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Seeds of higher plants accumulate numerous storage proteins to use as nitrogen
resources for early plant development. Seed storage proteins (SSPs) are synthesized
as large precursors on the rough endoplasmic reticulum (rER), and are delivered to
protein storage vacuoles (PSVs) via vesicle transport, where they are processed to
mature forms. We previously identified an Arabidopsis ER-localized tethering complex,
MAG2 complex, which might be involved in Golgi to ER retrograde transport. The MAG2
complex is composed of 4 subunits, MAG2, MIP1, MIP2, and MIP3. Mutants with
defective alleles for these subunits accumulated SSP precursors inside the ER lumen.
Here, we report that the mag2-1 mip3-1 and mip2-1 mip3-1 double mutant have more
serious vesicle transport defects than the mag2-1, mip2-1, and mip3-1 single mutants,
since they accumulate more SSP precursors than the corresponding single mutants,
and ER stress is more severe than the single mutants. The mag2-1 mip3-1 and mip2-1
mip3-1 double mutants show growth and developmental defects rather than the single
mutants. Both single and double mutant seeds are found to have lower protein content
and decreased germinating vigor than wild type seeds. All the mutants are sensitive
to abscisic acid (ABA) and salt stress, and exhibit alteration in ABA signaling pathway.
Our study clarified that ER-Golgi vesicle transport affects seed vigor through controlling
seed protein quality and content, as well as plant response to environmental stress via
influencing ABA signaling pathway.

Keywords: ER-Golgi vesicle transport, MAG2 complex, seed vigor, ABA signaling, plant stress response

INTRODUCTION

In higher plants, seeds are a critical life cycle stage, as they are important for the conservation
of biodiversity and the persistence of species. Ideally, seeds should be tolerant to desiccation and
harsh environments, and should be able to propagate after long term storage. Seed vigor is an
important index of measuring seed quality. Seed vigor changes in response to aging, and is also
sensitive to abiotic storage conditions such as moisture content, relative humidity, oxygen pressure,
and temperature (Walters, 1998; Groot et al., 2012). There are four mechanisms affecting seed
longevity: protection mechanisms, repair mechanisms, hormonal regulation of dormancy, and
maternal effects.
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Oxidation of cellular macromolecules is an important
mechanism of seed aging (Harman and Mattick, 1976; Bailly,
2004). During storage, seed cell constituents are subjected to
oxidative reactions, e.g., Amadori and Maillard reactions, lipid
peroxidation, and protein carbonylation (Wilson and McDonald,
1986; Murthy and Sun, 2000; Arc et al., 2011). Accumulation of
cellular oxidative damage due to seed aging or unsuitable storage
conditions (such as high temperature and/or high humidity)
thereby reduces seed vigor. Efficient antioxidant systems
are therefore required to prevent excessive oxidation. These
systems include enzymatic and non-enzymatic mechanisms.
Enzymatic system includes superoxide dismutases, catalases,
glutathione and ascorbate peroxidases, monodehydroascorbate,
dehydroascorbate and glutathione reductases etc. (Bailly, 2004;
Jeevan Kumar et al., 2015). Non-enzymatic mechanisms include
SSPs and low molecular weight antioxidants such as tocopherol
(vitamin E), ascorbate, and glutathione etc. (Sattler et al.,
2004; Giurizatto et al., 2012; Sano et al., 2016). Arabidopsis
VTE1 (a limiting factor in tocopherol biosynthesis), AtTIL
(a temperature-induced lipocalin), and AtCHL (a chloroplastic
lipocalin) are involved in lipid protection during seed aging
(Havaux et al., 2005; Boca et al., 2014; Nguyen et al., 2015). SSPs
are a major part of protecting system. They are very sensitive to
oxidation. Generally, 12S globulin α-subunits are preferentially
carbonylated to β-subunits in unaged seeds, while both types of
the subunits are fully carbonylated in aged seeds (Job et al., 2005;
Rajjou et al., 2008; Arc et al., 2011; Galland et al., 2012; Kalemba
and Pukacka, 2014). Arabidopsis mutants with defective12S
globulin genes showed reduced seed longevity, which implies that
SSPs can play a key role in seed aging (Nguyen et al., 2015).
In addition, there are several notable Arabidopsis seed mutants
(e.g., abi3, lec1) with SSP content lower than those in wild type,
display reduced seed longevity. HSPs are molecular chaperones
that play an important role in protein folding and stability, as well
as in protein protection against oxidative damage, which suggests
their important role in seed longevity (Job et al., 2005; Prieto-
Dapena et al., 2006). Another important strategy for seed survival
is the deployment of repair systems during imbibition. Dry seeds
are equipped with diverse protection mechanisms against various
stresses. Nonetheless, after a prolonged period of storage, damage
is accumulated in cell constituents which can be DNA, RNA, or
proteins, all of which are essential for proper seed germination
(Sano et al., 2016). Upon imbibition of dry seeds, the seed’s
metabolic systems activated rapidly and the seeds must repair
damage to initiate germination (Sano et al., 2016). The ability of
seeds to repair this damage is in connection with seed longevity
(Sano et al., 2016).

Seed longevity and dormancy are under the control of
endogenous plant hormones (Baskin and Baskin, 2004; Long
et al., 2015). It is reported that ABA is involved in both
processes (Ooms et al., 1993). In ABA-deficient or insensitive
mutants, seed longevity is closely associated with dormancy.
Together with LEC1 (LEAFY COTYLEDON1), LEC2 and FUS3
(FUSCA3) ABI3 is a dominating transcriptional regulator of
seed maturation, and all abi3, lec, and fus3 mutants exhibit
decreased seed dormancy and longevity. These mutant seeds are
intolerant to desiccation and fail to induce dormancy during the

late maturation stage (Clerkx et al., 2004; North et al., 2010).
aba1-5 seeds showed remarkably reduced longevity, indicating
that ABA has an important role in seed longevity (Clerkx et al.,
2004). The combination of endogenous ABA deficiency with
deficient ABA signaling in the aba1-1 abi3-1 mutant resulted in
a severe reduction in dormancy and longevity, corroborating the
hypothesis that ABA controls both traits (Ooms et al., 1993).
ABA receptors, including PYR, PYL, and RCAR proteins, bind to
PP2Cs and inhibit their activity. PP2Cs act as negative regulators
of the ABA pathway by dephosphorylating SnRK2 (sucrose non-
fermenting 1-related subfamily 2) kinases (Cutler et al., 2010).
Similarly, to abi3, the snrk2.2/2.3/2.6 triple mutant showed
desiccation intolerance, absence of dormancy, and chlorophyll
persistence, and was unable to complete seed development
(Nakashima et al., 2009). Many genes encoding LEA and
HSP proteins were downregulated in this mutant, including
AtEM1 and AtEM6, which are under control of ABI5, another
phosphorylation target of SnRK2 kinases. EM homologs are
correlated with the acquisition of desiccation tolerance and seed
longevity (Chatelain et al., 2012).

Protein transport between cellular organelles including the
ER, Golgi apparatus, endosomes, and vacuoles/lysosomes is
mediated mainly by transport vesicles. COPII (Coat protein
complex II) vesicles function in anterograde transport from
the ER to the Golgi apparatus (Lee et al., 2004). COPI
vesicles are responsible for retrograde transport from the Golgi
apparatus to the ER for retrieval of ER-resident proteins, which
are necessary for anterograde transport (Lee et al., 2004).
Vesicle transport involves several essential steps, including
budding, transport, tethering, docking, and fusion (Bonifacino
and Glick, 2004). After budding from the donor membrane,
vesicles are transported to their destination. The first interaction
between vesicles and target membrane is mediated by tethering
factors/complexes (Barlowe, 1997; Cao et al., 1998; Yu and
Hughson, 2010). The vesicles then proceed to the docking
step, where v-SNAREs (vesicle-soluble NSF [N-ethylmaleimide–
sensitive fusion protein] attachment protein receptor) and
t-SNAREs (target-membrane-SNAREs) combine to form a
SNARE complex, thereafter promoting membrane fusion (Jahn
and Scheller, 2006). Tethering factors are typically long or
extended molecules, such as p115, GM130, and Uso1p (Whyte
and Munro, 2002; Schmitt, 2010). Tethering complexes are
divided into eight groups (Vukasinovic and Zarsky, 2016), the
simplest complex among these is yeast Dsl1 complex, which
consists of three subunits (Dsl1p, Sec39p, and Tip20p) (Kraynack
et al., 2005). The Dsl1 complex is localized on the ER membrane
through binding to the Ufe1p-Sec20p-Use1p SNARE complex
and functions in retrograde transport from the Golgi apparatus to
the ER (Andag and Schmitt, 2003; Kraynack et al., 2005; Ren et al.,
2009; Tripathi et al., 2009). The Dsl1 complex is well conserved
in higher eukaryotes, with homologs in mammals (ZW10-NAG-
RINT-1) and Arabidopsis thaliana (MAG2-MIP1-MIP2-MIP3)
(Xiao et al., 2001; Hirose et al., 2004; Arasaki et al., 2006; Li
et al., 2006, 2013; Aoki et al., 2009; Schmitt, 2010). A homolog of
the ZW10-NAG-RINT-1 complex-interacting SNARE complex
in mammals has also been identified (i.e., syntaxin18-BNIP1-p31
complex) (Aoki et al., 2009; Schmitt, 2010). However, to date
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in A. thaliana, no homologous SNARE complex has yet been
identified.

We previously found that the mutants deficient on the
MGA2 complex subunits abnormally accumulate precursors of
2S albumins and 12S globulins, and develop numerous precursor-
accumulating structures in the seed cells (i.e., MAG bodies, found
within the ER lumen) (Li et al., 2006, 2013). It is suggested
that storage proteins are prevented from exiting the ER in the
MGA2 complex subunit-deficient mutants (Li et al., 2006, 2013).
Although mag2-1 and mip3-1 seeds accumulate large amount of
SSP precursors, there is no obvious abnormalities different from
wild type during plant growth and development.

To elucidate the molecular machinery underlying MAG2-
dependent protein transport pathways, we crossed mag2-1 with
mip3-1 or mip2-1 with mip3-1 to generate mag2-1 mip3-1 and
mip2-1 mip3-1 double mutants. We found that the double
mutants exhibit growth and development defects, and more
serious vesicle transport defects and ER stress than the single
mutants. Furthermore, mag2-1, mip2-1, mip3-1 single mutants
and mag2-1 mip3-1 and mip2-1 mip3-1 double mutants have
declined seed vigor because of decreased protein content and
protein quality. Response of the mutant plants to environmental
stress is altered, which might because of the alteration of ABA
signaling.

MATERIALS AND METHODS

Plant Materials and Growth Conditions
Wild type plants used in this study were A. thaliana ecotype
Col-0. The mag2-1, mip2-1, and mip3-1 mutants have been
described previously (Li et al., 2006, 2013). Homozygous
plants were obtained by PCR screening using gene-specific
primers; primer sequences are shown in Supplementary Table
S1. Arabidopsis seeds were surface-sterilized and sown either
on soil or onto 0.8 or 1.2% agar with 1/2 Murashige and
Skoog medium (PhytoTech, China) and 1% (w/v) sucrose. Plants
were grown at 22◦C under long-day (LD, 16 h light/8 h dark)
conditions.

RNA Extraction and RT-PCR Analysis
Seedling RNA was isolated using an RNeasy kit (P4623,
TIANGEN, China). Siliques were treated by the SDS method
(Martin et al., 2005), followed by RNA extraction using an
RNeasy kit. 0.5–1 µg of total RNA was reverse transcribed
using the Revert Aid-TM First Strand cDNA Synthesis Kit
(Fermentas, Burlington, ON, Canada). Semiquantitative RT-PCR
was performed according to the manufacturer’s instructions.
ACT2 was used as an endogenous control for RT-PCT, and ACT7
for qRT-PCR.

Antibodies and Immunoblot Analysis
SDS–PAGE and immunoblot analysis were performed as
described previously (Shimada et al., 2003). Antibody dilutions
were as follows: anti-MAG2, 1:1000; anti-BiP (AS09 481, Agriser,
Sweden), 1:2000; anti-ACT (AS13 2640, Agriser, Sweden), 1:1000;
anti-12S, 1:20,000; anti-2S, 1:10,000; anti-dinitrophenol (ab6306,

abcam), 1:1000; anti-ABI5 (ab98831, abcam), 1:2000; anti-tubulin
A (R0267-1a, Abiocode), 1:2500. The dilution of horseradish
peroxidase-conjugated rabbit antibodies raised against rabbit IgG
(ZB2301, ZSGB-BIO, China) was 1:5000. Signals were detected
using an enhanced chemiluminescence (ECL) detection system
(LAS-4000, FYJIFILM, Japan).

Detection of Protein Carbonylation
Quantification of carbonylation: A Plant PC ELISA Kit
(ml092011-2, Mlbio, China) was used for quantification of
seed protein carbonylation. Quantification of all samples was
entrusted to Mlbio. A standard curve was generated by plotting
the average O.D. (450 nm) obtained for each of the six standard
concentrations on the vertical (X) axis, with the corresponding
concentration on the horizontal (Y) axis.

Immunodetection of carbonylated proteins: The carbonyl
groups in proteins were analyzed by immunodetection of
protein-bound DNP after derivatization with the corresponding
hydrazine, as described (Talent et al., 1998; Korolainen et al.,
2002; Job et al., 2005) with slight modifications. One microgram
of seeds were grinded with 100 µl of protein extraction buffer
[10 µg/mL; 0.1 M Tris-HCl (pH8.0), 0.9 M Sucrose, 10 mM
EDTA, 0.4% β-mercaptoethanol, 0.8% SDS]. Following dialysis
(Merck), four volumes of 10 mmol DNPH (Sigma)/2 mol
HCl were added. Samples were agitated for 30 min at room
temperature, and five volumes of 20/80 ice-cold TCA-acetone
containing 1 mmol DTT were added to each sample. The
samples were centrifuged for 15 min at 15,000g at 4◦C. The
precipitated protein was then washed three times with 1 mL of 1:1
(v/v) ethanol:ethyl acetate and resolubilized in the thiourea/urea
lysis buffer [7 M Urea, 2 M Thiourea, 2% (v/v) Triton X-100,
20 mM DTT, Protease inhibitor]. Proteins were separated by
SDS-PAGE and transferred to PVDF (Merck, Immobilon-PSQ

Transfer Membranes) using standard procedures. Blots were
rinsed twice for 5 min in 50 mmol Tris-HCl, 150 mmol NaCl, pH
7.5 (TBS), then incubated for 1 h at 25◦C in Blocking Solution
(5% Skim milk). After incubation for 1 h with rabbit anti-DNP
antibodies (abcam) in TBS, blots were washed four times with
TBS containing 0.05% (v/v) Tween 20 and incubated for 1 h in
peroxidase-conjugated goat anti-rabbit IgG (ZB2301, ZSGB-BIO,
China). Bound antibodies were visualized by using the ECL kit
(Thermo).

Accession Numbers
GenBank/EMBL accession numbers and Arabidopsis Genome
Initiative locus identifiers for the genes mentioned in this article
are as follows: MAG2, At3g47700.1; MIP1, At2g32900; MIP2,
At5g24350; MIP3, At2g42700.

RESULTS

Generation of ER-Localized
Tether-Defective Double Mutants
To clarify how the Golgi-to-ER retrograde pathway affects
SSP transport, we generated a mag2-1 mip3-1 double mutant
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by crossing mag2-1 and mip3-1 single mutants, which were
developed in previous study (Li et al., 2006, 2013). It was
previously reported that MAG2 protein is absent in mag2-1, and
MIP3 mRNA was not detected in mip3-1, which indicate these
two mutants are null (Li et al., 2006). Immunoblot result indicates
that MAG2 is depleted in mag2-1 mip3-1. Similarly, RT-PCR
result indicates that MIP3 is not expressed in mag2-1 mip3-1
(Figure 1A).

Different from single mutants mag2-1 and mip3-1 which
don’t have obvious phenotypes, the double mutant mag2-1 mip3-
1 plants have abnormal phenotypes. Seven-day-old seedlings
root length of mag2-1 mip3-1 is shorter than that of wild type
(Figure 1C). In addition, mag2-1 mip3-1 plants grow poorly
and have small rosette leaves with short petioles, the plant
height is much shorter than that of wild type (Figure 1D and
Supplementary Figure S1). These abnormalities indicate that the
MAG2 and MIP3 protein simultaneous deficiency affects the
development of vegetative organs.

Recently, we isolated mip2-1 homozygous which we couldn’t
obtain in previous study (Li et al., 2013), and generated another
double mutant mip2-1 mip3-1. In mip2-1 mip3-1, MIP2 protein
level is very low, indicating that MIP2 gene is down-regulated
(Figure 1B). This is identical to the level in mip2-1 single mutant
(Supplementary Figure S4). mip2-1 mip3-1 also exhibits shorter
root and delayed development (Figures 1C,E).

Vesicle Trafficking Deficient in Mutant
Seed Cells
Our previous work showed that MAG2, MIP2, and MIP3
are involved in vesicle trafficking between the ER and the

Golgi apparatus. When MAG2, MIP2 or MIP3 is defective,
the exit efficiency of the SSP precursors from the ER is
disrupted. In mag2-1, mip2-1 and mip3-1 mutant seeds, large
amounts of SSP precursors were accumulated (Figures 2A–
C) (Li et al., 2006, 2013). Examinations of seeds from the
double mutants mag2-1 mip3-1 and mip2-1 mip3-1 found even
higher accumulation of SSP precursors, suggesting that SSP
transport is seriously disrupted and SSPs have severe difficulties
escaping from the ER when MAG2 and MIP3 or MIP2 and
MIP3 are simultaneously deficient. The mutant seeds look
smaller than wild type seeds (Figure 2D). To see if the defects
affect seed total protein, we measured thousand-grain weight
(TGW) and protein content of mag2-1, mip3-1 and mag2-1
mip3-1. Both the TGW and the protein content of the single
mutants and double mutant are lower than the wild type,
and that of double mutant are lower than the single mutants
(Figures 2E,F).

ER Stress Is Induced in Mutant Seeds
Due to defects on protein exit from the ER, SSP precursors
accumulated inside the ER lumen in the mutant seed cells,
which therefore induces ER stress. ER chaperones are known to
increase when cells suffer from ER stress. To this end, A. thaliana
has ubiquitously expressed genes BiP1, BiP2, and BiP3. BiP3
is induced only under ER stress or abiotic stress conditions
(Koizumi, 1996; Martinez and Chrispeels, 2003; Iwata and
Koizumi, 2005; Liu et al., 2007; Iwata et al., 2008, 2010a,b; Tajima
et al., 2008; Liu and Howell, 2010). BiP1 and BiP2 are nearly
99% identical while BiP3 has an identity of about 80% relative
to BiP1 and BiP2 (Noh et al., 2003). Previous work showed

FIGURE 1 | The mag2-1 mip3-1 double mutant exhibits dwarf phenotype. (A) Immunoblot of maturing seeds from the wild type (Col-0, the same below)
and mag2-1 mip3-1 double mutant with anti-MAG2 antibody (left panel). Right panel indicates expression level of MIP3 in 9-day-old seedlings of wild type and
mag2-1 mip3-1 double mutant. RT-PCR was performed using MIP3 specific primers (Li et al., 2013). (B) Immunoblot of 7-day-old seedlings from the wild type and
mip2-1 mip3-1 double mutant with anti-MIP2 antibody (left panel). Right panel indicates expression level of MIP3 in 7-day-old seedlings of wild type and mip2-1
mip3-1 double mutant. (C) 7-day-old seedlings of wild type, mag2-1 mip3-1 and mip2-1 mip3-1 double mutants (left panel) and root length statistics (right panel).
n = 30, two independent experiments per sample. (D) 41-day-old plants of wild type and mag2-1 mip3-1. (E) 21-day-old plants of wild type and mip2-1 mip3-1.
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FIGURE 2 | Defects in storage protein trafficking for the mag2-1, mip3-1 and mag2-1 mip3-1 mutants. (A,B) Immunoblot of dry seeds of wild-type and the mutants
with anti-12S and anti-p2S antibodies. Arrows indicate SSP precursors. p12S, pro12S globulin; p2S, pro2S albumin; 12S, 12S globulin; 2S, 2S albumin. (C) Seed
protein profile. Coomassie brilliant blue (CBB) staining of an SDS–PAGE gel for seed proteins. Abnormally accumulated SSP precursors are indicated by arrows.
(D) Seed grains of wild type and the mutants. (E) Thousand-grain-weight (TGW) for wild type and the mutant seeds. (F) Protein content of one thousand grains is
measured by BCA Protein Quantification Kit (ml410021, Mlbio, China).

that BiP1 and BiP2 were abnormally accumulated in mag2 seeds
(Li et al., 2006), and therefore we checked BiP1/2 accumulation
in mag2-1, mip3-1 and mag2-1 mip3-1 mutant seeds. As expected,
BiP1/2 accumulation in the single and double mutant seeds was
higher than in wild type seeds (Figure 3A), indicating a higher
degree of ER stress in the mutants. In mag2-1 mip3-1 double
mutant seeds, the concentration of BiP1/2 showed a fourfold
increase, which was much higher than the increases found in
the single mutants, suggesting that simultaneous deficiency at
the MAG2 and MIP3 loci causes severe ER stress. For the stress-
specific-induced BiP3, in the single and double mutant 7-day-old
seedlings, it is largely upregulated compared to the wild type.
Notably, the mag2-1 mip3-1 double mutant shows significant
increase in BiP3 expression (Figure 3B), suggesting severe ER
stress is induced in these mutants. Even in mag2-1 mip3-1 and
mip2-1 mip3-1 double mutant plants, BiP1/2 protein level is
higher than that in wild type (Figure 3E left panel). This should
be due to the serious disruption of ER-Golgi vesicle transport in
the mutants.

To see how the mutants response to exogenous ER stress, we
performed dithiothreitol (DTT) treatment which can cause ER
stress (Braakman et al., 1992). Under 1.2 mM DTT treatment,
the germination ratio of 7-DAG seedlings of double mutant
decreased compared with untreated ones, moreover, germination
of the single and double mutants were delayed at the beginning
days (Figure 3C). The root lengths of 7-day-old seedlings of

both wild type and mutants were shorter under DTT treatment
than non-treatment, but the root length change (treatment/non-
treatment) in wild type was larger than those of the mutants,
suggesting the mutants are insensitive to DTT stress (Figure 3D).
We also checked BiP1/2 protein level under DTT treatment,
BiP1/2 protein change fold (treated/non-treated) in mag2-1
mip3-1 and mip2-1 mip3-1 were lower than that in wild type,
suggesting that the mutants are insensitive to DTT treatment.

Seed Longevity Is Reduced in Mutants
The abnormal accumulation of SSP precursors and the presence
of ER stress may cause a reduction in seed protein quality, which
may have secondary effects on seed longevity. To determine
whether this was the case, we checked germination vigor of
mutant seeds. We selected seeds harvested during the last
5 years. As shown in Figure 4, all mutant seeds showed a
decreased germination ratio (green cotyledon ratio, the same
below) as storage time extended. Remarkably, the mag2-1 mip3-
1 double mutant showed a dramatically lower germination ratio
after 3 years of storage (41 and 54 months). These results are
identical to another statistical analysis performed 4 years ago
(Supplementary Figure S2). These tendencies in germination
ratio are inversely proportional to SSP precursor accumulation
level in the mutant seeds. We believe that these results constitute
direct evidence that the quality of seed proteins affects seed
vigor.
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FIGURE 3 | ER stress is induced in the mutants. (A) Immunoblot of dry seeds of wild type, mag2-1, mip3-1 and mag2-1 mip3-1, with anti-BiP1/2 antibodies.
Statistics for BiP1/2 protein accumulation in seeds are shown in numbers below the bands BiP/control (ACT or TUB, actin or tubulin) band concentration, measured
by ImageJ, the same below). Three independent experiments per sample. (B) BiP3 expression was detected by RT-PCR on 9-day-old seedlings using BiP3 specific
primers. Statistics for BIP3 expression level are shown in numbers below the bands. n = 3. Three independent experiments per sample. (C) Quantitative analysis of
germination ratio (Green cotyledon ratio, the same below) of wild type, mag2-1, mip3-1 and mag2-1 mip3-1 on 1/2MS medium (left) or 1/2MS medium with 1.2 mM
DTT (right). n = 72, three independent experiments per sample. (D) Root length change fold (treated/non-treated) of 7-old-seedlings of wild type, mag2-1 mip3-1
and mip2-1 mip3-1 on 1/2MS medium (non-treated) and 1/2MS medium with 0.15 mM DTT (treated). (E) Immunoblot on DTT treated 7-day-old seedlings of wild
type, mag2-1, mip3-1 and mag2-1 mip3-1 on 1/2MS medium (left panel) or 1/2MS medium with 1.2 mM DTT (right panel) with anti-BiP1/2 antibody. Statistics of
BiP1/2 protein level are shown below the bands. Change fold (treated/non-treated, the same below) is indicated in the lowest panel.

SSPs Function as Oxidation Buffer on
Seed Longevity
It is mentioned that SSPs buffer the seed cells from oxidative
stress, thus protecting important proteins which are required
for seed germination and seedling formation (Nguyen et al.,
2015). It should be noticed that these functional protecting SSPs
are the mature forms which are processed after transported
to the PSVs. Protein carbonylation is a widely used marker

of protein oxidation (Ballesteros et al., 2001; Das et al., 2001;
Mostertz and Hecker, 2003; Johansson et al., 2004). Since seed
longevity is affected in the single and double mutants, we
determined seed protein carbonylation. Quantification of seed
protein carbonylation indicates that the carbonylation levels in all
mutant seeds were decreased compared to that in wild type seeds
(Figure 5). SSP carbonylation is a protecting mechanism against
oxidation, lower carbonylation level may be the main reason for
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FIGURE 4 | Vigor of aging mutant seeds decreased rapidly. Germination ratio statistics for seeds from different storage time on the 7th day after germination (DAG).
n = 50, three independent experiments per sample. The seeds used in this experiment were collected from 2013 to 2017.

FIGURE 5 | Mutant seeds have lower protein carbonylation. (A) Quantification of seed protein carbonylation of wild type and mutants. (B) Carbonylated proteins
were detected by immunodetection of protein-bound DNP after derivatization with hydrazine with anti-Dinitrophenol antibody (left panel). Right panel is CBB staining
of a SDS–PAGE gel for total protein extracts from wild type and mutant seeds. Statistics of the bands are shown in numbers below the bands.

the lower germination vigor of the mutant seeds. This point is
also mentioned in previous study (Job et al., 2005; Prieto-Dapena
et al., 2006).

ABA Signaling Pathway Is Influenced in
the Mutants
As mentioned above, ABA is known to control both seed
dormancy and longevity (Sano et al., 2016). In addition, ABA
plays a crucial role in the plant’s response to abiotic (drought,
salinity, cold, and hypoxia) and biotic stresses. Therefore, we
investigated the effects of exogenous ABA on seed germination
using 5-month storage seeds. As shown in Figures 6B,E, ABA
treatment resulted in a greater decline in the germination ratio
in the single and double mutants than in the wild type. The
greatest decline was in the mag2-1 mip3-1 double mutant, where
the germination ratio decreased by about 43% (compared to
95% in the wild type). NaCl treatment also resulted in a large

reduction of germination rate in the mutants (Figure 6C). Above
results indicate that these ER-Golgi vesicle trafficking deficient
mutants were sensitive to ABA and salt stresses. ABA may control
water relations and H2O2 accumulation via ABI3 modulation of
aquaporins, thereby contributing to seed longevity (Sano et al.,
2016), and ABI5 is genetically downstream of ABI3 (Finkelstein
and Lynch, 2000; Lopez-Molina et al., 2002), ABI4 is a key
regulator of seed dormancy, germination and post-germination
growth in the ABA signaling pathway (Soderman et al., 2000;
Shkolnik-Inbar and Bar-Zvi, 2010) ABI4 also plays an essential
role in ABA and cytokinin signaling cross talk (Shu et al.,
2013; Huang et al., 2017). Thus, we detected ABI3, ABI4 and
ABI5 expression levels. In normal condition, ABI3 expression in
mag2-1 mip3-1 and mip2-1 mip3-1 is higher than that in wild
type, but ABI4 expression level and ABI5 protein accumulation
level have no big difference between the double mutants and
wild type (Figure 7 and Supplementary Figure S3). Under ABA
and NaCl treatments, ABI3 and ABI4 expression all increased

Frontiers in Plant Science | www.frontiersin.org 7 May 2018 | Volume 9 | Article 658

https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-09-00658 May 18, 2018 Time: 12:14 # 8

Zhao et al. MAG2-Complex Regulates Seed Vigor

FIGURE 6 | ABA and NaCl treatments result in a greater germination ratio decline in mutants than in wild type. Quantitative analysis of germination ratio of wild type
and the mutants on 1/2MS medium (A,D), 1/2MS medium with 0.3 µM ABA (B,E) or with 130 mM NaCl (C,F). n = 50, three independent experiments per sample.

in wild type and the two double mutants (Figures 7A,B and
Supplementary Figures S3A,B). Under ABA and NaCl treatment,
ABI3 expression increasing folds (treated/untreated) in mag2-
1 mip3-1 were lower than those in wild type. This is because
that the original (untreated) ABI3 expression level in mag2-1
mip3-1 is much higher than that in wild type. The changing
range of ABI3 expression in mip2-1 mip3-1, of ABI4 expression
in both mag2-1 mip3-1 and mip2-1 mip3-1 were higher than
those in wild type. In mag2-1 mip3-1, ABI5 protein accumulation
level increased significantly under ABA and NaCl treatments,
but in mip2-1 mip3-1, ABI5 protein only increased under ABA
treatment (Figure 7C). While, in maturing seeds, dry seeds and
imbibing seeds, ABI5 protein accumulation level in the single and
double mutants is lower than that in wild type (Figure 8). All
these results suggest that ABA signaling pathway is affected in the
ER-Golgi vesicle transport deficient mutants.

DISCUSSION

In eukaryotic cells, vesicle transport and recycling are basics for
cell activities such as maintenance of organelle functions, cellular
homeostasis, cytokinesis, adaptation to the environment and
intercellular communication (Surpin and Raikhel, 2004; Ebine
et al., 2008).

ER-Tethering Complex, MAG2 Complex
Is Involved in Plant Growth and
Development
Our previous work showed that in Arabidopsis, MAG2 and three
MIP proteins form a stable complex on the ER membrane, and
are required for efficient exit of SSP precursors from the ER.
The MAG2 complex may facilitate retrograde transport from the
Golgi apparatus to the ER (Li et al., 2006, 2013). The MAG2- and
MIP-deficient mutants abnormally accumulate SSP precursors
in the ER and form a novel cell structure-MAG2 Body, within
the ER lumen. Although there are such drastic abnormalities
in the seed cells, we didn’t observe obvious abnormalities in
vegetative organs and plant growth and developmental stages
in mag2 and mip mutants. This might because that defects

on a single subunit of the MAG2 complex are functionally
complemented by other existing subunits. But when MAG2
and MIP3 or MAG2 and MIP2 simultaneously deficient, the
remaining subunits are incompetent to conduct the transport
along with plant development stages, and thus the double
mutants mag2-1 mip3-1 and mip2-1 mip3-1 showed obvious
abnormalities in growth and development. Supplementary
Figure S4 shows that the subunit accumulation levels are
influenced in the mutants. This reflects that when one or more
subunits of the complex is/are defected, the existing subunits
adjust their accumulating level to make the plants adapted to the
defects.

Defects in ER-Golgi Vesicle Transport
Affect Seed Longevity
In this study, we showed that double mutant mag2-1 mip3-
1 and mip2-1 mip3-1 have serious disruption on ER-Golgi
vesicle transport (Figure 2) and experiences severe ER stress
than the single mutants (Figure 3), and exhibits growth and
development defects (Figure 1). Since the SSP precursors cannot
be delivered to vacuoles to be processed to the normal mature
forms, the quality of seed proteins in the single mutants and
double mutants are reduced. It is reported that the mature
forms of 12S globulins, one of the main SSPs in Arabidopsis,
are carbonylated primarily than other seed proteins. Therefore,
it is proposed that SSPs are the most important mechanism
for protecting other cell components and cell structures from
oxidative stress. Due to their high affinity of oxidation, SSPs
function as an oxidation buffer that helps the embryo survive
seed storage (Nguyen et al., 2015). In the mutant seeds,
protein oxidation namely carbonylation is lower than wild
type (Figure 5). This might due to two reasons. One is
that total protein content is decreased in the mutant seeds
(Figures 2D,F), another reason is that accumulation of SSP
precursors relatively reduce the SSP mature forms (Figure 2).
Thus, reduced protein carbonylation may not be sufficient to
defend the proteins which are important for embryo survival
against oxidation, therefore result in the loss of seed vigor
(Figure 4).
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FIGURE 7 | ABI3 and ABI4 expression level altered in mutants. ABI3 and
ABI4 expression level in wild type and mag2-1 mip3-1 under ABA treatment
(A) or under NaCl treatment (B) were determined by qRT-PCR on 10-day-old
seedlings. For qRT-PCR, three repeats per experiment, three experiments per
sample. (C) Immunoblot on the ABA and NaCl treated 10-day-old seedlings
with anti-ABI5 antibody. Statistics of ABI5 protein level are shown below the
bands.

On the other hand, in the single and double mutants, ABI5
protein accumulation level in maturing seeds, dry seeds and
imbibing seeds is lower than that in wild type (Figure 8),

suggesting lower ABA level during seed maturation and
imbibition in the mutants. As the major downstream component
of ABA signaling, ABI3 is a main regulator of seed dormancy and
germination (Bentsink and Koornneef, 2008). On the contrary,
ABI5 has no effect on seed dormancy (Finkelstein, 1994), it
represses seed germination (Piskurewicz et al., 2008; Kanai et al.,
2010). In line with their claims, high endogenous ABA level
stimulates ABI5 protein accumulation and activity which results
in inhibition of seeds germination. But this is not the case for
mag2-1, mip3-1 and mag2-1 mip3-1 mutants. Although these
mutants have less ABI5 protein accumulation in the seeds, they
have lower germination ratio. This indicates that ABA level is
not the right reason causing the low germination. In another
word, the alteration of ABA signaling pathway in the mutants
is not the reason responsible for the lower seed vigor. Taken
together, we reach a conclusion that defects on ER-Golgi vesicle
transport affect seed longevity by influencing seed protein quality
and content.

ABA Signaling Pathways Are Affected by
Mutations Rendering ER-Golgi Vesicle
Transport Defective
During seed maturation, endogenous ABA accumulated in
the seeds, inducing and maintaining seed dormancy and thus
preventing vivipary. Endogenous ABA level and ABA signaling
positively regulate seed dormancy and therefore negatively
regulate seed germination (Vaistij et al., 2013). In addition
to ABA biogenesis, the ABA-signaling-dependent pathway also
affects seed dormancy. ABI3 positively regulates seed dormancy
and germination (Bentsink and Koornneef, 2008), while, ABI5
negatively regulates seed germination (Piskurewicz et al., 2008;
Kanai et al., 2010), suggesting the distinct signaling pathways
for ABA-mediated seed dormancy and ABA-inhibited seed
germination. ABA and gibberellin (GA) antagonistically regulate
diverse plant developmental processes including seed dormancy
and germination, root development, and flowering time control,
and thus the optimal balance between ABA and GA is essential
for plant growth and development (Shu et al., 2018). Arabidopsis
ABI4 plays key roles in ABA and GA antagonism (Shu et al., 2013,
2016a,b,c).

In mag2-1 mip3-1 and mip2-1 mip3-1 mutants, ABI3 and
ABI5 expression have different manner from wild type under
ABA and salt treatments or during seed maturation and

FIGURE 8 | ABI5 protein accumulation level altered in mutant seeds. Immunoblot with anti-ABI5 antibody on maturing seeds from the No. 2 and No. 3 siliques
below the inflorescences (A), dry seeds (B) and imbibing seeds after 48 h imbibition (C). Lower panels are statistics of upper panels.
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imbibition (Figures 7, 8), and the mutant seeds are sensitive
to ABA and salt stress (Figure 6). It was recently reported by
Zhao et al. (2013) that MAG2 is involved in ABA-mediated
response to abiotic stress. All these suggest that ABA signaling
pathways are altered due to the defects on ER-Golgi vesicle
trafficking. It is considerable that ABI5 phosphorylation type
(upper band) significantly changed under ABA treatment and
NaCl treatment in mag2-1 mip3-1 (Figure 7C). It is reported that
PP6 (FyPP1/3) proteins act antagonistically with SnRK2 kinases
to regulate ABI5 phosphorylation and ABA responses (Dai et al.,
2013). Protein posttranslational modifications (PTM), including
protein phosphorylation/dephosphorylation, ubiquitination, and
sumoylation, regulate ABI5 signaling (Lopez-Molina et al., 2002;
Lois et al., 2003; Ma et al., 2009; Miura et al., 2009; Cutler et al.,
2010; Miura and Hasegawa, 2010; Hu and Yu, 2014; Yu et al.,
2015). Arabidopsis RAV1 transcription factor plays an important
role in ABA signaling by modulating the expression of ABI3,
ABI4, and ABI5, and that its activity is negatively affected by
SnRK2s (Feng et al., 2014). To the end, which process(es) during
the ABA signaling pathway is/are affected in the mutants is an
interesting topic and need further study. And the ABA and GA
antagonism disequilibrium in the mutants is also a challenging
issue.

Severe ER Stress Induced in the Mutants
Affect Plant Response to Environment
We found that serious ER stress is induced in our mutants,
and the plants are insensitive to DTT treatment (Figures 3D,E).
There are two possibilities, one is that ER stress induced UPR
(unfold protein response) pathway might be affected, another
possibility is that mag2-1 mip3-1 and mip2-1 mip3-1 themselves
have severe endogenous ER stress, this results in insensitivities of
the mutants to exogenous ER stress. To verify the assumption,
we checked expression level of UPR pathway markers. The
types of UPR recognized in plants are the ATF6 homolog
and IRE1 pathways. IRE1 monitors ER homeostasis through
an ER luminal stress sensing domain and triggers UPR (Hetz
and Glimcher, 2009; Hetz et al., 2011). Two Arabidopsis IRE1
isoforms IRE1A or IRE1B share partially overlapping function
during the UPR (Nagashima et al., 2011; Chen and Brandizzi,
2012). GAAP1/GAAP3 play roles in the negative regulation of
IRE1 activity (Guo et al., 2018). AtbZIP28 is homologs for ATF6
(Liu et al., 2007). As Supplementary Figures S5A,B indicated,
IRE1A and bZIP28 decreased more in the double mutants than in
wild type, and IRE1B increased in the double mutants in contrary
to that in wild type, suggesting the UPR pathway is affected in
the mutants. On the other hand, we can’t exclude the possibility
that endogenous ER stress in mag2-1 mip3-1 and mip2-1 mip3-
1 reduce sensitivities to exogenous ER stress. Maybe these two
possibilities simultaneously exist.

Since the ER stress and ABA signaling are closely related with
the phenotypes of mag2-1 mip3-1 and mip2-1 mip3-1, we checked
BiP1/2 protein level under ABA and salt treatments. We found
that BiP1/2 protein change fold increased under these stresses in
wild type and double mutants. While, in mag2-1 mip3-1, BiP1/2
protein change fold was higher than that in wild type, but inmip2-
1 mip3-1, BiP1/2 protein change fold was lower than that in wild

type. This difference supports role division between the subunits
in MAG2 complex (Supplementary Figure S5E). We also checked
ABA signaling pathway under DTT treatment. As Supplementary
Figures S5C,D indicated, ABI3 and ABI4 expression decreased
under DTT treatment in wild type and double mutants, except
for ABI4 in mag2-1 mip3-1. In mag2-1 mip3-1, ABI4 expression
increased. ABI3 expression in mip2-1 mip3-1, ABI3 and ABI4
expression in mip2-1 mip3-1 decreased more than those in wild
type (Supplementary Figure S5E). Similarly, ABI5 protein level
in mag2-1 mip3-1 increased, but in mip2-1 mip3-1 decreased
(Supplementary Figure S5F). Above results suggest that in mag2-
1 mip3-1 and mip2-1 mip3-1, ABA signaling pathway is also
affected under exogenous ER stress. In another word, plant
response to environment is affected in the mutants.

Limitations and Future Applications
The endoplasmic reticulum is the starting point for the secretory
pathway and can be viewed as a biosynthetic hub within the cell.
The ER has diverse functions, including synthesis of secretory
proteins, membrane proteins as well as lipids, protein folding,
posttranslational modification, export of proteins, and calcium
storage. Various interior and exterior stimuli factors, including
reduction of disulfide bonds, interference of glycosylation,
calcium depletion from the ER lumen, and block of protein
transport from the ER to the Golgi apparatus disturb ER
functions and induce ER stress (Uemura et al., 2009). ER stress
has been suggested to be involved in various disorders (Kadowaki
et al., 2004; Marciniak and Ron, 2006; Yoshida, 2007). In the
ER-Golgi vesicle transport deficient mutants, the disorders are
reflected in incapable of exit of the SSP precursors, alteration of
ABA signaling and defects on plant growth and development.
This raises a question about what is the relationship between
vesicle trafficking and ABA signaling, and how defects on ER-
Golgi vesicle trafficking causes alteration of ABA signaling. These
could be a challenging cross talk between vesicle trafficking and
plant responses to environmental stresses.
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