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Organgrowth is controlled by both intrinsic genetic factors and external
environmental signals. However, the molecular mechanisms that coordinate

plant organ growth and nutrient supply remain largely unknown. We

have previously reported that the B3 domain transcriptional repressor
SOD7 (NGAL2) and its closest homologue DPA4 (NGAL3) act redundantly
to limit organ and seed growth in Arabidopsis. Here we report that

SOD7 represses the interaction between the transcriptional coactivator
GRF-INTERACTING FACTOR1 (GIF1) and growth-regulating factors (GRFs)
by competitively interacting with GIF1, thereby limiting organ and seed
growth. We further reveal that GIF1 physically interacts with FER-LIKE IRON
DEFICIENCY-INDUCED TRANSCRIPTION FACTOR (FIT), whichacts as a
central regulator of iron uptake and homeostasis. SOD7 can competitively
repress the interaction of GIF1with FIT to influence iron uptake and
responses. The sod7-2 dpa4-3 mutant enhances the expression of genes
involved iniron uptake and displays high iron accumulation. Genetic
analyses support that G/F1 functions downstream of SOD7 to regulate organ
and seed growth as well asiron uptake and responses. Thus, our findings
define a previously unrecognized mechanism that the SOD7/DPA4-GIF1
module coordinates organ growth and iron uptake by targeting key
regulators of growth and iron uptake.

Innature, itisfascinating to see the different organand seed sizes of plants.
Plant organs have to grow to a certain size for optimal functionality’. The
final size of plant organs is determined by both intrinsic genetic factors
and external environmental signals®~. Plant organ growth s coordinately
controlled by cell proliferation (increased cellnumber) and cell expansion
(increased cell size)®’. Elucidating genetic and molecular mechanisms
underlying organsize control willnot only help tounderstand fundamen-
tal developmental processes, but also help toimprove crop yield because
organand seedsizes areimportantyield traits'®". Plants rely onsufficient
nutrients to finish their life cycle and produce offspring. However, how
plantsintegrateintrinsicgrowth signals and external environmental cues
to control organ growthis still largely unknown.

Transcriptional regulationisimportant for plant organgrowthand
development. The Arabidopsis B3 transcription factor superfamily isa
plant-specific transcription factor family, encompassing LAV, RAV, ARF
and REM families'?. The RAV family has 13 members, of which NGATHA
genes (NGAI-4),ABS2 (also known as NGALI),SOD7 (NGAL2) and DPA4
(NGAL3) contain only the B3 domain, while the other 6 members con-
tain the B3 domain and an extra AP2 domain™"*. Recently, four NGATHA
genesinthe RAV family have beenreported to play key rolesinleafand
flower development in Arabidopsis. Quadruple nga mutants produce
big leaves and flowers and show defects in gynoecium development,
whereas their respective single mutants have no obvious defects in
plant growth, indicating the existence of redundant function among

'Key Laboratory of Plant Molecular Physiology, Institute of Botany, Chinese Academy of Sciences, Beijing, China. *State Key Laboratory of Plant Cell
and Chromosome Engineering, Institute of Genetics and Developmental Biology, Chinese Academy of Sciences, Beijing, China. ®College of Advanced
Agricultural Sciences, University of Chinese Academy of Sciences, Beijing, China. “Hainan Yazhou Bay Seed Laboratory, Sanya, China. *These authors

contributed equally: Leiying Zheng, Huilan Wu, Anbin Wang.

e-mail: hgling@genetics.ac.cn; songxj@ibcas.ac.cn; yhli@genetics.ac.cn

Nature Plants


http://www.nature.com/natureplants
https://doi.org/10.1038/s41477-023-01475-0
http://orcid.org/0000-0001-8368-4185
http://orcid.org/0000-0001-9988-2282
http://orcid.org/0000-0001-6785-325X
http://orcid.org/0000-0002-0025-4444
http://crossmark.crossref.org/dialog/?doi=10.1038/s41477-023-01475-0&domain=pdf
mailto:hqling@genetics.ac.cn
mailto:songxj@ibcas.ac.cn
mailto:yhli@genetics.ac.cn

Article

https://doi.org/10.1038/s41477-023-01475-0

the family members" %, NGALI-3also play key roles in the regulation of
organand seed growth. Overexpression of ABS2 (NGALI) leads to small
leaves and flowers™. SOD7 (NGAL2) acts redundantly with DPA4 (NGAL3)
toregulate organ andseed size in Arabidopsis®. In addition, NGAL genes
have been recently described to control leaf margin development?.

A module consisting of microRNA miR396, GRFs and GIFs,
miR396-GRF-GIF, hasbeenreported toregulate organ and seed growth
in different plant species®. GRFs are streptophyte-specific transcrip-
tion factors and comprise nine family membersin Arabidopsis*. Func-
tional analysis shows that most GRF proteins positively regulate plant
growth and cell proliferation, with the exception of GRF8 (ref. 24). In
Arabidopsis, loss-of GRFS function produces slightly narrow leaves
duetoreduced cell numbers, whereas overexpression of GRF5results
inlarge leaves due to increased cell number®. Overexpression of GRFI
and GRF2in Arabidopsis also results in large leaves and big seeds. By
contrast, the triple-mutant grfI grf2 grf3 develops small and narrow
leaves, although each single mutantlooks very similar to the wild type®.
GRFsinteract with GIFs, which comprise three membersin Arabidopsis
(AtGIF1(or AN3), AtGIF2 and AtGIF3). GIF1-3 are identified as transcrip-
tional co-activators and act redundantly to control organ growth>%"%,
The GRF-GIF complex plays critical roles in plant root, leaf, flower
and seed development?>**?>*, Like the grf mutants, the Arabidopsis
gifl mutant has smaller leaves, petals and seeds as a result of reduced
cellnumbers compared with the wild type*”*'. By contrast, plants with
GIFI overexpression exhibit large organs and seeds due to increased
cell numbers®?%?32_ GRF genes expression is post-transcriptionally
repressed by a conserved microRNA (miR396). miR396 targets seven
out of nine GRF genes for cleavage and degradation in Arabidopsis™>*.
Consistent with this, plants with MIR396 overexpression have small
organs, while plants expressing an miR396 target mimic (MIM396)
produce large leaves® . These studies demonstrate that the miR396-
GRF-GIF module plays akey role in the regulation of organ size.

Plant growthrelies on sufficient supply of essential mineral nutri-
ents. Fe plays crucial roles in biomass production and plant product
quality®. Fe can function as cofactor in fundamental plant biological
processes, such as photosynthesis, respiration and chlorophyll bio-
synthesis. Fe canalso participatein many other biochemical pathways,
such as hormone and secondary metabolism®**°. Plants absorbing
enough Fe fromsoil is alsoimportant for human health as most people
depend on plants for their primary Fe nutrition. However, excess Fe
is toxic to plant growth and development because it has a catalytic
role in producing reactive oxygen species*’. Therefore, plants must
tightly control Fe homeostasis. Although soils contain abundant Fe,
itis hard to absorb for plants because most exists as insoluble ferric
(Fe") oxyhydrates. Arabidopsis utilizes areduction strategy to facilitate
Fe uptake, including acidification of the rhizosphere through release
of protons by H"-adenosine triphosphatases to increase Fe solubility,
reduction of Fe(111) chelates to Fe(11), and transportation of Fe(11) into
root epidermal cells. Several key members in this strategy have been
identified, including PLASMA MEMBRANE PROTON ATPASE 2 (AHA2),
FERRIC REDUCTASE OXIDASE 2 (FRO2) and IRON TRANSPORTER 1
(IRT1)****, The basic Arabidopsis helix-loop-helix (bHLH) transcrip-
tion factor FITisan orthologue of FER, which activates the expression
of Fe uptake genes in tomato roots**¢. Under Fe-deficient conditions,
FIT interacts with subgroup Ib bHLH transcription factors (bHLH38,
bHLH39, bHLH100 and bHLH101) to regulate the expression of FRO2
and IRTI in Arabidopsis**%. In modern sustainable agriculture, crops
notonly require alotof nutrients to complete their life cycle, but also to
improve seed yield and quality. However, how plants coordinate organ
and seed growth with nutrient availability remains unclear.

We have previously shown that SOD7 is a negative regulator of
seed and organ growth, and the double mutant sod7-2 dap4-3 shows
large seeds and organs®. Here we report that SOD7 interacts with GIF1
to coordinate organ growth and Fe uptake in Arabidopsis. SOD7 physi-
cally interacts with GIF1 and competitively represses the interaction

between GIF1and GRFs, thereby limiting organ and seed growth. SOD7
also inhibits Fe uptake by competitively repressing the interaction
between GIF1 and FIT. Genetic analyses support SOD7 functioning
antagonistically with GIF1 to control organ growth and Fe uptake.
Thus, our findings discover a previously unknown mechanismthat the
SOD7-GIF1module coordinates organ growth and Fe uptake.

Results

Interactions between SOD7/DPA4 and GIFs

We previously showed that SOD7 regulates organ and seed size par-
tially by repressing expression of KLU in Arabidopsis™. To further
explore the molecular mechanism of SOD7 in organ and seed size
control, we screened the SOD7-interacting proteins using the yeast
two-hybrid assay. GIF1, a SOD7-interacting protein, was chosen for
furtheranalysisbecauseithasbeenreported toregulateleafand seed
size”’!. Theinteraction between BD-SOD7 and AD-GIF1 was confirmed
by co-transforming full-length BD-SOD7 and AD-GIF1 in yeast cells
(Fig. 1a). To determine which domains of SOD7 could interact with
GIF1, we divided SOD7 into two fragments (an N-terminal fragment
SOD7-N with the B3 domain, and a C-terminal fragment SOD7-C) and
performed the yeast two-hybrid assay (Fig. 1b). SOD7-C interacted with
GIF1,whereas SOD7-N did not (Fig. 1a). Next, a pull-down assay was used
to test whether SOD7 could physically interact with GIF1. As shownin
Fig.1c,compared with the negative control MBP protein, the GST-GIF1
fusion protein was able to bind the MBP-SOD?7 fusion protein, but not
the negative control MBP, indicating that SOD7 physically interacts
with GIF1invitro. We further investigated the SOD7-GIF1interaction
inplanta. Asplitluciferase complementation assay was used to detect
theinteractionbetween SOD7 and GIF1. We coexpressed cLUC-SOD7
(SOD7 fused with the C terminus of luciferase) and GIF1-nLUC (GIF1
fused with N terminus of luciferase) in Nicotiana benthamianaleaves.
Luciferase signal was observed when GIF1-nLUC and cLUC-SOD7 were
coexpressed, whereas the negative control did not show luciferase
activity, indicating that SOD7 associates with GIF1in vivo (Fig. 1d). We
thenemployed a co-immunoprecipitation (Co-IP) assay to verify their
interactionin planta.355:Myc-SOD7 was transiently coexpressed with
either 355:GFP-GIF1or 355:GFPin N. benthamianaleaves. We extracted
total proteins and incubated with GFP beads. Theimmunoprecipitated
proteins were then detected by anti-GFP and anti-Myc antibodies. The
results revealed that Myc-SOD7 associated with GFP-GIF1, but not
with free GFP (Fig. 1e). Thus, these results demonstrated that SOD7
physically interacts with GIF1 both in vitro and in vivo.

Previous studies showed that GIF1 and its homologues GIF2 and
GIF3 function redundantly to regulate plant growth and develop-
ment****?, Considering that SOD7 interacted with GIF1, we asked
whether SOD7 could also interact with GIF2 and GIF3. We performed
apull-downassay. GIF2 and 3 fused with a GST tag to generate GST-GIF2
and 3, and GST was used as a negative control. As shown in Extended
DataFig.1a, MBP-SOD?7 interacted with GST-GIF2 and GST-GIF3, but
not with the negative control GST, indicating that SOD7 can interact
with GIF2 and GIF3 in vitro. Next, we employed a split luciferase com-
plementation assay to confirm theinteractions between SOD7 and GIF2
and 3. Strong luciferase signals were observed when cLUC-SOD7 and
GIF2/3-nLUC were coexpressed, indicating that SOD7 and GIF2 and 3
caninteract with each other in vivo (Extended Data Fig. 1b).

We previously revealed that SOD7 works redundantly with its hom-
ologue DPA4 toregulate seed and organ size. Because SOD7 associates
with GIFs, we asked whether DPA4 could alsointeract with GIFs. Again,
we used a pull-down assay to test the interaction of DPA4 with GIF1-3.
AsshowninExtended DataFig.2a, MBP-DPA4 was pulled down by GST-
GIF1-3, but not by GST alone, supporting the hypothesis that DPA4
physically interacts with GIF1, 2 and 3 in vitro. We then coexpressed
cLUC-DPA4 and nLUC-GIF1-3inN. benthamianaleaves and analysed
their interactions using a split luciferase complementation assay.
Strong signals were detected when cLUC-DPA4 and nLUC-GIF1-3 were
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Fig.1|SOD7 interacts with GIF1in vitro and in vivo. a, SOD7 interacts with GIF1
inyeast two-hybrid assays. The construct pairs as indicated were co-transformed
into yeast cells. Interactions between bait and prey were tested on the control
medium SD-2 (SD without Leu or Trp) and selective medium SD-4 (SD without
Ade, His, Leu or Trp). Numbers below the figure represented the dilutions of
yeast cells, 1:10,1:100 and 1:1000. b, SOD7 protein structure and fragments used
for yeast two-hybrid assay. ¢, SOD7 binds GIF1in pull-down assays. GST-GIF

was pulled down by MBP-SOD7 immobilized on maltose resin and analysed

by immunoblotting with an anti-GST or anti-MBP antibody. d, The interaction
between SOD7 and GIF1 was detected by split luciferase complementation

assays. N. benthamiana leaves were co-infiltrated with the Agrobacterium
GV3101 containing different plasmids combinations for 48 hand thenimages
were determined by a CCD camera. The pseudocolour scale bar indicates the
range of luminescence intensity. e, GIF1associates with SOD7 in vivo. 355:myc-
SOD7 and 35S:GFP-GIFI plasmids or 355:myc-SOD7 and 355:GFP only were
coexpressed in N. benthamianaleaves for 72 h. Total proteins were extracted
and immunoprecipitated with GFP-Trap-A and then analysed with anti-Myc and
anti-GFP antibodies. IP,immunoprecipitation; IB,immunoblotting; IN, input.
Experimentsin cand e were repeated independently at least twice with similar
results.

coexpressed, but notinthe negative controls (Extended DataFig. 2b).
Together, these results indicate that DPA4 interacts with GIF1-3 both
invitroandinvivo.

SOD7 and DAP4 function with GIF1 to control growth

SOD7hasbeenreportedtoact redundantly with DPA4, its closest fam-
ilymember, to regulate organ and seed size. The sod7-2 dpa4-3double
mutant forms large leaves, flowers and seeds?®, whereas the giff mutant
produces small leaves, flowers and seeds”>*”*', We also found that SOD7
physically interacts with GIF1 (Fig. 1a,c-e). Thus, we speculated that
they could function antagonistically in a common pathway to con-
trol organ and seed size. To test this, we generated a triple-mutant
gifl sod7-2 dpa4-3by crossing gifl with sod7-2 dpa4-3 and investigated
the organand seed size phenotypes of the wild type, sod72 dpa4-3, gif1
and gif1 sod7-2 dpa4-3. The morphology of the gif1 sod7-2 dpa4-3triple
mutant was similar to that of gif1 at the seedling stage (Fig. 2b,e). We
then measured the size of the sixth mature leaves. AsshowninFig.2a,f,
sod7-2 dpa4-3 had longer and wider leaves than Col-0 (Columbia-0),
whereas gifl produced much smaller leaves than Col-0, consistent with

previous reports?>?. The triple-mutant gifl sod7-2 dpa4-3formed small
leaves, like those observed in the single mutant gif1, indicating that
SOD7 and DPA4 function in acommon pathway with GIF1 to control
organsize.

Astheleafsizeis coordinately determined by cell proliferation and
cellexpansion, we examined the size of palisade cellsin the sixth leaves.
The average area of palisade cells in sod7-2 dpa4-3, gif1 and gif1 sod7-
2 dpa4-3was slightly, but not significantly, larger than that in the wild
type (Fig. 2g). By contrast, the number of cells in sod7-2 dpa4-3 leaves
was dramatically increased in comparison to that in wild-type leaves,
whereas the number of cells in gifl and gifl sod7-2 dpa4-3 leaves was
significantly decreased (Fig. 2g). Importantly, the number of cells in
gifl sod7-2 dpa4-3triple-mutant leaves was similar to that in gifI leaves
(Fig. 2g), indicating that gifl is epistatic to sod7-2 dpa4-3 with respect
toleaf cell number.

We next analysed seed size becauseitis akey trait that affects not
only plant fitness but also crop yield. The average area of gifl sod”-
2dpa4-3 seeds was significantly smaller than that of sod72 dpa4-3
seeds, indicating that the gifI mutation partially suppresses the big
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Fig. 2| GIF1 genetically works with SOD7 to control organ and seed size.

a, The sixth leaf of Col-0, sod7-2 dpa4-3, gif1 and gifl sod7-2 dpa4-3 plants.

b, Twenty-seven DAG plants of Col-0, sod7-2 dpa4-3, gif1 and gifl sod7-2 dpa4-3
plants. ¢, Seeds of Col-0, sod7-2 dpa4-3, gif1 and gif1 sod7-2 dpa4-3 plants.

d, Ovules of Col-0, sod7-2 dpa4-3, gifl and gifl sod7-2 dpa4-3 plants. e, Seven-day-
old seedling of Col-0, sod7-2 dpa4-3, gifl and gifl sod7-2 dpa4-3 plants. f, The sixth
leaflength (LL), width (LW) and area (LA) of Col-0, sod7-2 dpa4-3, gif1, gif sod7-
2dpa4-3plants (n=15leaves for Col-0; n =20 for sod7-2 dpa4-3; n = 22 for gifl and
gifl sod7-2 dpa4-3).g, The sixth leaf cell area (CA) and cell number (CN) of Col-0,
sod7-2 dpa4-3, gif1, gifl sod7-2 dpa4-3 (n =7 leaves for Col-0 and sod7-2 dpa4-3,
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n=9for gifl and gifl sod7-2 dpa4-3).h, The seed area of Col-0, sod7-2 dpa4-3, gif1
and gifl sod7-2 dpa4-3 (n=101seeds). i, The cotyledon area of Col-0, sod7-2 dpa4-
3,gifl and gifl sod7-2 dpa4-3 (n=51cotyledons).j-m, The seed area (n = 32 seeds;
Jj), outerintegument length (k), outer integument cell number (I) and outer
integument cell length (m) of Col-0, sod7dpa4, gifl and gif1 sod7 dpa4 plants at
0and 6 DAP (n =38 outer integuments for k-m). The experiments in f-m were
repeated at least twice with similar results. Values in f-m represent mean + s.e.m.,
and respective Col-0 data set as 100%. Asterisks indicates significant difference,
*P<0.05and **P < 0.01 compared with wild type (one-way ANOVA with Dunnett’s
multiple comparisons test).

seed phenotype of sod7-2 dpa4-3 (Fig. 2c,h). We then examined coty-
ledonssize, whichis positively related to seed size***°. As expected, the
gifl sod7-2 dpa4-3 triple mutant showed smaller cotyledons than the
sod7-2 dpa4-3 double mutant (Fig. 2e,i), indicating that loss of GIFI
function suppresses the large cotyledon phenotype of sod7-2 dpa4-3.
Theseresultsindicate that SOD7and DPA4 function, atleastin part, in
acommon pathway with G/IF1to control seed size.

The size of seeds is coordinately determined by maternal and
zygotic tissues. Both SOD7 and GIFI function maternally to control
seed size’**", To further understand the effect of SOD7 and GIF1 on seed

development, we investigated the development of outer integuments.
Consistent with previous reports?*, sod7-2 dpa4-3had obviously big-
ger ovules compared with the wild type (Fig. 2d). By contrast, gif had
smaller ovules than the wild type (Fig. 2d). The gif1 sod7-2 dpa4-3 triple
mutant displayed smaller ovules compared with the sod72 dpa4-3
double mutant (Fig. 2d), indicating that the gifI mutation partially
suppresses the large ovule phenotype of sod7-2 dpa4-3. We then meas-
ured the outer integument length of mature ovules at O days after
pollination (DAP). The outer integument length of gifl sod7-2 dpa4-3
isshorter than that of sod7-2 dpa4-3 at 0 DAP (Fig. 2k). In addition, the
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outer integument cell number and cell lengthin gif1 sod7-2 dpa4-3were
reduced compared with those in sod7-2 dpa4-3at 0 DAP (Fig. 21, m). After
fertilization, the gifl sod7-2 dpa4-3 triple mutant had smaller seeds
and shorter integuments than the double mutant sod7-2 dpa4-3, like
those observed in the single mutant gifI at 6 DAP (Fig. 2j,k). Thus, gif1
is epistatic to sod7-2 dpa4-3with respect to seed area and integument
length at 6 DAP. We further counted the number of cells in the outer
integuments of gif1 sod7-2 dpa4-3 at 6 DAP. The number of cells in the
outer integuments of gifl sod7-2 dpa4-3 was similar to that in the gifl
single mutant (Fig. 21). By contrast, the length of outer integument
cellsingifl and gifl sod7-2 dpa4-3was longer than thatin the wild type
(Fig.2m), suggesting a possible compensation mechanism between cell
proliferation and cell elongation®”"**, Taken together, these results sup-
ported that SOD7 and DAP4 act, at least in part, inacommon pathway
with GIF1toregulate organ and seed size.

SOD7 competitively represses GIF1and GRFs interaction
To further understand how SOD7 functions with GIF1to control organ
andseedsize, we first checked the expression level of GIF1in the sod7-2
dpa4-3 double mutant and the expression level of SOD7 in the gif1
mutant. As shown in Extended Data Fig. 3a,b, the G/FI mutation does
not affect the expression level of the SOD7 gene, and the disruption of
SOD7 and DPA4 does notinfluence the expression level of the G/IF1 gene.
As GIF1wasidentified as a coactivator of the GRF transcription factors
toregulate plant organ growth, we asked whether SOD7 is involved in
the GIF-GRF pathway. Arabidopsis has nine GRF family members, and
expression levels of seven members are downregulated by miR396.
Wethen detected whether expression levels of these seven GRF genes
could be influenced in sod7-2 dpa4-3. As shown in Extended Data
Fig. 3c, expression levels of these seven GRF genes in sod72 dpa4-3
mutants were similar to those in the wild type, indicating that SOD7
and DPA4 do not regulate the expression of GRF genes.

The GIF1 protein normally interacts with GRF proteins to form
a functional complex to regulate plant growth and development?®.
Considering that SOD7 physically interacts with GIF1, and they act
genetically to regulate organ and seed size, we asked whether SOD7
could inhibit the GIF1-GRFs interaction to influence organ and seed
growth. To test this possibility, we chose GRF2 and GRF3 as examples
andtested whether SOD7 could inhibit theinteraction of GIF1with GRF2
and GRF3. GRF2 and GRF3 were fused with the C terminus of luciferase
to generate cLUC-GRF2 and cLUC-GRF3. We then co-transformed
GIF1-nLUCwith cLUC-GRF2 or cLUC-GRF3inN. benthamianaleaves.
Thestrongluciferase activity was observed when coexpressing nLUC-
GIF1withcLUC-GRF2 or cLUC-GRF3 (Fig.3a). When the Myc-SOD7 was
added asacompetitor, luciferase activities were gradually attenuated
along with the increased concentrations of Myc-SOD7 (Fig. 3a,b).
By contrast, the interactions of GIF1 with GRF2 and GRF3 were not
affected by adding different concentrations of GFP (the negative con-
trol; Extended DataFig. 4a, b), indicating that SOD7 represses the inter-
action between GIF1and GRFs by competitively interacting with GIF1.
We further performed a Co-IP analysis in N. benthamiana leaves and
confirmed that the interaction between GIF1 and GRF2 was deceased
when SOD7was added (Extended DataFig. 5). However, when the TCP15
protein (a negative control) was added, the interaction between GIF1
and GRF2was not affected (Extended Data Fig. 5). We then performed
a bimolecular fluorescence complementation (BiFC) assay in sod7-2
dpa4-3 protoplasts. The GIF1 fused with the N-terminal portions of
Venus (nVenus) and GRF2,3 tagged with the C-terminal portion of CFP
(cCFP), with different concentrations of Myc-SOD?7, asindicated, were
co-transformed into sod7-2 dpa4-3 protoplasts. The results revealed
that coexpression of GIF1-nVenus and GRF2,3-cCFP produced strong
signals (Extended DataFig. 6a,b). When1 x Myc-SOD7 was added, the
interaction between GIF1-nVenus and GRF2,3-cCFP was decreased
(Extended Data Fig. 6a,b). When10 x Myc-SOD7 was added, we rarely
observed the interaction between GIF1-nVenus and GRF2,3-cCFP

(Extended Data Fig. 6a,b). While the 10 x Myc (the negative control)
was added, coexpression of GIF1-nVenus and GRF2,3-cCFP produced
strongsignals (Extended DataFig. 6a,b), indicating that SOD7 competi-
tively represses the interaction between GIF1and GRF2,3.

The miR396-GRF module controls seed size

It has been well documented that GRFs play key roles in organ
growth??* 35S:AtGRF1 and 35S:AtGRF5have been shown to increase
seed size in Arabidopsis, and overexpression of BnGRF2a and BrGRFs
from Brassica produced large seeds in Arabidopsis® . Several GRFs
in rice have also been reported to positively regulate grain size® .
However, it is unclear whether loss of function of GRFs could influ-
ence seed size in Arabidopsis. Considering the redundancy between
family members, we took advantage of the MiR396a overexpression
lines that repressed seven out of nine GRFs expression and MIM396
overexprssion lines that inactivated miR396 to investigate their seed
size phenotype. We first detected the expression levels of GRFgenesin
MIM396 and MiR396a plants. As reported previously®, the expression
levels of all seven target GRF genes in MiR396a plants were decreased
compared with those in Col-0 (Extended Data Fig. 7). By contrast,
expression levels of several GRF genes in MIM396 plants were increased
in comparison with those in the Col-0 (Extended Data Fig. 7). We then
measured the average area of Col-0, MiR396a and MIM396 seeds. As
we expected, MiR396a plants had smaller seeds compared with the
wild type, indicating that loss of function of GRFs decreases seed size
(Fig. 3c,e). Consistent with this, MIM396 plants produced large seeds
compared with the wild type (Fig. 3c,e). To further confirm this result,
we germinated the seeds of Col-0, MiR396a and MIM396 and observed
their cotyledons. The MiR396a plants had smaller cotyledons than
Col-0, whereas MIM396 plants showed bigger cotyledons than Col-0
(Fig.3d,f). Together, these results showed that the miR396-GRF module
regulates seed size in Arabidopsis.

The SOD7/DPA4-GIF1 module regulates Fe homeostasis

Our results show that SOD7 and GIFI function inacommon pathway to
regulate organand seed growth. However, plants require alot of nutri-
ents to complete their life cycle. Under the same growth conditions,
the sod7-2 dpa4-3 double mutant had bigger organs and seeds than
the wild type. We therefore asked whether sod7-2 dpa4-3 could have
better nutrient use efficiency than the wild type. First, we measured
the concentrations of essential elements in shoots of seedlings grown
vertically on Murashige and Skoog (MS) medium. Interestingly, the Fe,
N, Caand P content in sod7-2 dpa4-3 were higher than those in Col-0,
whereas Zn and K contents in sod7-2 dpa4-3 were lower than those in
Col-0 (Supplementary Table1). Considering that GIFI acts downstream
of SOD7to regulate organ and seed size, we further measured the ele-
ment contents ingifl and gifl sod7-2 dpa4-3. Surprisingly, both gifl and
gifl sod7-2 dpa4-3had muchlower Fe content than Col-0, indicating that
giflsuppresses the high Fe accumulation phenotype of sod7-2 dpa4-3.
By contrast, gif1 did not suppress other elemental content of sod7-
2dpa4-3 (Supplementary Table 1). Thus, these results suggested that
GIFI functions with SOD7 and DPA4in acommon pathway to regulate
Fe content (Supplementary Table1).

As an essential micronutrient, Fe is very important for plant
growth. To understand how SOD7, DPA4, and GIFI coordinate organ
growth and Fe homeostasis, we investigated the Fe-related phenotypes
of Col-0, sod7-2 dpa4-3, gifl and gifl sod7-2 dpa4-3. We grew Col-0, sod7-
2dpa4-3, gifl and gifl sod7-2 dpa4-3 plants vertically on MS medium
with or without Fe supply and analysed their phenotypes after 7 d. On
normal MS medium, the colour of these mutant leaves looked similar
to that of the wild type, although the sod7-2 dpa4-3 leaves had higher
chlorophyll content compared with Col-O leaves (Fig. 4a,b). However,
on Fe-deficient medium, sod7-2 dpa4-3 exhibited obviously greener
leaves than Col-0, whereas Col-0, gifI and gifl sod7-2 dpa4-3 showed
chlorosis leaves (Fig. 4a). Chlorophyll content in sod7-2 dpa4-3leaves
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Fig.3|SOD7 competes suppressing the interaction between GIF1and

GRFs, and GRFs are involved in seed size control. a, SOD7 competes with

the interaction of GIF1 with GRF2 and GRF3, as detected by split luciferase
complementation assays. N. benthamiana leaves were co-infiltrated with the
Agrobacterium GV3101 containing combinations as indicated. The pseudocolour
scale bar indicates the range of luminescence intensity. b, Quantification of LUC
signals from a. Values represent mean + s.d. (n = 4 biologically independent
repeats). ¢, Seeds of Col-0, P355:MIM396 and P355:miR396a. d, Eight-day-old
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was significantly higher thanin Col-0 leaves, while chlorophyll content
ingifl leaves was lower thanin Col-0 leaves (Fig. 4b). Chlorophyll con-
tentingifl sod7-2 dpa4-3leaves was similar to thatingif leaves (Fig. 4b).
These results reveal that the gifl mutationis epistatic to sod72 dpa4-3
with respect to leaf colour and chlorophyll content.

We further quantified the root length. Under normal growth
conditions, the length of sod7-2 dpa4-3 roots was similar to that of
Col-0 roots, while gif1 had longer roots than Col-0, consistent with a
previous report” (Fig. 4c). However, under Fe-deficient conditions,
sod7-2 dpa4-3 exhibited longer roots than Col-0, whereas gifI and gif1
sod7-2 dpa4-3 had shorter roots than Col-0, indicating that the gifI
mutation suppresses thelong root phenotype of sod7-2 dpa4-3 (Fig. 4c).
We then measured Fe content in Col-0, sod7-2 dpa4-3, gifl and gifl
sod7-2 dpa4-3 roots, shoots and seeds. Under normal growth condi-
tions, the Fe contentinsod72 dpa4-3roots, shoots and seeds was higher
thanthosein Col-0, whereas the Fe content in gifl and gifl sod7-2 dpa4-3
shoots and seeds was significantly lower thanin Col-0 (Fig. 4d-f). The
Fe content in gifl sod7-2 dpa4-3 roots, shoots and seeds was similar
to gifl, indicating that gifl is epistatic to sod7-2 dpa4-3 with respect
to the Fe accumulation. Similarly, the gifI mutation suppressed the

high Fe content phenotype of sod7-2 dpa4-3 roots and shoots under
Fe-deficient conditions (Fig. 4d,e). Consistent with this, the expres-
sion of Fe-responsive marker gene AtFERI (one of four ferritins in
Arabidopsis), which is tightly regulated by the Fe status in plants and
Fe availability in the environment®>**, was significantly high in sod7-2
dpa4-3 mutant compared with that in Col-0 (Fig. 4g). By contrast,
AtFERI expression ingifl and gifl sod7-2 dpa4-3was dramatically lower
than in Col-0 under Fe-deficient conditions (Fig. 4g). The expression
level of AtFER1 in gifl sod7-2 dpa4-3was similar to that in gifl (Fig. 4g).
Together, these results reveal that SOD7 functions antagonistically with
GIFlinacommon pathway to regulate Fe responses and accumulation.

Considering that the sod7-2 dpa4-3 mutant displayed toler-
ance to Fe-deficiency stress, whereas the gifl mutant was sensitive
to Fe-deficiency stress, we tested whether the expression of SOD7
and GIF1 was regulated by Fe status. As shown in Fig. 4h, expression
levels of SOD7 in Col-0 roots grown on medium with Fe or without Fe
were similar. By contrast, the G/FI expression was upregulated under
Fe-deficient conditions (Fig. 4i). We further analysed protein levels of
SOD7 and GIF1. Total proteins were extracted from proSOD7:SOD7-GFP
and proGIF1:GIF1-GFP transgenic plants grown on medium with or
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Fig.4|SOD7 and DPA4 negatively regulate Fe homeostasis. a, Seven-day
seedlings of Col-0, sod7-2 dpa4-3, gifl and gif1 sod7-2 dpa4-3 grown on MS or Fe-
deficient (-Fe) medium. b, Chlorophyll content of 7 d seedlings grown on MS or
-Fe medium (n =3 biologically independent repeats). ¢, The relative root length
of Col-0, sod7-2 dpa4-3, gifl and gif1 sod7-2 dpa4-3 grown on MS or -Fe medium
(n=22roots).d-f, The Fe contentin roots (d), shoots (e) and seeds (f) of Col-0,
sod7-2 dpa4-3, gifl and gifl sod7-2 dpa4-3 grown on MS or -Fe medium (n=3
biologically independent repeats). g, The relative AtFERI expression in roots

of Col-0, sod7-2 dpa4-3, gifl and gif1 sod7-2 dpa4-3 grown on MS or -Fe medium

(n=3biologically independent repeats). h,i, The relative SOD7 (h) and GIFI (i)
expression in roots of Col-0 grown on MS and -Fe medium (n = 3 biologically
independent repeats).j,k, The SOD7 (j) and GIF1 (k) protein level in roots of
SOD7-GFP or GIF1I-GFPtransgenic plants grown on MS and -Fe medium. The
experimentsinjand k were repeated independently at least twice with similar
results. Values represent mean + s.d. Asterisks indicate significant differences,
*P<0.05and **P < 0.01 compared with the wild type (one-way ANOVA with
Dunnett’s multiple comparisons test for b-g, and two-tailed unpaired ¢-test for
handi).

without Fe. Protein levels of SOD7-GFP and GIF1-GFP were detected
using the GFP antibody. SOD7-GFP protein levels were similar when
plants were grown on medium with or without Fe (Fig. 4j). By contrast,
the GIF1-GFP protein level was obviously increased under Fe-deficient
conditions, consistent withincreased G/IFI mRNA under the Fe-deficient
conditions (Fig. 4i,k).

SOD7/DPA4-GIF1regulates gene functions in Fe-deficiency
pathway

The sod7-2 dpa4-3 double mutant increased Fe accumulation and
big organ formation, suggesting that Fe uptake in sod7-2 dpa4-3 is

enhanced. Totest this, we examined the expression of Fe-uptake-related
genesin Col-0, sod7-2 dpa4-3, gifl and gif1 sod7-2 dpa4-3 plants grown
onmediumwithorwithout Fe. The expression levels of FRO2and IRT1,
two key Fe-uptake genes, and FIT, which is crucial in regulating the
expression of Fe-uptake genes, were higher in sod7-2 dpa4-3thanthose
in Col-0 under Fe-deficient conditions (Fig. 5a-c). By contrast, the
expression levels of FRO2, IRT1 and FIT in gif1 and gifl sod7-2 dpa4-3
were dramatically decreased compared with those in Col-O under
Fe-deficient conditions (Fig. 5a-c). Expression levels of these three
genes in gifl sod7-2 dpa4-3 were similar to those in gifl (Fig. 5a-c). In
addition, six other Fe-responsive genes, including bHLH100, NAS1,
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was stained with Ponceau S as aloading control. The numbers above the bands
indicate the protein levels, with the respective Col-0 set as 1. The experiments
ineand fwere repeated independently at least twice with similar results. Data
represent mean + s.d., n =3 for three biological replicates in a-d. Asterisks
indicate significant differences, *P < 0.05 and **P < 0.01 compared with the wild
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NAS2, FRO3, MYB10 and MYB72, showed similar expression patterns
tothose of FRO2,IRT1and FITinthese mutants (Extended DataFig. 8).
Theseresults supported that SOD7 and GIF1actinacommon pathway
to participate in Fe uptake by influencing the expression of several
Fe-uptake genes in Arabidopsis.

To verify the functions of SOD7 and GIFI in regulating Fe uptake,
we analysed ferric-chelate reductase (FCR) activity. When seedlings
were grown on medium with Fe, the FCR activity in sod7-2 dpa4-3 was
higher than that in Col-0, consistent with high Fe accumulation in
sod7-2 dpa4-3 (Fig. 5d). Considering that FCR activity was induced in
response to Fe deficiency, we compared the FCR activity in wild-type
and mutant plants grown on medium without Fe. The FCR activity in
sod7-2 dpa4-3was much higher than that in Col-0, which s consistent
with high Fe accumulation in sod7-2 dpa4-3 under Fe-deficient condi-
tions (Fig. 5d). By contrast, gifI showed lower FCR activity than Col-0.
The gifl mutation suppressed high FCR activity of sod7-2 dpa4-3under
Fe-deficient conditions (Fig. 5d). These results further demonstrate
that SOD7 and GIFI function antagonistically in a common pathway
toinfluence Fe uptake.

Considering that FIT and IRT1accumulate under Fe-deficient con-
ditions, weinvestigated levels of FIT and IRT1in Col-0, sod72 dpa4-3, gif1
and gifl sod7-2 dpa4-3 plants grown on MS medium with or without Fe
supply.Importantly, thelevel of FIT insod7-2 dpa4-3was higher than that
in Col-0 when plants were grown on MS medium with Fe (Fig. 5e). The
gifl mutation suppressed FIT accumulation in sod72 dpa4-3 (Fig. 5e).
When plants were grown on MS medium without Fe, sod7-2 dpa4-3kept
the FIT level as high as Col-0, whereas the levels of FIT proteins were
slightly lower in gif1 and gif1 sod7-2 dpa4-3 than that in Col-O (Fig. 5e).
Next, we analysed IRT1 levels. Consistent with a previous report®*,
IRT1 was undetectable in plants grown on MS with Fe (Fig. 5f). Under

Fe-deficient conditions, the level of IRT1in sod7-2 dpa4-3was similar to
thatin Col-0, whereas levels of IRT1in gifl and gifl sod7-2 dpa4-3 were
muchlower thanthatin Col-0 (Fig. 5f). Together, these results indicate
that sod7-2 dpa4-3 depends on functional GIF1 to retain high levels of
FIT and IRT1. The levels of FIT and IRT1 proteins were associated with
their mRNA expression levels (Fig. 5a,c).

GIFlinteracts with FIT toregulate Fe responses

Given that SOD7 and GIFI regulate FIT transcription and protein lev-
els,and FIT isa crucial regulator of Fe deficiency responses, we asked
whether SOD7 and GIF1 could directly interact with FIT. To test this,
we generated cYFP-SOD7, cYFP-GIF1and nYFP-FIT and performed
BiFCanalysis. As shownin Extended DataFig. 9, we did not observe any
signal when cYFP-SOD7 and nYFP-FIT were coexpressed in N. bentha-
mianaleaves. The Co-IP assay also confirmed that SOD7 did not interact
with FIT (Fig. 6b). We then tested whether FIT could interact with the
transcription coactivator GIF1 that usually interacts with the transcrip-
tion factors to regulate gene expression. An in vitro pull-down assay
was used to test their interaction. As shown in Fig. 6a, MBP-FIT was
pulled down with GST-GIF1, but not with GST. We then conducted a
Co-IP assay to verify the association of GIF1 with FIT in Arabidopsis
plants. Total proteins were extracted from the roots of 355:Myc-GIF1
and 355:Myc-SOD7 transgenic plants and incubated with Myc beads.
Theimmunoprecipitated proteins were detected by anti-Mycor anti-FIT
antibodies. FIT was co-immunoprecipitated with Myc-GIF1, but not
with Myc-SOD7, indicating that FIT interacts with GIF1in Arabidopsis
(Fig. 6b). We further generated cYFP-GIF1and nYFP-FIT and conducted
BiFC assays to confirm their interactions. Strong YFP fluorescence was
detected in nucleiwhen cYFP-GIF1and nYFP-FIT were coexpressed in
N. benthamianaleaves, but notinthe negative controls, indicating that
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growing for another 4 d. e, SOD7 competes with the interaction between GIF1and
FIT detected by split luciferase complementation assays. N. benthamianaleaves
were co-infiltrated with the Agrobacterium GV3101 containing combinations
asindicated. The pseudocolour scale bar was used to indicate the range of
luminescence intensity. f, Quantification of LUC signals from e (n = 4 biologically
independent repeats); 1-4 represent samples with 0,1,3 and 6 x SOD7 added,
respectively. g, Chlorophyll content of 11 d seedlings grown on MS or -Fe medium
(n=3Dbiologicallyindependent repeats). Values represent mean + s.d. Asterisks
indicate significant difference, *P < 0.05 and **P < 0.01 compared with samples
withnoadded 355:50D7 (f) or Col-0 (g) (one-way ANOVA with Dunnett’s multiple
comparisons test). The experiments in a-c were repeated at least three times
with similar results.

GIF1lassociates with FIT in nuclei (Fig. 6¢). Thus, these results demon-
strated that GIFlinteracts with FIT both in vitro and in vivo.

We then asked whether GIFI and FIT could function in a com-
mon pathway to influence Fe response. Considering that 35S:FIT

plants showed similar growth phenotypes to Col-0, while the
double-overexpression plants (FIT/bHLH38OE) exhibited tolerance
to Fe deficiency compared with Col-0 (refs. 45,47), we crossed the
gifl mutant with FIT/bHLH380F and generated gifl FIT/bHLH380F
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plants. On MS medium with Fe, the colour of gifl, FIT/bHLH380E
and gifl FIT/bHLH38OE leaves was similar to that of wild-type leaves
(Fig. 6d). By contrast, FIT/bHLH380F had more chlorophyll than Col-0
(Fig. 6g).Under Fe-deficient conditions, gifl showed pale green leaves
and decreased chlorophyll compared with Col-0, whereas FIT/bHL-
H380E plants had greener leaves and more chlorophyll than Col-0
(Fig. 6d,g), consistent with a previous report*’. Importantly, the gifl
mutation suppressed the phenotypes of FIT/bHLH380E because
gifl FIT/bHLH38OE plants showed chlorosis in leaves and reduced
chlorophyll compared with FIT/bHLH38OE plants, indicating that
FIT/bHLH38OE plants need functional G/IF1 to promote chlorophyll
accumulationin leaves (Fig. 6d,g).

SOD7 competitively represses the interaction of GIF1and FIT
SOD7 physically interacts with GIF1to regulate Fe uptake and responses,
and FIT also interacts with GIF1. We, therefore, asked how these three
proteins work together to influence Fe uptake and responses. It is pos-
sible that SOD7 could inhibit the interaction between GIF1and FIT by
competitively binding GIF1. To test this possibility, we coexpressed
FIT-nLUCand cLUC-GIF1with SOD7in N. benthamianaleavesfor2 d.As
we speculated, strong luciferase signals were detected when FIT-nLUC
and cLUC-GIF1 were coexpressed (Fig. 6e,f). However, the luciferase
signals decreased gradually with increasing SOD7 (Fig. 6¢,f). We also
coexpressed FIT-nLUC and cLUC-GIF1 with a negative control, GFP,
and found that GFP did notinfluence the interaction between FIT and
GIF1 (Extended Data Fig. 10). Thus, these results indicated that SOD7
competitively represses the interaction between GIF1and FIT, thereby
influencing Fe uptake and responses.

Discussion
Organand seed size areimportant yield traitsin plants. Understanding
the genetic and molecular mechanisms underlying organ and seed size
controlwillhelptoimproveyield and biomass. Plant growth and devel-
opmentare strictly controlled by intrinsic genetic factors and external
environmental signals, such as nutrient supply, light and temperature.
Itis fascinating to know how plantsintegrate organ growth with nutri-
ent signalling. We have previously revealed that SOD7 regulates seed
size by repressing expression of KLU in Arabidopsis®™. In this study, we
found that SOD7 interacts with the transcriptional coactivator GIF1to
coordinate organ and seed growth and Fe uptake by targeting several
key regulators of growth and Fe uptake in Arabidopsis.
GIF1hasbeenreportedto positively regulate leaf and seed size by
influencing cell proliferation®?'. GIF1 normally forms complexes with
GRF transcription factors toregulate plant growth and development.
The combination of gif and grf mutations has a synergistic effect on
theleaf size, and overexpression of both GIF1and GRF3 synergistically
increase leaf size, indicating that GIFs can boost GRFs’ activity**",
A recent study has revealed that the GIF-GRF chimeric protein can
improve transgenic regeneration efficiency, further suggesting the
importance of the GIF-GRF interation®. GIF1 has been reported to
regulate seed size in Arabidopsis and rice®"*°. Because functional
redundancy exists among GRF family members, the role of loss of
GRF function in seed size control has not been described in detail in
Arabidopsis. In this study, we analysed the seed size of transgenic plants
overexpressing MIR396a and MIM396. Our results reveal that transgenic
plants overexpressing MIR396a produce small seeds, while plants over-
expressing MIM396 have large seeds (Fig. 3c,e). We also demonstrated
that SOD7 competes with GRFs to interact with GIF1, resulting in the
reduced levels of the GIF1-GRF complex (Fig. 3a,b and Extended Data
Figs. 5 and 6). Our findings show a molecular mechanism in which
SOD7 controls organ and seed size by competitively repressing the
interaction between GIF1and GRFs. GIF1 has beenreported to associate
with SWI-SNF chromatin remodeling complexes, such as SWP73A or
SWP73B, SWI3C and/or SWI3D, and ARP4 and ARP7 around a central
ATPase, BRM or SYD toregulate GRF3, 5, 6 and other gene transcriptions

in leaf development®. It will be worth exploring whether SOD7 can
influence the interaction between GIF1 and SWI-SNF complexes in
regulation of organ growthin the future.

Plantgrowthis dependent onsufficient essential mineral nutrients
and photosynthetic products. Inthe past, farmers pursued high yield
by excessive use of synthetic chemical fertilizers, which caused severe
environmental problems. Therefore, it is a big challenge for breeders
to develop new cultivars with high yield at low nutrient supply. Plant
organ and seed size correlate with crop yield. As the sod7-2 dpa4-3
mutant produces bigger leaves and seeds than Col-0 (Fig. 2a,f), we
proposed that the sod7-2 dpa4-3 mutant may have better nutrient
utilization. Consistent with this, sod7-2 dpa4-3 contains more Fe, N,
CaandPthan Col-Oinshoots, indicating that sod7-2 dpa4-3 has better
nutrient utilization (Supplementary Table 1). Considering that SOD7
and GIF1 act in acommon pathway to regulate organ and seed size,
we simultaneously analysed the elemental composition of gifl and
gifl sod7-2 dpa4-3. Consistent with the relationship between SOD7
and GIF1in organ and seed size control, SOD7 functions antagonisti-
cally with GIF1inacommon pathway to regulate the Fe accumulation.
Supporting this notion, the sod7-2 dpa4-3 mutant displayed tolerance
to Fe deficiency, while gifI and gifl sod7-2 dpa4-3 were sensitive to Fe
deficiency (Fig. 4a-c). Expressions of FIT,IRT1and FRO2, which are key
genes involved in the Fe-deficiency-response pathway, were highly
upregulated insod7-2 dpa4-3, whereas gifl suppressed the expression
ofthese genesinsod’-2 dpa4-3 mutants (Fig. 5a-c). We further revealed
that SOD7 regulates Fe uptake by competitively repressing the inter-
action between GIF1and FIT (Fig. 6¢,f). FIT has beenreported to form
heterodimers with members of subgroup Ib bHLH transcription factor
in the regulation of Fe deficiency responses®. It will be interesting to
investigate whether GIF1 could interact with the subgroup Ib bHLH
family members or other key transcription factors involved in the
Fe-deficiency-response pathway inthe future. We also found that there
ismoreN, Caand Pinsod7-2 dpa4-3 mutant thanthoseinthe wild type,
butthe changes of these elemental concentrations in sod7-2 dpa4-3did
not depend on the G/FI function (Supplementary Table 1). It willbe a
worthwhile challenge to understand how SOD7 and DPA4 regulate the
homeostasis of these elementsin the future because they are essential
nutrients for plant growth and development.

Based on our genetic and biochemical data, we proposed a work-
ing model for SOD7/DPA4-GIF1-mediated control of organ growth
and Fe utilization. In the wild type, SOD7 limits organ growth by com-
petitively repressing the interaction between GIF1and GRFs.SOD7 can
also regulate Fe uptake by competitively repressing the interaction
between GIF1and FIT. In the sod7-2 dpa4-3 double mutant, which loses
the function of SOD7 and DPA4, the interactions of GIF1 with GRFs or
FIT were enhanced, thereby promoting organ growth and Fe uptake
(Fig. 7). Thus, our findings reveal a coordinated mechanism for plant
organgrowthand Fe uptake. Considering that SOD7 protein level was
not influenced when plants are grown on medium with or without Fe
(Fig. 4k), it raised a question how SOD7 coordinates plant growth and
Fe uptake. We speculated that the interaction between SOD7 and GIF1
mightbe changed under Fe-deficient conditions. Supporting this, the
interactionbetween SOD7 and GIF1was decreased under Fe-deficient
condition (Supplementary Fig.1), indicating that SOD7 possibly coor-
dinates plant growth and Fe uptake by influencing its interaction with
GIF1inresponse to Fe deficiency. Considering that FIT was induced
under Fe-deficient conditions, it is possible that the Fe deficiency
may promote the interaction between GIF1 and FIT to fit the stress
condition. It will be a difficult but worthwhile challenge toinvestigate
how GIFlinteracts with GRFsand FIT to fine tune organ growth and Fe
uptakein the future.

With the rapid development of molecular design breeding,
researchers canaccelerate the breeding processes to cultivate desired
varieties. Our work revealed that the SOD7/DPA4-GIF1 module simul-
taneously regulates organ and seed growth and Fe uptake by recruiting
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Fig.7| A proposed model for the SOD7/DPA4-GIF1 module coordinating
organ growth and Fe uptake in Arabidopsis. In this model, SOD7 interacts with
GIF1toregulate organ growth and Fe responses through recruiting different
members. In the wild type, SOD7 limits the organ growth through competitively
repressing the interaction between GIF1and GRFs. SOD7 can simultaneously
regulate Fe uptake through competitively repressing the interaction between
GIF1and FIT. However, in sod7-2 dpa4-3, because the lost function of SOD7 and
DPA4, the interaction between GIF1and GRFs or GIF1and FIT was enhanced,
thereby promoting organ growth and Fe uptake.

GRF organ growthregulators and the Fe-uptake regulator FIT, suggest-
ing that this module is a promising target forimproving both yield and
nutrient utilization efficiency. OsGIF1, the homologue of GIFlinrice,
has been reported to promote grain growth®”*. Homologues of GIF1
andSOD?7 also existin crops. It will be interesting to investigate whether
homologues of SOD7 and GIF1in key crops could coordinate organ
growth and Fe uptake and be used to improve both yield and nutrient
utilization efficiency in the future.

Methods

Plant materials and growth conditions

All plant materials were in Col-O background. The sod7-2 (SM_3.34191)
dpa4-3 (SM_3.36641), gifl (SALK_150407), proSOD7:SOD7:GFP and
proGIF1:GIF1:GFP plants®®; the transgenic lines of 355:miR396a and
355:MIM396°; and the FIT/bHLH38OE transgenic line have all been
reported previously*. Thegifl sod7-2 dpa4-3triple mutant was obtained
by crossing sod7-2 dpa4-3 with gifl and isolated by polymerase chain
reaction (PCR) using T-DNA specific and flanking primers as listed in
Supplementary Table 2.

Seedswere putonfilter paper and surface sterilized with hydrogen
peroxide and 85% (v/v) ethanol (1:4) in a sterile hood. The dried seeds
were plated on solid MS medium with 1% sucrose. After stratification at
4 °Cinthedarkfor3d, the seeds were germinated at22 °Cwith16 hlight
followed by 8 hdark. The 7 d seedlings were then transferred to soil in
thegreenhouse under long-day conditions (22 °C; 16 hlight, 8 hdark).

Constructs for transgenic plants

The GBclonart Seamless CloneKit (GB2001-48, Genebank Biosciences)
was used to generate all constructs. Primers for cloning are listed in
Supplementary Table 2. We amplified whole coding sequences (CDS)
of SOD7 and GIF1 and inserted into the pCambial300-221-Myc vector
(double digested by restriction enzymes BamHI and Pacl) to gener-
ate 355:Myc-SOD7 and 355:Myc-GIF1, respectively. For 355:GFP-GIF1
recombinant construct, the CDS of G/IFI was cloned and fused into
pMDC43 vector (double digested by restriction enzymes Ascland Pacl).

Yeast two-hybrid assay
To validate the interaction between SOD7 and GIFL, the Invitrogen
Yeast Two-Hybrid System was used to perform a yeast two-hybrid

assay. Full-length CDS or fragments of SOD7 were fused into bait vec-
tor pDBleu (double digested by restriction enzymes Notl and Sall) and
GIFI CDS was cloned to prey vector pEXP-AD502 (double digested by
restriction enzymes Notland Sall). The plasmids were co-transformed
into yeast strain AH109 and grown on yeast SD-2 selective medium at
30 °C for approximately 3 d. The largest colonies were selected and
spotted on fresh SD-2 and SD-4 plates with dilutions for selecting true
interactions. The plates were incubated for 3 or more days at 30 °C
before the photos of positive clones were taken using a camera. Prim-
ersused for constructing vectors are listed in Supplementary Table 2.

Pull-down assays

To confirmtheinteraction between SOD7 and GIF1-3; DPA4 and GIF1-
3; and GIF1 and FIT, the CDSs of GIF1-3 were inserted into pGEX-4T-1
vector (double digested by restriction enzymes EcoRI and Sall) to
construct GST-GIF1-3 plasmids, while the CDSs of SOD7, DPA4 and
FIT were inserted into pMAL-c2 vector (double digested by restric-
tion enzymes Sall and HindlII) to construct MBP-SOD7, MBP-DPA4
and MBP-FIT plasmids by GBclonart Seamless Clone Kit. Plasmids
wereintroduced into Escherichia coliBL21 (DE3) cells. The expression
of corresponding proteins was induced with 0.5 mM isopropyl 3-D-
1-thiogalactopyranoside at 28 °C for 3 h. Appropriate bacterial lysate
combinations in TGH buffer (50 mM HEPES pH 7.5, 1% Triton X-100,
5mM MgCl,,1mM EGTA, 150 mM NacCl, and 10% glycerol) were incu-
bated and pulled downby 20 pIMBP beads (amylase resin, New England
Biolabs) or GST beads (Glutathione Sepharose 4B, GE Healthcare) with
gentle shaking at 4 °C for 1 h. The TGH buffer was used to wash beads
five times. The beads were then added to 50 pl 1X SDS-loading buffer
and boiled for 5 min at 98 °C. The eluted proteins were separated by
10% SDS-PAGE gel and then transferred to membrane and detected
with anti-GST (1:5,000, Abmart, M20007) or anti-MBP antibodies
(1:10,000, NEB, #E8032).

Co-immunoprecipitation

To test protein interactions in vivo, a Co-IP assay was performed as
described previously®®. N. benthamiana leaves were co-transformed
with Agrobacterium GV3101 cells harbouring different combinations
of 35 S:GFP, 35 S:GFP-GIFI and 35 S:Myc-SOD7 plasmids and grown in
the greenhouse for 3d. For SOD7 competitively repressing the inter-
action between GIF1 and GRFs in vivo, different combinations of 35 S:
GFP-rGRF2,35S: Myc-GIF1, 35 S: Myc-SOD7 and 35 S: Myc-TCP15 were
transiently overexpressed in N. benthamiana leaves. Total proteins
were extracted with the buffer (50 mM Tris-HCI pH 7.4, 10% glycerol,
1mMEDTA, 2%Triton X-100,150 mM NaCl, 1X Complete protease inhibi-
tor cocktail) and incubated with GFP-Trap-A agarose (Chromotek gta-
20) ontherotatorin coldroomfor 0.5 h.Beads were washed three times
with the buffer containing 50 mM Tris-HCI (pH 7.4),10% (v/v) glycerol,
1mMEDTA,150 mMNacl, 0.5% (v/v) Triton X-100 and 1X protease inhibi-
tor cocktail. The beads were then boiled for 5 min after adding 40 pl 1X
SDS-loading buffer. The immunoprecipitates were separated by 10%
SDS-PAGE gel and detected by anti-GFP (Abmart M20004, 1:5,000)
and anti-Myc (Abmart M20002,1:5,000) antibodies. For detection the
interaction between GIF1 and FIT, the transgenic Arabidopsis plants
expressing 35S:Myc-GIF1or 355:Myc-SOD7 (negative control) were used
to extract the total proteins. The proteins were mixed with 20 pl Myc
beads and incubated for1hat 4 °C with agitation. After three washes,
the samples were detected by western blot with anti-Myc (Abmart,
M20002,1:5,000) or anti-FIT antibody®’.

Morphological and cellular analysis

Cotyledons were detached from 7-8 d seedlings, the sixth mature
leaves were harvested and photographed as digitalimages for measur-
ing the surface area, length and width using Image] software. For leaf
cell size and number, the sixth mature leaves were cleared in clearing
solution (30 ml water, 10 ml glycerol, 80 g chloral hydrate). From the
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cleared materials were taken micrographs by a microscope (Leica
DM2500) with a digital image system. Leaf palisade cell numbers and
size inthe maximum-width region were determined by Image).

For seed size analysis, the mature seeds of wild-type and mutant
plants were harvested from the fourth to twelfth silique on the main
stem of plants. The seed area was then obtained by Image] after being
photographed using a microscope (Leica SSAPO) with CCD imaging
apparatus. The observation of seed integument was described previ-
ously with slight modifications™. In brief, we artificially pollinated the
fourth flower on the main stem of plants and harvested the seeds at
0 and 6 DAP. Next, the seeds were fixed with FAA solution (70% etha-
nol, 37% formaldehyde, 5 ml acetic acid; 18:1:1), and then cleared with
clearing solution (30 ml water, 10 ml glycerol, 80 g chloral hydrate)
before they were observed under the differential interference contrast
microscope (DM2500, Leica).

For root length measurements, we grew seedlings vertically on
MS medium with 1% sucrose, supplied with or without 100 uM Fe-EDTA
for 7 d. Digital photos of the roots were taken and root lengths were
obtained by ImageJ software.

Splitluciferase complementation assays

The assay was performed as reported previously’, we generated
cLUC-SOD7, cLUC-DPA4, cLUC-GRF2/GRF3, FIT-nLUC, GIF2-nLUC,
GIF3-nLUC, cLUC-GIF1 and GIF1-nLUC by fusing the respective CDS
into pCAMBIA-split cLUC and pCAMBIA-split_nLUCvectors. All the prim-
ers used for cloning are listed in Supplementary Table 2. Sequencing
corrected plasmids were transformed into Agrobacterium tumefaciens
strain GV3101. Different overnight cultured GV3101 cells were mixed as
indicated combinations toafinal ODg,, = 0.5. The mixtures were imme-
diately centrifuged at 5,000g for 15 min at room temperature and resus-
pended inactivation buffer (10 MM MES, pH 5.7,150 pM acetosyringone
and10 mM MgCl,). Afterincubation for at least 2 hat room temperature
with gentle agitation, the activated GV3101 cells were transformed into
N. benthamianaleaves and expressed for another 2-3 d before the LUC
activity measurement. To treat plants with or without Fe, the roots of
plants after transformation were grown in liquid MS supplied with or
without Fe for another 3 d before the LUC activity measurement. For
observing the LUC signals,1 mM D-luciferin solution (E1602, Promega)
was sprayed onto the leaves of N. benthamiana and they were keptin
the dark for 5 min. Theimages were captured by a Night OWL 11 LB 983
imaging apparatus with CCD.

To quantify the LUC signals, same size leaf discs were made to incu-
bate with1 mM D-luciferin in a Microplate (Corning) for 5-10 min. We
measured the luminescence activity using amicroplate luminometer
(Promega, GLOMAX 96). Each sample was measured with at least four
independent repeats.

Fe content measurement

The roots and shoots of 10-day-old seedlings grown on medium as
indicated were harvested separately to measure Fe content. We also har-
vested the mature seeds for the same purpose. The samples were first
immersedin CaSO,-EDTA solution (5 mM CaSO,, 10 mM EDTA-2H,0) for
5 min to remove surface-attached ions, and then washed 3 times with
sterile water. Next, the samples were incubated at 120 °C for 30 min,
then 65 °Cfor 3 days for completely dehydration. Subsequently, dried
samples were weighed and digested in a nitric acid and hydrogen per-
oxide solution (mixed at a 10:2 ratio) at 140 °C for 1 hiinan ETHOS1
Microwave Digestion System (Milestone). The content of Fe in solu-
tions was determined by inductively coupled plasma-optic emission
spectroscopy (model 5300DV, Perkin Elmer).

Assay of root FCR activity

The assay of FCR activity was performed from whole intact roots as
described previously”. Roots of seedlings grown on MS medium with
or without 100 pM Fe-EDTA supply for 10 d were harvested and rinsed

with distilled pure water. The roots were then put on assay plates (1/2
MS Macroelement, 100 pM Fe(111)NaEDTA, 200 uM BPDS (bathophen-
anthrolinedisulfonate), 0.6% phytogel, pH 5.5) or submerged in assay
solution (200 uM CaS0O,, 100 pM Fe(111)NaEDTA, 200 uM BPDS, 5 mM
MES, pH 5.5). After 1 h, an aliquot of the assay solution was removed
and its absorbance was determined with a spectrometer at 535 nm
wavelength. The Fe(11)-BPDS concentration was calculated by using
the extinction coefficient of 22.14 mM™ cm™. The experiment was
independently repeated three times.

Bimolecular fluorescence complementation assay

The coding sequence of FITwas amplified and fused with the N-terminal
fragment of YFP (nYFP) to generate FIT-nYFP. The CDS of GIF1and SOD7
were amplified and ligated to the C-terminal fragment of YFP (CYFP) to
generate GIF1-cYFP and SOD7-cYFP, respectively. All the plasmids were
subsequently transferred into Agrobacterium strain GV3101. The vari-
ous combinations of Agrobacterium cells were infiltrated into leaves of
4-week-old N. benthamiana plants. The YFP fluorescence was detected
after 2 d infiltration using a Leica SP8 confocal microscope system.
Allthe primers used for cloning are listed in Supplementary Table 2.

RNA isolation, reverse transcription and quantitative
real-time PCR assays

Total RNA wasisolated using RNAprep pure kit (TIANGEN, DP432) and
cDNA synthesis was performed with HiScript Il Q RT SuperMix for qgPCR
(+gDNA wiper; Vazyme). The qRT-PCR was then analysed using RealStar
Green Fast Mixture (GenStar) on Realplex2 machine (Eppendorf). The
data were calculated by the cycle threshold method and averaged by
three biological replicates. Theinternal controlwas ACTIN2. The prim-
ers used for qRT-PCR reactions are listed in Supplementary Table 2.

Chlorophyll measurement

The 7 d old shoots of Col-0, sod7-2 dpa4-3, gif1 and gif1 sod7-2 dpa4-3
grownon MS supplied with or without Fe were collected for chlorophyll
measurement. For chlorophyll measurement of Col-0, gif1, FIT/bHL-
H380E and gif1 FIT/bHLH38OE, the plants were firstgrownonMS for7 d
andthen transferred tonew MS with or without Fe for another 4 d. The
fresh weights of all samples were determined before we extracted the
chlorophyllin 10 ml of 90% acetone in the dark at room temperature
for 24 h. The supernatant was then used to measure the chlorophyll
content at 647 and 664 nm by spectrophotometry’.

Protoplast preparation
The rosette leaves of sod7-2 dpa4-3 harvested before bolting were
used toisolate protoplast. The leaves were fragmented and incubated
in enzyme solution (0.3% Macerozyme R-10, 20 mM MES at pH 5.7,
1.25% Cellulose RS, 10 mM CacCl,, 0.4 M mannitol, 0.1% BSA and 5 mM
B-mercaptoethanol) withgentle shaking for 4 hinthe dark. The diges-
tion solution was then mixed with the same volume of W5 solution
(154 mM NaCl, 125 mM CaCl,, 5 mM KCl and 2 mM MES at pH 5.7) and
rotated vigorously for 10-30 s. Protoplasts were isolated through
40 pum nylon mesh filter with three washes of W5 solution. After cen-
trifugationat100gfor 3 minand repeat twice washing with W5 solution,
the pellets were collected and suspended in MMG solution (4 mM MES
atpHS5.7,0.4 M mannitol, and 15 mM MgCl,) to 2 x 10° protoplasts ml™.
The CDS of GIF1 was cloned to PE3308 vector for GIF1-nVenus.
The CDS of rGRF2/3 was fused to PE3449 vector for rGRF2/3-cCFP
(refs. 73,74). The plasmids were extracted with Plasmid Maxprep Kit
(Vigorous). The combinations of plasmids as indicated were mixed
with 400 pl protoplasts and 480 pl freshly prepared polyethylene
glycol solution (40% w/v PEG4000, 0.4 M mannitol, 0.1 M CaCl,). The
protoplasts were then incubated at room temperature for 20 min.
After serial dilutions with W5 solution, the transfected protoplasts
were centrifuged and resuspended in W5 solution and cultured for
16 hat23°Cinthe dark.
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Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Allmaterialsin thisstudy are available from the corresponding authors
uponrequest. Theauthors declare that all data supporting the findings
ofthis study are available within the article and its supplementary infor-
mation files. Arabidopsis reference genome (TAIR10) was used in this
study. The primers used in this study are provided as Supplementary
Table 2. Source data are provided with this paper.
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Extended Data Fig.1|SOD7 interacts with GIF2/3 in vitro and invivo. a,
SOD?7 interacts with GIF2/3 in pull-down assays. MBP-SOD7 was pulled down by
GST-GIF2/3 immobilized on GST beads and analysed by immunoblotting with
an anti-GST or anti-MBP antibody. b, The interaction between SOD7 and GIF2/3
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was detected by split luciferase complementation assays. N. benthamiana leaves
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Extended Data Fig. 10 | The interaction between GIF1and FIT was not range of luminescence intensity. b. Quantification of LUC signals from a. Values
affected by GFP protein. a. The GFP did not affect the interaction between GIF1 represent mean + SD (n = 5biologically independent samples). One-way ANOVA
and FIT detected by split luciferase complementation assays. The leaves of N. ((Dunnett’s multiple comparisons test, p = 0.05) was used for statistical analysis,
benthamiana were co-infiltrated with the Agrobacterium GV3101 containing cLUC-GIF1 + FIT-nLUC was used as control.

combinations as indicated. The pseudocolor scale bar was used to indicate the
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reviewers, We strongly encourage code depasition in a community repository (e.g. GitHub), See the Nature Portfolic guidelines for submitting coge & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability
- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All materials in this study are available from the corresponding author upon request. The authors declare that all data supporting the findings of this study are
available within the article and its Supplementary Information files. Arabidopsis reference genome (TAIR10) was used in this study. The primers used in this study
are provided as Supplementary Table 2. Source data are provided with this paper.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Use the terms sex (biological attribute) and gender (shaped by social and cultural circumstances) carefully in order to avoid
confusing both terms. Indicate if findings apply to only one sex or gender; describe whether sex and gender were considered in
study design; whether sex and/or gender was determined based on self-reporting or assigned and methods used.

Provide in the source data disaggregated sex and gender data, where this information has been collected, and if consent has
been obtained for sharing of individual-level data; provide overall numbers in this Reporting Summary. Please state if this
information has not been collected.

Report sex- and gender-based analyses where performed, justify reasons for lack of sex- and gender-based analysis.

Reporting on race, ethnicity, or | Please specify the socially constructed or socially relevant categorization variable(s) used in your manuscript and explain why
other socially relevant they were used. Please note that such variables should not be used as proxies for other socially constructed/relevant variables
(for example, race or ethnicity should not be used as a proxy for socioeconomic status).

groupings ) . .

Provide clear definitions of the relevant terms used, how they were provided (by the participants/respondents, the
researchers, or third parties), and the method(s) used to classify people into the different categories (e.g. self-report, census or
administrative data, social media data, etc.)

Please provide details about how you controlled for confounding variables in your analyses.

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study
design questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and
how these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical approach was used to predetermine sample size. Sample sizes were selected empirically from previous experimental experience
with similar assays, and/or from sizes generally employed in the field

Data exclusions  No data was excluded from analysis in the experiments.
Replication All Experiments were repeated as indicated and the data were reproducible using the same experimental conditions.
Randomization  All the samples were collected randomly.

Blinding All the experiments were performed with no prior expected results, and therefore blinding was not existed.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
nfa | Involved in the study nfa | Involved in the study
(1B antibodies B |[] chip-seq
B4 |[] Eukaryotic cell lines B4|[] Flow cytometry
E |:| Palasontology and anchaeology E |:| MRI-based neurcimaging
B<l{[] Amimals and ather organisms
E |:| Clinical data
B<l|[] Dual use research of concemn
[1{B4 rplants
Antibodies
Antibodies used anti-G5T (1:5000, Abmart, M20007), anti-MBP antibody (MEB EB032, 1: 10, 000), anti-GFP (Abmart M20004, 1: 5,000] and anti-Myc

{Abmart M20002, 1: 5,000) were purchased from Abmart [Shanghai, China)., anti-FIT {1:1000) and anti-IRTH]: 1000} were produced
from the lab. GFP-Trap" agarose {#gta-20, ChromaTek Germany], anti-Myc-Tag |agarcse conZugated, M20012, Abmart, China),
Glutathlone SepharoseThi 4B (#45-000-139,GE Healthcare, USA)), amylase resin(#E2021, Mew England Biolabs) and one step
western kit HRP [#CW2030, Cwbiotech, Chinaj

Validation Information of anti-GST validation can be found at website: http:/f'www.ab-mart.com.cn/page. aspx? node=60&id=967
Information of anti-MBP validation can be found at website: https:/fwww.neb.cn/products/e8032-anti-mbp-monodonal-antibody
Infermation of antl-GFP validation can be found at website: http://fwww.ab-mart.corn.cn/page.aspx?node=608Id=071
Information of anti-Myc validation can be found at website: http://www_ab-mart.corn.cn/page.aspx¥node=60&id=562
Information of GFP-Trap agarose can be found at website: https:/fwww.chromotek.com/products/detail/product-detail /gfp-trap-
agarose,

Information of anti-Myc-Tag validation can be found at website: http://fwww.ab-mart.corn.cn/page aspy node=%2061%20&id=%
20961

Infermation of amylase resin validation can be found at website: https:/f'www.neb.com/products/e802 1-amylose-resin#Product® 20
Information of one step western kit HRP validation can be found at website: https:/fwww.cwblatech.com/goodsfindex/id/10294
Information of Glutathione SepharoseTh 48 validation can be found at website: https://fwww.fishersci.com/shop/products/ge-
healthcare-glutathione-sepharose-4b-media-3,/45000139
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