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Abstract
Addressing the looming global food security crisis requires the development of high-yielding crops. In agricultural soils, defi-
ciency in the micronutrient copper significantly decreases grain yield in wheat (Triticum aestivum), a globally important
crop. In cereals, grain yield is determined by inflorescence architecture, flower fertility, grain size, and weight. Whether cop-
per is involved in these processes, and how it is delivered to the reproductive organs is not well understood. We show that
copper deficiency alters not only the grain set but also flower development in both wheat and its recognized model,
Brachypodium distachyon. We then show that the Brachypodium yellow stripe-like 3 (YSL3) transporter localizes to the
phloem, transports copper in frog (Xenopus laevis) oocytes, and facilitates copper delivery to reproductive organs and
grains. Failure to deliver copper, but not iron, zinc, or manganese to these structures in the ysl3 CRISPR-Cas9 mutant
results in delayed flowering, altered inflorescence architecture, reduced floret fertility, grain size, weight, and protein accu-
mulation. These defects are rescued by copper supplementation and are complemented by YSL3 cDNA. This knowledge
will help to devise sustainable approaches for improving grain yield in regions where soil quality is a major obstacle for
crop production. Copper distribution by a phloem-localized transporter is essential for the transition to flowering, inflores-
cence architecture, floret fertility, size, weight, and protein accumulation in seeds.
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Introduction
Global food security and the demand for high-yielding grain
crops are among the most urgent drivers of modern plant
sciences due to the current trend of population growth, ex-
treme weather conditions, and decreasing arable land
resources (Godfray et al., 2010). The grain yield is directly
linked to the crop and soil fertility. In this regard, it has
been known for decades that the deficiency for the micro-
nutrient copper in alkaline, coarse-textured, or organic soils
that occupy more than 30% of the world arable land, com-
promises crop fertility, reduces grain/seed yield, and in acute
cases results in crop failure (Graham, 1978; Shorrocks and
Alloway, 1988; Solberg et al., 1999; White and Broadley,
2009; Broadley et al., 2012; Mitra, 2015). In accord with the
essential role of copper in reproduction, recent studies using
synchrotron X-ray fluorescent (SXRF) microscopy established
that copper localizes to anthers and pistils of flowers in a
model dicotyledonous species, Arabidopsis (Arabidopsis
thaliana), and failure to deliver copper to these reproductive
organs severely compromises fertility and seed set (Yan
et al., 2017; Rahmati Ishka and Vatamaniuk, 2020). Although
copper deficiency can be remedied by the application of
copper-based fertilizers, this approach is not environmentally
friendly and can lead to the buildup of toxic copper levels
in soils (Shorrocks and Alloway, 1988; Solberg et al., 1999;
Burkhead et al., 2009). Mineral nutrient transporters have
been recognized as key targets for improving the mineral
use efficiency in sustainable crop production (Schroeder
et al., 2013). Wheat (Triticum aestivum) is the world’s third
important staple crop after maize (Zea mays) and rice
(Oryza sativa); however, wheat grain yield remained rela-
tively low under marginal growing environments despite sig-
nificant breeding efforts (Tshikunde et al., 2019). Wheat is
also regarded as the most sensitive to copper deficiency
(Graham, 1978; Shorrocks and Alloway, 1988; Solberg et al.,
1999; Mitra, 2015). How copper uptake and internal trans-
port is achieved in wheat and how it affects fertility is poorly
understood. Based on studies in A. thaliana, copper uptake
and internal distribution are mediated by members of the
Copper Transporter (COPT) family, Heavy Metal
Transporting P1B-type ATPases (HMAs), and members from
the Yellow Stripe-like (YSL) subfamily of the Oligopeptide
Transporter (OPT) family (Kampfenkel et al., 1995;
Sancenon et al., 2003; DiDonato et al., 2004; Abdel-Ghany
et al., 2005; Waters et al., 2006; Burkhead et al., 2009; Chu
et al., 2010; Jung et al., 2012; Gayomba et al., 2013). Most of
these transporters are transcriptionally upregulated by cop-
per deficiency by a conserved transcription factor, SPL7
(Squamosa Promoter-Binding Protein–like7), and a newly
identified transcription factor CITF1 (Copper Deficiency-in-
duced Transcription Factor1; Yamasaki et al., 2009; Bernal
et al., 2012; Yan et al., 2017). The expression of several
COPT family members is also induced in roots by copper
deficiency in O. sativa and an emerging wheat model
Brachypodium distachyon (from here on, brachypodium),
and several brachypodium COPTs mediate low-affinity

copper uptake (Yuan et al., 2011; Jung et al., 2014). A mem-
ber of the YSL transporters, OsYSL16 functions in the
phloem-based copper delivery to reproductive organs in rice
(Schwacke et al., 2003; Zheng et al., 2012; Zhang et al.,
2018). Other studies, however, reported that OsYSL16 func-
tions mainly in the distribution of iron (Kakei et al., 2012;
Lee et al., 2012). Recognizing the limitations of wheat for
functional genetics studies due to polyploidy, lower transfor-
mation rates, and longer life cycle, we used brachypodium
as a wheat proxy (Yordem et al., 2011; Jung et al., 2014;
Scholthof et al., 2018) for the study of copper transport pro-
cesses and their role in establishing yield traits. We show
that copper deficiency alters not only the grain set but also
flower development in both wheat and brachypodium. Of
19 YSL family members in brachypodium, we focused on
BdYSL3, which has the closest sequence similarity to
OsYSL16, AtYSL1, and AtYSL3 (Yordem et al., 2011). We re-
veal that brachypodium yellow-stripe-like 3 (BdYSL3) protein
localizes to the plasma membrane, transports copper ions in
the heterologous systems, and mediates phloem-based cop-
per delivery to flag leaves, anthers, and pistils of florets. Loss
of this function in the ysl3 mutant results in a delayed flow-
ering, altered inflorescence architecture, reduced floret fertil-
ity, grain number, size, weight and protein accumulation.
These defects are rescued by copper supplementation and
are complemented by the BdYSL3 cDNA. Our results suggest
that the manipulation of BdYSL3 and other-like proteins has
the potential to play a role in devising sustainable and envi-
ronmentally friendly approaches for improving wheat and
other cereal grain yields and thus, food security.

Results

Copper deficiency significantly decreases flower
formation and seed yield in wheat and
Brachypodium
We first evaluated the growth and fertility of wheat and bra-
chypodium grown under different concentrations of copper
to validate using brachypodium as a wheat model in this
study. Omitting copper from the hydroponic medium se-
verely stunted the growth, tiller, head, flower, and seed/grain
formation per plant in both wheat and brachypodium
(Fig. 1 and Supplemental Fig. 1). Seeds were also not formed
under low (10 nM) copper in both species (Fig. 1F, H); till-
ers, heads, and flowers were formed albeit at a reduced level
(Fig. 1E, G and Supplemental Fig. 1C–F). Notably, seed for-
mation was also significantly reduced (by 87%) in both
wheat and brachypodium when plants were grown under
50 nM copper, although flower formation was only some-
what reduced compared to plants grown under copper re-
plete conditions (125, 250 nM copper, Fig. 1E–H). These
data show that copper deficiency impacts different aspects
of reproductive development, including flower and seed/
grain formation, with the most dramatic effect on seeds/
grain production. Furthermore, these data supported the ap-
plicability of using brachypodium for the study of the rela-
tionship between copper and fertility in cereals, as well as
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the identification of transport pathways responsible for the
delivery of copper to plant reproductive organs.

Copper deficiency increases the transcript
abundance of BdYSL3
We then focused on brachypodium YSL3 because its coun-
terparts in Arabidopsis and rice contribute to the transport
of transition metals, including copper (Waters et al., 2006;
Yordem et al., 2011; Zheng et al., 2012; Zhang et al., 2018).
We found that BdYSL3 was expressed in different plant
organs including roots, leaves, nodes, and reproductive
organs (Fig. 2A). The highest expression of BdYSL3 was ob-
served in young leaves of four-week-old seedlings, followed
by flag leaves at the flowering stage and mature leaves at
jointing (Fig. 2A). BdYSL3 was also expressed in different
flower organs including lemma, palea, and ovaries, but the
abundance of the transcript was much lower than in leaves
(Fig. 2A).

We then found that BdYSL3 was highly upregulated under
copper deficiency in roots, stems, and mature leaves but not
in young leaves of four-week-old plants. Copper deficiency
also significantly increased the transcript abundance of
BdYSL3 in flag leaves and flowers at the reproductive stage
(Fig. 2B). These results suggested that BdYSL3 might be in-
volved in internal copper distribution and delivery to repro-
ductive organs when copper is limited.

Because of conflicting reports in the literature regarding
the regulation and transport capabilities of BdYSL3

counterpart in rice, OsYSL16 (Kakei et al., 2012; Lee et al.,
2012; Zheng et al., 2012; Zhang et al., 2018), we tested the
effect of iron deficiency on the expression of BdYSL3. We
found that iron deficiency downregulated the transcript
abundance of BdYSL3 in both roots and leaves of brachypo-
dium (Fig. 2C).

BdYSL3 is expressed mainly in the phloem and
localizes to the plasma membrane
We next examined the tissue and cell-type specificity of
BdYSL3 expression using brachypodium transformed with
the BdYSL3pro-GUS construct. We found that BdYSL3 is
expressed predominantly in the vascular tissues of roots and
leaves of plants subjected to copper deficiency (Fig. 3A, B).
The bulk of GUS staining was associated with the phloem of
large and small longitudinal veins as well as in mesophyll pa-
renchyma cells (Fig. 3C). Because nodes of grasses are
regarded as hubs directing metal distribution (Yamaji and
Ma, 2014), we also evaluated BdYSL3pro-GUS activity in the
node I. GUS activity was observed mainly in large vascular
bundles of the node (Fig. 3D). Within the large vascular bun-
dles, where the xylem and the phloem are located on the in-
side and the outside, respectively, GUS staining was mainly
associated with the phloem and also was found in paren-
chyma cells (Fig. 3E). Concerning florets, GUS activity was
observed in the ovary, styles (Fig. 3F), the vasculature of the
lemma (Fig. 3G), but not in anthers and palea. GUS activity
was undetectable in any of the tissues of plants grown

Figure 1 Copper deficiency alters flower development and reduces grain number in wheat and brachypodium. Plants were grown hydroponically
under indicated copper concentrations. (A–D) Representative images of plants, tiller and head appearance under different copper concentrations
of wheat (A, C) and brachypodium (B, D). (E–H) The number of flowers and grains per plant in wheat (E, F) or brachypodium (G, H). Statistical
analysis in (E–H) was done with one-way ANOVA in the JMP Pro 14 software package; comparison of the means for all pairs was done using
Tukey–Kramer HSD test. Data in (E–H) show mean values ± S.E. from the analysis of four (wheat) to six (brachypodium) independently grown
plants from one out of two (wheat) and three (brachypodium) independent experiments. Levels not connected by the same letter are significantly
different (p5 0.05, Tukey–Kramer HSD test).
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under copper sufficient conditions. The predominant expres-
sion of BdYSL3 in the phloem, phloem parenchyma cells,
and mesophyll suggested that BdYSL3 is involved in internal
copper distribution rather than copper uptake into the
roots. We next found that BdYSL3 localizes to the plasma
membrane (PM; Fig. 4), suggesting that it is involved in the
movement of substrates into or out of the cell rather than
subcellular (e.g. vacuolar) sequestration.

BdYSL3 facilitates copper uptake in Xenopus oocytes
To test the transport capabilities of BdYSL3, we employed
Xenopus laevis oocytes. We first examined the cellular locali-
zation of BdYSL3 expressed in this heterologous system.
Confocal microscopy of oocytes injected with the comple-
mentary RNA (cRNA) of the YFP::BdYSL3 fusion protein
revealed the YFP signal of the protein chimera at the cell
periphery, co-localizing with the Deep Red PM marker (Fig.
5A). In contrast, water-injected cells showed no fluorescence
background signal. Having validated that BdYSL3 localizes
to the PM in oocytes as it does in A. thaliana protoplasts

(Fig. 4), we performed the transport characterization of the
untagged BdYSL3 by analyzing copper uptake in BdYSL3-
expressing oocytes. Given that members of the OPT family
have been shown to transport transition metals as ions and
a metal–nicotianamine (NA) or metal–phytosiderophores
(PS) complexes (DiDonato et al., 2004; Schaaf et al., 2004;
Zhai et al., 2014), we provided copper as Cu2 + (CuSO4) or
as Cu–NA (copper–NA). Differences in Cu2 + uptake be-
tween control and BdYSL3-expressing cells were detected af-
ter 1 hour of incubation of oocytes in the Cu2 + containing
bathing solution, with the magnitude of BdYSL3-mediated
Cu2 + uptake increasing in a time-dependent manner (Fig.
5B). In contrast, when copper was provided as Cu–NA com-
plex, no significant copper uptake was detected in BdYSL3-
expressing cells, relative to the background levels observed
in control cells (Fig. 5C).

To further demonstrate that the prepared Cu–NA com-
plexes supplied in the assay were available for transport, we
have used the maize YS1 (ZmYS1) as a positive control be-
cause it was established previously that this transporter is

Figure 2 Copper deficiency increases transcript abundance of BdYSL3. (A) The expression level of BdYSL3 in different tissues at different growth
stages. Wild-type brachypodium was grown hydroponically under copper sufficient (0.25 mM CuSO4) conditions. The indicated plant tissues were
collected at the indicated time and developmental stage; RNA was extracted and subjected to RT-qPCR analysis. (B) The expression level of
BdYSL3 in different tissues of brachypodium wild-type grown hydroponically under copper sufficient ( + Cu) or deficient conditions (–Cu) condi-
tions. Young (two uppermost leaves) and mature leaves (the remaining leaves), stems, and roots were collected from four-week-old plants. Flag
leaves and flowers were collected from six-week-old plants. In all cases, the copper deficiency was achieved by transferring plants to a fresh me-
dium lacking copper one week before tissue sampling. (C) Plants were grown hydroponically for two weeks before transferring to a medium with-
out iron. Tissues were collected from three-week-old plants for subsequent RNA extraction, cDNA synthesis, and RT-qPCR. Rt, roots; ML, mature
leaves; YL, young leaves. Shown values are arithmetic means ± S.E. (n = 3 independent experiments with tissues pooled from three plants per ex-
periment. Levels not connected by same letter are significantly different (p5 0.05, Tukey-Kramer HSD test).
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capable of transporting metal–NA complex in oocytes
(Schaaf et al., 2004). Consistent with past findings (Schaaf
et al., 2004), ZmYS1 was capable of transporting Cu–NA
complex as evidenced by 1.8-fold higher copper accumula-
tion in ZmYS1-expressing versus mock-treated cells (Fig. 5C).
These data show that the inability of BdYSL3 to transport
Cu–NA is not associated with artifacts from the preparation
of the Cu–NA complex. Intriguingly, we also found that sim-
ilar to BdYSL3, ZmYS1 was capable of facilitating the uptake
of copper, provided as CuSO4 (Fig. 5C). Furthermore,
ZmYS1-expressing cells accumulated 1.6-fold more copper
when it was provided as CuSO4 rather than Cu–NA.
Together, our results show that BdYSL3 is capable of trans-
porting free Cu2 + in oocytes. In addition, we show that free
Cu2 + ions but not the Cu–NA complex are the preferred
transport substrates for BdYSL3 and ZmYS1 at least in the
Xenopus oocyte heterologous system.

The ysl3-3 mutant of brachypodium is sensitive to
copper deficiency
We then generated ysl3 deletion mutants using the CRISPR/
CAS9 (clustered regularly interspaced short palindromic
repeats [CRISPR]) approach (Supplemental Information and
Supplemental Figs. 2A and 3). After obtaining Cas9-free mu-
tant lines (Supplemental Figure 2B, C), positions of deletion
breakpoints were established by sequencing. Three alleles
bearing 122, 123, and 182 bp deletions encompassing a part
of the 50UTR and the first exon of BdYSL3 were identified
and designated as ysl3-1, ysl3-2, and ysl3-3, respectively

(Supplemental Information online and Supplemental Figures
2A, E). Plants of all alleles were smaller than wild-type when
they were grown under copper sufficient conditions
(Supplemental Figure 2D). Given the essential role of copper
in plant growth and development, and because BdYSL3 is ca-
pable of transporting copper (Fig. 5), we hypothesized that
ysl3 mutant lines experience copper deficiency and thus are
smaller than wild-type under copper replete conditions.

We then used the ysl3-3 allele, for the in-depth studies
and generated two ysl3-3 transgenic lines expressing BdYSL3
cDNA, ysl3/YSL3-1, and ysl3/YSL3-2, for functional comple-
mentation assays. The level of BdYSL3 transcript was in-
creased in both ysl3/YSL3-1 and ysl3/YSL3-2 lines compared
to the wild-type (Supplemental Figure 4). We next com-
pared the growth of the ysl3-3 mutant versus wild-type and
ysl3/YSL3-1 and ysl3/YSL3-2 plants in the medium with ver-
sus without copper. As evident by the smaller stature of the
ysl3-3 plants (Fig. 6A), curling of their leaf margins (Fig. 6B),
and decreased height of shoots (Fig. 6C), the ysl3-3 mutant
was more sensitive to copper deficiency than the wild-type.
The dry weight of shoots and roots of the ysl3-3 mutant
was significantly different from wild-type even when plants
were grown under copper sufficiency and omitting copper
from the medium did not change it further (Fig. 6D, E).
Importantly, the expression of BdYSL3 cDNA in the ysl3-3
mutant rescued all defects of the mutant (Fig. 6A–E) sug-
gesting that slower growth of the ysl3-3 plants under control
conditions and further reduced growth under copper defi-
ciency were due to the loss of the BdYSL3 gene. The ysl3-3

Figure 3 Tissue-specificity of the expression of BdYSL3. Transgenic plants expressing BdYSL3pro-GUS construct were grown hydroponically for
three(A–C) or six (D–G) weeks. Plants were transferred to hydroponic solution without copper (–Cu) for one week prior to histochemical analy-
sis. (A, B) Representative images of GUS staining in the vasculature (V, black arrow) of lateral roots and the third emerged leaf, respectively.
Transverse sections through a leaf lamina (C) and a node (D) show GUS staining in tissues indicated by black arrows. (E) Top image shows a
close-up of a vascular bundle embedded in a dashed box in (D). Lower image shows the distribution of the phloem and the xylem in the vascular
bundle. (F) GUS staining in dissected flowers of BdYSL3pro-GUS-expressing transgenics grown under copper deficiency. (G) GUS staining in the
vasculature of the lemma of plants grown under copper deficiency. X-xylem vessels; Ph, phloem; Vb, vascular bundle; LS, leaf sheath of the node;
V, vasculature; S, styles of pistils; Ov, ovary; LM, lemma; Bf, bulliform cells; Ad, adaxial side of the leaf lamina; Ab, abaxial side of the leaf lamina.
BdYSL3pro-GUS-mediated staining is indicated by black arrows. Open arrows point to other tissues and cell types. GUS staining was not detected
in plants grown under copper sufficient conditions. Scale bars: 100 mm in A, C, D, E and 1 mm in B, F, G.
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mutant was not more sensitive to manganese, iron, or zinc
deficiencies compared to wild-type (Supplemental Figure 5).
Together, these results indicate that BdYSL3 is essential for
the normal growth of brachypodium under control condi-
tion and under copper deficiency.

The ysl3-3 mutant has a delayed flowering time and
produces more spikelets and florets per
inflorescence
We then grew wild-type, the ysl3-3 mutant and ysl3/YSL3-1
and ysl3/YSL3-2 plants in soil to evaluate the role of BdYSL3

Figure 5 BdYSL3 mediates copper uptake in Xenopus laevis oocytes. (A) YFP::BdYSL3 localizes to the plasma membrane in X. laevis oocytes, as evi-
denced by its co-localization with the Deep Red plasma membrane marker (upper panel). Plasma membrane staining by Deep Red in control (i.e.
water-injected) cells and the lack of YFP autofluorescence are shown for reference in the lower panel. (B, C) Copper uptake into oocytes injected
with either BdYSL3 cRNA (YSL3; B, C), ZmYS cRNA (YS; C), or water (Mock; B, C). Copper uptake was measured at 1 or 3 h (B) or 3 h (C). The
basal uptake solution was supplemented with 100 mM CuSO4 (B), 100 mM CuSO4 or 100 mM Cu–NA (C). Presented values are arithmetic means
± S.E. (n = 5–6). Asterisks in (B) indicate statistically significant differences (*, p5 0.05; **, p5 0.01, Student’s t test); levels not connected by the
same letters in (C) are statistically significant (p5 0.05, Tukey–Kramer HSD test).

Figure 4 BdYSL3 localizes to the plasma membrane in Arabidopsis thaliana protoplast. BdYSL3 fused with EGFP at the C-termini (A) or EGFP-
expressing empty vector (B) was transfected into protoplasts prepared from A. thaliana mesophyll cells. Shown are a bright-field image (Bf) of
transfected protoplasts, BdYSL3-EGFP (YSL3)-mediated fluorescence, EGFP (EGFP)-mediated fluorescence and chlorophyll autofluorescence (Chl)
fluorescence. Overlay images were created to show that BdYSL3-EGFP-mediated fluorescence does not co-localize with the chlorophyll-mediated
fluorescence. Scale bar = 5 mm.
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in development and reproduction. We found that the flow-
ering time of the ysl3-3 mutant was significantly delayed
compared to wild-type plants (Fig. 7A, B). While wild-type
plants have started flowering by the 40th d of growth, the
ysl3-3 mutant flowered on average 2 weeks later (Fig. 7A, B).
The ysl3-3 mutant also had shorter flag leaves (Fig. 7C and
Table 1) and inflorescences (alias spikes) compared to wild-
type (Fig. 7C). We then compared the flower development
of the ysl3-3 mutant versus wild-type. Florets in grasses are
formed on a structure called spikelet. In brachypodium, a
terminal spikelet and a limited number of lateral spikelets
give rise to a variable number of florets per spikelet
(Derbyshire and Byrne, 2013). We found that while wild-
type plants produced two to four lateral spikelets in
addition to a terminal spikelet, the ysl3-3 mutant developed
five to seven lateral spikelets in addition to a terminal spike-
let (Fig. 7C and Table 1). The increased number of spikelets
in the ysl3-3 mutant resulted in a 1.8-fold increase in the

floret number compared to wild-type plants (Table 1).
Fertilizing the ysl3-3 mutant with 25 mM CuSO4 functionally
complemented the mutant suggesting that the decreased
flag leaf length, altered spikelet, and floret formation in the
mutant was due to a defect in copper transport (Table 1).
Furthermore, the expression of BdYSL3 cDNA in the ysl3-3
mutant also functionally complemented the mutant (Fig.
7A–C and Table 1), suggesting that the decreased flag leaf
length, altered spikelet, and floret formation in the mutant
was due to the loss of BdYSL3 function.

The ysl3 mutant has a defect in pollen and floret
fertility
Because the ysl3-3 mutant developed more florets per plant
and spike than wild-type (Fig. 7C and Table 1), we antici-
pated that the mutant would also form more seeds.
Surprisingly, there was no difference in grain production per
spike between different plant lines (Table 1). Furthermore,

Figure 6 BdYSL3 is essential for the normal growth of brachypodium under copper deficiency. (A) Wild-type plants (Wt), the ysl3-3 mutant (ysl3)
and two ysl3-3 mutant transgenic lines expressing the BdYSL3 cDNA (YSL3-1 and YSL3-2) were grown hydroponically for three weeks with the in-
dicated concentrations of CuSO4. Shown are representative photos from nine plants analyzed per line. Photos were captured after three weeks of
growth. (B) Representative images of top (youngest) leaves collected from three-week-old hydroponically grown plants. A white arrow points to a
leaf with curled margins. (C) The height, (D, E), the biomass of the brachypodium wild-type plants (Wt), ysl3-3 mutant (ysl3) and two ysl3-3 mu-
tant transgenic lines expressing the BdYSL3 cDNA (YSL3-1 and YSL3-2) grown hydroponically for three weeks with the indicated concentrations
of CuSO4. Data in (C–E) show mean values of six independently grown plants from three independent experiments, error bars show SE. Levels not
connected by the same letter are significantly different (p5 0.05, Tukey-Kramer HSD test).
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we found a significant (1.8-fold) reduction in floret fertility,
as evidenced by a reduced number of grains formed per the
number of florets per spike in the mutant versus wild-type
(Table 1). Importantly, the expression of BdYSL3 in the ysl3-
3 mutant or copper supplementation rescued this defect
(Table 1). We then examined whether the reduced fertility
of the ysl3-3 mutant is associated with the defect in androe-
cium, gynoecium, or both. We found that pollen viability of
ysl3-3 pollen was nearly half-of observed in the wild-type
and fewer ysl3-3 mutant pollen grains were able to germi-
nate and produce pollen tubes (Fig. 7D, E). We also found
that more than 40% of the flowers from ysl3-3 mutants had
altered stigma morphology compared to the wild-type.
Specifically, the stigma of the ysl3-3 mutant appeared more
compact and less feathery compared to the wild-type (Fig.

7F). Together, these data suggest that the compromised fer-
tility of the ysl3-3 mutant might be due to defects in both
androecium and gynoecium.

BdYSL3 regulates copper delivery from mature
leaves to flag leaves and flowers
We next analyzed copper concentration and spatial distribu-
tion in different plant tissues using inductively coupled
plasma mass spectrometry (ICP-MS) and 2D synchrotron-X-
ray fluorescence (2D-SXRF) microscopy, respectively. We did
not find a significant difference in copper concentration in
roots of the ysl3-3 mutant compared to wild-type or ysl3/
YSL3-1 plants (Fig. 8A). However, the ysl3-3 mutant accumu-
lated 54% more copper in mature leaves compared to wild-
type (Fig. 8B). The expression of BdYSL3 cDNA in the ysl3-3

Figure 7 The ysl3 mutant has a delayed flowering time, altered inflorescence architecture, and pollen viability. The indicated plant lines were
grown in soil and fertilized bi-weekly with N–P–K fertilizer. (A) A representative image of the ysl3-3 mutant, which was still in the vegetative stage
in contrast to wild type and YSL3-1 and YLS3-2 complementary lines that have reached the reproductive stage of the development. (B) Days to
flowering in each of the indicated plant lines. Mean values ± S.E are shown (n = 3 independent experiments with at least six plants analyzed per
experiment). Levels not connected by same letter are significantly different (p5 0.05, Tukey–Kramer HSD test). (C) A representative image of
spikes with a flag leaf collected from plants grown in soil. To collect spikes of all plant lines simultaneously, the ysl3-3 mutant has been germinated
two weeks in advance to other plant lines. (D) The viability of pollen collected from the wild type (Wt) and the ysl3-3 mutant (ysl3), grown as de-
scribed above. Mean values of six independently grown plants from three independent experiments are shown. Error bars show S.E. Levels not
connected by same letter are significantly different (p5 0.05, Tukey–Kramer HSD test). (E) In vitro pollen germination assay shows poor germina-
tion rate of the ysl3-3 mutant compared to wild-type. Values are mean ± S.E. of four and seven independent experiments for wild-type and the
ysl3-3 mutant, respectively; n = number of pollens scored are shown below each bar. Levels not connected by same letter are significantly different
(p5 0.01, Tukey–Kramer HSD test). (F) The morphology of pistils collected from wild type, the ysl3-3 mutant, and the YSL3-1 complementary
line, all grown in soil and fertilized bi-weekly with N–P–K. Arrowheads point to stigma sections in the ysl3-3 mutant that are visibly more compact
and less feathery compared to wild type and the YSL3 complementary line.
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mutant reduced copper accumulation in mature leaves to
the wild-type level, suggesting that the observed defects in
the ysl3-3 mutant were due to the loss of BdYSL3 function
(Fig. 8B). In contrast to mature leaves, flag leaves and flowers
of the ysl3-3 mutant accumulated 2.9- and 2.6-fold less cop-
per, respectively than corresponding organs of wild-type
(Fig. 8C, D). The expression of BdYSL3 in the ysl3-3 mutant
rescued its copper accumulation defect. Together, these
results suggested that BdYSL3 might be involved in copper
delivery from mature leaves to flag leaves and flowers.

Analysis of mature leaves using 2D-SXRF disclosed that
the bulk of copper was associated with leaf veins in both
wild-type and the ysl3-3 mutant (Fig. 9A, B). We also found
that copper accumulation was much higher in veins of the
ysl3-3 mutant compared to wild-type (Fig. 9A). Similar to
mature leaves, the bulk of copper was associated with major
and minor veins of flag leaves in wild-type and the ysl3-3
mutant (Fig. 9B). However, both vein types in flag leaves of
the ysl3-3 mutant accumulated much less copper compared
to the wild-type and the mutant expressing BdYSL3 cDNA
(Fig. 9B). The bulk of copper was associated with anthers
and ovary of florets in wild-type while copper was barely
detectible in anthers and was significantly lower in the ovary
of the ysl3-3 mutant compared to wild-type and the ysl3-3
mutant expressing BdYSL3 cDNA (Fig. 9C).

We next thought to determine the spatial distribution of
copper in nodes because nodes of grasses act as hubs direct-
ing and connecting mineral transport pathways for their sub-
sequent distribution to various organs (Yamaji and Ma,
2014). To do so, we utilized 2D-SXRF in a confocal mode (2D-
CXRF) using a specialized X-ray collection optic to obtain
micron-scale resolution (Mantouvalou et al., 2012; Agyeman-
Budu et al., 2016). For the current study, this technique is
preferable to traditional SXRF methods (both 2D SXRF and
3D micro-XRF tomography) because it allows comparison of
quantitative metal distributions among different samples
without the need to control or limit sample thickness or lat-
eral size (Mantouvalou et al., 2012). We found that the bulk
of copper was associated with large vascular bundles with a
higher concentration in the phloem region in nodes of the
wild type (Fig. 9D, E). In contrast, copper accumulation in

vascular bundles was barely detectible in the ysl3-3 mutant
and was mostly associated with the xylem (Fig. 9D, E). Taken
together, these data suggested that BdYSL3 might act by
loading copper to the phloem and its function is important
for copper delivery to flag leaves and reproductive organs,
normal flower development, and fertility.

Grains of the ysl3-3 mutant are smaller, lighter, and
accumulate less copper and soluble protein
We next tested whether the loss of the BdYSL3 function
also impacts copper accumulation in grains. We found that
the concentration of copper in grains of the ysl3-3 mutant
was lower by 44.52% compared to wild-type and the YSL3-1
complementary line (Fig. 10A). This shows that the ysl3-3
mutant is also defective in copper loading to grains.

While dehusking grains of different plant lines for ICP-MS
analysis, we noticed that the ysl3-3 mutant produced shorter
and thinner grains than wild-type plants and both comple-
mentary lines. This observation was then confirmed by the
analysis of the straight grain length and width (Fig. 10B–D).
Consistent with a shorter and thinner size, the 1000-g
weight of the ysl3 mutant was reduced by 30% compared to
wild-type (Fig. 10E). The expression of BdYSL3 cDNA in the
ysl3-3 mutant or copper supplementation rescued the grain
size and 1000-g weight of the ysl3-3 mutant. We then com-
pared the concentration of storage proteins in grains of dif-
ferent plant lines. Of three classes of storage proteins
(Shewry and Halford, 2002), we analyzed the concentration
of saline-extractable proteins corresponding to the albu-
mins/globulins (A/G) fraction. We found that the A/G con-
centration was significantly lower in grains of the ysl3-3
mutant compared to wild-type or ysl3/YSL3 plants. These
results show that BdYSL3 function and copper are impor-
tant for the expression of important agronomic traits in-
cluding grain size, weight, and protein accumulation.

BdYSL3 is not involved in iron, manganese, and zinc
delivery to flowers and grains
We next compared the accumulation of other minerals in
different plant lines. We found that iron concentration was
2.3-fold higher in roots of the ysl3-3 compared to wild-type

Table 1. The ysl3-3 mutant has altered flower morphology and fertility.

Genotype Flag leaf length (cm) Spikeletsa Floretsb Seedsc Fertile Florets (%)

Wt 7.6 ± 0.23 3.8 ± 0.22 39.8 ± 3.09 29.0 ± 6.71 76.2 ± 1.35
ysl3-3 4.9 ± 0.38* 7.7 ± 0.25* 70.0 ± 4.56* 31.0 ± 0.58 42.6 ± 3.33*
ysl3/YSL3-1 6.4 ± 0.44 4.8 ± 0.48 41.0 ± 2.52 31.3 ± 2.81 75.9 ± 3.76
ysl3 + 25 mM CuSO4 6.7 ± 0.56 5.0 ± 8.36 46.3 ± 8.36 29.0 ± 3.49 64.8 ± 4.92

Plants were grown in soil and fertilized bi-weekly with a standard N–P–K fertilizer. The ysl3-3 mutant was also grown in soil and in addition to N–P–K was also fertilized bi-
weekly with 25 mM CuSO4 (ysl3 + 25 mM CuSO4). Spikes were collected at the end of the reproductive stage. We note that because the ysl3-3 mutant is developmentally
delayed, its spikes were harvested and fertility was analyzed separately although all plant lines were sown and grown concurrently. Mean values ± SE are shown (n = 15 plants
per each genotype). Asterisks (*) indicate statistically significant differences from the wild-type (p5 0.0001).
a Spikelets include the terminal spikelet and lateral spikelets.
b Florets number indicates the total florets produced per spike.
c Seeds number indicates the total seeds produced per spike.
d Fertile florets number was calculated as % of seeds formed per the number of florets per spike.
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and was brought back to the level of wild-type by the ex-
pression of BdYSL3 cDNA in the ysl3-3 mutant (Fig. 11A).
Iron accumulation was also higher in mature and flag leaves,
but not in flowers of the ysl3-3 mutant, compared to wild-
type and the ysl3-3 mutant expressing BdYSL3 cDNA (Fig.
11B, C). SXRF-based imaging did not reveal changes in iron
distribution in flag leaves and reproductive organs of the
ysl3-3 mutant compared to wild-type or the ysl3-3 mutant
expressing the BdYSL3 cDNA (Fig. 11D, E). Consistent with
the ICP-MS data (Fig. 11C), iron accumulation was some-
what higher in flag leaves of the ysl3-3 mutant than the
wild-type and the BdYSL3 complementary line.

Concerning other elements including manganese and zinc,
we found that their accumulation was mostly altered in
leaves of the ysl3-3 mutant compared to wild-type and the
BdYSL3 complementary line (Supplemental Figure S6).
Importantly, the concentration of iron, zinc, and manganese
in flowers and seeds of the ysl3-3 mutant was similar to that
in wild-type and the BdYSL3 complementary line (Fig. 11C
and Supplemental Figure S6). These data show that the de-
creased flower fertility, and size, weight, and protein accu-
mulation in seeds of the ysl3-3 mutant are not influenced
by iron, manganese or zinc.

Discussion

Copper is important for grain yield in
brachypodium and wheat
Providing a sufficient amount of high quality, nutrient-dense
food using sustainable and environmentally friendly
approaches are among the grand challenges of the 21st cen-
tury, considering the population growth, the increasing

instances of extreme weather conditions that limit crop
yields, and decreasing arable land resources that push the
utilization of marginal land for the crop production
(Godfray et al., 2010; Ingram and Porter, 2015; Bailey-Serres
et al., 2019). Because the micronutrient copper is among
yield-limiting factors, here, we sought to determine how
copper availability impacts the fertility and yield of a globally
important crop, wheat that is also regarded as the most
sensitive to copper deficiency. We also aimed to identify
copper transporters that are involved in copper delivery to
reproductive organs. We found that severe copper deficiency
(0 or 10 nM copper) most significantly affected the
development of flowers and resulted in a poor grain set in
both wheat and its model brachypodium (Fig. 1 and
Supplemental Figure 1). Notably, while flowers were formed
in both wheat and brachypodium under low copper condi-
tions (50 nM CuSO4), grain yield was severely affected (Fig.
1E–H). This “silent” effect of copper deficiency on grain set
could occur in crops cultivated in agricultural soils with lim-
ited copper availability or marginal soils, hence underscoring
the need for improving the copper use efficiency of crops
for sustainable and environment-friendly crop production.

BdYSL3 is transcriptionally regulated by copper
deficiency, expressed in the phloem, and
participates in copper delivery to flag leaves and
reproductive organs
We next focused on the YSL subfamily of the OPT trans-
porter family because its members have been implicated in
the internal transport of micronutrients, including copper
(Curie et al., 2008; Yordem et al., 2011). Of the 19 YSL pro-
teins in brachypodium (Schwacke et al., 2003), we selected

Figure 8 Copper delivery to flag leaves and flowers is impaired in the ysl3 mutant. ICP-MS-based analysis of the concentration of copper in roots
(A), mature (two bottommost) leaves (B), flag leaves (C), and flowers (D) of wild-type plants (Wt), the ysl3-3 mutant (ysl3) and the ysl3-3 mutant
expressing the YSL3 cDNA (YSL3-1). In (A) and (B), plants were grown hydroponically for four weeks with 250 nM CuSO4 prior to tissue collec-
tion. In (C) and (D), tissues were collected from soil grown plants fertilized bi-weekly with N–P–K. (A–D) show mean values ± S.E. (n = 3 indepen-
dent experiments). Levels not connected by the same letter are significantly different (p5 0.05, Tukey–Kramer HSD test). DW, dry weigh.
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BdYSL3 for subsequent studies because its homolog in A.
thaliana, AtYSL3, is expressed in pollen, is upregulated by
copper deficiency in floral organs, acts together with AtYSL1
in mineral nutrient remobilization from senescing tissues
and functions in the delivery of micronutrients, including
copper, to seeds (Waters et al., 2006; Chu et al., 2010).
Furthermore, the BdYSL3 putative ortholog in rice, OsYSL16,
is involved in copper distribution to floral organs and its
loss-of-function decreases fertility (Zheng et al., 2012; Zhang
et al., 2018).

We first showed that under copper sufficiency, BdYSL3
was expressed primarily in leaves. BdYSL3 expression was
highly upregulated by copper deficiency in all tissues includ-
ing roots, mature leaves, flag leaves, and flowers (Fig. 2). The
level of BdYSL3 transcript did not change in young leaves

under copper deficiency possibly because its expression in
young leaves was already high (Fig. 2). We also showed that
the bulk of BdYSL3 expression was associated with the
phloem in leaves and node I, although it was also present in
mesophyll and phloem parenchyma cells (Fig. 3). Phloem is
a vascular tissue that is responsible for the translocation of
nutrients including mineral elements from source tissues
such as mature leaves to sink tissues including developing
flag leaves, flowers, and seeds/grain (White, 2012). Because
copper accumulation was significantly higher in mature
leaves and significantly lower in flag leaves, flowers, and
grains of the ysl3-3 mutant than that of the wild-type (Figs.
8B–D and 10A), we proposed that BdYSL3 participates in
phloem-based copper delivery to sinks. Because copper ac-
cumulation was significantly reduced in the phloem and

Figure 9 The distribution of copper is altered in the ysl3-3 mutant. SXRF-based analysis of the spatial distribution of copper in mature leaves (A),
flag leaves (B), and florets (C) of the indicated plant lines. Middle part of the leaf was used for SXRF imaging in both (A) and (B). White arrows in
(C) point to anthers (An), stigma (S), and ovaries (Ov). Scale bar = 2 mm. Mature leaves in (A) were collected from three-week-old plants, grown
hydroponically with 0.25 mM CuSO4. Flag leaves and florets were collected from soil-grown plants that were fertilized bi-weekly with N–P–K. (D)
Two-dimensional confocal SXRF (2D-CSXRF) was used to visualize the spatial distribution of copper in node I of indicated plant lines. (E) illus-
trates the anatomy of the upper part of the node I. Part of the node in a rectangle was scanned using C-SXRF and is shown in D. Ph, phloem; Sh,
leaf sheath; Vb, vascular bundle; Wt, wild type; X, xylem.
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remained high in the xylem region in the node 1 of the ysl3-
3 mutant versus wild-type (Fig. 9D), we concluded that
BdYSL3 mediates the loading of copper or copper chelates
into the phloem, whereby facilitating copper distribution
from source (i.e. mature leaves) to sink tissues (i.e. flag
leaves, flowers, grains). It is noteworthy that the ectopic ex-
pression of BdYSL3 in the ysl3-3 mutant, although function-
ally complemented the mutant (Figs. 8–10), did not increase
copper accumulation in its tissues above the wild-type level.
We speculate that BdYSL3 might be controlled by copper
availability not only at the transcript but also protein accu-
mulation level to avoid copper overload as was shown for
other transition metal transporters and their regulators, in-
cluding Arabidopsis Iron-regulated Transporter (IRT1) and

the Upstream Regulator of IRT1, URI (Connolly et al., 2002;
Barberon et al., 2011; Kim et al., 2019).

BdYSL3 is downregulated by iron deficiency and the
ysl3-3 mutant accumulates more iron
We also tested the transcriptional response of BdYSL3 to
iron deficiency because of conflicting reports in the litera-
ture regarding the regulation and transport capabilities of its
rice homolog, OsYSL16 (Kakei et al., 2012; Lee et al., 2012;
Zheng et al., 2012; Zhang et al., 2018). We found that
BdYSL3 mRNA was significantly downregulated by iron defi-
ciency (Fig. 2C). A similar distinct transcriptional response
to copper and iron deficiency was also observed for AtYSL1
and AtYSL3 (Waters et al., 2006). We also found that the

Figure 10 Seeds of the ysl3-3 mutant accumulate less copper and soluble protein are smaller and lighter. Grains were collected from soil-grown
plants that were fertilized bi-weekly with N–P–K. (A) ICP-MS analysis of copper concentration in seeds of the indicated plant lines. (B, C) Straight
length and width, respectively, of grains collected from the indicated plant lines. Grains were dehusked and the straight length and width of ran-
domly selected grains were measured using the WinSEEDLETM of STD4800 Scanner (Regent Instruments Inc., Canada, 2015). (D) A representative
image of seeds pooled from at least three plants from each independent experiment (n = 3). (E, F) The weight of 1,000 dehusked grains and the
concentration of soluble proteins in seeds, respectively, in the indicated plant lines. Presented values are arithmetic means ± S.E. (n = 3 pools of
seeds from five plants per each line; a representative result from three independent experimental setups is shown). Seeds were pooled together
from five plants per line. Levels not connected by same letter are significantly different (p5 0.05, Tukey–Kramer HSD test). When indicated
( + Cu), plants were fertilized bi-weekly with 20 mM CuSO4. Wt, wild-type; ysl3, the ysl3-3 mutant; YSL3-1, YSL3-2, two transgenic lines of the ysl3-
3 mutant expressing the YSL3 cDNA; DW, dry weight.
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reduced copper accumulation in roots, flag leaves, and flow-
ers of the ysl3-3 mutant was associated with the increased
accumulation of iron (Figs. 8–11). This was not surprising as
crosstalk between copper and iron homeostasis is now well-
documented. In fact, low copper accumulation in the A.
thaliana spl7 mutant drives iron accumulation in rosette
leaves (Ramamurthy and Waters, 2017) and iron supplemen-
tation rescues, in part, growth defects of the copper-
deficient A. thaliana spl7 mutant (Bernal et al., 2012).
Because of the similar physiochemical properties of these
metals, including similar redox chemistry, their comparable
atomic radii, and electrical charges (Doguer et al., 2018), it is
tempting to speculate that the increased iron accumulation
compensates for the reduced copper concentration in tis-
sues of the ysl3-3 mutant. In this regard, it has been shown
that iron and copper-containing superoxide dismutases
(SODs) function equivalently in chloroplasts in scavenging
reactive oxygen species, and copper availability is a major
determinant of iron SOD expression in A. thaliana (Pilon
et al., 2011; Ravet and Pilon, 2013).

BdYSL3 localizes to the PM and transports copper
ions in X. laevis oocytes
YSL proteins from different species localize to different cellu-
lar membranes including the PM, chloroplast envelope, or
internal cellular membranes (DiDonato et al., 2004; Conte
et al., 2013; Divol et al., 2013). We found that BdYSL3 local-
ized to the PM when expressed in Arabidopsis protoplasts
or in X. laevis oocytes (Figs. 4 and 5A). The PM localization
of BdYSL3 suggested that this transporter is involved in the
influx or efflux of copper or copper–chelate complexes
rather than intracellular copper transport.

We next tested the transport capabilities of BdYSL3. It has
been shown that YSL transporters are involved in the up-
take and the long-distance transport of transition metals

associated with a strong metal-ligand, NA or its derivatives
PS such as mugineic acid (MA) and deoxymugenic acid
(DMA; Curie et al., 2008). Specifically, the rice protein with
closest sequence similarity to BdYSL3, OsYSL16, mediates
copper–NA transport in yeast lacking high-affinity copper
transporters CTR1p and CTR3p (Zheng et al., 2012). A. thali-
ana YSL2 complements the copper deficiency defect of the
yeast CTR1p mutant when copper is supplied in a complex
with NA, but not as ionic copper or the copper–MA com-
plex (DiDonato et al., 2004). Electrophysiological studies in
X. laevis oocytes have shown that maize YS1 transports PS-
bound transition metals including copper and NA-bound
iron and nickel into oocytes (Schaaf et al., 2004). Thus, we
anticipated that BdYSL3 would mediate copper–NA trans-
port as well.

The transport capabilities of BdYSL3 were studied in X.
laevis oocytes. To our surprise, we found that oocytes
expressing BdYSL3 accumulated copper only when it was
supplied in ionic form (Fig. 5B, C). Incubation of oocytes
with the copper–NA complex did not increase copper accu-
mulation, with uptake levels similar to the mock-expressing
cells (Fig. 5C). In contrast, maize YS1 (ZmYS1) mediated the
transport of copper–NA into oocytes (Fig. 5C). Interestingly,
oocytes expressing ZmYS1 accumulated significantly more
copper when it was supplied in the ionic form (Fig. 5C).
Based on these results, we concluded that BdYSL3 is capable
of transporting free copper ions. In addition, we show that
ionic copper was also the preferred transport substrate of
the maize YS1 in the heterologous system.

While this transport capability of BdYSL3 and ZmYS1
seems unusual, another member of the OPT family, A. thali-
ana OPT3 has also been shown to transport iron and cad-
mium ions in the heterologous system (Zhai et al., 2014).
Whether BdYSL3 transports copper ions in planta, and how
its transport capability is coordinated with the function of

Figure 11 The ysl3 mutant accumulates more iron in roots, mature and flag leaves and flowers. (A–C) Results from ICP-MS analysis of iron accu-
mulation in the indicated tissues of the indicated plant lines grown as described in legend to Fig. 8. Shown values are arithmetic means ± S.E
(n = 3 independent experiments). Levels not connected by the same letter are significantly different (p5 0.05, Tukey–Kramer HSD test). SXRF-
based analysis of the spatial distribution of iron in flowers (D) and the middle part of the flag leaf (E). White arrows in (D) point to anthers (An)
and ovaries (Ov). Scale bar = 2 mm. Wt, wild-type; ysl3, the ysl3-3 mutant; YSL3-1, the ysl3-3 mutant expressing the YSL3 cDNA; DW, dry weight.
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other copper ion transporters including members of the
COPT and HMA families, and the abundance of copper
ligands and chaperons, remains to be elucidated. It is note-
worthy, that intracellularly, free copper ions are chelated by
copper chaperons that traffic copper through protein–pro-
tein interactions from copper transporters at the PM to its
destination cuproenzymes or transporters within the cellular
compartments (Blaby-Haas et al., 2014; Printz et al., 2016).
For example, a copper chaperone, the Antioxidant Protein1
(ATX1) interacts with Cu + - P-type ATPase HMA5 and traf-
fics copper to HMA7/RAN1 in A. thaliana (Andres-Colas
et al., 2006; Puig et al., 2007; Li et al., 2017). AtHMA5 is in-
volved in Cu + efflux while AtHMA7/RAN7 localizes to the
endoplasmic reticulum and is involved in ethylene signaling
(Hirayama et al., 1999; Andres-Colas et al., 2006). A plant-
specific, Plastid Chaperone 1, PCH1, delivers Cu + to the
chloroplast envelope-localized Cu + ATPase PAA1/HMA6,
while a Cu + Chaperone for Cu/Zn Superoxide dismutase,
CCS, also delivers copper to the thylakoid membrane-
localized Cu + ATPase PAA2/HMA8 (Blaby-Haas et al., 2014;
Printz et al., 2016).

In addition to copper chaperons, copper chelates includ-
ing NA, DMA, and the amino acid histidine (His) have been
implicated in the long-distance transport of copper via the
xylem and the phloem (Printz et al., 2016); small cysteine-
rich proteins metallothioneins (MTs) and the ATX1-like
Copper Chaperone (CCH) are involved in the phloem-based
copper remobilization from source to sink tissues upon se-
nescence (Mira et al., 2001; Benatti et al., 2014; Printz et al.,
2016). Because the quadruple MT mutant, mt1a-2/mt2a-1/
mt2b-1/mt3-1 and the ysl1 ysl3 double mutant of A. thaliana
lacking YSL1 and YSL3 transporters have a similar defect in
copper accumulation in seeds, it was suggested that MTs
and YSLs may interact (Printz et al., 2016). It is tempting to
speculate that similar protein–protein interactions and cop-
per–ligand exchange reactions occur in trafficking copper to
and from BdYSL3 to ensure copper delivery to reproductive
organs in brachypodium.

BdYSL3-mediated copper delivery to reproductive
organs is important for fertility
Consistent with our past studies of copper distribution in
the reproductive organs of A. thaliana (Yan et al., 2017),
the bulk of copper in florets of brachypodium was associ-
ated with anthers of stamens and ovaries of pistils (Fig.
9C). The inability of the ysl3-3 mutant to deliver copper to
these reproductive organs severely reduced pollen viability,
germination (Fig. 7D, E) and significantly decreased florets
fertility (Table 1). Importantly, copper supplementation or
the expression of BdYSL3 cDNA rescued fertility defects of
the ysl3-3 mutant (Table 1). It is possible that the essential
nature of BdYSL3-mediated copper delivery to anthers and
pistils and the role of copper in pollen fertility stems from
its role in maintaining metabolic functions of copper-
requiring metalloenzymes and/or for providing respiration-
based energy supply for the energy-dependent reproduction

processes via sustaining the function of the copper requir-
ing mitochondrial cytochrome c oxidase complex (Denis,
1986; Burkhead et al., 2009). In this regard, A. thaliana
COX11 homolog is involved in the insertion of copper into
the cytochrome c oxidase (COX) complex during its assem-
bly in mitochondria, is expressed in germinating pollen
among other tissues, and its loss-of-function impairs pollen
germination (Radin et al., 2015). We showed recently that
copper-deficient A. thaliana was infertile, had reduced cyto-
chrome c oxidase activity in both leaves and floral buds
and accumulated reactive oxygen species in pollen grains
(Rahmati Ishka and Vatamaniuk, 2020). It is noteworthy
that adequate copper nutrition has also been linked to the
successful male fertility in mammals, including humans
(Tvrda et al., 2015).

We also noted that copper accumulated in the stigma of
pistils of wild-type plants but not of the ysl3-3 mutant
(Fig. 9C) and that the stigma of the ysl3-3 mutant was more
compact and less feathery compared to the wild-type (Fig.
7F). As the receptive portion of the gynoecium, stigma plays
an important role in capturing pollen, supporting pollen ger-
mination and pollen tube guidance into the style and ova-
ries (Edlund et al., 2004). Finding that copper is localized to
the stigma in brachypodium and that the loss of copper in
the stigma of the ysl3-3 mutant is associated with decreased
fertility links stigma development and function to copper
homeostasis. In accord with these findings, our recent stud-
ies in A. thaliana have shown that copper-deficiency abol-
ished stigma papillae development and has led to 100%
gynoecium infertility (Rahmati Ishka and Vatamaniuk, 2020).
The role of copper in the gynoecium development and fer-
tility is yet to be discovered.

BdYSL3-mediated copper transport is important for
the normal transition to flowering and inflorescence
architecture
A significant delay in transitioning to reproduction and al-
tered inflorescence architecture, as evidenced by nearly dou-
bled lateral spikelet formation compared to wild-type plants
(Fig. 7B, C and Table 1), are intriguing aspects of the ysl3-3
mutant phenotype. The transition from the vegetative to
the reproductive stage and spikelet formation depend on
the inflorescence meristem identity and determinacy, the
developmental fate of axillary inflorescence meristem, which
in turn depends on a variety of environmental and endoge-
nous cues (Barazesh and McSteen, 2008; Pautler et al., 2013;
Tanaka et al., 2013; Landrein et al., 2018). For example, shoot
apical meristem activity in A. thaliana and organogenesis
adapt rapidly to changes in nitrate availability in soils
through the long-range cytokinin signaling (Landrein et al.,
2018). Inflorescence branching and auxiliary inflorescence
meristems fates in maize are regulated by sugar metabolism
via the function of three RAMOSA genes (Vollbrecht et al.,
2005; Bortiri et al., 2006; Satoh-Nagasawa et al., 2006; Claeys
et al., 2019). Hormones including auxin and cytokinin are
also known to function in inflorescence architecture with
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auxin having a critical and conserved role in axillary meri-
stem initiation in A. thaliana and maize (Barazesh and
McSteen, 2008; Holt et al., 2014). It is noteworthy that cop-
per deficiency in A. thaliana also increases shoot branching
that is rescued by the exogenous application of auxin or
copper (Rahmati Ishka and Vatamaniuk, 2020). In addition
to hormones, small non-coding RNA, microRNAs are impli-
cated in developmental transitions and the regulation of in-
florescence branching (Holt et al., 2014; D’Ario et al., 2017).
Notably, the production of auxin and jasmonic acid is influ-
enced by copper availability and copper deficiency stimu-
lates the production of several miRNA families (Pe~narrubia
et al., 2015; Pilon, 2017; Yan et al., 2017; Rahmati Ishka and
Vatamaniuk, 2020). Considering the prominent role of cop-
per in photosynthesis and the effect of copper homeostasis
on hormone or miRNAs production, it is tempting to specu-
late that the defect in the internal copper distribution and
delivery to flag leaves and florets in the ysl3-3 mutant alters
sugar metabolism, and/or miRNA and/or auxin or other
hormones production resulting in delayed transition to flow-
ering and altered inflorescence architecture. Because the
timing of terminal spikelet differentiation determines the
production of lateral spikelets (Bonnett, 1936; Derbyshire
and Byrne, 2013), it is also possible that the delayed transi-
tion to flowering observed in the ysl3-3 mutant (Fig. 7A, B)
results in increased lateral spikelets production. Although
the mutation of the BdYSL3 putative ortholog in rice,
OsYSL16, decreases fertility, it does not alter inflorescence
architecture (Zhang et al., 2018). The distinct role of orthol-
ogous transporters may be related to distinct inflorescence
architecture in rice and brachypodium. The rice inflores-
cence, a panicle, is highly branched and is produced from
multiple types of axillary meristems (Kellogg, 2007; Barazesh
and McSteen, 2008). The spikelet meristem gives rise to a
single floral meristem and a single floret. In contrast, inflo-
rescence in brachypodium is similar to its close relative
wheat and is an unbranched spike, where axillary meristems
produced by the inflorescence meristem develop directly
into spikelets (Bonnett, 1936; Derbyshire and Byrne, 2013).
Future studies will determine the specific role of BdYSL3
and copper in determining the inflorescence architecture in
brachypodium.

Copper and BdYSL3-mediated copper transport is
important for grain size, weight, and soluble
proteins accumulation
In addition to decreased fertility, the ysl3-3 mutant accumu-
lates less copper and soluble protein in grains and its grains
are shorter, thinner, and lighter than grains of wild-type, or
the ysl3-3 mutant expressing BdYSL3 cDNA, or the mutant
grown with copper supplementation (Fig. 10). Both grain
size and weight are regulated by a complex network that
integrates multiple developmental and environmental signals
throughout the reproductive stage, and these processes are
affected by sink and source characteristics, including the size
and photosynthetic capacity of source tissues and the

mobilization of assimilates to the grain (Distelfeld et al.,
2014; Li et al., 2018; Brinton and Uauy, 2019). We note that
the ysl3-3 mutant has significantly shorter flag leaves (Fig.
7C and Table 1). Flag leaves are the most efficient functional
leaves at the grain filling stage and their size and shape are
among the essential traits for the ideal plant-type in crop
breeding programs (Li et al., 1998; Zhang et al., 2015). We,
therefore, speculate that the decreased grain length, width,
and weight in the ysl3-3 mutant compared to other plant
lines are caused, in part, by the reduced source strength of
flag leaves which, in turn, is caused by a defect in the
BdYSL3-mediated copper distribution to flag leaves, and
thus their reduced growth.

It is noteworthy that while manganese and zinc accumula-
tion in leaves of the ysl3-3 mutant were also altered, the
concentration of these metals as well as iron in flowers and
seeds was similar to that in wild-type and the BdYSL3 com-
plementary line (Fig. 11 and Supplementary Figure S6). This
finding reinforces the specific role of copper and BdYSL3 in
reproduction and the expression of important agronomic
traits including grain size, weight, and protein accumulation.

Grain storage protein accumulation depends on many fac-
tors among which are species and genotype variations, as
well as environmental conditions, including mineral nutrient
availability (Dupont et al., 2006; Engels et al., 2012). Copper
deficiency disturbs nitrogen assimilation in legumes, but its
implications to nonleguminous plants are less clear
(Burkhead et al., 2009). Our survey of publically available
RNA-seq data discloses that copper deficiency upregulates
putative nitrate transporters in roots and flower buds of A.
thaliana (Bernal et al., 2012; Yan et al., 2017). However, the
connection between copper deficiency and nitrogen/carbon
balance is yet to be determined.

In conclusion, this study expands our understanding of
the molecular mechanisms of copper transport in crop spe-
cies, discovers a new avenue of copper function in establish-
ing important agronomic traits, and provides an important
step toward the designing of biotechnological strategies aim-
ing for sustainable and environmentally friendly grain yield
improvement without the need for chemical fertilization in
regions where poor soil quality is a major factor that limits
crop productivity.

Materials and methods

Plant materials and growth conditions
Wheat, T. aestivum (cv Bobwhite), was used for analysis of
the effect of copper on growth and reproduction. B. dis-
tachyon inbred line Bd21-3 regarded as wild-type (Vogel and
Hill, 2008) was used for the generation of BdYSL3 mutant
alleles, and transgenic plants expressing BdYSL3pro-GUS con-
struct. The ysl3-3 mutant allele described below was used
for transformation to obtain BdYSL3 complementary lines
YSL3-1 and YSL3-2. The generation of BdYSL3 mutants and
other transgenics plants is detailed in the sections below.
Depending on the experiment, plants were grown either in
soil or hydroponically using procedures described in Jung
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et al. (2014). Briefly, after removing lamella and palea, seeds
of different plant lines were surface sterilized for 10 min in a
solution containing 10% bleach and 0.1% Tween 20 (v/v)
and then rinsed five times with deionized H2O. After the
stratification for 24 h at 4�C, seeds were sown in the water-
rinsed perlite that was irrigated with 1=2 strength of the hy-
droponic solution (with or without copper). Seeds were ger-
minated for three days under darkness at 24�C, then
transferred to light and grown for five more days. The
uniform seedlings were selected and transferred to soil or
hydroponic solution. Hydroponic medium for both wheat
and brachypodium contained 1 mM KNO3, 0.5 mM MgSO4,
1 mM KH2PO4, 1 mM Ca (NO3)2, 2.5 lM NaCl, 25 lM Fe
(III)-HEDTA, 3.5 lM MnCl2, 0.25 lM ZnSO4, 0.25 lM
CuSO4, 17.5 lM H3BO3, 0.05 lM Na2MoO4, and 0.0025 lM
CoCl2 and this medium was replaced weekly. For achieving
copper deficiency condition, plants were grown hydroponi-
cally for three weeks in a medium lacking copper.

Soil-grown plants were fertilized with the standard N–P–K
fertilizer biweekly. To ensure that BdYSL3 mutant alleles de-
velop and produce seeds, when indicated, 25 mM CuSO4 was
also added to the N–P–K fertilizer. In all cases, plants were
grown at 24�C, 20-h-light/18�C, 4-h-dark photoperiod and a
photosynthetic flux density of 150 lmol photons m–2 s–1

light produced with cool-white fluorescent bulbs supple-
mented by incandescent lighting and 75% relative humidity.

RNA extraction and RT-qPCR analysis
Brachypodium tissues were collected from plants grown
either in soil or hydroponically with or without Cu as de-
scribed above. Because the expression of copper-responsive
genes can be affected by the circadian rhythms (Perea-
Garcı́a et al., 2016), samples were collected at a fixed time
between 7 and 8 Zeitgeber hour, where the Zeitgeber hour
1 is defined as the first hour of light after the dark period.
Two micrograms of total RNA extracted with the TRIzol re-
agent (Invitrogen) was used as a template for cDNA synthe-
sis with the Affinity Script QPCR cDNA Synthesis Kit
(Agilent Technologies). RT-qPCR and data analysis were per-
formed as described in Yan et al. (2017). The expression of
ACTIN2 gene was used for data normalization. Relative ex-
pression (DDCt) and fold difference (2-DDCt) were calculated
using the CFX Manager Software, version 1.5 (Bio-Rad). The
gene-specific primers are listed in Supplemental Table S1.

Plasmid construction for tissue and cellular
localization and complementation studies in
brachypodium
A set of plasmids was prepared for functional complementa-
tion studies, analysis of the tissue-specificity of the expres-
sion and subcellular localization of BdYSL3 in brachypodium,
and for the generation of BdYSL3 knockout plants.

The open reading frame (ORF, 2,115 bp) of BdYSL3 with-
out a stop codon was PCR-amplified from brachypodium
cDNA that was prepared from roots of plants grown hydro-
ponically under control conditions. Three BdYSL3 isoforms,

Bradi5g17230.1 Bradi5g17230.2, and Bradi5g17230.3 are an-
notated in the brachypodium genome v3.1 (The
International Brachypodium et al., 2010). Because the
Bradi5g17230.2 was listed as a prevailing BdYSL3 isoform, its
2,115 bp ORF was amplified using primer pairs, YSL3-F and
YSL3-R (Supplemental Table S1). The primer pairs also in-
cluded attB sites for cloning of the PCR product by recombi-
nation into the entry pDONR/Zeo vector (Gehl et al., 2009).
The fidelity of the BdYSL3 transcript was confirmed by se-
quencing. pDONR/Zeo-BdYSL3 was then used for recombina-
tion cloning into the binary pSAT6-N1-EGFP-Gate (Jung
et al., 2012) to fuse BdYSL3 at the C-terminal with EGFP and
place it under the control of the cauliflower mosaic virus
35S promoter. The resultant pSAT6-N1-EGFP-Gate with or
without BdYSL3 insert was used for the analysis of the sub-
cellular localization of BdYSL3-EGFP in protoplasts. To study
the tissue and cell-type specificity of BdYSL3 expression in
Brachypodium, a putative promoter region of BdYSL3
(–2207 to –1 bp from the translation initiation codon) was
PCR-amplified from Brachypodium genomic DNA using
primer pairs, BdYSL3pro-F and BdYSL3pro-R (Supplemental
Table S1). The amplified fragments were introduced into the
pDONR/Zeo entry vector. After confirming the fidelity
of BdYSL3pro in the pDONR/Zeo vector by sequencing,
BdYSL3pro was transferred by recombination into the
Gateway vector, pMDC164 (Curtis and Grossniklaus, 2003)
to fuse BdYSL3pro with the bacterial uidA gene encoding b-
glucuronidase (GUS). pMDC164 also carries Escherichia coli
hptII gene conferring resistance to hygromycin for the subse-
quent in planta selection.

The design of CRISPR/Cas9 constructs
To generate BdYSL3 mutant alleles, we used RNA-guided
DNA endonuclease system known as CRISPR/Cas9 (CRISPR/
CRISPR-associated9 [Cas9] endonuclease; Liu and Fan, 2014).
We used monocot-optimized CRISPR/Cas9 vectors that
have a modular design allowing multiplexing and targeting
different loci within the same gene with different single-
guide (sg)RNAs simultaneously to produce larger deletions
(Brooks et al., 2014; �Cermák et al., 2017). Specifically, we
used the module A vector, pMOD_A1110, which carries the
wheat codon-optimized Cas9 endonuclease gene under the
control of Zea maize Ubi promoter, modules B and C entry
vectors, pMOD_B2518 and pMOD_C2518, respectively for
cloning individual sgRNAs under the control of TaU6 pro-
moter, and the final destination vector, pTRANS_250d
(�Cermák et al., 2017). We designed CRISPR/Cas9 constructs
containing two sgRNAs per construct with the intent to cre-
ate larger deletions within BdYSL3 coding sequence. Thus,
we designed three sgRNAs (sgRNA1, sgRNA2, sgRNA3)
within the 50 untranslated region (UTR) and the first exon
of BdYSL3, respectively (Supplemental Figures 2 and 3). The
targeted regions contained the CAS9-recognizing 50-NGG
protospacer adjacent motif (PAM), adjacent to the 20-bp
target DNA. The lack of the off-target mutations was con-
firmed using the CRISPR-P 1.0 web tool (http://crispr.hzau.
edu.cn/CRISPR/ (Lei et al., 2014)). The sgRNA1 and sgRNA2
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were separated by 122 bp while sgRNA2 and sgRNA3 were
separated by 183 bp (Supplemental Figures 2 and 3). sgRNA
oligos were hybridized and annealed prior to cloning into
the Esp3I site of the pMOD_B2518 (for sgRNA1 or sgRNA2)
and pMOD_C2518 (for sgRNA2 or sgRNA3). The
pMOD_A1110 carrying TaCas9 and two entry vectors
pMOD_B2518 and pMOD_C2518 carrying sgRNA1 and 2, re-
spectively or pMOD_B2518 and pMOD_C2518 carrying
sgRNA2 and 3, respectively were combined by Golden Gate
cloning (Weber et al., 2011) with the destination vector,
pTRANS_250d to generate two CRISPR/Cas9 destination
vectors containing with sgRNA1 and sgRNA2 (sgRNAs1 + 2)
or sgRNA2 and sgRNA3 (sgRNAs2 + 3); these two vectors
were designated pHS_YSL3(1 + 2) and pHS_YSL3(2 + 3),
respectively.

Agrobacterium tumesfaciens-mediated
transformation of B. distachyon
The pMDC164 vector containing BdYLS3pro-GUS, or pSATN-
EGFP-Gate vector with BdYSL3 insert, or CRISPR/Cas 9 vec-
tors, pHS_YSL3(1 + 2) and pHS_YSL3(2 + 3) were trans-
formed by electroporation into Agrobacterium tumefaciens
AGL1 strain. All vectors contained the E. coli hptII gene con-
ferring resistance to hygromycin for the subsequent in
planta selection. Brachypodium transformation was done as
described in Vogel and Hill (2008). Briefly, embryos were dis-
sected from immature seeds of brachypodium and placed
on callus induction medium (CIM) for seven weeks. The
formed callus was then inoculated with A. tumefaciens con-
taining a construct of interest. After three days of cocultiva-
tion, the callus was transferred to a transformant-selection
medium containing 25 lg/mL hygromycin. After six weeks
of selection, hygromycin-resistant callus was transferred to
the regeneration medium. When plantlets were approxi-
mately 5 cm tall, they were transferred to clear tubes with
Murashige/Skoog (MS) medium for rooting and the well-
rooted plants were transplanted to soil for subsequent geno-
typing and seed harvesting.

PCR genotyping of CRISPR/Cas9 lines and
sequencing
Genomic DNA was extracted from leaves (0.1 g) using a
standard cetyl trimethyl ammonium bromide method
(Porebski et al., 1997). Twenty-five transgenic T0 lines (13
for pHZ_YSL3 (1 + 2) and 12 lines for pHZ_YSL3(2 + 3)
were PCR-genotyped for the presence of deletions in the
BdYSL3 gene using primer pairs upstream the sgRNA1
(Genotyping-F) and downstream the sgRNA3 (Genotyping-
R; Supplemental Table S1). Deletion lines were selected by
the band size and plants of the T1 generation of the homo-
zygous deletion lines were re-genotyped for the absence of
Cas9 gene using primer pairs indicated in Supplemental
Table S1. Two Cas9-free deletion lines per each construct
were re-genotyped for the presence of deletion using primer
pairs Genotyping F and Genotyping R (Supplemental Table
S1). PCR products were loaded onto 1% (w/v) agarose gel,

excised from gel, purifying and cloned into the pGEM-T Easy
vector (Promega) for sequencing using SP6 and T7 primers.
DNA sequencing results were analyzed against the brachy-
podium genome v3.1 (The International Brachypodium
et al., 2010). Sequence alignments were done using
DNAMAN software.

Tissue- and cell-type specificity of BdYSL3
expression
Brachypodium Bd21-3 inbred line was transformed with
pMDC164 vector-containing BdYLS3pro-GUS. Five out of the
13 independent transgenic lines (T1 generation) were used
for GUS staining. Samples, collected from plants grown hy-
droponically with or without copper were fixed in 90% ace-
tone on ice for 15 min. After washing thoroughly with
ddH2O, samples were incubated at 37�C overnight in GUS
staining solution containing 1 mM K3[Fe(CN)6], 1 mM 5-
bromo-4-chloro-3-indolyl-b-D-glucuronide (X-Gluc), 100
mM sodium phosphate buffer (pH 7.0), 10 mM Na2EDTA,
and 0.1% (v/v) TritonX-100 (Inoue et al., 2003). After stain-
ing, samples were soaked five times (3–4 h each time) in
90% ethanol to remove chlorophyll that interferes with ob-
servation of the blue GUS stain. Hand-cut sections were pre-
pared from stems using a feather double-edge razor blade.
Staining patterns were analyzed using the Zeiss 2000 stereo-
microscope. Images were collected using a Canon
PowerShot S3 IS digital camera and a CS3IS camera adapter.
Images were processed using the Adobe Photoshop software
package, version 12.0.

Functional complementation assays in the
Brachypodium ysl3-3 mutant
The pSATN-EGFP-Gate vector containing the BdYSL3 cDNA
insert was transformed into the ysl3-3 mutant allele using
the described above Agrobacterium-mediated transforma-
tion. Two independent transgenic lines, YSL3-1 and YSL3-2
were selected for functional complementation assays. For
plants growing hydroponically, four-week-old plants were
imaged prior to tissue harvesting and biomass analysis. For
plants grown in soil, days from germination to flowering
were recorded for each genotype. Spike phenotypes were
photographed. The floret number was estimated when seeds
were ready for harvesting. The fertility was calculated as
number of filled seeds per number of florets. Seed weight
was measured from 1,000 seeds per each line.

The subcellular localization of BdYSL3 in A. thaliana
protoplasts
To study the subcellular localization of BdYSL3, pSATN-
EGFP-Gate vector with or without BdYSL3 cDNA insert was
transfected into A. thaliana protoplasts by a polyethylene
glycol–mediated method as described (Zhai et al., 2009).
EGFP-mediated fluorescence and chlorophyll auto-
fluorescence were visualized using FITC (for EGFP) or rhoda-
mine (for chlorophyll) filter sets of the Axio Imager M2 mi-
croscope equipped with the motorized Z-drive (Zeiss).
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Images were obtained using the high-resolution 25 AxioCam
MR Camera and processed using the Adobe Photoshop soft-
ware package, version 12.0.

BdYSL3 expression in Xenopus leavis oocytes for
cellular localization and transport assays
The coding sequence of BdYSL3 was amplified and cloned
into Xenopus oocyte expression vectors (with and without
N-terminus YFP) by the advanced uracil excision-based clon-
ing technique described previously in (Nour-Eldin et al.,
2006). The pOO2 plasmid carrying ZmYS cDNA was a gen-
erous gift from Profs. Nicolaus von Wiren and Uwe Ludewig
(The Leibniz Institute of Plant Genetics and Crop Research,
University of Hohenheim, Germany, respectively). pOO2-
ZmYS is described in Schaaf et al. (2004). cRNAs were syn-
thesized using the T7 and SP6 mMessage mMachine in vitro
transcription kit following the manufacturer’s guidelines.

Stage V and VI oocytes harvesting, defolliculation, and
incubations were performed as described earlier (Zhai et al.,
2014). All animal procedures were performed in accordance
with Cornell University IACUC Protocol number 2017-0139.
Oocytes were injected with 50 nL water (control) or 50 nL
of water containing 50 ng of BdYSL3, ZmYS or YFP::
BdYSL3 cRNA. Cells were incubated in ND96 solution at
18�C for four days prior to the cellular localization and up-
take assays.

Preparation of the copper–NA complex
The stock solution of copper–nicotianamine (Cu–NA, 500
mM) was prepared as described (Schaaf et al., 2004; Zheng
et al., 2012). Briefly, NA (Santa CruzVR Biotechnology), dis-
solved in 10 mM Mes-Tris buffer (pH 7.0) was mixed with
CuSO4 in 1.5–1.0 of NA to CuSO4 ratio in a buffer contain-
ing 10 mM Mes-Tris, pH 7.0. The mixture was incubated at
65�C for 10 min.

Cellular localization of YFP::BdYSL3 chimera in X.
oocytes
The YFP signal of the expressed chimera was detected on a
confocal laser-scanning microscope (TCS SP5, Leica). A PM
stain (CellMaskTM Plasma Membrane Stains, Deep Red
C10064, Thermo Fisher Scientific, USA) was used as a
marker for PM co-localization. The YFP was excited with the
514 nm line (Argon laser gain: 40%) and the emission signal
was collected between 524 to 566 nm (PMT gain: 115). The
Deep Red stain was excited with the 594 nm line (Helium
Neon laser gain: 35%) and the emission signal was collected
between 614 and 708 nm (PMT gain: 26).

Metal uptake into BdYSL3 expressing oocytes
The basal uptake solution consisted of a modified ND96
solution containing 96 mM NaCl, 1 mM KCl, 0.9 mM
CaCl2, buffered with 5 mM 2-(N-morpholino) ethanesul-
fonic acid/NaOH to pH 6.0, as previous studies deter-
mined these conditions were suitable to minimize
endogenous transport in oocytes (Zhai et al., 2014). The
uptake solutions were supplemented with 100 mM Cu–NA

or 100 mM CuSO4. At a given time point, the uptake was
terminated by washing oocytes through six consecutive
ice-cold basal uptake solution. Each sample consisted of
8–10 oocytes, with 5 replicates per data point. Samples
were digested in 100 mL of 70% HClO4, resuspended in 5
mL of 0.1 M nitric acid, and analyzed using inductively
coupled plasma mass spectrometry (Sciex ICP-MS). Uptake
data are expressed “per oocyte” and are representative of
three independent experiments.

Elemental analysis
Elemental analysis was performed using inductively coupled
plasma mass spectrometry (ICP-MS) as described in Yan
et al. (2017). Briefly, for analysis of metal concentration in
roots and young leaves, plants were grown hydroponically
as described above. Root tissues were collected and des-
orbed in 10 mM EDTA for 5 min followed by washing in a
solution of 0.3 mM BPS and 5.7 mM sodium dithionite for
10 min before rinsing three times with deionized water. For
the analysis of metal concentration in flag leaves, flowers
and seeds, plant lines were grown in soil. The metal concen-
tration was determined by ICP-MS (Agilent 7700) after di-
luted to 10 mL with deionized water.

Synchrotron X-ray fluorescence (SXRF) microscopy
Two-dimensional synchrotron X-ray fluorescence microscopy
imaging the spatial distribution of copper in fresh tissues, in-
cluding leaves and flowers was done at the F3 station at the
Cornell High Energy Synchrotron Source (CHESS). Imaging
of copper distribution in nodes was done using two-
dimensional confocal SXRF (2D-CXRF) at beamline 5-ID
(SRX) of National Synchrotron Light Source (NSLS). A de-
tailed description of procedures is provided in the
Supplementary Information.

Extraction and quantification of soluble proteins
Soluble fraction of proteins (albumins/globulins [A/G]) was
analyzed as described in Wieser et al. (1998). Briefly, grains
were collected from soil-grown plants that were fertilized bi-
weekly with N–P–K. Proteins were extracted from 100 mg
of finely ground seeds by shaking for 20 min at room tem-
perature in a 67 mM phosphate buffer (pH 7.6) containing
0.4 M NaCl. The suspension was cleared by centrifugation at
6000� g for 15 min and the supernatant was transferred to
a fresh tube. The extraction procedure was repeated two
more times. Supernatants from three extractions were com-
bined and soluble proteins were quantified using Non-
Interfering Protein Assay Kit (Geno Technology, St Louis,
MO, USA).

Pollen viability assays
Plants were grown in soil as described above. Pollen viability
was analyzed using double staining with fluorescein diace-
tate and propidium iodide as described (Mandaokar and
Browse, 2009). Briefly, fluorescein diacetate (2 mg/mL) was
prepared in acetone and added drop by drop into 17% su-
crose. Propidium iodide (1 mg/mL made in water) was
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diluted to a final concertation of 100 lg/mL with 17% su-
crose (w/v). Anthers were dissected from flowers under the
stereo microscope and pollen was released by tapping into
the Eppendorf tube containing fluorescein diacetate and
propidium iodide solutions mixed in 1:1 ratio prior to fluo-
rescence microscopy. Pollens were imaged under the Axio
Imager M2 microscope (Zeiss, Inc) using FITC and Texas red
filter sets to visualize fluorescein- and propidium iodide-
mediated fluorescence. Viable pollen was stained green be-
cause live cells uptake fluorescein diacetate and convert it
to fluorescein, which emits blue–green light under UV irradi-
ation (Heslop-Harrison and Heslop-Harrison, 1970). Unviable
pollen was red because while propidium iodide is excluded
from living cells, it labels dead cells with red–orange fluores-
cence under UV irradiation (Regan and Moffatt, 1990). The
number of viable and aborted pollens was counted in 10
sample microscope fields in each of three independent
experiments. Images were collected with the high-resolution
AxioCam MR camera and processed using the Adobe
Photoshop software package, version 12.0.

Pollen germination assays
Florets, collected from soil-grown plants, were incubated for
1 h at 4�C prior to anther dissection and pollen collection.
Pollen was germinated in the medium containing 1 mM
CaCl2, 1 mM KCl, 0.8 mM MgSO4, 1.6 mM H3BO3, 30 lM
CaSO4, 0.03% casein, 0.3% MES, 10% sucrose, and 12.5%
polyethylene glycol (Zhang et al., 2018). Germination was
scored after 3–4 h of incubation at 24�C.

Statistical analysis
All the presented data are the mean values of three inde-
pendent experiments. SPSS 20.0 (SPSS, Chicago, IL, USA) and
JMP Pro 14.0.0 (SAS) was utilized for statistical analyses.
Comparison of the means for all pairs was done using
Tukey–Kramer HSD test of one-way ANOVA at a signifi-
cance level of p5 0.05, unless specified otherwise.

Accession numbers
Sequence data from this article can be found in the
GenBank/EMBL libraries under the following accession num-
bers (accession numbers in parenthesis): BdYSL3
(BRADI_5g17230v3); BdACT2 (BRADI_1g10630v3); OsYSL16
(LOC4336546); ZmYS1 (GRMZM2G156599); AtYSL3
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