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SIZ1 (a SIZ/PIAS-type SUMO E3 ligase)-mediated small ubiquitin-like modifier (SUMO) modification of target proteins is
important for various biological processes related to abiotic stress resistance in plants; however, little is known about its role in
resistance toward iron (Fe) deficiency. Here, the SUMO E3 ligase MdSIZ1 was shown to be involved in the plasma membrane
(PM) H*-ATPase-mediated response to Fe deficiency. Subsequently, a basic helix-loop-helix transcription factor, MdAbHLH104 (a
homolog of Arabidopsis bHLH104 in apple), which acts as a key component in regulating PM H*-ATPase-mediated rhizosphere
acidification and Fe uptake in apples (Malus domestica), was identified as a direct target of MdSIZ1. MdSIZ1 directly sumoylated
MdbHLH104 both in vitro and in vivo, especially under conditions of Fe deficiency, and this sumoylation was required for
MdbHLH104 protein stability. Double substitution of K139R and K153R in MdbHLH104 blocked MdSIZ1-mediated sumoyla-
tion in vitro and in vivo, indicating that the K139 and K153 residues were the principal sites of SUMO conjugation. Moreover, the
transcript level of the MdSIZ1 gene was substantially induced following Fe deficiency. MdSIZ1 overexpression exerted a positive
influence on PM H*-ATPase-mediated rhizosphere acidification and Fe uptake. Our findings reveal an important role for su-
moylation in the regulation of PM H*-ATPase-mediated rhizosphere acidification and Fe uptake during Fe deficiency in plants.

Iron (Fe) is one of the most important micronutrients
in both plants and humans. In plants, Fe acts as a co-
factor for a wide variety of proteins participating in
many cellular functions, such as hormone biosynthesis,
photosynthesis, nitrogen fixation, and mitochondrial
respiration (Hdnsch and Mendel, 2009). Moreover, Fe
deficiency is one of the major causes of anemia in hu-
mans, and a diet rich in plants can be a major source of
Fe. Importantly, even when the Fe content in the top-
soil is high, Fe deficiency in plants is still common, as
it generally exists as insoluble ferric hydroxides in the
soil. As such, low-Fe stress can be a major factor limit-
ing crop yield and quality.
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To cope with conditions of Fe deficiency, angiosperms
have evolved two distinct strategies. In dicotyledon-
ous plants and nongraminaceous monocot species, the
extrusion of protons mediated by plasma membrane
(PM) H*-ATPases acidifies the soil to make Fe(IIl) more
soluble. Subsequently, FRO2 (FERRIC REDUCTASE
OXIDASE2) converts Fe** to Fe*", which is then trans-
ported into the roots via IRT1 (IRON REGULATED
TRANSPORTER1; Curie and Briat, 2003; Hell and
Stephan, 2003; Walker and Connolly, 2008; Hindt and
Guerinot, 2012). In contrast, graminaceous plants release
phytosiderophores to chelate Fe from the soil. The re-
sultant chelated complexes are then imported into root
epidermal cells via a specific transport system (Mori,
1999; Kobayashi et al., 2010).

Transcriptional regulation is one of the most com-
mon ways to regulate the function of genes involved
in Fe homeostasis under Fe-deficient conditions. A
number of transcription factors (TFs), such as the ba-
sic helix-loop-helix (bHLH) TFs, have been identi-
fied to positively regulate the Fe deficiency response
(Kobayashi and Nishizawa, 2012). The first subgroup
Ib bHLH protein characterized from plants was FER
in tomato (Solanum lycopersicum; Ling et al., 2002). Its
Arabidopsis (Arabidopsis thaliana) ortholog FIT (FER-LIKE
IRON DEFICIENCY-INDUCED TRANSCRIPTION
FACTOR) controls ferric reduction response and Fe
transport into the plant root by directly regulating the
transcription of the FRO2 and IRT1 genes under the con-
ditions of Fe deficiency (Colangelo and Guerinot, 2004;
Yuan, 2005; Yuan et al., 2008). What’s more, FIT can
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Figure 1. MdSIZ1 knockdown increases the sensitivity of apple to Fe deficiency. After 28 d of subculture, ‘Gala’ apple cultures
were infected with Agrobacterium tumefaciens containing empty vector (control) or MdSIZ1-RNA: silencing vector to induce
hair root. Thereinto, the infection of MdSIZ1-RNAi was carried out twice, and each batch of 15 cultures was denoted as #1
and #2, respectively. Each batch of 15 cultures were randomly divided into five groups to conduct different experiments. Bio-
logical replicates were carried out with the three cultures in each group to calculate the sp, which are indicated by error bars.
Different letter codes have significant difference (P < 0.01, ANOVA, Tukey correction). A, The appearance of chlorosis and total
chlorophyll contents in young leaves of control and MdSIZ1-RNAi chimeric plants in normal (pH 6) or alkaline (pH 8) medium for 20 d.
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Figure 2. Heterologous expression of MdSIZ1 enhances Fe-deficient stress tolerance in Arabidopsis seedlings. A, MdSIZ1
expression in wild-type (WT) and transgenic Arabidopsis seedlings. RNA was prepared from seedlings. B, Phenotypes of the
wild type and MdSIZ1 overexpression lines grown for 14 d on normal (pH 6) or alkaline (pH 8) media. Scale bars, 1 cm. C,
Chlorophyll contents in 14-d-old wild type and the MdSIZT overexpression lines. FW, Fresh weight. D and E, Fe contents in
14-d-old roots and shoots of plants. DW, Dry weight. F, PM H*-ATPase H*-transport activity in 14-d-old wild type and the Md-
SIZ1 overexpression lines. G, Rhizosphere acidification in 14-d-old wild-type and MdSIZ1 overexpression lines. Acidification
is indicated by a yellow color around the roots. Scale bars, 1 cm. Error bars indicate the SD for three biological replicates in
which the experiments were carried out three times using the seedlings of each line. Samples denoted by different letters are
significantly different (P < 0.01, ANOVA, Tukey correction).

form a heterodimer with other members of the Ib sub-
group of bHLH TFs, including bHLH38/39/100/101,
to constitutively activate IRT1 and FRO2 (Yuan et al.,
2008; Wang et al., 2013). In addition to those of the Ib
subgroup, IVc subgroup bHLH TFs also influence Fe
homeostasis under Fe-deficient conditions. For ex-

ample, the PYE bHLH protein was up-regulated by
Fe-deficient conditions. The Fe transport-related genes
NICOTIANAMINE SYNTHASE4, ZINC-INDUCED
FACILITATOR1, and FRO3 were up-regulated in the
pye-1 mutant under Fe-deficient conditions, suggest-
ing PYE functions as a negative regulator of the Fe

Figure 1. (Continued.)

90

B and C, Total Fe content in shoots and roots of control and MdSIZ1-RNAi chimeric plants grown in normal (pH 6) or alkaline
(pH 8) medium for 20 d. DW, Dry weight. D, PM H*-ATPase H*-transport activity in control and MdSIZ1-RNAi chimeric plants
grown in normal (pH 6) or alkaline (pH 8) medium for 7 d. E, The rhizosphere acidification of control and MdSIZ1-RNAi
chimeric plants grown in normal (pH 6) or alkaline (pH 8) medium for 7 d. The yellow color around the roots stained with
bromocresol purple indicates rhizosphere acidification.
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Figure 3. MdSIZ1 Interacts with MdbHLH104 Both In Vitro and In Vivo. A, Interaction between MdSIZ1 and MdbHLH104 in
yeast cells. Dilution series of yeast cells coexpressing the indicated proteins were grown for 2 d at 28°C. SD/-T/-L indicates
Leu and Trp dropout synthetic dropout medium; SD/-T/-L/-~H/-A indicates Leu, Trp, His, and Ade dropout synthetic dropout
medium. AD-MdSCET (SUMO E2 conjugating enzymel) + BD-MdSIZ1 and AD (pGAD empty vector) + BD-MdSIZ1 were
used as positive and negative controls, respectively. B, Interaction between MdSIZ1 and MdbHLH104 in an in vitro pull-down
assay. Recombinant GST-MdbHLH104 fusion and His-MdSIZ1 fusion proteins were mixed in equal volume, and following
incubation proteins were purified with a GST column. In vitro-translated GST protein was used as a negative control. “Input”
indicates protein mixtures before the experiments, “Pull-down” indicates purified protein mixture. “+” indicates presence, and
“~" indicates absence. IB, immunoblot. C, Interaction between MdSIZ1 and MdbHLH104 in a Co-IP assay. MdbHLH104-GFP
and GFP proteins were IPed from the 355:MdbHLH104-GFP and 355:GFP (pBIN) transgenic apple plants with anti-GFP anti-
bodies. MdbHLH104-GFP proteins and GFP proteins in whole-cell lysates (Input) and MdSIZ1 proteins in the pellet fraction (IP)
were detected via immunoblot analysis with anti-GFP and anti-MdSIZ1 antibodies, respectively. IB, immunoblot. D, Interaction
between MdSIZ1 and MdbHLH104 in a BiFC assay. The MdSIZ1-nYFP and MdbHLH104-cYFP constructs were coexpressed

transiently in tobacco leaves and visualized by fluorescence microscopy. DAPI was used to stain the nuclei. YFP, Yellow fluo-
rescent protein; BF, bright field. Scale bars, 1 pm.
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deficiency response (Long et al., 2010). Most recently,
Zhang et al. (2015) reported that the IVc subgroup
bHLH TFs bHLH104 and bHLH105 formed a heterod-
imer to positively regulate Fe deficiency response by
directly activating the transcription of genes encod-
ing the Ib bHLH TFs bHLH38/39/100/101. What's
more, AtbHLH104 also regulates the acidification of

Plant Physiol. Vol. 179, 2019

rhizospheres under Fe-deficient conditions (Zhang
et al., 2015).

Plant PM H*-ATPases are composed of a series of
proton pumps that are driven by ATP hydrolysis, pro-
viding an energy source to transport nutrients into
plant cells by generating electrochemical gradients
(Haruta and Sussman, 2012). In Fe deficiency responses,
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PM H*-ATPases play a crucial role in the first step toward
improving the plant’s ability to acquire Fe from the
soil in response to low Fe, especially in dicotyledonous
plants. In Arabidopsis, there are a total of 11 AHA genes
that encode functional PM H*-ATPase proteins that
respond to various environmental stimuli (Palmgren,
2001). Among them, AHA2, AHA3, AHA4, and AHA7
are transcriptionally inducible by low-Fe stress, and
AHA?2 is involved in rhizosphere acidification (Santi
and Schmidt, 2009). Among the 18 apple (Malus do-
mestica) MAAHAs, MdAAHA1, MdAHA3, MdAHA?,
MdJAHAS, MAAHA9, MdAHA11, and MdAHA12 are
closely related to AtAHA2, and MAAHAS plays an im-
portant role in Fe homeostasis (Zhao et al., 2016a).

In plants, PM H*-ATPases are regulated by various
factors at different levels. At the posttranslational level,
PM H*-ATPases can be activated by phosphorylation.
For example, PM H*-ATPase AHA2 in Arabidopsis,
which is mainly responsible for rhizosphere acidifica-
tion under iron deficiency, is phosphorylated at Ser-
931 in the C-terminal regulatory domain by protein
kinase PKS5. The phosphorylation of this site inhibits
the interaction between AHA?2 and an activating 14-3-3
protein, resulting in inhibited PM H*-ATPase activity
(Fuglsang et al., 2007). In addition, SAUR proteins,
which are positive effectors of cell expansion, are rap-
idly induced by auxin and serve to negatively regulate
PP2C-p phosphatases. Subsequently, the decreased
PP2C-p activity alters phosphorylation of PM H*-
ATPases, which promotes cell expansion through an
acid growth mechanism (Spartz et al., 2014). Moreover,
aluminum stress promotes phosphorylation of PM
H*-ATPases and their binding with 14-3-3 proteins in
black soybeans (Glycinemax merr; Guo et al., 2013).

In addition to posttranslational modification, tran-
scriptional regulation is a common manner by which
cells modulate the activity of PM H*-ATPases. Many
TFs are found to regulate PM H*-ATPase in plants.
For example, the expression and activity of AtAHA2
are positively regulated by GsERF71, a TF of the AP2/
ERF family from wild soybean (Gly soja), in response
to alkaline stress (Yu et al., 2017). Additionally, bHLH
TFs associated with Fe homeostasis are also involved
in the regulation of PM H*-ATPase gene transcription.
For example, the chrysanthemum (Chrysanthemum
morifolium) bPHLH TF CmbHLH1 enhances the activity
of H*-ATPase CmHA to promote rhizosphere acid-
ification and Fe homeostasis (Zhao et al., 2014). Re-
cently, it was found that the IVc subgroup bHLH TF
MdbHLH104, the apple homolog of AtbHLH104, di-
rectly binds to the promoter of the MAAHAS gene to
activate PM H*-ATPase activity in response to Fe defi-
ciency (Zhao et al., 2016a).

Furthermore, regulators that act upstream of these
TFs to modulate PM H*-ATPase activity and Fe homeo-
stasis have also been identified. MdBT1 and MdBT2 be-
long to the BTB/TAZ family of proteins. They recruit the
MdBTsMIUL3 E3 ligase complex to target MdbHLH104
for ubiquitination to promote its degradation via a 26S
proteasome pathway (Zhao et al., 2016b). Similarly, an
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E3 ubiquitin ligase BTS interacts with bHLH104 and
ILR3 (also called bHLH105) and negatively regulates
Fe absorption (Selote et al., 2015; Zhang et al., 2015).
Degradation of TFs that positively regulate PM H*-
ATPase activity and Fe uptake protects plants from
injury caused by generation of Fe overload-associated
reactive oxygen species (ROS; Zhao et al., 2016b).

The conjugation of small ubiquitin-like modifier
(SUMO) to target proteins is another important post-
translational modification that, in most cases, serves
to antagonize the effects of ubiquitination of target
proteins (Ulrich, 2005). In plants, sumoylation is an
important posttranslational modification of substrate
proteins that involves three enzymatic steps catalyzed
by a single E1 SUMO-activating enzyme (SAE1 and
SAE2 as its subunits), a single E2-conjugating enzyme,
SCE1, and two classes of E3 ligase enzymes, includ-
ing MMS21 and SIZ1 (Miura et al., 2005; Huang et al.,
2009; Ishida et al., 2012; Novatchkova et al., 2012).
SUMO modification of substrate proteins mediated
by SIZ1 mediates various biological processes related
to nutrient acquisition and abiotic stresses. For ex-
ample, in Arabidopsis, SIZ1 positively controls nitrogen
assimilation by directly sumoylating the nitrate re-
ductases NIA1 and NIA2 (Park et al., 2011); Heter-
ologous expression of OsSIZ1, a rice (Oryza sativa)
SUMO E3 ligase, enhances broad abiotic stress tol-
erance and mineral uptake in transgenic creeping
bentgrass (Agrostis stolonifera; Li et al., 2013). In
Arabidopsis, SIZ1 targets PHR1 and ABI5 proteins
for SUMO modification to regulate the phosphate
deficiency response and ABA signaling (Miura et al.,
2005, 2009). Interestingly, PM H*-ATPases are involved
in many abiotic stress responses that are associated
with SIZ1-mediated sumoylation, such as the phos-
phate starvation response and ABA response (Yuan
et al.,, 2017). However, it is largely unknown if
and/or how SIZ1-mediated sumoylation regulates
PM H*-ATPases in response to abiotic stresses, such
as Fe deficiency.

In this study, MdbHLH104, an upstream regulator
of the PM H*-ATPase gene MdAHAS was identified via
yeast two-hybrid as an MdSIZ1-interacting protein.
MdSIZ1 was further characterized as having functions
in sumoylation and affecting the stability of the Md-
bHLH104 protein. Finally, the molecular mechanism
by which MdSIZ1 regulates PM H*-ATPase-mediated
rhizosphere acidification during Fe homeostasis is
summarized and discussed.

RESULTS

The SUMO E3 Ligase MdSIZ1 Is Involved in the PM
H*-ATPase-Mediated Response to Fe Deficiency

To examine if MdSIZ1 is involved in response to
Fe deficiency, reverse transcription quantitative PCR
(RT-gPCR) was conducted. Our analysis showed that

Plant Physiol. Vol. 179, 2019
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Figure 4. MdSIZ1 directly sumoylates MdbHLH104 proteins at residues K139 and K153 under conditions of Fe deficiency.
A. SUMO1-MdbHLH104 conjugate detection in vitro. Free SUMO (including monomeric and polymeric forms) are indicated
by a brace. I1B: Immunoblot. B. SUMO modification of MdbHLH104 under Fe deficiency. The proteins were [Ped from 355:Md-
bHLH104-CFP transgenic apple plants using anti-GFP antibodies after treatment with Fe-sufficient or deficient conditions for
1 h. MdbHLH104-GFP proteins in whole-cell lysates prior to treatment (Input) and in the pellet fraction (IP), or sumoylated
MdbHLH104 proteins in the pellet fraction (IP), were detected via immunoblot analysis with anti-GFP and anti-SUMOT1 an-
tibodies, respectively. IB: Immunoblot. C. Sumoylation of wild type and mutant MdbHLH104 proteins under conditions of
Fe deficiency in vivo. The proteins from different transgenic calli, specifically MdbHLH104-GFP, MdbHLH 104%"39%K153R-GFP,
MdbHLH104-GFP/MdSIZ1-MYC, and MdbHLH104-GFP/antiMdSIZ1, were IPed with anti-GFP antibodies after treatment at
Fe-deficient conditions for T h. MdbHLH104-GFP proteins in whole-cell lysates prior to treatment (Input) and in the pellet frac-
tion (IP) or sumoylated MdbHLH104 proteins in the pellet fraction (IP) were detected via immunoblot analysis with anti-GFP
and anti-SUMOT1 antibodies, respectively. MdSIZ1 proteins in whole-cell lysates prior to treatment (Input) were detected by
anti-MdSIZ1 antibodies to confirm the transgenic calli. 1B, immunoblot.
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transcript levels of MdSIZ1 were elevated by Fe de-
ficiency treatment (Supplemental Fig. S1A). To con-
firm the result, anti-MdSIZ1-specific antibodies were
custom made (Supplemental Fig. S1B) and used for
detection of MdSIZ1 protein levels by western blot
assays. The result showed that the protein abundance
of MdSIZ1 increased with Fe deficiency in ‘Gala” ap-
ple plants (Supplemental Fig. S1, C and D). Together,
these observations suggest that MdSIZ1 functions
as an important protein in response to Fe deficiency
in apples.

Plant Physiol. Vol. 179, 2019

In soil, for each unit increase in pH, Fe solubility de-
creases up to 1,000-fold (Santi and Schmidt, 2009). To
examine whether MdSIZ1 regulates PM H*-ATPase-
mediated rhizosphere acidification and Fe homeosta-
sis in apples, an MdSIZ1 RNAIi vector containing a
355:DsRED1 cassette was constructed and transient-
ly transformed into the root cells of ‘Gala’ apple via
Agrobacterium rhizogenes-mediated genetic transforma-
tion, while an empty vector was used as a control. The
MdSIZ1 transcripts were remarkably downregulated
in the roots of these plants (Supplemental Fig. S2),
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indicating that chimeric plants composed of transgenic
roots and wild-type shoots were successfully obtained.
Two batches of chimeric transgenic plants denoted as
#1 and #2 were used to detect Fe acquisition and PM
H*ATPase H*-transport activity. The results showed
that chimeric plants with transgenic MdSIZ1-RNAi
roots exhibited more serious leaf chlorosis in pH 8.0 al-
kaline medium than those with the control roots, while
none of the plants showed leaf chlorosis in pH 6.0 nor-
mal medium (Fig. 1A).

Furthermore, Fe contents were measured in the
shoots and roots, respectively. It was found that chi-
meric transgenic plants grown in pH 8.0 medium, but
not in pH 6.0 medium, accumulated 52% less Fe in
their shoots and 59% less in their roots compared with
empty vector controls (Fig. 1, B and C). Subsequent-
ly, PM H*-ATPase H*-transport activity was assessed.
The results showed that transgenic MdSIZ1-RNAi
roots grown in pH 8.0 medium exhibited lower PM
H*-ATPase H*-transport activity than the empty vector
controls (Fig. 1D). Finally, it was found that transgenic
MdSIZ1-RNAi roots grown in pH 8.0 medium released
less H* than the empty vector controls, as indicated by
the yellow color around the roots after staining with
bromocresol purple (Fig. 1E).

As it is difficult to obtain transgenic apple plants over-
expressing MdSIZ1, MdSIZ1 was ectopically expressed
in Arabidopsis to further characterize if MdSIZ1 func-
tions in the regulation of the PM H*-ATPase-mediated
response to Fe acquisition in planta. Three independent
transgenic lines, OE13, OE19, and OE33, were chosen
for further analysis (Fig. 2A). When allowed to grow in
pH 6.0 medium, transgenic seedlings exhibited longer
roots than the wild-type controls, but no other pheno-
type was observed. When grown in pH 8.0 medium,
transgenic seedlings exhibited a higher tolerance to
Fe deficiency, as indicated by more growth, than the
wild-type controls. Moreover, in pH 8.0 medium, these
transgenic seedlings produced more chlorophyll, ac-
cumulated more Fe, exhibited greater PM H*-ATPase
H*-transport activity, and released more H* into the
medium than the wild-type controls (Fig. 2, B-G).

In addition, the results from assessment of apple cal-
li showed that the overexpression of MdSIZ1 resulted
in higher PM H*-ATPase H*-transport activity com-
pared with wild type and the controls, while MdSIZ1
suppression lowered this activity, leading to a similar
trend in Fe acquisition under alkaline conditions as ob-
served in the transgenic Arabidopsis plants (Supple-
mental Fig. S3). Taken together, these results indicated
that MdSIZ1 plays an important role in the regulation
of PM H*-ATPase-mediated acidification capacity and
Fe acquisition in plants.

MdSIZ1 Interacts with MdbHLH104 Both In Vitro and
In Vivo

To investigate how MdSIZ1 regulates PM H*-ATPase-
mediated acidification capacity and Fe acquisition,

94

a yeast two-hybrid (Y2H) screen was performed to
identify MdSIZ1-interacting proteins. As a result, sev-
eral positive colonies were obtained. One of them con-
tained a partial cDNA fragment of the MdbHLH104
gene, which was previously reported to be a positive
regulator of PM H*-ATPase activity in apple plants
(Supplemental Fig. S4A; Zhao et al., 2016a).

Y2H assays were conducted to confirm that MdSIZ1
interacts with the full length MdbHLH104 protein.
MdASCE1 (SUMO E2 Conjugating Enzyme 1), which
is a homolog of AtSCE1, and a pGAD empty vector
were used as positive and negative controls, respec-
tively. Yeast cells coexpressing AD-MdbHLH104+BD-
MdSIZ1 or AD-MdSCE1+BD-MdSIZ1, but not those
coexpressing pGAD+BD-MdSIZ1, grew on SD/-Trp/-
Leu/-His/-Ade screening medium (Fig. 3A), indicat-
ing that MdSIZ1 interacted with MdbHLH104 in
yeast cells.

Importantly, MdSIZ1 did not interact with other
IVc subgroup bHLH TFs, such as MdbHLH105,
MdbHLH115, MdbHLH11, MdbHLH121, or MdPYE,
which are reported to be involved in the regulation of
Fe homeostasis (Supplemental Fig. S4B; Zhao et al.,
2016a). Therefore, MdSIZ1 specifically interacted with
MdbHLH104 in yeast cells.

The physical interaction between MdSIZ1 and
MdbHLH104 was further confirmed using an in vitro
pull-down assay. The results showed that His-MdSIZ1
and GST-MdbHLH104 were both detected in whole-
cell lysates (Input). MdSIZ1 was not detected in the
control sample (GST protein alone), whereas MdSIZ1
fused with a His tag was pulled down via GST-
MdbHLH104 (Fig. 3B), indicating that MdSIZ1 directly
interacted with MdbHLH104.

To further confirm their interaction in vivo, a coim-
munoprecipitation (Co-IP) assay was performed. Total
proteins extracted from 35S:MdbHLH104-GFP (Md-
bHLH104-GFP) and 355:GFP (pBIN) transgenic apple
plants (Zhao et al., 2016a) were used to carry out the
immunoprecipitation using anti-GFP antibodies. As a
result, MdSIZ1 was detected in the pellet fraction (IP)
of MdbHLH104-GFP transgenic plants but not in that
of the pBIN control (Fig. 3C), indicating that MdSIZ1
interacted with MdAbHLH104 in vivo.

Bimolecular fluorescence complementation (BiFC)
assays were also employed to examine the MdSIZ1-
MdbHLH104 interaction in planta. The MdbHLH104
gene sequence fused in frame with the 5’ end of a gene
sequence encoding the C-terminal half of yellow fluo-
rescent protein (MdbHLH104-cYFP) and the MdSIZ1
gene sequence fused in frame with the 3’ end of a gene
sequence encoding the N-terminal half of YFP (MdSIZ1-
nYFP) were transiently coexpressed in tobacco leaves.
It was found that MdSIZ1 interacted with MdbHLH104
in the nucleus (Fig. 3D), indicating that MdSIZ1 and
MdbHLH104 colocalize inside the cell.

Taken together, these observations indicate that
MdSIZ1 interacts with MdbHLH104 both in vitro and
in vivo.
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Figure 5. MdSIZ1 stabilizes MdbHLH104 and inhibits its ubiquitination. A, MdbHLH104 protein degradation assay in vivo.
After pretreatment in Fe-deficient conditions for 1 h, four transgenic calli, MdbHLH 104-CFP, MdbHLH 104-CFP/MdSIZ1-MYC,
MdbHLH104%139%KISSR-GFP, and MdbHLH 104K139%K1535R-GFP/MdSIZ1-MYC were placed in the Fe-sufficient fluid medium
containing 250 pm translational inhibitor cycloheximide (CHX) for different durations and sampled simultaneously to detect
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MdSIZ1 directly sumoylates MdbHLH104 proteins at
residues K139 and K153 under conditions of Fe deficiency

Considering MdSIZ1 functions as a SUMO E3 ligase
(Zhou et al., 2017) and that it interacts with Md-
bHLH104, it is reasonable to hypothesize that MdSIZ1
may directly sumoylate the MdbHLH104 protein. Sub-
sequently, the putative sumoylation site consensus se-
quence p-K-X-E/D (¢ represents a hydrophobic amino
acid, K represents the Lys that is conjugated to SUMO,
X represents any amino acid, and E/D represents an
acidic residue) (Sampson et al., 2001) was identified in
MdbHLH104 using SUMOplot (http://www.abgent.
com/sumoplot) analysis (Lin et al., 2016). It was found
that two sumoylation sites with high conservation
among different plant species exist in MdbHLH104
(LK139AE and LK153AD), suggesting that it may be a
SUMO substrate (Supplemental Fig. S5). To test wheth-
er MdbHLH104 is a substrate of MdSIZ1, an in vitro
sumoylation assay was performed. Recombinant GST-
MdbHLH104 was incubated with SUMO-activating
enzyme E1, SUMO-conjugating enzyme E2, SUMOL1,
and recombinant His-MdSIZ1, followed by immu-
noblot analysis. The results showed that SUMO1-
MdbHLH104 conjugates were not detected by either
anti-GST or anti-SUMOL antibodies in the absence of
MdSIZ1, but conjugates were detected when all com-
ponents were present (Fig. 4A), indicating that MdSIZ1
directly sumoylated MdbHLH104 in vitro. In addition,
the single substitution of K-to-R of either the K139 or
K153 site did not block the MdbHLH104-SUMO1 con-
jugation; however, double substitution at both sites
did block conjugation, indicating that both K139 and
K153 were crucial sites for SUMO conjugation of
MdbHLH104.

To examine whether Fe deficiency could induce su-
moylation of MdbHLH104 proteins, MdbHLH104-GFP
transgenic plants of line L1 were used (Zhao et al.,
2016a). MdbHLH104-GFP proteins extracted from
transgenic plants treated with or without Fe deficiency
were immunoprecipitated with an anti-GFP antibody
and then subjected to western blot analysis with anti-
GFP and anti-SUMOI antibodies, respectively. The result
showed that the MdbHLH104 protein exhibited higher
sumoylation levels under Fe-deficient conditions than

under Fe-sufficient conditions (Fig. 4B), indicating that
Fe deficiency could induce SUMO modification of
MdbHLH104 proteins in apple plants.

To examine whether amino acids K139 and K153 were
crucial for Fe-induced sumoylation of MdbHLH104
in vivo, transgenic apple calli MdbHLH104-GFP and
MdbHLH104K3*KIS3R_GEP were obtained and used for
sumoylation detection (Supplemental Fig. S6, Band C).
The result showed that Fe deficiency induced SUMO
modification of MdbHLH104 proteins in apple calli,
similar to that observed in transgenic plants, and that
double mutation of K139R/K153R in the MdbHLH104
protein abolished this sumoylation (Fig. 4C), indicat-
ing that K139 and K153 were crucial for Fe deficiency-
induced sumoylation of MdbHLH104. In addition,
double transgenic calli MdbHLH104-GFP/MdSIZ1-MYC
and MdbHLH104-GFP /antiMdSIZ1 were obtained (Sup-
plemental Fig. S6, B and C). It was found that MdSIZ1
overexpression enhanced the sumoylation levels of
the MdbHLH104 protein in response to Fe deficiency,
while its suppression remarkably decreased the su-
moylation levels (Fig. 4C), suggesting that MdSIZ1
was involved in Fe deficiency-induced sumoylation of
the MdbHLH104 protein.

MdSIZ1 stabilizes MdbHLH104 and inhibits its
ubiquitination

To further investigate how MdSIZ1 influences
MdbHLH104, protein degradation assays were per-
formed. After pretreatment in Fe-deficient conditions
for 1 h, four types of transgenic calli, MdbHLH104-GFP,
MdbHLH104-GFP/MdSIZ1-MYC, MdbHLH104K139R/K153R
GFP, and MdbHLH104X39* 15k GFP/MdSIZ1-MYC, were
treated under Fe-sufficient conditions for different
durations. The results showed that the substitution
of K-to-R of residues K139 and K153 clearly increased
the degradation rate of the MdbHLH104-GFP proteins
(Fig. 5, A and B). In addition, MdSIZ1 overexpression
inhibited the proteolysis of MdbHLH104-GFP, but not
MdbHLH104X¥R/KI5R-GFP, indicating that MdSIZ1-
mediated sumoylation of the MdbHLH104-GFP protein
promoted its abundance.

To exclude the possibility that the observed change
in MdbHLH104 protein levels was a result of variation in

Figure 5. (Continued.)

MdbHLH104-GFP protein abundance using an anti-GFP antibody. For MG132 (26S proteasome inhibitor) treatment, the Fe
deficiency pretreated transgenic calli were treated with 50 pm MG132 for 6 h and then used for protein degradation assay.
ACTIN in total protein extracts was used as a loading control. DMSO was used as a negative control for MG132. B, Quantification
of MdbHLH104-GFP protein levels using Quantity One software (Bio-Rad). The protein degradation assay in A was carried
out three times, and the protein quantities relative to the levels at initial time 0 were counted and used to calculate the sp, as
indicated by the error bars. Samples denoted by different letters are significantly different (P < 0.01, ANOVA, Tukey correction).
C and D, Ubiquitination of MdbHLH104-GFP proteins in MdbHLH 104-GFP, MdbHLH 104-GFP/MdSIZ1-MYC, and MdbH |-
H 104K139RK153R-GFP transgenic calli under Fe-sufficient or Fe-deficient conditions. The Fe-deficient pretreated transgenic calli
were treated with 50 pm MG132 for 6 h and then treated in Fe-sufficient conditions for 6 h or not. Then, MdbHLH104-GFP
proteins were [Ped using an anti-GFP antibody. MdbHLH104-GFP proteins in whole-cell lysates prior to treatment (Input) and
in the pellet fraction (IP) or ubiquitinated MdbHLH104 proteins in the pellet fraction (IP) were detected via immunoblot analysis
with anti-GFP and antiubiquitin antibodies, respectively. The sumoylated MdbHLH104 proteins in the pellet fraction (IP) were
detected by anti-SUMO1 antibodies. Asterisks indicate sumoylated MdbHLH104 bands. IB, Immunoblot.
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Figure 6. MdbHLH104 sumoylation at residues K139 and K153 is crucial for its function in activating MdAHAS transcription
and promoting Fe acquisition. A, Promoter activity assays using GUS staining and GUS activity assays. The 2-week-old trans-
genic calli were treated in Fe-deficient conditions for 5 d and then used for GUS staining and GUS activity measurements. B,
MdJAHAS8 expression as measured by RT-qPCR in wild type, MdbHLH 104-OE, and MdbHLH 104%139%/K153R-OF transgenic calli
under Fe-sufficient or -deficient conditions, respectively. C, PM H*-ATPase H*-transport activity of wild type, MdbHLH 104-OE/
MdSIZ1-OF, MdbHLH104-OE, MdbHLH 104X139%k153k-OF, and control (355:GFP) transgenic apple calli. The 2-week-old trans-
genic calli were grown on pH 6 or pH 8 media for 5 d and then used for PM H*-ATPase H*-transport activity detection. D,
Acidification of transgenic apple calli. The 2-week-old transgenic calli were grown on pH 6 or pH 8 media for 5 d and then
transferred to bromocresol purple medium for 36 h. Acidification is indicated as a yellow color around the apple calli. E, Fe
content of wild-type, MdbHLH 104-OE/MdSIZ 1-OE, MdbHLH 104-OE, MdbHLH 104%"39%k155R-OF, and control (355:GFP) trans-
genic apple calli. The 2-week-old transgenic calli were grown on pH 6 or pH 8 media for 5 d and then used for Fe content
measurement. DW, dry weight. F, Visualization of ferrous iron in wild type, MdbHLH 104-OE/MdSIZ1-OE, MdbHLH104-OE,
MdbHLH 104%39% 153R-OF, and control (355:GFP) transgenic apple calli. Ferrous iron is indicated by red-colored complex
formed by the Ferrozine reagent. G, Quantified measurements of ferrous complex of ferrozine in F. The optical density (OD)
of the complex was measured at 562 nm wavelength, and the concentration of the complex was calculated according to Lam-
bert-Beer law. Error bars indicate the SD for three biological replicates in which the experiments were carried out three times
using the calli of each line. Samples denoted by different letters are significantly different (P < 0.01, ANOVA, Tukey correction).
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Figure 7. Transient silencing of MdbHLH104 in the background of MdSIZ1-OE partially inhibited its function in promoting
PM H*-ATPase-mediated acidification capacity and Fe homeostasis. A, Silencing of MdbHLH 104 by the TRV-MdbHLH 104
vector in the background of MdSIZ1-OE transgenic calli. The MdbHLH 104 fragment was amplified and cloned into the tobac-
co rattle virus (TRV) vector to transiently silence the expression of MdbHLH 104 in the background of MdSIZ1-OE transgenic
calli. The expression of MdbHLH 105 was used as a negative control. B, PM H*-ATPase H*-transport activity of wild type (WT),
MdSIZ1-OF, TRV-MdbHLH104/MdSIZ1-OE, TRV2/MdSIZ1-OE, antiMdSIZ1, and control (355:MYC) transgenic apple calli. The
2-week-old transgenic calli and the calli that had been treated with TRV were grown on pH 6 or pH 8 media for 5 d and then
used for PM H*-ATPase H*-transport activity detection. C, Acidification of transgenic apple calli. The 2-week-old transgenic
calli and the calli that had been treated by TRV were grown on pH 6 or pH 8 media for 5 d and then transferred to bromocre-
sol purple medium for 36 h. Acidification is indicated by the yellow color around the apple calli. D, Fe contents of wild type,
MdSIZ1-OF, TRV-MdbHLH104/MdSIZ1-OE, TRV2/MdSIZ1-OE, antiMdSIZ1, and control (355:MYC) transgenic apple calli.
The 2-week-old transgenic calli and the calli that had been treated with TRV were grown on pH 6 or pH 8 media for 5 d and
then used for Fe content measurement. DW, dry weight. E, Visualization of ferrous iron in wild type, MdSIZ1-OE, TRV-Md-
bHLH104/MdSIZ1-OE, TRV2/MdSIZ1-OE, antiMdSIZ1, and control (355:MYC) transgenic apple calli. Ferrous iron is indicated
by the red-colored complex formed by Ferrozine reagent. F, Quantified measurements of ferrous complex of ferrozine in E. The
OD of the complex was measured at 562-nm wavelength, and the concentration of the complex was calculated according to
Lambert-Beer law. G, The expression of MdAHAT, MdAHA3, MdAHA7, MdAAHAS, MdAHA9, MdAHATI, and MdAHAT12,
as measured by RT-qPCR, in wild type and MdSIZ1-OE transgenic calli at pH 8. The 2-week-old wild-type and MdSIZ1-OE
transgenic calli were treated with pH 8 media and then used for gene expression detection. H, MdAHAT, MdAHAS8, and
MdAHA9 expression in wild type, MdSIZ1-OF, TRV-MdbHLH 104/MdSIZ1-OE, TRV2/MdSIZ1-OE, and antiMdSIZ1 transgenic
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transcription levels, an RT-qPCR assay was performed
using MdSIZ1-overexpression and MdSIZ1-suppression
transgenic calli. The data indicated that there was no
difference in the transcript levels of MdbHLH104 in
wild type, MdSIZ1-OE, or antiMdSIZ1 transgenic calli
in both Fe-sufficient and Fe-deficient conditions (Sup-
plemental Fig. S7), suggesting that MdSIZ1 affected
MdbHLH104 abundance at the protein level. Taken
together, these results indicated that MdSIZ1-medi-
ated sumoylation at residues K139 and K153 of Md-
bHLH104 promotes its stability.

In addition, treatment with the 26S proteasome in-
hibitor MG132 noticeably inhibited the degradation
of the MdbHLH104 proteins caused by the mutation
of sumoylation sites (Fig. 5, A and B), indicating that
MdSIZ1 may stabilize the MdAbHLH104 protein by in-
hibiting its proteolysis via the 26S proteasome, which
is generally associated with ubiquitin modifications.
To determine whether MdSIZ1-mediated sumoyla-
tion influences MdbHLH104 protein ubiquitination,
MdbHLH104 proteins were immunoprecipitated with
anti-GFP antibodies from three types of transgenic
calli, MdbHLH104-GFP, MdbHLH104-GFP/MdSIZ1-MYC,
and MdbHLH104K9RKISR.GEP, followed by western
blot analysis. The result indicated that the MdbHLH104-
GFP transgenic calli generated more high-molecular-
mass forms of MdbHLH104-GFP under Fe-sufficient
conditions than under Fe-deficient conditions (Fig. 5, C
and D). However, overexpression of MdSIZ1 in the
MdbHLH104-GFP background inhibited this ubiquiti-
nation (Fig. 5C). In contrast, mutation of the sumoy-
lation sites in MdbHLH104-GFP clearly promoted its
ubiquitin modification under conditions of Fe deficien-
cy (Fig. 5D). Thus, MdSIZ1-mediated sumoylation of
MdbHLH104 inhibited its ubiquitination.

MdbHLH104 Sumoylation at Residues K139 and K153
Is Crucial for Its Function in Activating MdAHAS
Transcription and Promoting Fe Acquisition

To examine whether the sumoylation of MdbHLH104
was required for its function in activating the transcrip-
tion of MAAHAS, a pMdAHAS:GUS construct was ge-
netically transformed into apple calli. Subsequently, the
constructs MdbHLH104-GFP and MdbHLH104<13//K153R-
GFP were introduced into pMdAHAS:GUS transgenic
calli (Supplemental Fig. S6A). As a result, pMdAHAS:
GUS/MdbHLH104-GFP double-transgenic calli showed
higher GUS activity than the pMdAHAS8:GUS alone.
However, mutation of the sumoylation sites in Md-
bHLH104 remarkably decreased the activation of the

MdSIZ1 Promotes Fe Homeostasis

MdAHAS promoter (Fig. 6A). Moreover, RT-qPCR as-
says showed that the expression levels of MdAHAS
were noticeably induced in MdbHLH104-GFP but not
in MdbHLH104139%/KI5R-GFP transgenic calli under the
conditions of Fe deficiency (Fig. 6B). Taken together, these
results indicated that the sumoylation of MdbHLH104
is required for its function in activating the transcrip-
tion of MdAHAS.

Subsequently, wild-type and four transgenic calli,
355:MdbHLH104-GFP (MdbHLH104-OE), 355:Md-
bHLH104-GFP/355:MdSIZ1-MYC ~ (MdbHLH104-
OE/MdSIZ1-OE),  355:MdbHLH104*%R/KI55R-GFP
(MdbHLH104K3R/KISRQE), and 35S:GFP (control),
were used to assess PM H*-ATPase-mediated acidifica-
tion capacity and Fe acquisition. Under normal (pH 6)
conditions, there was no significant difference among
the five calli. When cultivated under alkaline (pH 8)
conditions, however, MdbHLH104-OE exhibited high-
er PM H*-ATPase H*-transport activity than the wild
type and control. Furthermore, it was found that the
promotion of PM H*-ATPase H*-transport activity was
reduced when the sumoylation sites of MdbHLH104
were mutated (Fig. 6, C and D). Furthermore, when
MdSIZ1 was overexpressed in MdbHLH104 transgenic
calli, the double transgenic calli MdbHLH104-OE/
MdSIZ1-OE exhibited the highest PM H*-ATPase H*-
transport activity (Fig. 6, C and D), as determined by
Fe content and Fe* staining with Ferrozine (Fig. 6, E-G).
Taken together, these results indicated that MdbHLH104
sumoylation at residue K139 and K153 was crucial for
its function in promoting PM H*-ATPase-mediated
acidification capacity and Fe acquisition.

MdSIZ1 Promoted PM H*-ATPase-Mediated Acidification
Capacity and Fe Homeostasis Is Partially MdbHLH104
Dependent

To further examine whether the MdSIZ1-mediated
increase in PM H*-ATPase-mediated acidification ca-
pacity was dependent on MdbHLH104, the viral vec-
tor TRV-MdbHLH104 was transiently transformed into
MdSIZ1-OE transgenic calli. The empty vector TRV2
was used as a negative control. As a result, the expres-
sion of MdbHLH104, but not MdbHLH105, was specif-
ically inhibited in the TRV-MdbHLH104/MdSIZ1-OE
transgenic calli (Fig. 7A).

Subsequently, wild-type and four transgenic calli,
MdSIZ1-OE (355:MdSI1Z1-MYC), TRV-MdbHLH104/
MdSIZ1-OE, TRV2/MdSIZ1-OE, antiMdSIZ1 (35S:an-
tiMdSIZ1), and an empty vector 355:MYC control were

Figure 7. (Continued.)

apple calli under pH 8. The 2-week-old transgenic calli and the calli that had been treated by TRV were grown at pH 8 for 5 d
and then used for gene expression detection. I, MdFRO2 and MdIRT1 expression in wild type, MdSIZ1-OFE, TRV-MdbHLH 104/
MdSIZ1-OE, TRV2/MdSIZ1-OE, and antiMdSIZ T apple calli at pH 8. The 2-week-old transgenic calli and the calli that had been
treated with TRV were treated with pH 8 media for 5 d and then used for gene expression detection. Error bars indicate the
SD for three biological replicates in which the experiments were carried out three times using the calli of each line. Samples
denoted by different letters are significantly different (P < 0.01, ANOVA, Tukey correction).
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used for further investigation of PM H*-ATPase-
mediated acidification capacity and Fe acquisition.
The results showed that, under alkaline conditions,
MdSIZ1 overexpression remarkably enhanced PM
H*-ATPase H*-transport activity and Fe content in
transgenic calli, while its suppression decreased PM
H*-ATPase H*-transport activity and Fe content (Fig. 7,
B-F). Moreover, it was found that MdbHLH104 sup-
pression partially abolished MdSIZ1-mediated promo-
tion of PM H*-ATPase-mediated acidification capacity
and Fe acquisition in TRV-MdbHLH104/MdSIZ1-OE
transgenic calli (Fig. 7, B-F). These results indicated
that other MdAHASs may also be regulated by MdSIZ1,
and MdSIZ1 promotion of PM H*-ATPase-mediated
acidification capacity and Fe homeostasis was at least
partially dependent on MdbHLH104.

In apple plants, seven MdAHAs are possibly respon-
sible for rhizosphere acidification, and MAAHAS is di-
rectly regulated by MdbHLH104 (Zhao et al., 2016a).
None of these MdAHAs interacted with MdSIZ1 (Sup-
plemental Fig. S8). RT-qPCR assays demonstrated
that MdSIZ1 positively modulated the transcript lev-
els of three MAAHA genes (MdAHA1, MdAHAS, and
MAAHA9) (Fig. 7G). Moreover, it was found that
MdAbHLH104 suppression completely abolished the
MdSIZ1-mediated increase in MdAHAS transcripts,
but not that of MdAAHAI and MdAHAY. In contrast,
MdSIZ1 suppression inhibited the expression of all
three genes in the antiMdSIZ1 transgenic calli (Fig. 7H),
indicating that MdSIZ1 directly regulated the expres-
sion of MAAHAS in an MdbHLH104-dependent man-
ner, but it indirectly modulated the transcription of
MdAHA1 and MdAHA9 in an MdbHLH104-indepen-
dent manner.

The ferric reduction assays in Figures 6F and 7E in-
dicated that MdSIZ1 may be involved in the regulation
of responses downstream of ferric reduction, such as
those mediated by FIT and the Ib subgroup bHLH TFs.
In apple, it was found that MdAbHLH104 directly binds
to the promoters of two Ib subgroup bHLH genes, Md-
bHLH38 and MdbHLH39 (Zhao et al., 2016a). We thus
detected the transcript levels of MdbHLH38 and Md-
bHLH39 in the wild type, MdbHLH104-OE, MdSIZ1-
OE, and antiMdSIZ1 transgenic calli by RT-qPCR as-
says. The results showed that MdbHLH104 and Md-
SIZ1 positively regulated MdbHLH38 and MdbHLH39
expression in pH 8 conditions (Supplemental Fig.
59), indicating that sumoylation of MdbHLH104
mediated by MdSIZ1 promoted the ferric reduction
processes in apple in part through MdbHLH38 and
MdbHLH39.

Subsequently, the transcript levels of MAFRO2 and
MUAIRT1, which play crucial roles in Fe** reduction and
Fe** absorption, were detected by RT-qPCR assays. It
was found that MdbHLH104 suppression partially
abolished the MdSIZ1-mediated increase in MdFRO2
and MdAIRT1 transcripts. In contrast, MdSIZ1 sup-
pression inhibited the expression of all genes tested
in the antiMdSIZ1 transgenic calli (Fig. 71). These results
suggested that MdSIZ1 regulated the expression of
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MAFRO2 and MAIRT1, partially dependent on Md-
bHLH104. Taken together, these observations indicated
that MdSIZ1 promoted PM H*-ATPase-mediated acid-
ification capacity and Fe homeostasis by partially de-
pending on MdbHLH104.

DISCUSSION

Plants undergo various abiotic stresses during growth
and development. Among the E3 ligase enzymes in-
volved in sumoylation, SIZ1 participates in the regula-
tion of processes related to various abiotic stresses, such
as phosphate starvation, low temperature, drought,
and ABA, via direct modification of target proteins
(Miura et al., 2005, 2007; Catala et al., 2007, Zheng
etal.,2012; Zhou et al., 2017). In addition, the bHLH TF
MdbHLH104 directly regulates the MdAAHAS gene to
modulate PM H*-ATPase-mediated rhizosphere acidi-
fication and Fe homeostasis (Zhao et al., 2016a). Here,
it was found that the apple SUMO E3 ligase MdSIZ1
interacted with and sumoylated MdbHLH104, thereby
promoting PM H*-ATPase-mediated rhizosphere acid-
ification and regulating Fe homeostasis.

In most cases, SIZ1-mediated sumoylation of target
proteins occurs at only one site, which contains the
consensus sequence ¢-K-X-E/D (Sampson et al., 2001).
For example, Arabidopsis SIZ1 sumoylates the MYB30,
ICE1, and COP1 proteins at their K283, K393, and K193
residues, respectively (Miura et al., 2007; Zheng et al.,
2012; Lin et al., 2016). In this study, however, it was
found that MdSIZ1 sumoylated MdbHLH104 at two
residues, K139 and K153 (Fig. 4). These two sumoylation
sites are highly conserved among bHLH104 homologs
in both dicotyledonous and graminaceous plants (Sup-
plemental Fig. S4), suggesting a novel sumoylation
pattern for MdbHLH104 in plants.

According to previous studies, in contrast to ubig-
uitination, in which the substrate proteins were rec-
ognized by and interacted with various E3 ligases, a
single E2 recognizes the sumoylation site consensus
sequence ¢-K-X-E/D and E3 recognizes additional
target proteins in sumoylation (Sampson et al., 2001;
Flotho and Melchior, 2013). During the sumoylation
process, the E3 ligase enzyme binds to the E2 conju-
gating enzyme and promotes the transfer of SUMO to
the target proteins (Gill, 2004). In this study, a bHLH
TF, MdbHLH104, was identified as a direct target pro-
tein of SUMO E3 ligase MdSIZ1, and mutation of su-
moylation sites inhibited the SUMO modification of
MdbHLH104 by MdSIZ1. These results suggest that
in the process of sumoylation of MdbHLH104, the E3
ligase MdSIZ1 locks the flexible SUMO ~ MdSCE1
thioester bond in an orientation that is favorable for
nucleophilic attack by the target Lys.

In plants, the HLH region of bHLH TFs facilitates the
formation of homodimers and/or heterodimers, which
may play a critical role in the determination of gene
function (Leivar et al., 2008). In Arabidopsis, PHLH104
interacts with bHLH105 to modulate Fe homeostasis

Plant Physiol. Vol. 179, 2019

220z ¥snBny oz uo 1senb Ad 1L.8¥911.9/88/1/6.L/S10me/sAud]d/woo"dno-oiwsepeoe)/:sdny wouy papeojumoq


http://www.plantphysiol.org/cgi/content/full/pp.18.00289/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.00289/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.00289/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.00289/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.00289/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.00289/DC1

MdSIZ1 Promotes Fe Homeostasis

|

MdBTs

N

MdbHLH104

/

MdbHLH38/39

AR
7/ \
7 \

’I

A Y
4

|

Reduction and Absorption of Fe

N

MdsiZ1
\
/ :
\
\
\
\
\
\
\
\
4
2
5 B
by
1 \
v s.
MdJAHA8 MdAHA1 MdAHA9
Rhizosphere Acidification

b

Figure 8. A model of MdSIZ1-mediated sumoylation in the regulation the apple plant’s response to Fe deficiency. Under Fe-de-
ficient conditions, the sumoylation of MdbHLH104 and other unknown TFs mediated by MdSIZ1 promotes their protein stabil-
ity. Stabilized TFs then bind to the promoters of PM H*-ATPases genes to promote the extrusion of protons to make Fe(ll) more
soluble. Meanwhile, MdbHLH104 also binds to the promoters of genes encoding Ib subgroup bHLH TFs, like MdbHLH38 and
MdbHLH39, to activate their expression. The sumoylation of MdbHLH104 mediated by MdSIZ1 thus promotes the expression
of genes downstream of MdbHLH38 and MdbHLH39, such as MdFRO2 and MdIRT1, which converts Fe** to Fe?* and imports
Fe** across the root epidermal cell membrane to improve tolerance toward Fe deficiency in apple plants. Under Fe-sufficient
conditions, E3 ubiquitin ligase and MdBTs (i.e. MdBT1 and MdBT2) target MdbHLH104 and negatively regulate Fe absorption.

(Zhang et al., 2015). The proteins bHLH104, bHLH34,
and bHLH105 form heterodimers or homodimers to
up-regulate the expression of bHLH38/39/100/101
and PYE, thereby regulating Fe homeostasis (Li et al.,
2016). Most recently, it was reported that apple Md-
bHLH104 forms heterodimers with other IVc subgroup
bHLH TFs to activate the transcription of the PM H*-
ATPase gene MAAHAS (Zhao et al., 2016a). In this
study, it was found that MdSIZ1 specifically interacted
with and sumoylated MdbHLH104. Thus, MdbHLH104
may play a key role in the IVc subgroup bHLH com-
plex during the MdSIZ1-mediated regulation of PM
H*-ATPase activity and Fe homeostasis. Moreover, in
addition to MdAHAS, the direct target of MdbHLH104,
MdSIZ1 also transcriptionally modulated the expres-
sion of MAAHA1 and MdAHA9 (Fig. 7G), suggesting

Plant Physiol. Vol. 179, 2019

that MdSIZ1 likely targets other TFs responsible for
the transcriptional activity of these genes.

Based on our data, FIT-dependent ferric reduction was
activated by MdSIZ1 and MdbHLH104 under Fe defi-
ciency (Figs. 6F and 7E). These results suggest that the
sumoylation of MdbHLH104 by MdSIZ1 could induce
Ib subgroup bHLH proteins. In Arabidopsis, PHLH104
and bHLH105 formed a heterodimer to bind directly
to the promoters of Ib subgroup bHLH genes such
as bHLH38, bHLH39, bHLH100, and bHLH101 (Zhang
et al., 2015). FIT interacts with bHLH38/39/100/101
to activate the expression of IRT1 and FRO2 (Li et al.,,
2016). In apple, there are four Ib subgroup bHLH TF
members. Among them, MdbHLH104 directly binds to
the promoters of two Ib subgroup bHLH genes, Md-
bHLH38 and MdbHLH39 (Zhao et al., 2016a). RT-qPCR
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assays showed that the transcript levels of MdbHLH38
and MdbHLH39 were efficiently up-regulated by
MdbHLH104 and MdSIZ1 under the conditions of Fe
deficiency (Supplemental Fig. S9). The sumoylation
of MdbHLH104 could promote the expression of
MdbHLH38 and MdbHLH39 and thus activate the
MAFRO2 and MdIRT1 gene.

A previous study showed that only MdbHLH38 and
MdbHLH39 were regulated by MdbHLH104 (Zhao
et al., 2016a). Given that suppression of MdbHLH104 in
the MdSIZ1-OE background did not completely abolish
the MdSIZ1-mediated increase in MdFRO2 and MdAIRT1
transcripts (Fig. 7I), we suspect that MdSIZ1 may regu-
late other Ib subgroup bHLH TFs in an MdbHLH104-
independent manner. These results suggest that MdSIZ1
serves a global role in regulating Fe homeostasis in plants.

Sumoylation of target proteins in plants is carried
out by three enzymatic steps, similar to the ubiquiti-
nation pathway. These steps involve the heterodimeric
activating enzyme E1 (SAE1 and SAE2), a single E2-
conjugating enzyme called SCE1, and two classes of
E3 ligase enzymes, including MMS21 and SIZ1 (Miura
et al., 2005, Huang et al., 2009; Ishida et al., 2012;
Novatchkova et al., 2012). During the sumoylation pro-
cess, the E3 ligase enzyme binds to the E2-conjugating
enzyme and promotes the transfer of SUMO to the tar-
get proteins (Gill, 2004). In apples, both MdSCE1 and
MdSIZ1 were transcriptionally induced by Fe deficiency,
and MdSIZ1 overexpression did not influence the tran-
script level of MdSCE1 (Supplemental Fig. S10). Thus,
the E2-conjugating enzyme MdSCE1 became a limiting
factor when MdSIZ1 was overexpressed under condi-
tions of Fe sufficiency. This underlies why MdSIZ1-
mediated sumoylation of the MdbHLH104 protein and
promotion of PM H*-ATPase-mediated acidification
capacity occurs only under Fe-deficiency conditions,
but not in response to Fe sufficiency, in both plants and
calli (Fig. 2, B-G; Supplemental Fig. 52, C-F).

Heterologous expression of MdSIZ1, an apple SUMO
E3 ligase, enhanced PM H*-ATPase-mediated rhizo-
sphere acidification and Fe uptake in Arabidopsis (Fig. 2),
suggesting that the SIZ1-bHLH104-AHA regulatory
module and pathway are conserved in plants. In ad-
dition to Fe deficiency, PM H*-ATPases are involved
in the responses to various abiotic stresses in plants.
In Medicago (Medicago sativa), AHA3 protein levels and
H*-ATPase activity are positively induced by salt stress
(Sibole et al., 2005). In addition, the soybean (Glycine
max) PM H*-ATPase gene (Gene accession number
AF(091303) is transcriptionally induced by aluminum
(Al) treatment (Shen et al., 2005). Recently, it has also
been reported that the Arabidopsis PM H*-ATPases
AHA?2 and AHA7 play an important role in H* efflux
at the root tip in response to low-phosphorus stress
(Yuan et al., 2017). For the mechanism of SIZ1-mediated
sumoylation in regulating plants tolerance to abiotic
stresses, most studies have focused on the mechanism
of its direct regulation of target proteins related to
stresses. For example, SIZ1 targets PHR1 proteins for
SUMO modification to regulate the phosphate deficiency
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response (Miura et al.,, 2005). On the other hand,
SIZ1-mediated sumoylation may also affect plant tol-
erance to abiotic stresses via regulating PM H*-ATPase
activity. Therefore, the conserved SIZ1-bHLH104-AHA
regulatory module and pathway in plants serve in abi-
otic stress resistance processes beyond their role in Fe
homeostasis in apple.

Fe is a crucial micronutrient in plants. Both Fe over-
load and deficiency limit plant growth and development
and decrease crop yield and quality, often resulting in
death of the plants (Briat et al., 2015; de Souza Pinto
et al., 2016). Therefore, plants have evolved sophisti-
cated mechanisms to maintain Fe homeostasis (Zhang
et al., 2015; Li et al., 2016; Zhao et al., 2016a, 2016b).
MdbHLH104 degradation was inhibited by MG132
(Fig. 5, A-C), suggesting that MdbHLH104 degradation
likely occurs via a 26S proteasome pathway. In apple
plants, the scaffold protein MdBT2 recruits cullin-RING
ubiquitin ligase 3 to form the MdBT2MI“V3 complex,
which in turn ubiquitinates and degrades MdbHLH104
(Zhao et al., 2016b). In this study, it was found that Md-
SIZ1 stabilized MdbHLH104 via SUMO modification,
indicating that sumoylation and ubiquitination have
antagonistic effects on MdbHLH104. MdBT2MdcuLs.
mediated degradation of the MdbHLH104 protein un-
der Fe-sufficient conditions prevents injury caused by
overaccumulation of Fe. On the other hand, under con-
ditions of Fe deficiency, MdbHLH104 sumoylation plays
the opposite role and promotes Fe uptake from the soil,
indicating that different posttranscriptional modifica-
tions of MdbHLH104 play distinct roles in regulating Fe
homeostasis. In addition to MdbHLH104, sumoylation
and ubiquitination of the MAMYB1 TF have antagonis-
tic effects on anthocyanin accumulation (Li et al., 2012;
Zhou et al., 2017). Thus, sumoylation and ubiquitination
play an important role in balancing plant responses to
ambient environment signals via the modification of
specific target proteins.

Both MdBT2 and MdSIZ1 regulate MdbHLH104
(Fig. 8; Zhao et al., 2016b). As downstream targets of
MdbHLH104, PM H*-ATPases are not only involved
in Fe uptake, but they also provide energy for absorp-
tion and transportation of other nutrients into plant
cells by generating electrochemical gradients (Haruta
and Sussman, 2012). In soybeans, under Al stress
conditions, the phosphorylation of PM H*-ATPases
and their interaction with 14-3-3 proteins are inhibited,
resulting in inhibition of NO,” uptake (Yang et al.,
2016). In addition, Ni uptake by wheat (Triticum
aestivum) roots partially requires increased genera-
tion of a proton gradient by PM H*-ATPases (Dalir
et al., 2017). Furthermore, PM H*-ATPases play an
important role in regulating plant growth and devel-
opment, as well as in the response to various stresses
(Shen et al., 2005; Sibole et al., 2005; Kim et al., 2013),
and both BT2 and SIZ1 are expressed in response to
various environmental and endogenous signals (Mi-
ura et al., 2005; Mandadi et al., 2009; Zheng et al.,
2012). Therefore, the MdBT2/MdSIZ1-MdbHLH104-
MdAHAS regulatory module and pathway serve in
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multiple processes beyond their role in Fe homeostasis
in plants.

CONCLUSION

In summary, our findings provide new insights
into the mechanisms by which plants respond via an
MdSIZ1-MdbHLH104-PM H*-ATPase pathway to con-
trol the Fe supply status (Fig. 8). Fe deficiency induces
sumoylation of the Fe homeostasis-associated bHLH
TF MdbHLH104 and other unknown TFs by enhancing
the transcript levels of the gene encoding the SUMO
E3 ligase MdSIZ1. Sumoylation of target proteins pro-
motes their stability by inhibiting conjugation of ubiq-
uitin molecules. Stabilized MdbHLH104 and other TFs
directly or indirectly activate the transcription of genes
encoding PM H*-ATPases, such as MdAAHA1, MdAAHAS,
and MdAHAY, to promote rhizosphere acidification.
Meanwhile, MdSIZ1 also promotes the expression of
MdbHLH38 and MdbHLH39 and thus activates the
transcription of MdAFRO2 and MAIRT1 to convert Fe®*
to Fe?* and import Fe?* across root epidermal cell mem-
branes into the plants.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

The calli of 'Orin’ apples were subcultured as described by Zhao et al.
(2016a). In brief, the calli were grown on Murashige and Skoog (MS) medium
with 1.5 mg/L 2,4-p (2,4-dichlorophenoxyacetic acid) and 0.4 mg/L 6-benzyl-
aminopurine at 25°C in the dark. The Fe-sufficient media was the MS media
containing 100 um Fe(IT)-EDTA. The Fe-deficient media was the same without
Fe(Il)-EDTA. For alkaline treatment, MS media at a pH of 8 was used.

The 'Gala' apple tissue cultures were grown on MS subculture medium
containing 0.5 mg/L 6-benzylaminopurine, 0.2 mg/L 1-naphthylacetic acid,
and 0.1 mg/L gibberellin for Agrobacterium rhizogenes-mediated transforma-
tion and other analyses. The Fe-sufficient media was the MS media contain-
ing 100 pum Fe(II)-EDTA. The Fe deficient media was the same without Fe(II)-
EDTA. For apple plants with transgenic hairy roots, sand with the addition
of Hoagland solution (Hoagland and Arnon, 1950) of pH 6 or pH 8 was used.

Arabidopsis thaliana (ecotype ‘Columbia’) was grown on MS medium at
22°C under a long-day photoperiod (16 h light/8 h dark). For alkaline treat-
ment, the MS media at a pH of 8 was used.

Vector Construction and Genetic Transformation

The MdbHLH104-GFP and PMdAHAS8:GUS vectors were constructed
as described by Zhao et al. (2016a). The MdSIZ1-MYC and antiMdSIZ1 vec-
tors were constructed as described by Zhou et al. (2017). MdbHLH104-GFP,
MdSIZ1-MYC, and antiMdSIZ1 were under the control of the 35S promoter.
Subsequently, the resultant vectors were genetically transformed into apple
calli and Arabidopsis (Arabidopsis thaliana) plants with the Agrobacterium tu-
mefaciens strains LBA4404 and GV3101, as described by Horsch et al. (1985).

Agrobacterium rhizogenes-mediated transformation was performed as
described by Xiao et al. (2014) with minor modifications. In brief, a 350-bp
fragment of MdSIZ1 (1,197-1,546 bp) was inserted into the pK7GWIWG2(II)-
RedRoot vector under control of the 35S promoter using Gateway cloning
technology to construct the RNA interference (RNAi) transformation vector.
The following primer pairs were used: asMdSIZ1-F/asMdSIZ1-R for 350-bp
fragment of MdSIZ1 and RNAi-MdSIZ1-F/RNAi-MdSIZ1-R for the fragment
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used for Gateway cloning (Supplemental Table S1). The resultant vector, har-
boring a 355:DsRED1 cassette to overexpress the DsRED fluorescent protein,
was introduced into A. rhizogenes MSU440 with the help of the pRiA4 plasmid
and then used for transient transformation.

Subsequently, 3-week-old 'Gala' apple tissue cultures were cut off a part of
the stem and then immersed in A. rhizogenes MSU440 solution (OD,, = 0.6-0.8)
for 15 min. Inoculated plants were then transferred to 1/2 MS medium con-
taining 300 mg/L cefotaxime at 25°C for hairy-root induction. Examination
of transgenic hairy roots for DsRED1 fluorescence was performed using a
fluorescence microscope (AX10; Carl Zeiss) employing the DsRED filter set
(excitation, 546/12 nm; emission, 605/75 nm). As a result of preliminary tests,
nontransformed hairy roots lacking DsRED fluorescence were cut off, and the
transformed chimera plants were then used for follow-up experiments.

Gene Expression Analysis

Total RNA was isolated from apple plants, hairy roots, calli, and Arabi-
dopsis plants using an OmniPlant RNA Kit (DNase I; Cwbiotech), following
the manufacturer’s instructions. First-strand cDNA was synthesized using a
PrimeScript first-strand cDNA synthesis kit (Takara), following the manufac-
turer’s instructions.

Subsequently, cDNA was diluted to 2.5 ng L' with ddH,O for RT-qPCR,
and the reactions were performed using the UltraSYBR Mixture (with ROX I;
Cwbiotech) in a reaction volume of 20 pL. The following primer pairs were
used: QS-F/QS-R for MdSIZ1, Q104-F/Q104-R for MdbHLH104, Q105-F/
Q105-R for MdbHLH105, QI-F/QI-R for MdIRT1, QF-F/QF-R for MdFRO2,
QA1-F/QA1-R for MdAHA1, QA3-F/QA3-R for MAAHA3, QA7-F/QA7-R
for MAAHA7, QA8-F/QA8-R for MdAHAS, QA9-F/QA9-R for MdAHAY,
QA11-F/QAI11-R for MAAHA11, and QA12-F/QA12-R for MAAHA12 (Supple-
mental Table S2). Md18S and MdActin were used as internal controls.

Y2H Assay

Yeast (Saccharomyces cerevisiae) two-hybrid assays (Y2H) were performed
as described by Zhou et al. (2017). In brief, full-length cDNAs of MdSCEL1,
MdbHLH104, MdbHLH105, MdbHLH115, MdbHLH11, MdbHLH121, Md-
PYE, MdAAHA1, MdAAHA3, MAAHA7, MdAAHAS8, MAAHA9, MdAHA11, and
MdAHA12 were inserted into pGAD424 (Clontech) to generate an in-frame
fusion with the GAL4 activation domain. The primer pairs used for gene clon-
ing are listed in Supplemental Table S1. The domain-deleted form (1-427 aa)
of MdSIZ1 was excised by Smal and PstI double digestion and cloned into
pGBT9 to generate an in-frame fusion with the GAL4 DNA-binding domain.
Full-length MdSIZ1 was self-activated in f-galactosidase assays in yeast. All of
the constructs were transformed into the Y2H strain using the lithium acetate
method. Subsequently, yeast cells were plated onto selective medium lacking
Trp and Leu (-Trp/-Leu), and the colonies were then cultured in YPDA lig-
uid medium consisting of 2% (w/v) Bacto Pepton, 1% (w/v) yeast extract, 2%
(w/v) Glc, and 1% (v/v) 100x adenine until OD, reached 0.25. Next, the solu-
tion was diluted 10 times, 100 times, and 1,000 times in turn, dropped on the
selective medium lacking Trp and Leu (-Trp/-Leu) or lacking Trp, Leu, His,
and Adenine (-Leu/-Trp/-His/—Ade), and grown for 2 d at 28°C.

Pull-Down Assays

These assays were performed as described by Zhou et al. (2017). The
MdAbHLH104 coding sequence was amplified using the primer pair Md-
bHLH104-F/MdbHLH104-R (Supplemental Table S1) and excised by BamHI
and Sall double digestion and then cloned into the PGEX-4T-1 vector for GST-
tag fusion. The full-length cDNA of MdSIZ1 was amplified using the primer pair
MdSIZ1-F/MdSIZ1-R (Supplemental Table S1) and cloned into the pEASY-
Blunt E1 expression vector using original TA cloning kit (Transgene) for His-
tag fusion. Then, both proteins were individually expressed in and purified
from Escherichia coli BL21 (DE3). Subsequently, recombinant GST-MdbHLH104
fusion and His-MdSIZ1 fusion proteins were mixed in equal volumes, and
following incubation, were purified with a GST column. The pellet fraction
was then detected via immunoblotting using an anti-His antibody (Abmart).

Co-IP Assay

For Co-IP assays, MdbHLH104-GFP and GFP proteins were IPed from
the 355:MdbHLH104-GFP and 355:GFP (pBIN) transgenic apple plants with
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anti-GFP antibodies (Abmart) using the Pierce classic IP kit (Thermo Fisher),
following the manufacturer’s instructions. MdbHLH104-GFP proteins and
GFP proteins in whole-cell lysates (Input) and MdSIZ1 proteins in the pellet
fraction (IP) were detected via immunoblot analysis with anti-GFP and an-
ti-MdSIZ1 antibodies (customized by Abmart), respectively.

Sumoylation Assays

Sumoylation assays were performed in vivo as described by Zhou et al.
(2017). In brief, 6 pg of GST-MdbHLH104, GST-MdbHLH104%"*®, GST-
MdbHLH104%"}, and GST-MdbHLH104*!¥*/K153k were incubated with 0.5 ug
of recombinant human SAE1 protein (product code, ab96772), 0.5 ug of SAE2/
UBA2 peptide (product code, ab109093), 2 pg of human UBE2I/UBC9 peptide
(product code: ab30701), 5 ug of recombinant human SUMO1 protein (product
code, ab3801; Abcam), and with or without 8 ug of His-MdSIZ1 for 1.5 h at
37°C. Sumoylated proteins were double detected with anti-SUMO1 (Abcam)
and anti-GST antibodies (Abmart), respectively.

For in vivo sumoylation assays, the 28-d-old MdbHLH104-GFP transgenic
apple plants and 2-week-old transgenic calli overexpressing the MdbHLH104-
GFP, MdbHLH104-GFP/MdSIZ1-MYC, MdbHLH104-GFP/antiMdSIZ1, or Md-
bHLH104X1%}K153R-GEP fusions were treated in Fe-deficient conditions for 1 h
before total proteins were immunoprecipitated with anti-GFP antibodies us-
ing a Pierce classic IP kit (Thermo Fisher), following the manufacturer’s in-
structions. Western blot analyses were subsequently performed with anti-GFP
(Abmart) or anti-SUMO]1 (Abmart) antibodies.

Protein Degradation Assays

For in vivo degradation assays, after pretreatment in Fe-deficient condi-
tions for 1 h, 2-week-old MdbHLH104-GFP, MdbHLH104-GFP/MdSIZ1-MYC,
MdAbHLH104X139%KI5R-GFP, and ~MdbHLH104X¥}K5SR-GFP /MdSIZ1-MYC
transgenic calli were placed in Fe-sufficient liquid medium containing 250 um
cycloheximide translational inhibitor for different durations and sampled
simultaneously to detect MdbHLH104-GFP protein abundance using an an-
ti-GFP antibody. For MG132 (26S proteasome inhibitor) treatment, the Fe defi-
ciency pretreated transgenic calli were treated with 50 um MG132 for 6 h and
then used for the protein degradation assay. DMSO was used as a negative
control for MG132. The protein concentrations were quantified using Quantity
One 1-p Analysis Software (Bio-Rad).

In Vivo Ubiquitination Assays

For the in vivo ubiquitination assays, the Fe deficiency pretreated trans-
genic calli overexpressing MdbHLH104-GFP, MdbHLH104-GFP/MdSIZ1-MYC,
and MdbHLH104X139%RK15R-GFP were treated with 50 um MG132 for 6 h and then
treated with Fe-sufficient conditions for 6 h or not. Then, MdbHLH104-GFP
proteins were IPed using an anti-GFP antibody using the Pierce classic IP kit
(Thermo Fisher), following the manufacturer’s instructions. MdbHLH104-GFP
proteins in whole-cell lysates prior to treatment (Input) and in the pellet frac-
tion (IP), or ubiquitinated MdbHLH104 proteins in the pellet fraction (IP),
were detected via immunoblot analysis with anti-GFP and antiubiquitin anti-
bodies (Sigma-Aldrich, Germany), respectively.

Viral Vector-Based Transformation Analysis

To generate antisense viral expression vectors, the MdbHLH104 fragment
was amplified using the primer pair asMdbHLH104-F/asMdbHLH104-R
(Supplemental Table S1) and excised by EcoRI and KpnI double digestion and
then cloned into the tobacco rattle virus (TRV) vector in the antisense orientation
under the control of the dual 35S promoter. The resultant vectors were then
transiently transformed into MdSIZ1-MYC transgenic calli using the Agrobac-
terium tumefaciens strain LBA4404 with the auxiliary vector TRV1. The empty
vector TRV2 was used as a negative control.

PM H*-ATPase H*-Transport Activity Assays

PM H*-ATPases were isolated as described by Zhao et al. (2016a). The ap-
ple calli were grown on Fe-sufficient normal media and then transferred to
the media at a pH of 6 or 8 for 5 d for PM H'-ATPase H'-transport activity
detection. For Agrobacterium tumefaciens-infected apple plants, the plants with
transgenic roots were grown on sand with the addition of Hoagland's solution
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of pH 6 for 1 month and then transferred to the sand with the addition of
Hoagland's solution of pH 6 or pH 8 for 7 d for PM H*-ATPase H*-transport
activity detection. For Arabidopsis, the 14-d-old seedlings grown on normal
(pH 6) or alkaline (pH 8) media were used. PMs were isolated with a buffer
consisting of 15 mm Tris-Cl (pH 7.5), 0.5 M Suc, 1 mm EGTA, 1 mm EDTA,
6% (w/v) polyvinylpyrrolidone, 0.1% (w/v) bovine serum albumin, 0.1 mm
dithiothreitol, and 1 mm phenylmethylsulfonyl fluoride. Microsomal pellets
were obtained from the homogenate as described by Zhao et al. (2016a). All
steps were performed at 4°C or on ice. Subsequently, an inside-acid pH gra-
dient (ApH), which was formed in the vesicles by the activity of the H*-AT-
Pase, was measured as a decrease (quench) in the fluorescence of quinacrine
(a pH-sensitive fluorescent probe), which has been described in detail by Zhao
et al. (2016a). Specific PM H*-ATPase H*-transport activity was calculated by
dividing the change in fluorescence by the mass of PM protein in the reaction
per unit time (AF/min per mg of protein).

GUS Analysis

Histochemical staining to detect GUS activity and quantitative analysis of
GUS in apple calli was performed as described by Xie et al. (2012).

For histochemical staining, the transgenic calli were immersed in GUS
staining buffer (1 mm 5-bromo-4-chloro-3-indolyl-$-GlcA solution in 100 mm
sodium phosphate, pH 7.0, 0.1 mm EDTA, 0.5 mm ferrocyanide, 0.5 mm ferri-
cyanide, and 0.1% [v/v] Triton X-100) at 37°C for 1 h. After staining, the calli
were photographed.

For the quantitative analysis of GUS activity, the proteins were extracted
with 1 mL of extraction buffer (50 mm NaHPO,, pH 7.0, 10 mm f-mercaptoeth-
anol, 10 mm Na, EDTA, 0.1% (v/v) Triton X-100) and 1 mL RIPA Lysis buffer
(Beyotime) from the transgenic apple calli. The concentration of total protein
was determined with the Protein Assay kit (Bio-Rad). One hundred milliliters
of the extract was then added to 900 uL of GUS reaction buffer containing
1 mm 4-methylumbelliferone glucuronide, and the mixture was incubated at
37°C. After the reaction proceeded for 0, 5, 10, 15, 30, and 60 min, 100 pL of the
reaction mixture was added to 900 uL of the stop solution (1 M sodium carbon-
ate). The fluorescence was measured using a Versa Flour Spectrofluorometer
at an excitation wavelength of 365 nm and an emission wavelength of 450 nm.

Chlorophyll Content Measurement

The Agrobacterium tumefaciens-infected apple plants were grown on sand
with the addition of Hoagland solution of pH 6 for 1 month and then trans-
ferred to the sand with the addition of Hoagland solution of pH 6 or pH 8 for
20 d. Subsequently, the young leaves were collected and ground into powder
in liquid nitrogen to measure chlorophyll content. The powder was then re-
suspended in 80% (v/v) acetone and centrifuged at 10,000 for 5 min. Chloro-
phyll concentrations were calculated as described by Zhao et al. (2016a). For
Arabidopsis, the 14-d-old seedlings grown on normal (pH 6) or alkaline (pH
8) media were used.

Rhizosphere Acidification Assay

Acidification assays were performed as described by Yi et al. (1994) and
Zhao et al. (2016a). The apple calli were grown on normal medium (pH 6) for
14 d, transferred to alkaline medium (pH 8) for 5 d, and then transferred to 1%
(w/v) agar plates containing 0.006% (w/v) bromocresol purple and 0.2 mm
CaSO, (pH 6.0-6.5) for 36 h for phenotype analysis.

For Agrobacterium tumefaciens-infected apple plants, the plants were grown
on sand with the addition of Hoagland solution of pH 6 for 1 month and then
transferred to the sand with the addition of Hoagland solution of pH 6 or pH
8 for 7 d. Subsequently, the plants were transferred to a 1% (w/v) agar plate
containing 0.006% (w/v) bromocresol purple and 0.2 mm CaSO, (pH 6.0-6.5)
for 36 h for phenotype analysis.

For Arabidopsis, seeds were germinated on normal (pH 6) or alkaline me-
dium (pH 8) for 14 d. Subsequently, three plants of every line were transferred
to bromocresol purple agar plates, as mentioned above, for 36 h for phenotype
analysis.

Ferrous Staining Assay

The apple calli were grown on normal medium (pH 6) for 14 d and then
transferred to alkaline medium (pH 8) for 5 d. Subsequently, the calli were
transferred to liquid MS media containing 300 um Ferrozine for 12 h for
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ferrous staining. Ferrozine reagent forms a red-colored complex with ferrous
iron, but not with ferric iron, and the Fe(II) is trapped by Ferrozine to produce
a red product (Stookey, 1970).

For quantification of ferrous complex formed by ferrozine, the optical den-
sity of the complex was measured at 562 nm wavelength. At this wavelength,
the molar absorptivity is 27,900 (Stookey, 1970), and the concentration of the
complex was calculated according to Lambert-Beer law.

Fe Concentration Measurement

Fe content measurements were carried out as described by Kobayashi et al.
(2013). The apple calli were grown on Fe-sufficient normal media and then
transferred to the media at a pH of 6 or 8 for 5 d for Fe content measurement.
For Agrobacterium tumefaciens-infected apple plants, the plants with transgenic
roots were grown on sand with the addition of Hoagland's solution of pH 6
for 1 month and then transferred to the sand with the addition of Hoagland
solution of pH 6 or pH 8 for 20 d for Fe content measurement. For Arabidop-
sis, the 14-d-old seedlings grown on normal (pH 6) or alkaline (pH 8) media
were used. Apple calli, plants, and Arabidopsis plants were dried for 1 to 2 d
at 80°C and then wet-ashed with HNO, and H,O, for 60 min at 220°C using a
muffle furnace. Fe content analysis was performed using inductively coupled
plasma spectroscopy.

Accession Numbers

Sequence data from this article can be found in the Genome Database
for Rosacea (GDR) under accession numbers MdSIZ1 (MDP0000125173),
MdASCE1 (MDP0000465760), MdbHLH104 (MDP0000825749), MdbHLH105
(MDP0000264803), MdbHLH115 (MDP0000323291), MdbHLH11 (MDP0000275635),
MdbHLH121 (MDP0000494181), MdPYE (MDP0000301871), MdAHA1
(MDP0000136397), MAAHA3 (MDP0000150049), MAAHA7 (MDP0000162032),
MdAHAS (MDP0000181085), MdAHA9 (MDP0000195785), MdAHA11
(MDP0000249645), MdAHA12 (MDP0000259837), MAFRO2 (MDP0000226559),
and MdIRT1 (MDP0000940721).
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