumulated less Fe (which is only detectable
in the embryos vasculature) and Cu (detectable in the seed
coat) compared to the wild-type (Fig. 2, B and C and
Supplemental Fig. S4A). We note that, unlike Cu and Fe,
Mn and Zn overaccumulated in the vasculature and both si-
lique valves and embryos; at the same time, Zn also overac-
cumulated in seeds of the opt3 mutant compared to
corresponding tissues in wild-type (Figs. 1, H, | and 2B).
Together, these data suggest that AtOPT3 functions in Cu
and Fe but not Mn or Zn loading to the phloem and the
phloem-based delivery to sink tissues.

We note that while the role of AtOPT3 and OsOPT7 in Fe
delivery to seeds is evidenced by the lower Fe concentration
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in mature seeds (Supplemental Figure S4, B and C and
(Stacey et al. 2008; Mendoza-Cobzatl et al. 2014; Zhai et al.
2014; Bashir et al. 2015), Cu accumulation in mature seeds
was not affected in the opt3 mutant in our assays using
ICP-MS analysis (Supplemental Fig. S4C and (Stacey et al.
2008)). However, we noted a subtle difference in Cu distribu-
tion in mature seed of the opt3 mutant compared to wild-
type using synchrotron-based X-ray F-CMT. Specifically, less
Cu was associated with the vasculature of the opt3 mutant
than in wild-type, and somewhat more Cu was associated
with the seed coat of the mutant (Supplemental Fig. S4B).
However, this subtle difference in Cu distribution was not
sufficient to account for total seed concentration.

AtOPT3 mediates Cu homeostasis and long-distance
Cu transport that influence root responses to Cu
deficiency

Our finding that both opt3-2 and opt3-3 mutant alleles accu-
mulated less Cu in roots, young leaves compared to the wild-
type (Fig. 2A and Supplemental Fig. S3) suggested that the
mutant might be more sensitive to Cu deficiency and/or
manifest molecular symptoms of Cu deficiency. Indeed, the
size of rosette leaves of both opt3-2 and opt3-3 mutants,
grown under Cu deficiency, was significantly smaller com-
pared to control conditions, and their leaves were extensively
chlorotic compared to the wild-type also grown without
added Cu (Fig. 4F and Supplemental Fig. S6). Furthermore,
consistent with our recent findings of the role of Cu in the
transition to flowering (Rahmati Ishka and Vatamaniuk
2020), the opt3 mutant failed to flower within the time frame
of the experiment and developed more rosette leaves than
the wild-type when grown in medium without or even
with Cu (Fig. 4, C and D). Cu deficiency-associated pheno-
types were rescued by transferring the mutant to medium
with higher Cu concentrations (Figz 4C to E and
Supplemental Fig. S7).

We also found that the opt3 mutant mounted molecular
Cu-deficiency responses even when it was grown under con-
trol conditions. This conclusion was evidenced by the in-
creased cupric reductase activity in roots and the
upregulated expression of the Cu-deficiency regulon in roots
and young leaves of the opt3 mutant relative to wild-type
(Fig. 5, Supplemental Figure S6E and Supplemental Data
Sets S2 to S4). Changes in the transcriptome of mature leaves
of the opt3 mutant were indicative of neither deficiency nor
sufficiency. The transcriptional Cu deficiency responses of
young leaves and an unspecific response of mature leaves
in the opt3 mutant are consistent with their respective Cu
concentrations (Fig. 2A, Supplemental Fig. S3 and
Supplemental Data Sets S2 to S4). By contrast, Cu accumula-
tion in the roots of the opt3 mutant, although lower than in
the wild-type, was still at the level of sufficiency (Fig. 2A and
(Broadley et al. 2012)); nevertheless, opt3 mutant toots
mounted a transcriptional Cu deficiency response. Thus,
we tested in which tissue, the shoot or the root, OPT3
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function was required for regulating Cu-deficiency genes in
the root. Using reciprocal grafting of wild-type with the
opt3 mutant, we showed that OPT3 function in the shoot
regulated not only Fe but also Cu deficiency responses in
the root (Fig. 8). Furthermore, we showed that Cu feeding
via the phloem in the shoot downregulated the expression
of the Cu deficiency markers, CITF1, COPT2 and Cu MIRNA
precursors in the root of the opt3 mutant that constitutively
overexpresses Cu deficiency marker genes even when grown
under control conditions. Cu feeding via the phloem in the
shoot also downregulated the expression of CITF1, COPT2,
and Cu MIRNA precursors in the root of the Cu-deficient
wild-type. Together, these results suggested that Cu availabil-
ity in the phloem in the shoot is important for regulating
Cu-deficiency responsive genes in the root.

When interpreting these results, we considered two non-
mutually exclusive scenarios: (i) the nutritional effect of
phloem Cu and (ii) the signaling role of phloem Cu. External
Cu rescued the Cu-deficiency phenotypes of the opt3 mutant
(Figs. 4, C to E, 7 and Supplemental Fig. S7). A trivial explan-
ation is that Cu was lacking (in at least some cells) and can
be provided. Likewise, the direct phloem feeding of Cu might
be causing Cu transport from the shoots to the roots, where it
alleviates Cu deficiency, which in turn suppresses the expres-
sion of Cu deficiency-induced genes in the roots of the opt3
mutant (Fig. 9D). However, grafting results are more difficult
to interpret as a nutritional effect of Cu. Grafting opt3 shoots
onto wild-type rootstocks caused elevated expression of Cu
deficiency-regulated genes in roots (Fig. 8). It is difficult to ex-
plain this as a nutritional effect, since the wild-type roots ex-
perienced Cu sufficiency during the entire experiment, and
thus, a systemic signaling role for Cu is plausible.

Furthermore, as discussed in detail below, we showed that
feeding Cu via the phloem in the shoot of the opt3 mutant
suppressed the expression of Fe deficiency marker genes in
the roots, even though opt3 mutant roots overaccumulate
Fe, and plants were grown in control conditions (Fig. 9D).
This finding is also consistent with the systemic signaling
role of Cu and its crosstalk with systemic Fe signaling.

The gene encoding the upstream regulator of CITF1,
COPT2, and Cu MIRNA precursors, SPL7, is expressed in the
vascular tissues of both shoot and roots, locally senses Cu
availability, and transmits it to surrounding cells (Araki
et al. 2018). In the root, SPL7 is detected in the pericycle
(Long et al. 2010). Considering that the phloem pole peri-
cycle plays a major role in regulating symplastic phloem un-
loading in the root (Ross-Elliott et al. 2017), it is possible that
SPL7 senses the availability of phloem-arrived Cu in the peri-
cycle to regulate the expression of CITF1, COPT2, Cu MIRNA
precursors, as well as other SPL7 targets in the root.

It is noteworthy that FIT cooperates with bHLH38,
bHLH39, bHLH100 and bHLH101 to control the upregulation
of Cu uptake genes (COPT2, FRO4 and FRO5) under Fe defi-
ciency (Cai et al. 2021). All the above-cited genes were also
upregulated in the roots of the opt3 mutant (Fig. 5B and
Supplemental Data Set S2). Therefore, it is possible that
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some of the Cu-deficiency responses (e.g. COPT2, FRO4,
and FROS) of the opt3 mutant roots are regulated by FIT,
bHLH38, bHLH39, bHLH100, and bHLH101 as well.

Cu and Fe levels in the phloem companion cells and
Fe-Cu crosstalk in shoot-to-root signaling depends
on AtOPT3

In addition to AtOPT3 mediating Cu transport and contrib-
uting to Cu accumulation in the phloem, AtOPT3 function
was also important not only for feeding the developing sinks
with Cu but also for conveying the Cu status of the shoot to
the root. In addition, one of the unexpected outcomes of our
study was finding that feeding with Cu via the phloem in the
shoot downregulated the expression of both Cu- and
Fe-deficiency markers in opt3 mutant roots (Fig. 9D).
Likewise, Fe feeding via the phloem in the shoot downregu-
lated the expression of FIT and IRT1 as well as CITF1 and
COPT2 in opt3 mutant roots (Fig. 9C).

We note that the opt3 mutant has a lower concentration
of both Cu and Fe in the phloem and, thus, provides a sensi-
tized genetic background for phloem-feeding experiments
with Cu or Fe. Therefore, we used wild-type plants, subjected
them to Cu and Fe deficiencies individually or simultaneous-
ly, and fed them with either Cu or Fe via the phloem in the
shoot. We found that either Cu or Fe phloem feeding regu-
lated the expression of both Cu and Fe deficiency-responsive
genes in roots of Fe or Cu-deficient plants in the expected
manner (Figs. 9, A and B and 10, B and C). Specifically, the ex-
pression of tested genes typically upregulated by Cu defi-
ciency (COPT2, CITF1, and Cu MIRNA precursors) or by Fe
deficiency (IRT1, FIT), was downregulated in roots by feeding
with Cu or Fe. The expression of CITF1, which is downregu-
lated in plant roots by Fe deficiency, was upregulated in roots
of Fe-fed, Fe-deficient plants (Fig. 9A). Interestingly, even
though Cu deficiency does not seem to affect the expression
of FIT and IRT1 in wild-type Arabidopsis (Bernal et al. 2012)
and Fig. 10A for FIT expression, Cu feeding via the phloem in
the shoot downregulated the expression of these genes in
roots of Cu-deficient plants (Fig. 9B). Considering that Cu de-
ficiency increases Fe concentration in the roots of
Arabidopsis via unknown transport system(s) (Fig. 11A and
(Waters et al. 2012, 2014; Waters and Armbrust 2013)), it is
tempting to speculate that the FIT-IRT1 module contributes
to this system; hence, the decreased expression of FIT and
IRT1 in roots of Cu-fed, Cu-deficient plants would be needed
to stabilize (fine-tune) Fe uptake to avoid Fe toxicity (further
detailed below and discussed in Fig. 12). Together, these find-
ings raise an intriguing possibility that Fe and Cu in the
phloem can, in part, substitute for each other’s signaling
function in regulating the expression of Cu and Fe uptake
genes in the root to fine-tune these minerals uptake in re-
sponse to plant needs (Fig. 12).

We do not propose that Cu and Fe act interchangeably in
the phloem, as wild-type plants that are Cu-deficient (and
not Fe-deficient) induce Cu deficiency responses in roots
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and vice versa. Our finding that Fe deficiency significantly in-
creased the expression of the already highly expressed Fe up-
take system in opt3 mutant roots (Fig. 5D) is especially
relevant for understanding the proposed model of
AtOPT3-mediated Cu-Fe crosstalk in long-distance signal-
ing, as discussed below (Fig. 12).

We propose that in wild-type Arabidopsis grown under
combined Cu and Fe sufficiency, Cu and Fe ions, taken up
by the root and delivered to the shoot, are loaded into
phloem companion cells in leaves by AtOPT3 to convey
Cu/Fe sufficiency to the root (Fig. 12A). Under
Fe-deficiency conditions, Fe is limited, while the concentra-
tion of Cu in roots and leaves increases due to the increased
Cu absorption by roots under Fe deficiency (Fig. 12B) and
(Waters et al. 2012,2014; Waters and Armbrust 2013).
Under these circumstances, AtOPT3 loads mainly Cu into
phloem companion cells. Phloem Cu (or Cu-related/derived
signal, or lack thereof) decreases the expression of the Fe de-
ficiency uptake system to avoid Fe overload, such as in opt3
mutants, fine-tuning Fe uptake to the needs of the plant.
Consistent with this suggestion is our finding that the expres-
sion of FIT and IRT1 was significantly higher in the opt3 mu-
tant compared to the wild-type under Fe deficiency (Fig. 5D).

Similarly, under Cu deficiency, AtOPT3 loads mainly Fe
into phloem companion cells, since Cu is limited (Fig. 12C).
This AtOPT3 function fine-tunes the expression of Fe and
Cu transport systems to ensure adequate Fe/Cu uptake while
preventing toxicity. It is noteworthy that unlike Cu or Fe
feeding via the vasculature in the shoot, the function of
AtOPT3 in the wild-type does not entirely suppress Cu or
Fe uptake systems in the root under reciprocal deficiency,
since Cu or Fe uptake systems are still upregulated (Fig. 12,
B and Q). It is possible that the concentration of Fe or Cu
in the phloem in Arabidopsis grown under Cu or Fe defi-
ciency may not be sufficient to fully repress the expression
of Cu or Fe uptake genes in the root. It is also possible that
the sink strength and competition (roots or shoot apices
and developing leaves) are also important contributing fac-
tors that determine the amount of Cu and Fe (as well as
other components of the phloem sap) recirculated to roots
via the phloem to influence Fe or Cu uptake under reciprocal
deficiency.

Concerning the opt3 mutant, we propose that the consti-
tutive expression of Cu and Fe uptake systems in its roots ori-
ginates from constitutive Cu and Fe deficiencies in the leaf
phloem, most likely the phloem companion cells (Fig. 12,
D and E). Cu and Fe deficiencies, co-occurring in the phloem
of the opt3 mutant, act autonomously in regulating Cu- and
Fe-deficiency genes in the roots. This suggestion is based on
our finding that the expression of CITF1 and Cu MIRNA pre-
cursors, which are normally downregulated by Fe deficiency
while upregulated by Cu deficiency when applied independ-
ently, was upregulated under simultaneous imposition of
both deficiencies (Figs. 10A and 12D). Likewise, although
FIT was upregulated by Fe deficiency and did not respond
transcriptionally to Cu deficiency, it was upregulated by
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the simultaneous application of Cu and Fe deficiencies
(Figs. 10A and 12D).

A question remains about how Cu and Fe act in systemic
signaling. Cu/Fe availability in the phloem may be communi-
cated via a common transduction pathway and/or
metal-binding ligand. The putative Fe sensors HRZs
(Haemerythrin motif-containing Really Interesting New
Gene (RING)- and Zinc-finger proteins)/BTS (BRUTUS) and
IDEF1 (IDE-BINDING FACTOR 1) in Arabidopsis and rice
bind not only ionic Fe’* but also other transition metals
and act in the root to regulate the Fe uptake system
(Selote et al. 2014; Kobayashi 2019). Phloem sap contains po-
tential Fe- and Cu-binding ligands such as NA and GSH (re-
viewed in Gayomba et al. (2015)). Notably, the nas4x mutant
of Arabidopsis, lacking four NA synthase genes, overaccumu-
lates Fe in the vasculature, similar to the opt3 mutant
(Nguyen et al. 2022). Unlike the opt3 mutant, Cu accumula-
tion in the vasculature of the nas4x mutant was not ob-
served, suggesting that in Arabidopsis, NA contributes
mainly to Fe homeostasis (Klatte et al. 2009; Nguyen et al.
2022). While roots of the nas4x mutant exhibit somewhat
elevated levels of FIT, IRT1, and FRO2 expression compared
to wild-type both grown under control conditions, unlike
the opt3 mutant (Fig. 5D), the expression of Fe uptake genes
in nas4x roots does not increase further under Fe deficiency
(Klatte et al. 2009). It is tempting to speculate that Cu loaded
by OPT3 to the phloem in the nas4x mutant controls the ex-
pression of Fe uptake genes in its roots. The nas4x mutant
will provide an excellent complementary system for studying
the crosstalk between Cu and Fe in systemic signaling. A new
family of phloem mobile peptides, IMA/FEP, was proposed to
coordinate systemic Fe deficiency signaling. Their contribu-
tion to the crosstalk between Fe and Cu systemic signaling
is unknown (Grillet et al. 2018; Hirayama et al. 2018).

While our data are consistent with the repressive role of
phloem-associated Fe and Cu in systemic signaling and the ex-
pression of Fe and Cu uptake systems in the root, a promotive
mechanism of systemic signaling has been brought forward as
well (Grusak and Pezeshgi 1996; Vert et al. 2003; Kumar et al.
2017). In this mechanism, Fe-sufficient status in the shoot
would prevent a release of the promotive systemic signal,
and Fe deficiency-responsive genes will not be expressed in
the root. Considering this scenario, it is possible that Fe
and/or Cu in the phloem companion cells would sequester
or inhibit the biosynthesis of the promotive signal(s), prevent-
ing the upregulation of genes encoding the root Fe and/or Cu
uptake systems (Fig. 12). We note that both repressive and
promotive mechanisms rely on the availability of Fe and Cu
in the phloem, most likely in phloem companion cells.

To conclude, our studies assigned new functions to
AtOPT3 in contributing to Cu loading into the phloem, sub-
sequent distribution to sink tissues and systemic signaling of
Cu deficiency. We also discovered that Cu can partially substi-
tute for Fe in long-distance signaling. We also showed the im-
portant role of OPT3 in Cu-Fe crosstalk in normal
homeostasis of both elements. Understanding the basic
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mechanisms plants use to coordinate Fe and Cu demands
with their uptake, transport and utilization will provide prom-
ising avenues for targeted biofortification strategies directed
at increasing Fe contents in the edible portions of crops
and improving agricultural productivity on Fe- and
Cu-deficient soils.

Materials and methods

Plant material and growth conditions

Arabidopsis (Arabidopsis thaliana) accession Columbia 0
(Col-0) and a previously described opt3-3T-DNA insertion
mutant in Col-0 (SALK_058794C; (Zhai et al. 2014)) were ob-
tained from ABRC. A previously described opt3-2 T-DNA al-
lele (SALK_021168, (Stacey et al. 2008)) in Col-0 is a generous
gift from the David Mendoza-Cozatl lab (University of
Missouri) and was used in Supplemental Figures S3 and
S6A. For soil-grown plants, seeds were directly sown onto
Lambert 111 all-purpose peat moss (lambertpeatmoss.-
com/en, product code 64980 2512) and irrigated with regular
NPK fertilizer. For Cu-deficiency treatments, plants were ei-
ther grown on half-strength Murashige and Skoog (MS) me-
dium (Sigma-Aldrich, M5519) with 1% (w/v) sucrose and
0.7% (w/v) agar or hydroponically in a medium containing
125mM KNOs;, 0.625mM KH2PO, 05mM MgSO,
0.5mM Ca(NO;) and the following micronutrients:
17.5 UM H;3BO;, 3.5 uM MnCl,, 025 pM ZnSO, 0.05 uM
NaMoO,, 2.5 uM NadCl, and 0.0025 pM CoCl, (Arteca and
Arteca 2000), and the indicated concentrations of CuSO,
with 125 nM Cu considered as control. Fe (10 uM) was pro-
vided as Fe(lll) HBED (N, N’-Di (2-hydroxybenzyl)
ethylenediamine-N, N’-diacetic acid). The pH of the hydro-
ponic medium was adjusted to 5.6 with 1M KOH (Yan
et al. 2017). For growing plants hydroponically, seeds were
surface sterilized as described in Jung et al. (2011) before sow-
ing onto 0.7% (w/v) agar aliquoted in 10-uL pipette tips.
Pipette tips were cut before placing them into floats made
of foam boards. Seedling roots were immersed into the
hydroponic solution after 7 to 8 d of growth. To ensure
that both the wild-type and the opt3-3 mutant were treated
at the same growth stage, all seedlings or plants were trans-
ferred when the rosette reached 50% of the final size (princi-
pal growth stage 3.5 as documented in Boyes et al. (2001)). In
this case, the wild-type and the opt3-3 plants were trans-
ferred 3 and 4 wk after sowing seeds, respectively. The solu-
tion was replaced weekly and was replaced one more time
24 h before collecting samples. All plants were grown in a
growth chamber at 22 °C and 75% humidity, under a 14-h
light/10-h dark photoperiod at a photon flux density of
110 umol m™ s~ achieved with fluorescent light bulbs
Philips F32T8/TL741.

High-throughput RNA sequencing and analysis
Wild-type Arabidopsis and opt3-3 plants were grown hydro-
ponically with 0.125 uM CuSOy for 4 wk. Total RNA was
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isolated from roots, mature, and young leaves using TRIzol re-
agent (Invitrogen). Tissues were pooled from four plants
grown in the same container for each replicate, and three
containers were used per genotype. Strand-specific
RNA-seq libraries were constructed using 3 pg of total RNA
according to procedures described previously (Zhong et al.
2011). RNA-seq libraries were sequenced on an lllumina
HiSeq 2500 system as single-end reads. Three replicates
were used for RNA-seq. Trimmomatic (Bolger et al. 2014)
was employed to remove adaptor and low-quality sequences
from the Illumina raw reads. Reads shorter than 40 bp were
discarded. The resulting clean reads were aligned to the ribo-
somal RNA database using Bowtie with up to 3 mismatches
allowed (Langmead et al. 2009; Quast et al. 2013), and
mapped reads were discarded. The final clean reads were
aligned to the Arabidopsis genome sequence (TAIR 10) using
TopHat with up to 1 mismatch allowed (Trapnell et al. 2009).
Finally, the counts of mapped reads for each gene model
from each sample were derived and normalized to RPKM
(reads per kilobase of exon model per million mapped reads).
DESeq2 was used to identify DEGs from the raw count data
(Love et al. 2014). Raw P-values were corrected for multiple
testing using an FDR (Benjamini and Hochberg 1995).
Genes with an FDR < 0.05 and up- and downregulation cut-
off of 1.5 and 0.67, respectively, were regarded as DEGs. Gene
ontology (GO) term enrichment and gene functional classi-
fication analyses were performed using Plant MetGenMap
(Joung et al. 2009).

ICP-MS analysis

Root and shoot tissues were collected from 5-wk-old plants
grown hydroponically as described above. The seeds and sili-
ques were collected from 11 to 12-wk-old plants grown on
soil as described above. Fe and other elements were desorbed
from root cell walls by washing roots in 10 mM EDTA for
5 min and with a solution with 0.3 mM bathophenanthroline
disulfonate (BPS) and 5.7 mM sodium dithionite for 10 min,
followed by three consecutive washes in deionized water.
Fully expanded mature leaves (three leaves/plant) and
two-to-three upmost leaves less than 5 mm long (young
leaves) were rinsed with deionized water three times and
then pooled separately as mature leaves and young leaves.
Dry seeds and valves were collected from plants grown on
soil, and seeds were separated from the valves with a
500-pm mesh. All samples were dried in an 80 °C oven before
measuring their weight. Elemental analysis was performed
using inductively coupled plasma mass spectroscopy
(ICP-MS; Agilent 7500).

RT-qPCR analysis

Roots and leaves were collected from plants at Zeitgeber
time 7 (ZT, ZTO being defined as lights-on) and flash-frozen
in liquid nitrogen before homogenization. Total RNA was iso-
lated using TRIzol reagent (Invitrogen) according to the man-
ufacturer’s instructions. First-strand cDNA templates used
for qPCR analysis were synthesized using an AffinityScript
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QPCR cDNA synthesis kit (Agilent Technologies). One pg of
total RNA was treated with DNase | (New England Biolabs)
prior to first-strand cDNA synthesis to eliminate genomic
DNA contamination. Real-time qPCR analysis was performed
in a total volume of 15pL containing 1X iQSYBR
GreenSupermix (Bio-Rad), 500 nM of each PCR primer and
2 uL of 15 % diluted cDNA templates using s CFX96 real-
time PCR system (Bio-Rad) as described (Gayomba et al.
2013). Data were normalized to the expression of ACTIN2
(At3g18780), whose expression was stable under the investi-
gated conditions and in studied genotypes (Supplemental
Data Set S5). The fold-difference (272%") and the statistical
parameters were calculated using the CFX Manager Software,
version 3.1 (Bio-Rad). Sequences of the primer sets used in
this study are listed in Supplemental Table S1.

Grafting experiments

The grafting method was described previously with slight
modifications (Marsch-Martinez et al. 2013). All procedures
were performed under a Leica S6E microscope. Briefly, wild-
type and opt3-3 seeds were germinated and grown vertically
on half-strength MS medium with 0.5% (w/v) sucrose for 6 to
7 d. Cotyledons were removed using sterile scalpels with
No.11 blades right before grafting. The scions and rootstocks
were then separated and moved to half-strength MS plates
with 0.5% (w/v) sucrose and 0.7% (w/v) agar for alignment.
After grafting, the plants were grown vertically on plates
for another 10 d. Successfully grafted plants without adven-
titious roots above the graft junction were transferred to the
hydroponic system with 0.25 uM CuSO, for 24 d before
gPCR analysis.

Synchrotron X-ray fluorescence imaging

Fresh samples were detached immediately before analysis
and placed in a wet chamber made between two layers of
metal-free Kapton film and mounted onto 35-mm slide
frames. The spatial distribution of Cu and Fe was imaged
via SXRF microscopy at the F3 station of the Cornell High
Energy Synchrotron Source (CHESS). The 2D Cu and Fe raster
maps were acquired at 25-pum resolution, 0.2 s/pixel dwell
time using a focused, monochromatic incident X-ray beam
at 12.8 keV and photon flux of ~10'photons/s. The mono-
chromatic beam was generated with 0.6% energy bandwidth
multilayers. Focusing was achieved using a single-bounce
monocapillary, PEB605, fabricated at CHESS. These settings
did not cause detectable damage to plant tissues within
the 6 to 9-h scans required to analyze the complete set of
samples. Element-specific XRF was detected using a Vortex
ME-4 silicon drift detector. Quantifications were conducted
by calibrating using a thin Cu foil film standard (15.9 pg
Cu/cm’, the metal was deposited on 6.3-um thick Mylar)
during each experiment and concentrations were expressed
as pg cm™ > Data were processed with the software Praxes,
developed at CHESS and employing PyMCA libraries in batch
mode (Solé et al. 2007).
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Synchrotron-based confocal XRF microscopy

Confocal XRF experiments were obtained at beamline 5-ID
(SRX) at National Synchrotron Light Source (NSLS-II) in
Upton, NY. The beamline monochromator and focusing op-
tics were employed to deliver 3 x 10'" photons/second in a
1 X 1-um” beam, with an incident beam energy of 10.0 keV
and bandwidth of approximately 1 eV. Confocal geometry
was achieved by placing a collimating channel array (CCA)
(Agyeman-Budu et al. 2016) onto a single-element Vortex
SDD detector perpendicular to the beam. The sample stage
was oriented such that the horizontal translation axis of
the stage was 35 degrees from that of the incident beam
and 55 degrees from the detector axis. The particular CCA
employed for these measurements has a series of 175,
2-um channels etched into a 1-mm thick germanium sub-
strate, etched to an approximate depth of 300 pm. The work-
ing distance between the sample and the optic was 1.5 mm.
Due to the finite width of the optic at its front tip, the max-
imum probe depth of the system in this configuration was
0.8 mm. Quantitative calibration of the confocal XRF system
was achieved by methods described in Malzer and
Kanngiefler (2005) and Mantouvalou et al. (2012).

Synchrotron-based X-ray fluorescence computed
microtomography

Internal distributions of Cu, Fe, and other micronutrient ele-
ments in wild-type and opt3-3 mutant seeds were measured
in vivo by synchrotron-based X-ray F-CMT at the X-ray
Fluorescence Microprobe (XFM) beamline at NSLS-Il. XFM
(4-BM) beamline is designed for monochromatic operation
in the 2.3-23 keV range and optimized for high-quality,
spatially-resolved X-ray absorption spectroscopy (sulfur to
technetium K-edges) in conjunction with element-specific
imaging and microdiffraction. XFM beamline can also be op-
erated in a pink beam “imaging” mode that delivers a 1-mi-
cron spot with up to 1000 X more flux than the XFM
monochromatic beam. XFM-filtered pink beam (12 to
20 keV broadband) was focused by Kirkpatrick-Baez (KB)
mirrors to a 1-um spot for F-CMT measurements of seeds.
Seeds were mounted to a quartz post that interfaces with
a Huber goniometer head on a rotation stage attached to a
fast-scanning translation stage. F-CMT images were acquired
at the seed center by rotating and translating the specimen in
the microbeam while recording the fluorescence intensities
with a Hitachi 4-element Vortex SDD coupled to Quantum
Detectors Xspress3 electronics. F-CMT data were collected
using 0.75 to 3.0-degree angular steps, 2 to 8-ym translation
steps and 50 ms dwell time. Tomographic image reconstruc-
tions using a conventional filtered back projection algorithm
were processed using a tomo-Py plugin to GSE Mapviewer in
the LARCH package (Newville 2013). Thin-film standard ref-
erence materials (SRM 1832 & 1833) were measured as part
of the data set to establish elemental sensitivities (counts per
second per mg cm ™). The intensity of elements between the
wild-type and opt3 was set to the same scale.
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Cu uptake in Xenopus laevis oocytes

Oocyte harvesting, cRNA synthesis, microinjections, and
OPT3 expression in Xenopus oocytes were performed as de-
scribed previously (Zhai et al. 2014). All animal procedures
were performed in accordance with Cornell University
IACUC Protocol number 2017-0139. X. laevis oocytes were in-
jected with 50 nL of water (control) or 50 nL of water con-
taining 50 ng of OPT3 cRNA and incubated in ND96
solution at 18 °C for 4 d prior to uptake measurements.
The basal uptake solution consisted of a modified ND96 so-
lution containing 96 mM NaCl, 1T mM KCl, 0.9 mM CaCl,,
buffered with 5 mM 2-(N-morpholino) ethanesulfonic acid/
NaOH to pH 6.0, as previous studies determined these con-
ditions were suitable to minimize endogenous transport in
oocytes (Zhai et al. 2014; Sheng et al. 2021). The uptake so-
lution was supplemented with 25 yM Cu—NA or 100 uM
CuSOy (the final free Cu®* activity in the uptake solution
being estimated to be 35 pM as determined by GEOCHEM-
EZ (Shaff et al. 2010)). Each sample contained 8 to 10 oocytes,
with five replicates per data point. At a given time point, the
uptake was terminated by washing oocytes six consecutive
times with an ice-cold basal uptake solution. Oocytes were
collected and samples were digested in 100 uL 70% (w/v)
HCIO,, resuspended in 5 mL of 0.1 M nitric acid and analyzed
by ICP-MS (Sciex ICP-MS). Resting membrane potentials
were measured as described previously (Zhai et al. 2014).

Functional complementation assays in
Saccharomyces cerevisiae

Budding yeast (S. cerevisiae) wild-type strain SEY6210 (MATa
ura3-52 leu2-3, —112 his3A200 trp1A901 lys2-801 suc2A9) and
the ctr1Actr2Actr3A triple mutant (MATa ura3-52 his3A200
trp1-901 ctrizura3:Knr ctr2:HIS3 ctr3:TRP1) were used for
functional complementation assays. The YES3-Gate-OPT3
construct or YES3-Gate lacking the cDNA insert were
transformed into the appropriate yeast strain using a
Frozen-EZ Yeast Transformation Il kit (Zymo Research).
Transformants were selected for uracil prototrophy on
YNB medium containing 6.7% (w/v) yeast nitrogen base
without amino acids (Difco), 0.77% (w/v) CSM-URA, 0.5%
(w/v) NaCl, 2% glucose, 2% (w/v) agar.

Functional complementation assays included analyses of
the respiration competence and Cu accumulation of yeast
cells as described (Jung et al. 2012). Specifically, the respir-
ation competence of different colonies was tested by their
ability to grow on non-fermentable carbon sources (Dancis
et al. 1994). Accordingly, different colonies harboring the ap-
propriate constructs were grown in liquid YNB-URA to an
ODgoo nm = 1.0, diluted 10-fold serially, and spotted onto
YPEG medium containing 1% (w/v) yeast extract, 2% (w/v)
bacto-peptone, 3% (v/v) glycerol, 2% (v/v) ethanol, and 2%
(w/v) agar and the indicated concentrations of CuSO,.
Plates were incubated for 3 d at 30 °C.

Different yeast colonies were grown to exponential log
phase in liquid YNB medium described above to analyze
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Cu accumulation. An aliquot (150 pL) of an overnight culture
was inoculated into 20 mL of fresh YNB medium with 20 uM
CuSO, and cells were grown at 30 °C. After 24 h, cells were
collected by centrifugation at 4,000 X g for 10 min at 4 °C,
washed with deionized water before Cu was desorbed from
yeast cell wall by washings in desorbing buffer containing
1 mM EDTA and 100 uM of BCS, pH8.0. Cells were then
washed twice in deionized water and collected by centrifuga-
tion. The cell pellet was dried, digested by heating with a
combination of purified concentrated nitric and perchloric
acids, and finally dissolved in 10 mL of 5% (v/v) nitric acid.
The concentration of Cu in processed yeast cells was ana-
lyzed by ICP-MS (Agilent 7500).

Collection of phloem sap

Phloem sap was collected from wild-type and opt3-3 mutant
plants grown hydroponically at the late vegetative stage as
described (Zhai et al. 2014). Briefly, leaves # 9 and 10 col-
lected from one plant were pooled together, and xylem sap
was allowed to leak out by placing the petioles in a tube filled
with 300 pL of deionized water and incubated in an illumi-
nated growth chamber for 15 min, followed by further incu-
bation in darkness for 1 h. To collect phloem sap, the petioles
were then recut in 5 mM Na,-EDTA (pH 7.5) under low light
before placing the petioles in pre-weighed Eppendorf tubes
containing 250 uL of 5 mM Na,-EDTA (pH 7.5). Leaves
were then incubated in darkness for 1 h in a high-humidity
chamber lined with wet paper towels and sealed with vasel-
ine. Samples with the collected phloem sap were weighed
again to determine the volume of phloem sap obtained per
sample to calculate concentrations of Cu or potassium
(abundant in the phloem) after ICP-MS.

Cu and Fe feeding to the phloem

The phloem-feeding procedure was performed as described
(Oparka et al. 1994, 1995; Knox 2019). The procedure is based
on the abrasion of a source leaf vein that results in some
phloem “trapping” of the applied sample. To test the effective-
ness of phloem loading, the phloem tracer carboxyfluorescein
diacetate succinimidyl ester (CFDA) was used: after diffusing
into plant cells, CFDA cleaved by cellular esterases into a
membrane-impermeable form, CF (Grignon et al. 1989).
Wild-type Arabidopsis was grown hydroponically in control
conditions for 33 d. Ten microliters of 10 mM CFDA were ap-
plied to the leaf surface around the major vein of six to seven
bottommost leaves before the leaf surface at the major vein
was abrased with a carbon steel blade. CF-mediated fluores-
cence in roots was visualized after 6 h using a FITC filter set
of the Axio Imager M2 microscope equipped with a motor-
ized Z-drive (Zeiss). Images were collected using a high-
resolution 25 AxioCam MR Camera and processed using
Adobe Photoshop software package, version 12.0.

For Fe or Cu phloem-feeding, wild-type Arabidopsis was
grown hydroponically with or without 125 nM CuSO, for
33 d. To impose Fe deficiency, plants were grown hydropon-
ically in a control solution for 31 d and then a subset was
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transferred to fresh medium without Fe and grown for an
additional 2 d. The opt3 mutant was grown hydroponically
under control conditions for 33 d. Ten microliters of 5 mM
CuSO, or 10 mM FeCl, dissolved in 10 mM citrate were ap-
plied to the major vein of 6 to 7 bottommost leaves before
the leaf surface at the major vein was abrased with a carbon
steel blade. For control, water (a mock treatment for CuSOj)
or 10 mM citrate (a mock treatment for Fe(ll)-citrate) were
fed to the phloem as described above. This procedure was
performed on eight fully developed leaves per plant. In all ex-
periments, roots were collected after 24 h of phloem-feeding
and at ZT4-5. Roots were pooled from four plants per experi-
ment and all experiments were repeated at least two times.

Protein extraction and immunoblot analysis

The procedures for total protein extraction were modified from
Sivitz et al. (2011). One-hundred mg of fresh root samples was
frozen in liquid nitrogen and ground with a bead mill homogen-
izer (Omni Bead Ruptor 12). Total proteins were then extracted
from the ground tissues by adding 300 pL protein extraction
buffer containing 5% (w/v) SDS, 5% (v/v) b-mercaptoethanol,
50 mM Tris—HCl (pH 7.4), 1X protease inhibitor cocktail
(Sigma-Aldrich, P9599), 40 mM MG-132, (Sigma-Aldrich), and
2 mM phenylmethylsulfonyl fluoride (PMSF, Millipore-Sigma).
The protein extracts were centrifuged at 4,000 X g at 4 °C for
15 min, and total cellular proteins were separated from cell deb-
ris. Protein concentration was measured using the Bradford as-
say (Bradford 1976). The samples were then boiled at 95 °C for
10 min before electrophoresis. For each sample, 5 pL total pro-
teins were separated on a 12% SDS-PAGE and were transferred
onto a nitrocellulose membrane (BIORAD) by electroblotting.
The immunoblotting procedures were described previously
with slight modifications (Kim et al. 2010). The membranes
were first blocked in EveryBlot Blocking Buffer (BIORAD). For im-
munodetection of IRT1, the nitrocellulose blots were probed
with primary goat polyclonal anti-IRT1 antibody (1:5,000 dilu-
tion, Agrisera AS11-1780), and then with secondary
HRP-conjugated antigoat-IgG antibody (1:10,000, Rockland
Immunochemicals). For the immunodetection of actin, the
nitrocellulose blots were probed with a primary mouse-
monoclonal  anti-actin  antibody  (1:5000  dilution,
Sigma-Adrich) and then a secondary, HRP-conjugated goat anti-
mouse IgG antibody (1:10,000 Rockland Immunochemicals). In
both cases, immunoreactive bands were visualized with Clarity
Max ECL blotting substrates (BIORAD).

Statistical analysis

Statistical analyses of experimental data were performed
using the ANOVA single-factor analysis and Tukey HSD using
JMP Pro 14 (SAS Institute Inc, Cary, NC, 1989 to 2007).
Student’s t-test was used when indicated for comparing
the means between the two groups.

Accession numbers
Sequence data of the genes from this article can be found in
the Arabidopsis Genome Initiative or GenBank/EMBL
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databases under the following accession numbers: OPT3
(At4g16370), CITF1 (At1g71200), FRO4 (At5g23980),
FRO5 (At5g23990), COPT1 (At5g59030), COPT2 (At3g4
6900), YSL1 (At4g24120), YSL2 (At5g24380), YSL3 (At5g
53550), CSD1 (At1g08830), CSD2 (At2g28190), IRT1
(At4g19690), FRO2 (At1g01580), FRO6 (At5g49730), FRO7
(AT5g49740), FSD1 (At4g25100), ARPN (At2g02850), BCB
(At5820230), CCST (At1g12520), UCC2 (At2g44790), FERT
(At5g01600), FER3 (At3g65090), FER4 (At2g40300), ZIP2
(At5g59520), bHLH23 (At4g28790), TCH4 (At5g57560),
BTSL1 (At1g74770), ZAT12 (At5g59820), FEP2/IMA2 (Atlg
47395), FEP1/IMA3 (At2g30766), IREG2/FPN2 (At5g03570),
VTL1 (At1g21140), VTL2 (At1g76800), VTL5 (At3g25190),
NAS3 (At1g09240), PETE2 (At1g20340), MT1B (At5g56795),
NRT2.7 (At5g14570), MT1B (At5g56795), MTI1A (At1g07600),
MT2A  (At3g09390), At2g47010, At4g10500, At1g31710,
At1g32350, At5G02670, and At5g05250.

Raw RNA-Seq reads have been deposited into the NCBI
BioProject database under accession PRINA930736 (http://
www.ncbi.nlm.nih.gov/bioproject/930736).
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