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Abstract Iron (Fe) is an essential element for
almost all living organisms. In plants, it is a key
player in electron transport in both photosynthesis
and respiration. Rice (Oryza sativa L.) is a crop that
feeds half of the world’s population. However, rice
grains have low Fe concentrations, making popu-
lations that base their diet on this crop prone to Fe
deficiency. Nutritional Fe deficiency can be addressed
by biofortification. To achieve this goal, however,
it is necessary to understand plants’ Fe homeosta-
sis mechanisms. Here we evaluate the physiological
consequences of loss of OsYSLI3 gene in Fe homeo-
stasis and possible alterations in manganese (Mn)
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homeostasis. We found that leaves of osys//3 mutant
plants have lower concentrations of Fe and Mn when
extra Mn is added to the soil, compared to wild-type
(WT) plants. Mutant osys/I3 plants less compared to
WT not only in control, but also under Mn deficiency,
with decreased shoot biomass accumulation and root
length, as well as increased root diameter, suggest-
ing that OsYSL13 has a function in Mn homeosta-
sis. Interestingly, we observed that osys//3 mutant
plants accumulate higher H,0, levels in their leaves,
causing visible damages. Mn concentration was
also higher in osysl13 leaves compared to WT. Our
data suggest that OsYSL13 might be relevant in Mn
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homeostasis, especially in older leaves facing exces-
sive Mn detoxification,

Keywords Rice - Manganese - Iron - Transporter -
Yellow Stripe-Like

1 Introduction

Iron (Fe) is indispensable for virtually all living
organisms, as it is a cofactor of enzymes and proteins
involved in electron transfer in critical biochemical
processes, such as respiration and photosynthesis
(Gozzelino and Arosio 2016; Kroh and Pilon 2020).
In mammals, including humans, Fe is present in the
structure of several proteins, such as hemoglobin and
myoglobin, both required for oxygen transport and
storage in blood and muscle tissues (Gozzelino and
Arosio 2016). Because of that, lack of Fe in the diet
is a problem and is among the most common nutri-
tional deficiencies in humans, affecting estimated two
billion individuals across the globe (Pasricha et al.
2021).

Fe is crucial for photosynthesis and respiration in
plants, as it is a component of nonheme Fe proteins
and cytochromes and is also required for nitrogen fix-
ation by symbiotic bacteria (Brear et al. 2013; Lopez-
Millan et al. 2016). Despite being the most abundant
micronutrient in the lithosphere, Fe is not promptly
available to plants because it is found in aerobic soils
predominantly as Fe(IIl) (ferric ion, Fe’*), mostly as
oxides and hydroxides with low solubility (Poschen-
rieder et al. 2019). On the other hand, in paddy fields,
where rice is commonly cultivated, continuous flood-
ing of the soil causes the reduction of Fe(III) to Fe(II)
(ferrous ion, Fez+), turning the predominant form of
Fe in anaerobic soils (Siam et al. 2019).

In plants, two Fe uptake mechanisms are known,
named as strategies I and II. Strategy I consists of
Fe(III) reduction to Fe(Il) and its absorption via the
IRT1 transporter (Eide et al. 1996; Korshunova et al.
1999; Vert et al. 2002). On the other hand, Strategy
II, performed exclusively by grasses, is based on the
secretion of phytosiderophore (PS) compounds that
chelate various metal cations, forming complexes
(Grillet and Schmidt 2019). These complexes are
transported into root cells by the YS1 transporter in
maize (Zea mays) and YSL15 in rice (von Wiren et al.
1994; Roberts et al. 2004; Schaaf et al. 2004; Inoue
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et al. 2009; Lee et al. 2009). The cultivated asian rice
(Oryza sativa L.), however, uses a combined strategy
consisting of a complete Strategy II and an /RTI-like
gene that is upregulated under Fe deficiency. This
trait is shared by its closely related species within the
Oryza genus (Wairich et al. 2019).

The Yellow Stripe-Like (YSL) family consists of 18
genes in the rice genome. Besides OsYSL15 and its
role in Fe(IIT)-PS uptake, a number of them are linked
to Fe, Mn, and Cu long-distance transport chelated
to 2’-deoxymugineic acid (DMA) or nicotianamine
(NA) (Gross et al. 2003; Koike et al. 2004; Curie
et al. 2009; Nozoye et al. 2011; Araki et al. 2015). For
example, OsYSL2 is an Fe(II)-NA and Mn(I[)-NA
transporter relevant for Fe and Mn phloem loading
(Koike et al. 2004; Ishimaru et al. 2010; Wang et al.
2013). OsYSL18 is likely involved in the transport
of Fe(Ill)-DMA throughout the plant, including to
reproductive organs (Aoyama et al. 2009). OsYSL6
plays a role in Mn(II)-NA transport as a detoxifica-
tion pathway in Mn excess condition (Sasaki et al.
2011). OsYSL16 transports Fe(IlI)-DMA in the plant
and was shown to participate in Cu-NA transport to
young tissues and developing seeds, besides Cu dis-
tribution to floral organs (Kakei et al. 2012; Zheng
et al. 2012; Zhang et al. 2018a). OsYSLO is likely
involved in the uptake and transport of both Fe(Il)-
NA and Fe(IIl)-DMA to developing seeds (Senoura
et al. 2017).

OsYSL13 was recently linked to Fe homeosta-
sis (Zhang et al. 2018b). The OsYSLI3 gene is pre-
dominantly expressed in leaves, especially older ones,
and its expression is induced by Fe deficiency. The
OsYSL13 protein is found in the plasma membrane.
Mutant plants (osyslI3) have decreased Fe concen-
tration in young leaves, but higher concentration in
mature leaves suggests a role in Fe movement from
mature to young leaves. Decreased Fe concentra-
tions are also observed in brown rice. Interestingly,
new leaves from osysll3 mutants show less chlorosis
than leaves from wild-type plants. The data support
the hypothesis that OsYSL13 is involved in Fe dis-
tribution from older to younger leaves (Zhang et al.
2018b). However, no link to Mn homeostasis was
investigated in this report.

In this study, we further analyzed the function of
OsYSLI13 by performing physiological and biochemi-
cal analyses of osys//3 mutant plants exposed to Fe
deficiency and varying Mn concentrations. Besides
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being involved with Fe homeostasis, our data point to
a possible role for OsYSL13 in Mn homeostasis, and
suggest that OsYSLI3 loss-of-function disturbs Mn
concentration in rice plants.

2 Material and methods
2.1 Plant material and growth conditions

The mutant used in this work was obtained from the
Rice Mutant Database (RMD; Zhang 2006). The
mutants were generated using Agrobacterium tume-
faciens transformation of rice (Oryza sativa) cultivar
Zhonghua 11 (ZH11), generating T-DNA insertions
in multiple regenerated plants. The same mutant line
used here (RMD_04Z11MAO04; hereafter osysii3)
was partially characterized in previous work (Zhang
et al. 2018b). As reported by Zhang et al. (2018b),
the T-DNA insertion is located in the first exon of
OsYSLI3 and results in loss-of-function.

For soil experiments, seeds of the Zhonghua
11 (ZH11) cultivar (wild-type; WT) and OsYSLI3
knockout mutant line (osysl//3) were germinated in
Petri dishes soaked in distilled water at 28 °C (two
days in the dark, two days in 12h/12h light/dark).
After germination, seedlings were placed in contain-
ers with peat soil and irrigated with standard nutri-
ent solution containing (in uM): 0.01 (NH,)sM0o,0,,,
0.2 CuSO,, 0.5 MnSO,, 0.5 ZnSO,, 10 H;BO;, 100
Fe**-EDTA, 100 KCI, 100 KH,PO,, 500 MgSO,,
700 K,SO, and 2,000 Ca(NO;), (Ricachenevsky et al.
2011). The pH of the nutrient solution was adjusted
to 5.4. After 30 days, Mn excess (+Mn; 50 uM),
Zn excess (+Zn; 200 uM), and Fe excess (+Fe;
2,230 uM) treatments were applied. Fifteen days later,
plants with five leaves had their third fully expanded
leaf (n=6 per treatment) collected for leaf ionomic
profiling by inductively-coupled plasma mass spec-
trometry (ICP-MS). This experimental setup was
prepared as a screening for multiple insertion lines
for several transporters and metal homeostasis-
related proteins (Ricachenevsky et al., unpublished).
We only show here the data for the ZH11 wild-type
and osyslI3 plants. The concentrations and exposure
times were used because these factors may disturb the
ionome, though symptoms are not visually toxic to
the plants.

For hydroponics, seeds of the WT and osysll3
were disinfected and placed in a vessel containing
distilled water for 24 h in the dark at 25 °C. Then,
seeds were placed in Petri dishes soaked in distilled
water for 7 days, under a photoperiod of 16 h/8 h
light/dark at 25 °C. After germination, seedlings were
transferred to 50 mL pots filled with vermiculite for
2 weeks and irrigated with standard nutrient solu-
tion every 3 days (as described above). Plants were
transferred to 400 mL pots containing nutrient solu-
tion and each pot containing six plants was consid-
ered as an experimental unit. Following 2 weeks of
acclimation, between the third and fourth leaf stages,
Fe deficiency (—Fe), Mn deficiency (—Mn), and Mn
excess (1000 uM; +Mn) treatments were applied for
5 weeks, besides the control condition (CC). The
nutrient solution was changed every 3 days. ICP-MS
was performed in the second fully expanded leaf.

2.2 Element quantification of plant samples

For element quantification from soil-grown plants,
leaf samples (n=35) were collected from mutant and
WT plants, dried at 80 °C, and mineralized. Analysis
was performed as described previously by Ricache-
nevsky et al. (2018) and Pita-Barbosa and Ricache-
nevsky (2022). For the analysis of hydroponics-grown
plants, weighted samples were mineralized with
500 pL concentrated nitric acid (Merck, 65%) for two
hours, irradiating in a microwave oven for 30 min at
60% power, in cycles of 20 s irradiation on/20 s off.
After cooling, samples were diluted in purified water
(18.2 MQ cm). Phosphorus was determined by ICP-
OES (Spectro Ciros CCD, Spectro Analytical Instru-
ments, Germany), while other elements were deter-
mined by ICP-MS (Elan DRC II, Perkin Elmer Sciex,
Canada) by using similar conditions as described pre-
viously (Gindri et al. 2020; Navarro et al. 2021). For
analyses by ICP-MS and ICP-OES, sample solutions
were diluted 50, 100, or 200-fold when necessary.

2.2.1 Shoot height and dry mass of shoots and roots
Shoot height was determined using a graduated
ruler, measuring from the base of the culm to the

leaf tip (n=38). Shoots and roots were collected and
dried in a forced ventilation oven at 65 °C until
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constant mass. The dry mass values were obtained
using an analytical precision balance (n=38).

2.2.2 Quantification of photosynthetic pigments

Chlorophyll and carotenoid concentrations were
determined according to Hiscox and Israelstam
(1979) and estimated by equations of Lichtenthaler
(1987). Leaves (approximately 50 mg) were pow-
dered and frozen (—80 °C). Then, samples were
incubated at 65 °C in dimelthylsulfoxide (DMSO)
until pigments were completely removed. The
absorbances at 470, 645, and 663 nm wavelengths
were used to determine the concentration of carot-
enoids, chlorophyll a, and chlorophyll b, respec-
tively. The total chlorophyll concentration corre-
sponds to the sum of chlorophyll a and chlorophyll
b (Hiscox and Israelstam 1979).

2.3 Root measurements

Eight to 12 plants per treatment were used for root
biometric evaluations. Root length (cm plant™!), sur-
face area (cm’ plant‘l), mean diameter (mm plant'l),
and volume (cm® plant!) were evaluated. A photo
scanner (Epson Expression 11000XL-PH, USA)
was used to digitalize the root images at 600 dpi
resolution. WinRHIZO®© Pro 2007 software was
used to analyze images.

2.3.1 Hydrogen peroxide quantification

The concentration of hydrogen peroxide (H,0,)
was determined according to Loreto and Velikova
(2001). Leaf samples (approximately 100 mg) were
mixed in 1.5 mL of 0.1% (w/v) trichloroacetic acid
(TCA). The content was homogenized and then
centrifuged at 12,000 g for 15 min at 4 °C. 0.5 mL
of the supernatant was added to 0.5 mL of 10 mM
potassium phosphate buffer (pH 7.0) and 1 mL of
1 M potassium iodide (KI). The H,O, concentra-
tion, expressed as nmol g FW-!, was determined in a
spectrophotometer at 390 nm using a standard cali-
bration curve.
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2.4 Data analysis

Mean values were statistically compared by the
Student’s t-test or by Two-Way ANOVA and Tuk-
ey’s post-hoc test (P-value <0.05, 0.01, 0.001, and
0.0001), using the GraphPad Prism 9 (GraphPad
Software) for Windows.

3 Results

3.1 OsYSLI3 loss-of-function affects both Fe and
Mn homeostasis

Wild-type and osysli3 plants were cultivated in soil
irrigated with control nutrient solution or increased
Fe, Mn, or Zn concentrations. Young leaves from
osysll13 mutant plants had lower Fe concentrations
in control (=25%), +Fe (=21%), +Mn (-32%), and
+7Zn excess (—26%) conditions when compared to
WT plants (Fig. 1A). Leaf Mn concentration was 36,
29 and 53% lower in control, +Fe excess and +Mn
excess conditions, respectively, in the osys//3 mutant
plants compared to WT (Fig. 1B). The leaf Zn con-
centration was similar in osysl/3 and WT plants in
all tested conditions (Fig. 1C). These results indicate
that osysl13 young leaves have decreased Fe concen-
tration in all tested conditions, which partially agrees
with previous data (Zhang et al. 2018b). Our data
shows that Mn concentration is disturbed, suggesting
that OsYSL13 loss-of-function affects Mn homeosta-
sis directly or indirectly.

We found increases in P concentrations in leaves
of the osys/13 mutant when compared to WT leaves:
+38% in control condition, +15% in +Fe, +71%
in +Mn, and +75% in +Zn (Table S1). Concentra-
tions of Ca and Sr, two chemical analogs, were both
reduced in all tested conditions, with concentrations
in osysll3 reaching 60-75% of those found in WT
plants. Similarly, concentrations of Mo were lower
in all conditions (50-77%), as well as S (74-82%,
except in the +Zn treatment, where similar S con-
centrations were observed in osys/I3 and WT plants;
Table S1). These results suggest an indirect effect of
the OsYSL13 loss-of-function in the leaf ionome.
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Fig.1 Fe, Mn, and Zn concentrations on the third fully
expanded leaf from wild-type (WT) and osys//3 mutant soil-
grown rice plants under control (CC), Fe-excess (2,230 uM;
+Fe), Mn-excess (50 uM; +Mn), or Zn-excess (200 uM; +Zn)
conditions for 15 days. A Leaf Fe concentrations. B Leaf Mn

3.2 OsYSLI3 loss-of-function is detrimental to shoot
and root growth

Since we observed consistent changes in Fe and Mn
concentrations in leaves of osyslI3 plants, and dif-
ferent YSL transporters are known to are known
to transport both Fe and Mn, we sought to evaluate
these plants in long-term experiments under con-
trol, Fe deficiency (—Fe), Mn deficiency (—Mn),
and Mn excess (+Mn) conditions (Fig. 2A). When
compared to WT, shoot height of osysl/3 mutant
plants was lower in control (-26%), —Fe deficiency
(—13%), —Mn deficiency (—22%), and —Mn excess
—11%) conditions (Fig. 2B). Shoot dry mass was also
lower in osyslI/3 mutant plants in control (—20%)
and —Mn deficiency (—21%) conditions, while it was
slightly higher under +Mn excess condition (+25%)
(Fig. 2C). Surprisingly, no significant changes were
observed in root dry mass between the two geno-
types in all tested conditions (Fig. 2D). We scanned
the roots to evaluate the effects of OsYSLI3 loss-of-
function in root architecture. Compared to WT, root
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concentrations. C Leaf Zn concentrations. Error bars indi-
cate SE. Statistically significant differences between WT and
osysll3 plants were determined by Student’s t-test (* P <0.05;
*% P<0.01; *** P < 0.001). Each black dot represents an indi-
vidual measurement. DM, dry mass

length of osysl/3 mutant plants was lower (23% and
25% under control and —Mn deficiency conditions,
respectively—Fig. 3A). Besides, lower root surface
area (19 and 24% under control and —Fe deficiency
conditions, respectively—Fig. 3B), and lower root
volume (23% under —Fe deficiency condition—
Fig. 3D) were observed. Interestingly, the mean diam-
eter in osysl13 roots was 15% and 10% higher under
—Mn deficiency and +Mn excess, respectively, when
compared to WT roots (Fig. 3C). The root volume in
mutant osysl13 plants was lower than in WT plants
only under the —Fe treatment (Fig. 3D).

3.3 OsYSLI3 loss-of-function decreases chlorophyll
concentration

Under control and —Fe deficiency conditions, osysl3
mutant plants presented lower concentrations of chlo-
rophyll a (16.5 and 33%, respectively—Fig. 4A),
chlorophyll b (36 and 48%, respectively—Fig. 4B),
and total chlorophyll (a+b) concentrations (21%
and 35%, respectively—Fig. 4C) than WT plants. No
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Fig. 2 Shoot height and dry mass of shoots and roots (n=15
to 20) from wild-type (WT) and osysl/3 mutant rice plants
under control (CC), Fe deficiency (-Fe), Mn-deficiency (—
Mn), or Mn-excess (1,000 uM; +Mn) treatments for 5 weeks.
A Representative images of plants after 5 weeks of treatment.

significant differences in carotenoid concentrations
were observed between the two genotypes in any
tested conditions (Fig. 4D).
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B Shoot height. C Shoot dry mass. D Root dry mass. Error
bars indicate SE. Statistically significant differences between
WT and osysli3 plants were determined by Student’s t-test (*
P<0.05; ** P<0.01; **** P<0.0001). Each black dot repre-
sents an individual measurement

3.4 osysll3 mutant plants accumulate more hydrogen
peroxide than WT

To check if the lack of a functional OsYSLI3 gene
could generate a stressful response in osysl/3 plants,
we quantified hydrogen peroxide (H,0,) concentra-
tions in leaves from mutant and WT plants. When
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Fig. 3 Biometric evaluations of roots (n=8 to 12) from
wild-type (WT) and osys//3 mutant rice plants exposed to
control (CC), Fe-deficiency (-Fe), Mn-deficiency (—Mn), or
Mn-excess (1000 uM; +Mn) treatments for 5 weeks. A Root
length. B Root surface area. C Mean root diameter. D Root

compared to WT, osyslI3 plants presented higher
concentrations of H,0, under control (12%), —Fe
deficiency (42%), and +Mn excess (27%) conditions
(Fig. 5A). Notably, the fourth leaf was clearly senes-
cent in osysli3 plants treated with +Mn excess,
while WT plants presented lower senescence levels
(Fig. 5B). Therefore, osys/13 plants accumulate more
H,0, than WT and are differentially affected by +Mn
excess.

3.5 Changes in the ionome of osys/13 plants under
Mn excess suggest an indirect effect of osYSLI3
loss-of-function

Ionomic profiling was performed in older leaves
(second fully expanded) from WT and osyslI3
plants grown in hydroponic system (Fig. 6). While
Fe concentration in leaves of WT plants was lower
in —Fe deficiency compared to control condition,
similar —Fe concentrations were observed in osysl/3
plants regardless of the tested condition (Fig. 6A).

volume. Error bars indicate SE. Statistically significant differ-
ences between WT and osyslI3 plants were determined by Stu-
dent’s t-test (* P<0.05; ** P<0.01; **** P<0.0001). Each
black dot represents an individual measurement

Interestingly, we observed that Mn concentrations
were similar in WT and osysl/3 plants under con-
trol, —Fe and —Mn conditions (Fig. 6B). However,
while both genotypes increased Mn concentration
under +Mn, it was clear that osys//3 plants presented
higher Mn concentration compared to WT (Fig. 6B).
Zn concentrations did not change (Fig. 6C).

Changes in other elements were also observed
(Fig. 4D-I). P concentrations were higher in osysll3
than in WT leaves under —Fe deficiency (Fig. 6D).
No clear differences were observed for Cd (Fig. 6E),
whereas Co accumulated less in osyslI3 leaves
exposed to excess +Mn (Fig. 6F). Cu accumulated
less in osysli3 leaves compared to WT in control con-
dition (Fig. 6G), while both Ni and Se showed no dif-
ferences (Fig. 6H and I). Therefore, the data suggest
that OsYSL13 has an indirect role in regulating the
ionome in rice leaves, and that the +Mn phenotype
(Fig. 5B) could be related to increased Mn concentra-
tion in older leaves, (Fig. 6B).
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4 Discussion

Proteins from the YSL family transport metal-DMA/
NA complexes. OsYSL2 uses both Fe and Mn as
substrates, while OsYSL6 and OsYSL9/OsYSL18
are specific to Mn or Fe, respectively (Aoyama et al.
2009; Ishimaru et al. 2010; Sasaki et al. 2011; Seno-
ura et al. 2017). Previously, OsYSL13 was described
as a plasma membrane transporter involved in Fe dis-
tribution from older to younger leaves (Zhang et al.
2018b). However, no data about the substrate of
OsYSL13 is available, raising the question of whether
OsYSL13 could transport both Fe and Mn. Our study
supports the previous hypothesis that OsYSLI13 is
involved in Fe homeostasis (Zhang et al. 2018b),
likely with a role in Fe remobilization, and further
suggests that it may also have a role in Mn homeosta-
sis. We found that OsYSLI3 loss-of-function leads to
decreased Fe concentrations in young leaves of soil-
growing rice plants in different conditions (Fig. 1A).
This is consistent with previous observations for
the same mutant line (Zhang et al. 2018b). We also
observed that mature leaves do not show the same
change (Fig. 6A). While Zhang et al. (2018b) found
that mature leaves have increased Fe concentration,
we found no statistical difference comparing osysli3
and WT (Fig. 6A). Such difference could be due to
distinct experimental conditions and/or plant age used
in each experiment, as already observed for other
transporters (Tan et al. 2019; Gindri et al. 2020).

We also observed that young leaves of osysl/3
plants present a more pronounced decrease in both
a and b chlorophyll concentrations when exposed
to —Fe deficiency, when compared to WT leaves
(Fig. 4A-C), which agrees with a lower —Fe concen-
tration (Zhang et al. 2018b). Growth is also affected
in osysll3 since mutant plants present lower shoot
height in control, —Fe deficiency, —Mn deficiency,
and +Mn excess conditions, as well as changes in
root architecture (Figs. 2 and 3). Therefore, loss of
OsYSLI3 function seems to affect the normal growth
of rice plants, which was not which was not detected
in previous studies. The fact that osys//3 mutants are
smaller than WT plants under control condition sug-
gests that a functional OsYSL13 protein is important
even when Fe/Mn are not deficient/excessive in the
growth media. Overall, our data support the previ-
ously proposed role of OsYSL13 in Fe remobilization
from mature to young leaves (Zhang et al. 2018b).

The ionome is integrated, and crosstalk between
homeostasis of different elements was already
described (Pita-Barbosa et al. 2019). In the previous
description of the osys//3 mutant line used in this
study, Zhang et al. (2018b) did not analyze the pos-
sible role of OsYSL13 in Mn homeostasis. We found
that Mn concentration is decreased in young leaves of
soil-cultivated osysli3 plants (Fig. 1B). Such effect is
more pronounced under the +Mn excess treatment,
in which lower Mn concentrations were observed in
osysl13 mutants than in WT plants (Fig. 1B), sug-
gesting that OsYSL13 might be involved in delivering
Mn to young leaves. It is noteworthy that the high Mn
condition used in soil experiments (+50 pM Mn) is
not toxic to rice plants, as no symptoms of Mn tox-
icity were observed. On the other hand, the excess
Mn condition (1000 uM Mn) used in the hydroponic
system is toxic to rice, as shown by the appearance
of expected symptoms in WT plants (Fig. 5; Sasaki
et al. 2011; Chen et al. 2013; Takemoto et al. 2017).
Interestingly, osyslI3 plants were more damaged
by Mn toxicity compared to WT. Such response is
similar to that seen in osysl/6 mutant plants exposed
to excessive Mn, although less pronounced (Fig. 5;
Sasaki et al. 2011). As osysl6 plants were more sensi-
tive to Mn toxicity, it was hypothesized that OsYSL6
was involved in Mn detoxification in rice. While no
change in total leaf Mn concentration was observed
in osysl6 plants, a higher and lower Mn concentration
was detected, respectively, in the apoplast and sym-
plast of mature leaves compared to WT plants (Sasaki
et al. 2011). We observed that mature leaves, which
exhibit more pronounced Mn toxicity symptoms,
exhibit higher Mn concentration (Fig. 6B), suggesting
that OsYSL13 might be important for Mn detoxifica-
tion present high Mn conditions. Corroborating this
hypothesis, hypothesis, we found higher concentra-
tion of H,0O, in shoots of osys//3 than in WT plants.
Such effect was detected in the control treatment, but
it was more pronounced under —Fe deficiency and
+Mn excess conditions (Fig. 5). The data indicate
that osyslI3 plants are more sensitive to Mn excess,
which could be due to OsYSL13 role in +Mn detoxi-
fication. However, more experiments are needed to
test this hypothesis.
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Fig. 6 Elemental profiling of the second fully expanded leaf
of wild-type (WT) and osys//3 mutant rice plants grown in
nutrient solutions under control (CC), Fe deficiency (—Fe),
Mn deficiency (—Mn), or Mn excess (1000 pM Mn) treatments
for 5 weeks. A Leaf Fe concentrations. B Leaf Mn concen-
trations. C Leaf Zn concentrations. D Leaf P concentrations.
E Leaf Cd concentrations. F Leaf Co concentrations. G Leaf

5 Conclusion

Here we provide evidence that supports the previ-
ously proposed role of OsYSL13 in Fe remobiliza-
tion from mature to young leaves. We propose that
OsYSL13 loss-of-function mutation changes the leaf
ionome (beyond Fe concentration) and that varia-
tion in Mn concentration in the growth media leads
to growth changes in osys/I3 plants. We observed
that Mn excess leads to more pronounced Mn toxic-
ity symptoms in osysl/3 than in WT plants, as well
as increased Mn concentration in older leaves. Alto-
gether, our work suggests that OsYSL13 might have a
role in regulating Mn homeostasis.

@ Springer

Cu concentrations. H Leaf Ni concentrations. I Leaf Se con-
centrations. Error bars indicate SE. Statistically significant dif-
ferences within each genotype compared to the control condi-
tion or between the two genotypes in the same treatment were
determined by Two-Way ANOVA and Tukey’s post-hoc test
(*P<0.05; ** P<0.01; **** P < 0.0001). Each black dot rep-
resents an individual measurement. DM, dry mass
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