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Abstract
In Arabidopsis thaliana, mitochondrial-localized heat-shock cognate protein 70-1 (mtHSC70-1) plays an important role in
vegetativegrowth. However, whether mtHSC70-1 affects reproductive growth remains unknown. Here, we found that the
mtHSC70-1 gene was expressed in the provascular cells of the embryo proper from the early heart stage onward during
embryogenesis. Phenotypic analyses of mthsc70-1 mutants revealed that mtHSC70 deficiency leads to defective embryo
development and that this effect is mediated by auxin. In addition to a dwarf phenotype, the mthsc70-1 mutant displayed
defects in flower morphology, anther development, and embryogenesis. At early developmental stages, the mthsc70-1
embryos exhibited abnormal cell divisions in both embryo proper and suspensor cells. From heart stage onward, they
displayed an abnormal shape such as with no or very small cotyledon protrusions, had aberrant number of cotyledons, or
were twisted. These embryo defects were associated with reduced or ectopic expression of auxin responsive reporter
DR5rev:GFP. Consistently, the expression of auxin biosynthesis and polar auxin transport genes were markedly altered in
mthsc70-1. On the other hand, mitochondrial retrograde regulation (MRR) was enhanced in mthsc70-1. Treatment of wild-
type plants with an inhibitor that activates mitochondrial retrograde signaling reduced the expression level of auxin biosyn-
thesis and polar auxin transport genes and induced phenotypes similar to those of mthsc70-1. Taken together, our data
reveal that loss of function of mtHSC70-1 induces MRR, which inhibits auxin biosynthesis and polar auxin transport,
leading to abnormal auxin gradients and defective embryo development.
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Introduction
The 70-kDa heat-shock proteins (HSP70s) are highly
conserved molecular chaperones among prokaryotes and
eukaryotes (Gupta and Golding, 1993). HSP70s assist protein
translocation, protein folding, and quality control
(Nishikawa et al., 2005; Bukau et al., 2006). In Arabidopsis
thaliana (Arabidopsis), there are 18 HSP70s located in the
cytosol, endoplasmic reticulum (ER), plastids, and mitochon-
dria, respectively (Sung et al., 2001; Lin et al., 2001).
Physiologically, the cytosolic HSP70s mainly participate in
plant growth and development and plant responses to
biotic stress such as virus infection and abiotic stresses
such as high temperature, drought, and salinity (Jungkunz
et al., 2011; Leng et al., 2017). Immunoglobulin-binding
proteins (BiPs) are ER-localized HSP70s comprising three
members in Arabidopsis, namely BiP1, BiP2, and BiP3 (Noh
et al., 2003). BiP1 and BiP2 are ubiquitously expressed pro-
teins, whereas BiP3 is expressed only under ER-stress condi-
tions (Noh et al., 2003). BiPs are required for female and
male gametophyte development and pollen tube growth
(Maruyama et al., 2010, 2014). The plastid-localized
cpHSC70-1 and cpHSC70-2 proteins are essential for both
vegetative growth and reproduction and are required for
thermotolerance during seed germination (Su and Li, 2008).
There are two mitochondrial-localized HSP70s in
Arabidopsis, mtHSC70-1, and mtHSC70-2 (also known as
AtHscA1 and AtHscA2, respectively; Lin et al., 2001; Sung
et al., 2001; Xu et al., 2009; Leaden et al., 2014; Wei et al.,
2019). mtHSC70-1/AtHscA1 was demonstrated to be local-
ized to mitochondria by co-localization of its fusion protein
with a fluorescent reporter at the C-terminal with a mito-
tracker dye (Xu et al., 2009; Wei et al., 2019). mtHSC70-1/
AtHscA1 can functionally rescue the yeast (Saccharomyces
cerevisiae) Ssq1 (MtHSC70 yeast homolog) knockout mutant
(Xu et al., 2009). Both mtHSC70-1 and mtHSC70-2 are
demonstrated to be involved in the assembly of the
mitochondrial Fe-S cluster (Xu et al., 2009; Leaden et al.,
2014). Overexpression of the rice (Oryza sativa) mtHSC70
suppressed heat- and H2O2-induced cell death in rice proto-
plasts by maintaining mitochondrial membrane potential
and reducing reactive oxygen species (ROS) generation
(Qi et al., 2011). The cochaperone AtBAG5 participates in
the regulation of leaf senescence through the cooperation of
Ca2þ signaling and the mtHSC70 molecular chaperone
system (Li et al., 2016). A recent study showed that
mtHSC70-1 loss-of-function mutation in Arabidopsis led to
abnormal mitochondria and decreased activity and abun-
dance of the respiratory complex IV, and resulted in a dwarf
phenotype (Wei et al., 2019). Furthermore, mtHSC70-1
protein was found to physically interact with the COX2
(cytochrome c oxidase, COX) protein of the respiratory
complex IV (Zhai et al., 2020). Both ER and plastid HSP70
proteins have been shown to play important roles in repro-
ductive growth in Arabidopsis. However, whether mitochon-
drial HSP70 proteins affect reproductive growth has received
little attention.

Mitochondria play important roles in energy production,
redox homeostasis, metabolic homeostasis, and signaling in
plants (Noctor et al., 2007; Zhu et al., 2014). The mitochon-
drial proteome is encoded by nuclear and mitochondrial
genomes, of which >90% proteins are encoded by the
nuclear genome (Woodson and Chory, 2008). To produce
and maintain a functional mitochondrial proteome requires
the coordination of nucleus to mitochondrion (anterograde)
and mitochondrion to nucleus (retrograde) signals
(Woodson and Chory, 2008). Impaired mitochondrial
function induces the mitochondrial retrograde regulation
(MRR), during which a set of genes are consistently and
reproducibly induced, such as ALTERNATIVE OXIDASE 1a
(AOX1a), UDP-GLUCOSYLTRANSFERASE 74E2 (UGT74E2),
ABSCISIC ACID INSENSITIVE 4 (ABI4), WRKY40, NO APICAL
MERISTEM/ARABIDOPSIS TRANSCRIPTION ACTIVATION
FACTOR/CUP-SHAPED COTYLEDON 13 (ANAC013), and
ANAC017 (Giraud et al., 2009; Tognetti et al., 2010; Van
Aken and Whelan, 2012; De Clercq et al., 2013; Ng et al.,
2013; Van Aken et al., 2013; Ivanova et al., 2014; Kerchev
et al., 2014).

Increasing evidence suggests that mitochondrial retrograde
signals interact with the phytohormone auxin to regulate
plant growth and development and plant responses to
environmental stresses. Chemicals, such as 3-(2-furyl) acrylic
acid (FAA) and Antimycin A (AA), which can activate
mitochondrial retrograde signaling, have been found to
cause downregulation of auxin responses (Kerchev et al.,
2014). On the other hand, perturbed auxin biosynthesis, po-
lar auxin transport, or auxin signaling by genetic or pharma-
cological methods induce mitochondrial retrograde marker
gene expression, revealing that mitochondrial stress signaling
and the auxin pathway interact antagonistically to balance
growth and stress responses (Ivanova et al., 2014; Kerchev
et al., 2014; Zhang et al., 2015). Perturbation of mitochon-
drial proteome homeostasis activates a plant-specific
unfolded protein response, which is mediated by plant
hormones including ethylene and auxin (Wang and Auwerx,
2017). Dysfunction of the Arabidopsis mitochondria-located
J-protein chaperone AtDjB1 (a homolog of the yeast DnaJ
41 KDa HSP) leads to downregulation of auxin biosynthesis
genes, including YUCCA1 (YUC1), YUC2, YUC4, and YUC6,
and accordingly YUC2 overexpression in the atdjb1-1
mutant rescues its dwarf phenotype (Jia et al., 2016). It has
been shown that mtHSC70-1 mutation impairs mitochondria
integrity and induces expression of mitochondrial retrograde
marker genes (Wei et al., 2019). However, whether
mtHSC70-1 dysfunction affects the auxin pathway remains
to be elucidated.

In this study, we show that mtHSC70-1 mutation leads to
severe embryo defects. Moreover, abnormal mthsc70-1 em-
bryos resemble those of auxin-defective mutants. Further
investigations show that indeed auxin biosynthesis, polar
auxin transport, and auxin response are abnormal in the
mthsc70-1 embryos. Our data reveal that the mitochondrial
HSP70 protein is involved in auxin-mediated embryogenesis.
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Results

Loss-of-function mutation of mtHSC70-1 results in
vegetative and reproductive growth defects
To study the biological function of the mtHSC70-1 gene,
transfer DNA (T-DNA)-insertion alleles were isolated for
mtHSC70-1 within the second intron (SALK_081385,
mthsc70-1b) and within the third exon (WiscDsLox335G07,
mthsc70-1e; Figure 1A). The mthsc70-1b mutant has been
reported previously (Wei et al., 2019). Reverse transcription
(RT)-PCR analyses revealed that no mtHSC70-1 transcript
was detectable in the homozygous mthsc70-1b and mthsc70-
1e mutants (Figure 1B), indicating that these mutants are
null alleles. Both mthsc70-1b and mthsc70-1e seedlings exhib-
ited severe short-root phenotypes and their etiolated seed-
lings exhibited short-hypocotyl phenotypes (Figure 1, C and
D; Supplemental Figure S1, A and B). Since both mthsc70-1b
and mthsc70-1e were knockout mutants and their pheno-
types were consistent, our subsequent studies were carried
out mainly with mthsc70-1b. In order to determine the
cause of the mthsc70-1 short-root phenotype, we compared
the length of the root meristem zone, elongation zone, and
trichoblast of mthsc70-1b with that of the wild-type (WT).
The results showed that mthsc70-1b roots had a shorter
meristem zone, a shorter elongation zone, and a shorter tri-
choblast than that of the WT (Figure 1, E and G–J), indicat-
ing that defects in cell division and cell elongation
contributed to the mthsc70-1 short-root phenotype.
Reduced expression of a cell-cycle marker CYCB1;1:GUS in
mthsc70-1b root meristem further confirmed that root
cell dividing activity was considerably decreased in the
mthsc70-1 mutant compared with that of the WT
(Figure 1F). The mthsc70-1b plants exhibited a smaller ro-
sette and a shorter plant height compared to that of the
WT over a period of 4 weeks (Supplemental Figure S1, C–E).
The first internode of mthsc70-1b plants was also shorter
than that of WT, and the stem of mthsc70-1b plants was
significantly thinner than that of the WT (Supplemental
Figure S2, A–C). Some phenotypes of mthsc70-1b, including
short root, small rosette, and reduced plant height were
consistent with previously reported data (Wei et al., 2019).

In addition to these vegetative growth defects, the
mthsc70-1 mutants exhibited fertility defects. The mthsc70-
1b and mthsc70-1e plants bore short siliques (Figure 1, K–M;
Supplemental Figure S3, A and B). Flower morphology of
mthsc70-1 plants was abnormal with small and shrunken
petals and sepals that could not completely enclose the pis-
til at each developmental stage, causing the pistil to be ex-
posed before flowering (Supplemental Figure S2, D–G). The
pistil of mthsc70-1 opened flowers seemed longer than that
of the WT (Supplemental Figure S2, J and K), and quantifica-
tion results showed that indeed the average length of
mthsc70-1b pistils was significantly longer than that of the
WT (Supplemental Figure S2N). Whereas the anther fila-
ments of mthsc70-1b opened flowers were slightly shorter
than that of the WT, they were not statistically different
(Supplemental Figure S2O). The length ratio of filaments/

pistils in WT opened flowers was approximately 1; however,
the same ratio was only 0.77 in the mthsc70-1b opened
flowers (Supplemental Figure S2P). Although the mthsc70-1b
pistil was longer than that of the WT, the number of ovules
it contained was not significantly different from that of the
WT (Supplemental Figure S2, Q–S). This result indicates
that ovule density of the mthsc70-1b pistil is low. Moreover,
mthsc70-1b anthers were smaller than those of the WT
and contained fewer or no pollen grains (Supplemental
Figure S2, L and M).

Because mthsc70-1 opened flowers had anther filaments
shorter than the pistil, smaller anthers and fewer pollen
grains, and produced short siliques, we wondered whether
mthsc70-1 fertility was affected. To determine this, we ob-
served the seed set of mthsc70-1 siliques. Compared to nor-
mal seed set in WT siliques (Figure 1K; Supplemental Figure
S3A), there were unfertilized ovules and white or yellow
wrinkled seeds in mthsc70-1b and mthsc70-1e siliques
(Figure 1L; Supplemental Figure S3A). Quantification results
showed that WT siliques contained approximately 55 seeds
on average; however, mthsc70-1b and mthsc70-1e siliques
only contained approximately 20 and 15 seeds, respectively
(Figure 1N; Supplemental Figure S3C), among which approx-
imately 16.4% in mthsc70-1b and 28.7% in mthsc70-1e were
aborted (Figure 1O; Supplemental Figure S3D). Consistently,
siliques from mthsc70-1b and mthsc70-1e plants had approx-
imately 51% and 59% unfertilized ovules, respectively, com-
pared with less than 2% in that of the WT (Figure 1P;
Supplemental Figure S3E). These results suggest that
mtHSC70-1 mutation affects embryogenesis and fertilization.

To investigate whether the reduced fertility in mthsc70-1
was caused by a longer pistil, fewer pollen grains, or male/fe-
male gamete defects, we performed reciprocal crosses be-
tween mthsc70-1 and WT plants. With WT pollen as the
male donor used to pollinate mthsc70-1 stigmas, nearly half
of the ovules in the crossed siliques were not fertilized, sug-
gesting that ovule development in mthsc70-1 plants was de-
fective (Supplemental Figure S4). When the pistils of WT
were pollinated with mthsc70-1 pollen grains, the crossed
siliques still had nearly half unfertilized ovules, suggesting
that pollen development or pollen tube growth was also
defective in mthsc70-1 plants (Supplemental Figure S4).
Consistently, mthsc70-1 plants produced smaller anthers,
and Alexander staining showed that there were three types
of mthsc70-1 anthers (Supplemental Figure S5, A–D). The
type-1 anthers were normal with all locules containing pol-
len grains (56%, n¼ 98; Supplemental Figure S5B). The type-
2 anthers only had one or two locules containing pollen
grains (32%, n¼ 98; Supplemental Figure S5B). The type-3
anthers had no locules containing pollen grains (12%,
n¼ 98; Supplemental Figure S5B). Then we analyzed pollen
viability in WT anthers and in the type-1 mthsc70-1b
anthers from opened flowers. The results showed that only
approximately 88.3% of mthsc70-1b pollen grains were nor-
mal, as compared with approximately 96.8% in the WT
(Supplemental Figure S5, E–G). This result implies that
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Figure 1 Expression and phenotypic analysis of T-DNA insertion mutants of the mtHSC70-1 gene. A, Structure of the mtHSC70-1 gene with
T-DNA insertion sites. Flags indicate T-DNA insertion sites; arrows indicate the positions of gene-specific primers used for PCR verification of the
insertions. B, RT-PCR analysis of mtHSC70-1 gene transcription in WT Columbia-0 (Col) and mthsc70-1 mutants, the ACTIN2 gene was used as an
internal control. C and D, Roots of WT, mthsc70-1b, and mthsc70-1e seedlings grown on MS medium under a 16-h light/8-h dark photoperiod for
7 d. E and G, Meristem zone and trichoblast of 5-d-old WT and mthsc70-1b seedling roots. White arrowheads indicate the root meristem bound-
ary; orange arrowheads indicate the cell boundary. F, Expression patterns of CYCB1;1:GUS in WT and mthsc70-1b root tips. H–J, Meristem zone
length (H), elongation zone length (I), and trichoblast length (J) of 5-d-old WT and mthsc70-1b seedling roots. The data are derived from three in-
dependent experiments and are presented as means 6 SD (n¼ 30 roots per experiment). K and L, 8 DPA siliques of WT (K) and mthsc70-1b (L)
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pollen germination or pollen tube growth might be impaired
in mthsc70-1 plants, which would also contribute to the low
fertilization rate (<50%) in the WT (female) � mthsc70-1
(male) crossed silique. Interestingly, we found that when the
WT plants were used as the female parent, crossed siliques
showed no aborted seed (Supplemental Figure S4). In con-
trast, when the mthsc70-1 plants were used as the female
parent, crossed siliques produced approximately 5.8%
aborted seeds (Supplemental Figure S4). Although this seed
abortion rate was significantly lower than that of the self-
crossed siliques (Supplemental Figure S4), this finding clearly
suggests that the seed-abortion phenotype of the mthsc70-1
mutant is partially due to the mother plant.

To verify whether the above described phenotypes of the
mthsc70-1 mutant are caused by the lack of mtHSC70-1
function, a translational fusion between mtHSC70-1 coding
sequence and the GFP reporter gene driven by the
mtHSC70-1 promoter (mtHSC70-1p:mtHSC70-1-EGFP) was in-
troduced into the mthsc70-1b mutant. All mthsc70-1b phe-
notypes, including short root, small rosette, reduced stature,
abnormal flowers, short siliques, unfertilized ovules, and
aborted seeds, were restored to WT levels in the comple-
mentation lines (Supplemental Figure S6), confirming that
these phenotypes are indeed caused by mtHSC70-1 loss of
function.

mtHSC70-1 mutation leads to defective
embryogenesis
To determine at which developmental stage the mthsc70-1
seeds were aborted, we observed embryos from 2- to 8-d
postanthesis (DPA) siliques of WT and mthsc70-1b plants.
The WT embryos showed normal cell division pattern and
morphology throughout the developmental process (Figure
2, A, E, I, L, and O). In contrast, the mthsc70-1b embryos dis-
played aberrant cell division in embryo proper or suspensor
and were abnormal in morphology at various developmental
stages (Figure 2, B–D, F–H, J–K, M–N, and P–R). In addition,
the mthsc70-1 embryos displayed a delayed embryonic de-
velopment compared to that of the WT (Figure 2S). In 2-
DPA WT siliques, most embryos were at 2-, 8-, 16-, and 32-
cell stages (�28.3%, 21.4%, 25.5%, and 19.3%, respectively,
n¼ 145; Figure 2S). However, in 2 DPA mthsc70-1b siliques,
most embryos were at 1-, 2-, 8-, and 16-cell stage (�35.4%,
32.3%, 15.6%, and 10.4%, respectively, n¼ 96), and approxi-
mately 4.2% embryos were abnormal (Figure 2S, and com-
pare Figure 2, B–D with Figure 2, A). These abnormal
mthsc70-1 embryos showed cell-division defects in the em-
bryo proper (Figure 2B) or in the suspensor with some sus-
pensor cells divided longitudinally, resulting in an enlarged
multicellular structure (Figure 2, C and D). In 3-DPA WT

siliques, most embryos were at 32-cell and globular stages
(�26.7% and 39.3%, respectively, n¼ 135; Figure 2S).
However, in 3-DPA mthsc70-1b siliques, most embryos were
at 8- and 16-cell stages (�24.3% and 30.1%, respectively,
n¼ 103), and �9.7% embryos were abnormal (Figure 2S).
Some abnormal mthsc70-1 embryos were pear-like or olive-
like rather than globular in shape due to defective cell divi-
sions in the embryo proper (compare Figure 2, F–G with
Figure 2, E) and some abnormal mthsc70-1 embryos dis-
played defective cell divisions in the suspensor (Figure 2H).
In 4-DPA WT siliques, �61.6% embryos developed to heart
stage (n¼ 219; Figure 2, I and S). However, in 4-DPA
mthsc70-1b siliques, most embryos were still at globular
stage (�43%, n¼ 114), and �19.3% embryos were abnormal
(Figure 2S). These abnormal mthsc70-1 embryos failed
to generate cotyledonary primordia and were olive-like or
ball-like rather than heart-like in shape (compare Figure 2,
J and K with Figure 2, I). In 5- and 6-DPA WT siliques, most
embryos developed to torpedo stage (�70% in 5-DPA sili-
ques, n¼ 217 and 75.3% in 6-DPA siliques, n¼ 219) and
almost no embryos stayed at globular stage (Figure 2, L
and S). However, in 5-DPA mthsc70-1b siliques, most
embryos were at heart stage (�42.6%;z n¼ 108), �31.5%
embryos were still at globular stage, and �11.1% embryos
were abnormal (Figure 2S). In 6-DPA mthsc70-1b siliques,
the percentage of abnormal embryos was increased to
�44.6% (n¼ 92; Figure 2S). These abnormal mthsc70-1
embryos either had no cotyledon protrusion (Figure 2M)
or had two or three very small cotyledons (Figure 2N). In
7-DPA WT siliques, most embryos developed to bent and
mature stages (�44.3% and 47.1%, respectively, n¼ 140).
However, in 7-DPA mthsc70-1b siliques, most embryos also
developed to mature stage (�38.5%, n¼ 104), whereas
�36.5% embryos were abnormal (Figure 2S). These abnor-
mal mthsc70-1 embryos displayed four types of morphology:
(1) had no cotyledon protrusion (Figures 2M and 10;
Supplemental Figure S7, G); (2) had two or three very small
cotyledons (Figures 2N and 10); (3) had one or three normal
sized cotyledons (Figure 2, Q and R; Supplemental Figure S7,
I and K); (4) twisted in the hypocotyl or cotyledon
(Figures 2P and 10; Supplemental Figure S7, C and E).
These abnormal-embryo phenotypes could persist into
seedling stage (Supplemental Figure S7). Seven-day-old
mthsc70-1 seedlings displayed a variety of aberrations,
including slender curving cotyledons (Supplemental
Figure S7D), bent hypocotyl (Supplemental Figure F7F),
without cotyledon (Supplemental Figure S7H), or bearing
one or three cotyledons (Supplemental Figure S7, J and L)
compared with the two symmetrical cotyledons in WT
seedlings (Supplemental Figure S7B). These results indicate

plants. White arrowheads indicate unfertilized ovules; orange arrows indicate aborted seeds. M–P, Silique length (M), total seed numbers per si-
lique (N), percentage of aborted seeds (O), and unfertilized ovules (P) of 8-DPA WT and mthsc70-1b siliques. The data are derived from three inde-
pendent experiments and are presented as means 6 SD (n¼ 10 siliques from 10 plants per experiment). Significant differences were analyzed
using Student’s t test (one-tailed, two-sample equal variance; *P< 0.05; **P< 0.01; and ***P< 0.001). Bars ¼ 5 mm (C), 50 lm (E–G), and 1 mm
(K and L).
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Figure 2 Phenotypes of mthsc70-1b embryos at different developmental stages. Shown are DIC images of WT (A, E, I, L, O) and mthsc70-1b (B–D,
F–H, J–K, M–N, P–R) embryos. A–D, Preglobular stage embryos of WT (A) and mthsc70-1b (B–D). E–H, Globular stage embryos of WT (E) and
mthsc70-1b (F–H). I–K, Heart stage embryos of WT (I) and mthsc70-1b (J and K). L–N, Torpedo stage embryos of WT (L) and mthsc70-1b (M and
N). O–R, Mature embryos of WT (O) and mthsc70-1b (P–R). Arrowheads indicate the cotyledons. S, Embryonic developmental stage quantifica-
tion of WT and mthsc70-1b seeds from 2- to 7-DPA siliques. Note that embryos displaying an abnormal shape were counted as abnormal.
Approximately 92–219 embryos were counted in each period. Bars ¼ 50 lm (A–R).
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that mtHSC70-1 is involved in embryo development and
pattern formation.

The mtHSC70-1 gene is expressed during embryonic
and postembryonic development
To explore the expression pattern of the mtHSC70-1 gene
during embryo development, we used the functional
mtHSC70-1p:mtHSC70-1-EGFP (mtHSC70-1-EGFP) transgenic
plants in the mthsc70-1b mutant background. The
mtHSC70-1-EGFP signal was first detected in the early heart
embryos, which was confined to the inner cells of the em-
bryo proper (Figure 3A). Signal intensity increased in late
heart and torpedo embryos, and was specifically detected in
the provascular cells (Figure 3, B and C). In bent and ma-
ture embryos, the mtHSC70-1-EGFP signal was strong in the
provascular cells of the hypocotyl, whereas only very weak
signal was detected in the provascular strands of the cotyle-
dons (Figure 3, D and E). In seedling roots, mtHSC70-1-EGFP
expression was strongly detected in the stele and columella
root cap cells (Supplemental Figure S8). These results show
that the expression patterns of mtHSC70-1 correlate with
its roles in embryogenesis and postembryonic development.

Abnormal mthsc70-1 embryos are associated with
impaired auxin response, reduced auxin
biosynthesis, and defective polar auxin transport
Auxin is a key regulator of embryogenesis and cotyledon for-
mation (Friml et al., 2003). Phenotypes of the mthsc70-1

embryos are similar to that of auxin-deficient mutants
(Cheng et al., 2006, 2007; Robert et al., 2015). To determine
whether the defective embryogenesis in the mthsc70-1
mutant was related to auxin, we crossed DR5rev:GFP
(an auxin-responsive reporter; Friml et al., 2003) with the
mthsc70-1b mutant and examined the GFP signals in
the embryos. In WT early heart and late heart embryos, the
maximum of DR5rev:GFP activity was observed in the
hypophysis and the uppermost suspensor cell, and
DR5rev:GFP signal was also detected in the tips of the cotyle-
don primordia and in the provascular cells (Figure 4, A
and B). Compared with WT, the mthsc70-1 embryos
displayed relatively weaker DR5rev:GFP activity in general
(Figure 4, E–H). In addition, in the apical region of some of
the mthsc70-1 embryos, DR5rev:GFP signal was either present
throughout the apical epidermis (Figure 4E) or was
completely absent (Figure 4H), indicating that no auxin ac-
tivity maximum was established in these embryos to define
the cotyledon primordia. Indeed, these embryos displayed
no cotyledon protrusion (Figure 4, E and H). In the provas-
cular cells of the mthsc70-1 embryos, DR5rev:GFP signal was
either undetectable (Figure 4, E, F and H) or was diffuse
(Figure 4G). In the basal region of the mthsc70-1 embryos,
DR5rev:GFP signal was sometimes expanded into all of the
suspensor cells (Figure 4F), which might be the cause of the
longitudinal cell divisions in the suspensor. In WT torpedo
and mature embryos, the maximum of DR5rev:GFP activity
was observed in the quiescent center (QC) of the root

Figure 3 Dynamic expression of the mtHSC70-1 gene during embryo development. A–E, Microscope images of GFP fluorescence (green, in the
left) and merged GFP and bright field images (right) of embryos at early-heart stage (A), late-heart stage (B), torpedo stage (C), bent stage (D),
and mature stage (E) from the mtHSC70-1p:mtHSC70-1-EGFP transgenic plants in the mthsc70-1b mutant background. Shown are representative
images of two independent experiments (n¼ 100 embryos from five plants per experiment). Bars ¼ 50 lm.
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meristem and the adjacent columella precursors and in the
tips of the developing cotyledons (Figure 4, C and D).
DR5rev:GFP signal was also detected in the provascular
strands (Figure 4, C and D). However, in the provascular
strands of the mthsc70-1 embryos, DR5rev:GFP signal was ei-
ther very weak (Figure 4I) or was completely absent
(Figure 4J). In the apical region of the mthsc70-1 embryos,
DR5rev:GFP signal was sometimes present throughout the

apical epidermis (Figure 4J). Interestingly, additional symmet-
ric or asymmetric DR5rev:GFP signal was observed in the epi-
dermis at the basal region of the developing hypocotyl of
the mthsc70-1 embryos (Figure 4, I, K, and L). Furthermore,
the asymmetric DR5rev:GFP distribution was associated with
the bent-hypocotyl phenotype of the abnormal mthsc70-1
embryos (Figure 4 K). These results indicate that auxin activ-
ity and distribution are altered in the mthsc70-1 embryos.

Figure 4 Expression patterns of DR5rev:GFP in WT and mthsc70-1b embryos. Shown are DR5rev:GFP signal distributions in WT embryos at early
heart stage (A), late heart stage (B), torpedo stage (C), and mature stage (D) and DR5rev:GFP signal distributions in mthsc70-1b embryos at early
heart stage (E and F), late heart stage (G and H), torpedo stage (I and J), and mature stage (K and L). The images in the left in (A–L) are GFP fluo-
rescence in green and the images in the right are merged GFP and bright field images. The white arrow in (F) indicates abnormal DR5rev:GFP sig-
nal in the suspensor; white arrowheads in (I and L) indicate ectopic but symmetric DR5rev:GFP signal at the base of the hypocotyl; orange
arrowheads in (K) indicate ectopic and asymmetric DR5rev:GFP signal at the base of the hypocotyl. Shown are representative microscope images
of three independent experiments (n¼ 100 embryos from 15 plants per experiment). Bars ¼ 50 lm.
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Several auxin-responsive AUXIN/INDOLE-3-ACETIC ACID
(AUX/IAA) genes, including IAA3, IAA8, IAA9, IAA13, IAA16,
IAA18, IAA19, IAA20, IAA24, and IAA31 that are expressed
during embryo development, were selected to check their
expression in 1–3-DPA siliques from WT and mthsc70-1b
plants by reverse transcription quantitative PCR (RT-qPCR).
The results showed that expression levels of IAA13, IAA19,
IAA20, and IAA31 genes were significantly downregulated in
the mthsc70-1b siliques compared with that in the WT sili-
ques, whereas expression of IAA16 and IAA24 was upregu-
lated (Figure 5A).

The distribution of auxin is regulated by its local biosyn-
thesis and polar transport, and the flavin monooxygenases
YUC family proteins are key enzymes in Trp-dependent
auxin biosynthesis (Zhao et al., 2001; Cheng et al., 2006,
2007). To determine whether auxin biosynthesis is altered in
the mthsc70-1 mutant, YUC1–11 genes were selected to
check their expression in 1–3 DPA siliques from WT and
mthsc70-1b plants by RT-qPCR. The results showed that ex-
pression of YUC1, YUC4, YUC9, YUC10, and YUC11 was sig-
nificantly reduced in the mthsc70-1b siliques compared with
that in the WT siliques (Figure 5B). To analyze the expres-
sion patterns of the auxin biosynthesis genes in the
mthsc70-1 mutant, we introduced the ProYUC9:GUS trans-
gene (Hentrich et al., 2013) into the mthsc70-1b mutant by
crossing and analyzed the expression of the GUS reporter
gene in developing embryos. In WT, ProYUC9:GUS was
expressed throughout the embryo at the globular and heart
stages (Figure 5, C and D). Following this, its expression be-
came weaker at the torpedo embryo stage and its expres-
sion was only detectable in the suspensor (Figure 5E).
Compared with WT, mthsc70-1b displayed reduced
ProYUC9:GUS expression in the globular and heart stage em-
bryos (Figure 5, F–H). Together, these results indicate that in
the mthsc70-1b embryos, the expression of auxin biosynthe-
sis genes is reduced.

AUX1/LAX-dependent auxin influx is required for embryo
patterning (Marchant et al., 1999; Robert et al., 2015). To ex-
plore whether AUX1 localization is altered in the mthsc70-1
embryos, we introduced AUX1-YFP into the mthsc70-1b mu-
tant (Swarup et al., 2004). In WT early heart and late heart
embryos, AUX1-yellow fluorescent protein (YFP) was mainly
detected at the basal plasma membrane of the provascular
cells (Figure 5, I and J). Weak AUX1-YFP signal was also
detected at the whole plasma membrane of the hypophysis
and the several epidermal cells around the hypophysis in
late heart embryos (Figure 5J). In contrast, mthsc70-1b ab-
normal embryos displayed weaker or no AUX1-YFP signal in
the provascular cells (Figure 5, K and L). In addition, AUX1-
YFP signal was strongly detected at the whole plasma mem-
brane of the epidermal cells at the basal part of the
mthsc70-1b abnormal embryos (Figure 5, K and L). These
results demonstrate that the expression and localization of
the auxin influx carrier AUX1 are altered in the mthsc70-1b
embryos.

In addition to auxin influx carriers, polar localization of
PIN auxin efflux carriers is also essential for the establish-
ment and maintenance of correct auxin gradient during
early embryo development (Friml et al., 2003; Möller and
Weijers, 2009). Since the mthsc70-1 embryos showed defects
in the lower region, we analyzed the expression of PIN3-GFP
(Friml et al., 2002, 2003). In WT globular embryos, PIN3-GFP
was detected at the whole plasma membrane of the lens-
shaped cell and at the basal plasma membrane of the upper
suspensor cells (Figure 5M). In contrast, in mthsc70-1b glob-
ular-like embryos, PIN3-GFP signal around the lens-shaped
cell was weaker (Figure 5N). Sometimes, the lens-shaped cell
was not distinguishable and PIN3-GFP signal was detected
in the plasma membrane of several cells at the basal part of
the proembryo (Figure 5, O and P). In WT heart and
torpedo embryos, PIN3-GFP signal was detected at the
plasma membrane of the QC and the adjacent columella
precursors (Figure 5, Q and T). In contrast, in mthsc70-1b
heart and torpedo stage embryos, cells in the root pole
were disorganized and PIN3-GFP signal was additionally
detected in several cells above the putative QC cells
(Figure 5, R, S and U). These results demonstrate that the
expression pattern of the auxin efflux carrier PIN3 is altered
in the mthsc70-1 embryos.

The data described above demonstrate that reduced auxin
biosynthesis and abnormal auxin transport and distribution
are correlated with the mthsc70-1 embryonic patterning
defects. We, thus, wondered whether auxin application
could rescue the mthsc70-1 embryonic patterning defects.
Therefore, we performed exogenous auxin application on
pistils of mthsc70-1b opened flowers and examined seed
development 10 d later. Compared with the mock treat-
ment, indole-3-acetic acid (IAA), 1-naphthaleneacetic acid
(NAA), or 2,4-dichlorophenoxyacetic acid (2,4-D) application
significantly reduced the seed abortion rate of mthsc70-1b
siliques (Figure 6).

Taken together, these data indicate that reduced auxin
biosynthesis and perturbed polar auxin transport result
in abnormal auxin activity in mthsc70-1 embryos, and exoge-
nous application of auxin can partially rescue mthsc70-1
embryonic lethality.

Expression of auxin biosynthesis and polar auxin
transport genes is reduced in mthsc70-1b roots, and
mutant roots display lower sensitivity to auxin
The data described above suggest that reduced auxin
activity and abnormal auxin distribution and transport are
correlated with the mthsc70-1b embryonic patterning
defects. We wondered whether these auxin-related changes
also occurred in the mutant roots. Therefore, we first exam-
ined the expression pattern of DR5rev:GFP in WT and
mthsc70-1b roots. Consistent with the results in the em-
bryos, DR5rev:GFP activity was reduced in mthsc70-1 roots
compared with that of the WT (Supplemental Figure S9).
We then analyzed the expression patterns of auxin biosyn-
thesis genes, including ProYUC8:GUS and ProYUC9:GUS, and
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Figure 5 Expression analyses of auxin-related genes in WT and mthsc70-1b siliques or embryos. A and B, Relative transcription levels of IAA
(A) and YUCCA (YUC) (B) genes in 1–3-DPA siliques. The transcription levels were normalized to that of TAP42 INTERACTING PROTEIN OF
41 KDA (TIP41, AT4G34270). Values are means 6 SD of three independent experiments. Significant differences were analyzed using Student’s
t test (one-tailed, two-sample equal variance; *P< 0.05; **P< 0.01; and ***P< 0.001). C–H, Expression patterns of ProYUC9:GUS in WT (C–E)
and mthsc70-1b (F–H) embryos at globular (C and F), heart (D and G), and torpedo (E and H) stages. Shown in (C–H) are representative
images of three independent experiments (n¼ 100 embryos from 15 plants per experiment). I–L, AUX1-YFP localization in WT (I and J) and
mthsc70-1b (K and L) embryos at early-heart (I and K) and late-heart (J and L) stages. M-U, PIN3-GFP localization in WT (M, Q, and T) and
mthsc70-1b (N–P, R–S, and U) embryos at globular (M–P), heart (Q–S), and torpedo (T and U) stages. White arrows indicate the lens-shaped
cell; orange arrows indicate the QC or putative QC cells. Shown are representative images of 38 embryos per genotype. Bars ¼ 50 lm (C–H)
and 25 lm (I–U).
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polar auxin transport genes, including AUX1-YFP, PIN1-GFP,
PIN2-GFP, PIN3-GFP, and PIN7-GFP (Swarup et al., 2004;
Benková et al., 2003; Xu and Scheres, 2005; Friml et al.,
2003), in WT and mthsc70-1b roots. The expression of
ProYUC8:GUS was reduced in mthsc70-1b roots compared
with that of the WT (Figure 7A). As for ProYUC9:GUS, we
noticed that there were three different expression patterns
in mthsc70-1b roots (Figure 7B); the main type was similar
to but weaker than that of the WT (64%), whereas
other types either had no GUS staining in the columella
root cap cells (21%) or had no GUS staining in the elonga-
tion zone (15%). These results indicate that expression of

ProYUC8:GUS and ProYUC9:GUS is downregulated in
mthsc70-1b roots. Whereas the expression pattern and local-
ization of the AUX1-YFP, PIN1-GFP, PIN2-GFP, PIN3-GFP, and
PIN7-GFP auxin influx and efflux carriers were not altered in
the mthsc70-1b root, their expression levels were all reduced
compared with that of the WT (Figure 7, C–G). Together,
these results indicate that auxin activity and expression lev-
els of auxin biosynthesis and polar transport genes are de-
creased in the mthsc70-1b root.

To determine whether the mthsc70-1b mutant responds
to auxin differently from the WT, we treated WT and
mthsc70-1b seedlings with various concentrations of NAA

Figure 6 Exogenous application of auxin partially rescues mthsc70-1b embryonic lethality. A, C, and E, 10-DPA siliques of WT and mthsc70-1b after
mock or 100 lM IAA (A), 500 lM NAA (C), or 100 lM 2,4-D (E) treatment. Orange arrows indicate aborted seeds. B, D, and F, Percentage of
aborted seeds in WT and mthsc70-1b siliques after mock or 100 lM IAA (B), 500 lM NAA (D), or 100 lM 2,4-D (F) treatment. For each experi-
ment, pistils of 30 opened flowers from 15 plants of each genotype were either treated with IAA, NAA, or 2,4-D or underwent mock treatment,
and aborted seeds were scored 10 d after application. Values are means 6 SD of three independent experiments. Significant differences were ana-
lyzed using Student’s t test (one-tailed, two-sample equal variance; *P< 0.05). Bars ¼ 1 mm.
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Figure 7 Expression patterns of auxin biosynthesis and polar transport-related genes in WT and mthsc70-1b roots. A and B, Expression
patterns of ProYUC8:GUS (A) and ProYUC9:GUS (B) in WT and mthsc70-1b roots. C–G, Localization of the AUX1-YFP auxin influx carrier
(C) and the PINs-GFP auxin efflux carriers, such as PIN1 (D), PIN2 (E), PIN3 (F), and PIN7 (G) in WT and mthsc70-1b roots. The images
in the left panel of each genotype in (C–G) are YFP or GFP fluorescence in green and the images in the right panel are merged fluorescence
and bright field images. Shown are representative images of two and three independent experiments (n¼ 10–20 roots per experiment).
Bars ¼ 50 lm.
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and 2,4-D. The results showed that at higher NAA or 2,4-D
concentrations, the mthsc70-1b mutant roots were less sen-
sitive compared to WT (Supplemental Figures S10 and S11).
These results might be due to reduced exogenous auxin up-
take in mthsc70-1b because of the reduced expression level
of auxin influx carrier AUX1, or alternatively due to lower
auxin activity in mthsc70-1b.

Loss-of-function mutation of mtHSC70-1 reduces
mitochondrial activity and activates MRR, which
inhibits auxin biosynthesis and polar auxin
transport
A recent study has shown by transmission electron micros-
copy that knockout of mtHSC70-1 affects mitochondrial
morphology (Wei et al., 2019). We further explored
mitochondrial activity in protoplasts generated from leaves
of WT and mthsc70-1b plants by using the 50,6,60-tetra-
chloro-1,10,3,30-tetraethylbenzimidazolylcarbocyanine iodide
(JC-1) dye, which forms aggregates emitting red fluorescence
in healthy mitochondria and monomers emitting green fluo-
rescence in depolarized mitochondria (Salvioli et al., 1997).
We found that mthsc70-1b protoplasts displayed higher JC-1
monomer content than the WT (Figure 8, A–C), suggesting
that mthsc70-1b mitochondrial membrane potential and mi-
tochondrial activity are compromised. To explore how the
knockout of mtHSC70-1 affects mitochondrial activity, we
conducted a quantitative proteomics analysis of mitochon-
drial protein extracts from inflorescence tissues of WT and
mthsc70-1b plants. Gene ontology enrichment analysis of
the differentially expressed proteins in mthsc70-1b indicated
that knockout of mtHSC70-1 affects many biological
processes in mitochondria, such as urea cycle, oxidative
phosphorylation, ATP metabolic process, oxaloacetate meta-
bolic process, cell redox homeostasis, respiratory electron
transport, and protein folding (Figure 8D).

Since loss-of-function mutation of mtHSC70-1 lead to
mitochondrial dysfunction and impaired respiration (Wei
et al., 2019), and that the above results showed that the
mitochondria activity is compromised in mthsc70-1b plants,
we wondered whether mtHSC70-1 mutation triggers MRR.
To address this, we analyzed the transcription level of MRR
marker genes including AOX1a, ANAC013, and UGT74E2
(Tognetti et al., 2010; De Clercq et al., 2013) in 7-d-old WT
and mthsc70-1b seedlings. The results showed that the ex-
pression of AOX1a and ANAC013 was significantly upregu-
lated in mthsc70-1b seedlings compared to WT (Figure 8E),
suggesting that the MRR was activated in the mthsc70-1b
mutant.

FAA treatment activates the mitochondrial dysfunction
and mitochondrial retrograde signaling pathways (Kerchev
et al., 2014). To explore whether FAA treatment could
induce similar phenotypes as that in the mthsc70-1 mutant,
we treated WT seedlings and pistils with various concentra-
tions of FAA. The results showed that the root lengths of
WT seedlings gradually became shorter as FAA treatment
concentration increased (Figure 9, A and B) and

that aborted seeds were produced in WT siliques (Figure 9,
C and D).

We further analyzed whether FAA treatment could affect
the expression of auxin biosynthesis and transport genes.
The results showed that FAA treatment downregulated the
expression of ProYUC8:GUS, ProYUC9:GUS, and ProPIN7:GUS
(Figure 9E).

Together, these results suggest that the FAA inhibitor can
downregulate the transcription level of auxin biosynthesis
and transport genes and induce similar phenotypes as the
mthsc70-1 mutant.

Based on our studies, we propose that loss-of-function
mutation of the mtHSC70-1 gene compromises mitochon-
dria activity leading to activation of mitochondrial
retrograde signaling, which inhibits the expression of
auxin biosynthesis and polar transport genes, resulting in
abnormal auxin gradients and ultimately affecting embryo
patterning and symmetric hypocotyl elongation (Figure 10).

Discussion

mtHSC70-1 plays important roles in embryonic and
postembryonic development
In this study, we found that loss-of-function mutation of
mtHSC70-1 not only leads to defects in vegetative growth
but also causes defects in reproduction. The vegetative
growth defects of the mthsc70-1 mutant include short root,
small rosette, dwarf stature, and thin stem. Cell biological
analysis revealed that the short-root phenotype of the
mthsc70-1 mutant is due to defects in cell division and cell
elongation. The reproductive defects of the mthsc70-1 mu-
tant include malformed flowers, small anthers with less or
no pollen grains, short siliques with low seed-setting rates,
male and female gametophyte development defects, and
embryo development retardation and abortion. We further
demonstrated that mtHSC70-1 mutation downregulates ex-
pression of auxin biosynthesis genes and polar auxin trans-
port genes and disrupts expression patterns of some of
these genes, which results in aberrant auxin activity distribu-
tion during embryo development, thus, causing abnormal
embryo patterning of the mthsc70-1 mutant. Consistent
with the previous report by Wei et al. (2019), we observed
no obvious phenotype in the mthsc70-2 mutant under nor-
mal growth conditions. Previous studies found that tran-
scription levels of the mtHSC70-2 gene in various organs of
Arabidopsis plants grown under normal conditions were
much lower than that of the mtHSC70-1 gene except in ma-
ture seeds, dry seeds, and imbibed seeds (Sung et al., 2001;
Wei et al., 2019). These findings imply that the mtHSC70-1
gene plays more important roles than the mtHSC70-2 gene
in Arabidopsis development and that the mtHSC70-2 gene
might have some specific roles in seed maturation, seed dor-
mancy, and seed germination. A cross of the mthsc70-1 mu-
tant with the mthsc70-2 mutant to generate a double
mutant and subsequent phenotypic analysis of the offspring
will determine whether mtHSC70-1 and mtHSC70-2 genes
share redundant functions during plant development.
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Figure 8 Mitochondrial function defects in mthsc70-1. A and B, Representative histograms showing the flow cytometry analysis on 50 ,6,60-tetra-
chloro-1,10 ,3,30-tetraethylbenzimidazolylcarbocyanine iodide (JC-1)-stained protoplasts from WT (A) and mthsc70-1b (B) leaves. C, The ratio of JC-
1 aggregates to monomers for WT and mthsc70-1b protoplasts. Values are means 6 SD of three independent experiments. Significant differences
were analyzed using Student’s t test (one-tailed, two-sample equal variance; *P< 0.05). D, Gene ontology enrichment analysis of differentially
expressed mitochondrial proteins from inflorescence tissues between WT and mthsc70-1b plants. E, Relative transcription levels of mitochondria
dysfunction stress genes in 7-d-old WT and mthsc70-1b seedlings. Values are means 6 SD of three independent experiments. Significant differences
were analyzed using Student’s t test (one-tailed, two-sample equal variance; **P< 0.01).
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Figure 9 FAA treatment of WT seedlings and opened flowers mimics the short-root and seed-abortion phenotypes of the mthsc70-1 mutant and
downregulate expression of auxin biosynthesis and polar transport genes. A and B, Phenotypes (A) and root length (B) of WT seedlings grown on
MS medium supplemented with various concentrations of FAA for 7 d. The data are derived from three independent experiments and are pre-
sented as means 6 SD (n¼ 90 seedlings per experiment). Significant differences were analyzed using Student’s t test (one-tailed, two-sample equal
variance; **P< 0.01; ***P< 0.001). C and D, Phenotypes (C) and seed abortion rates (D) of WT siliques 10 d after FAA treatment of various con-
centrations (n¼ 15 opened flowers from 15 plants per treatment). Orange arrows in (C) indicate aborted seeds. E, Effects of FAA on expression of
ProYUC8:GUS, ProYUC9:GUS, and ProPIN7:GUS. Five-day-old seedlings were treated with 20 lM FAA for 1 h. Shown are representative images of
two experiments (n¼ 20 roots per experiment). 0.1% (v/v) DMSO was used as a mock treatment. Bars ¼ 5 mm (A), 2 mm (C), and 50 lm (E).
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Whereas both mtHSC70-1 and mtHSC70-2 genes were in-
duced by cold acclimation, only the mtHSC70-2 gene was in-
duced by heat-shock treatment (Sung et al., 2001). This
finding suggests that the mtHSC70-2 gene might have a
specific role in Arabidopsis responses to heat stress.

The mtHSC70-1 gene regulates embryogenesis via an
auxin-related mechanism
It is known that the plant hormone auxin plays a crucial
role in embryogenesis. Local auxin biosynthesis and polar
auxin transport coordinate to establish the auxin maxima in
developing embryos, which defines the embryonic axis and
subsequent embryo pattern formation (Möller and Weijers,
2009; Mironova et al., 2017). Studies have shown that muta-
tions in the auxin biosynthesis genes TAA1, TAR1, and TAR2
cause defects in embryo development, and the wei8 tar1
tar2 triple mutant exhibits monopteros (mp)-like (mp is an
auxin signaling mutant; Hardtke and Berleth, 1998) embryo
and seedling phenotypes (Stepanova et al., 2008). Similar
embryo defects were observed in the yuc1 yuc4 yuc10 yuc11
quadruple mutants (Cheng et al., 2007). Dysfunction of the
AUX1, LAX1, and LAX2 auxin influx proteins cause defects
in apical–basal axis establishment at globular embryo stage,
and the hypophysis of the aux1 lax1 lax2 triple mutant em-
bryos starts vertical symmetric division instead of horizontal
asymmetric division at heart stage, eventually forming em-
bryos with abnormal morphology (Robert et al., 2015).

Deletion of four PIN auxin efflux proteins expressed in em-
bryos, including PIN1, PIN3, PIN4, and PIN7, also causes a
defective embryonic development (Friml et al., 2003).

In this study, we found that morphology of the mthsc70-1
embryos was very similar to those of auxin-deficient
mutants, especially the aux1 lax1 lax2 lax3 quadruple mu-
tant (Robert et al., 2015). Indeed, the expression of genes re-
lated to auxin biosynthesis and polar auxin transport were
altered in the mthsc70-1 mutant. In particular, AUX1-YFP
and PIN3-GFP were ectopically expressed in mthsc70-1 em-
bryos. These alterations resulted in abnormal auxin activity
distribution as indicated by expression of the auxin-respon-
sive reporter DR5rev:GFP (Figure 4). Furthermore, these
abnormal auxin activity distributions were consistent with
the phenotypes of mthsc70-1 embryos. For example, in those
mthsc70-1 embryos without cotyledon protrusion, the
DR5rev:GFP signal was either evenly distributed in the apical
epidermis or was completely absent, and, therefore, no max-
imum auxin activity was established to define the cotyledon
primordia (Figure 4, E, H, and J). However, in those mthsc70-
1 embryos with a bent-hypocotyl phenotype, asymmetric
DR5rev:GFP signal was observed in the epidermis at the
bending region of the hypocotyl (Figure 4K). Interestingly,
the expression pattern of mtHSC70-1 during embryo devel-
opment was very similar to that of the AUX1 and LAX2
genes (Robert et al., 2015), suggesting that they function in
the same cell file. As shown in Figure 3, the mtHSC70-1 gene

Figure 10 Working model for mtHSC70-1 in embryo development. mtHSC70-1 loss-of-function mutation leads to mitochondrial dysfunction and
activated mitochondrial retrograde signaling, which inhibits the expression of auxin biosynthesis and polar transport genes, resulting in abnormal
auxin gradients. This ultimately affects embryo patterning and symmetric hypocotyl elongation.
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is expressed in the inner cells of the early-heart embryos,
and later on it is expressed in the provascular cells.
These strands of cells are the location where auxin canaliza-
tion occurs to direct the formation of the vasculature
strands. Consistently, in mthsc70-1 embryos the DR5rev:GFP-
marked vasculature strands were either interrupted or
were completely absent (compare Figure 4, I and J with
Figure 4, C). These results, thus, suggest very strongly that
mtHSC70-1 regulates embryo development through the
auxin pathway.

How a mitochondria chaperone protein like mtHSC70-1
affects the expression of nuclear-encoded auxin biosynthesis
and polar transport genes is enigmatic. Mitochondria, as the
main organelles that generate energy in cells, are essential
for plant growth and development and environmental stress
responses (Berkowitz et al., 2016). To coordinate mitochon-
drial function with the cellular developmental program,
there are extensive signal communications between
mitochondria and the nucleus, including the anterograde
nucleus-to-mitochondria signals and the retrograde mito-
chondria-to-nucleus signals (Woodson and Chory, 2008).
Since mutation of the mtHSC70-1 gene perturbs the activity
and abundance of complex IV and leads to mitochondrial
dysfunction (Wei et al., 2019), mitochondrial retrograde sig-
nals might be activated in the mthsc70-1 mutant. Indeed,
the expression of mitochondrial retrograde signaling marker
genes such as AOX1a and ANAC013 was upregulated in
mthsc70-1 (Figure 8E; Wei et al., 2019). We, thus, propose
that mtHSC70-1 affects the auxin pathway through MRR
(Figure 10). Indeed, intimate interactions between mito-
chondrial retrograde signals and the auxin pathway are
being revealed. Studies have found that perturbation of the
mitochondrial electron transport chain negatively regulate
auxin signaling, whereas in auxin polar transport mutants
and auxin signaling mutants, mitochondrial retrograde sig-
nals are upregulated, suggesting a mutual regulation of mi-
tochondrial stress and auxin signals (Ivanova et al., 2014;
Kerchev et al., 2014). Mutation of the mitochondria-localized
J-protein chaperone AtDjB1 perturbs the activity of complex
I and leads to reduced levels of auxin (Jia et al., 2016).
Interestingly, overexpression of the auxin biosynthesis gene
YUC2 in the atdjb1 mutant rescues its growth defects (Jia
et al., 2016). Impaired mitochondrial retrograde trafficking
caused by dysfunction of a tetratricopeptide repeat domain-
containing protein SSR1 also reduces auxin levels and down-
regulates the expression of several auxin efflux PIN proteins
(Zhang et al., 2015). In contrast, mitochondrial proteostatic
stress upregulates auxin signaling (Wang and Auwerx, 2017),
suggesting that different types of mitochondrial perturbation
can have different effects on the auxin pathway. Although
ROS have been implicated as mitochondrial retrograde sig-
nals (Woodson and Chory, 2008; Wang and Auwerx, 2017),
ROS accumulation is not the cause of the impaired response
of auxin-deficient mutants to mitochondrial malfunction
(Ivanova et al., 2014). Recent studies in mammalian cells
showed that mitochondrial stress stimulates a mitochondrial

protease OMA1, which cleaves a little-characterized protein
DELE1 and causes accumulation of the shortened DELE1 in
the cytosol, where it activates the eIF2a kinase HRI (Guo
et al., 2020; Fessler et al., 2020). So far, which molecules
transduce the mitochondrial retrograde signals to the cyto-
sol in plants remains largely unknown. On the other hand,
the mtHSC70-1 protein was found to localize in both mito-
chondria and the cytosol, implying that it might have a di-
rect role in the cytosol (Xu et al., 2009). Interestingly, the
cytosolic HSP90 protein interacts directly with the auxin re-
ceptor TRANSPORT INHIBITOR RESPONSE1/AUXIN
RESPONSE F-box (TIR1/AFB) protein and increases its stabil-
ity (Wang et al., 2016). Further analyses are required to con-
firm the cytosolic localization of the mtHSC70-1 protein and
to determine whether it interacts directly or indirectly with
the auxin pathway proteins.

Materials and methods

Plant materials and growth conditions
Arabidopsis (Arabidopsis thaliana) ecotype Columbia-0 was
used as the WT control in this study. The T-DNA insertion
lines mthsc70-1b (SALK_081385; Wei et al., 2019) and
mthsc70-1e (WiscDsLox335G07) were obtained from the
Arabidopsis Biological Resource Center (ABRC). DR5rev:GFP,
PIN3-GFP and PIN7-GFP (Friml et al., 2003), ProYUC8:GUS
and ProYUC9:GUS (Hentrich et al., 2013), AUX1-YFP (Swarup
et al., 2004), PIN1-GFP and ProPIN7:GUS (Benková et al.,
2003), and PIN2-GFP (Xu and Scheres, 2005) were crossed
with mthsc70-1b plants.

Seeds were sterilized for 5 min in 70% (v/v) ethanol and for
10 min in 1% (v/v) NaClO, then washed four times with ster-
ile water. After incubation for 2–3 d at 4�C, the seeds were
sown on Murashige and Skoog (MS) medium (pH 5.8) sup-
plemented with 1% (w/v) sucrose and solidified by 0.8% (w/
v) agar, and then cultured for germination at 22�C under a
16-h light/8-h dark photoperiod with 90–110 lmol m�2 s�1

illumination. Seven-day-old seedlings were transferred to soil
and grown under the same conditions.

RNA extraction, RT-PCR, and RT-qPCR
For analyses of mtHSC70-1 transcript levels in WT
and mthsc70-1 mutants, total RNA was extracted from 1- to
3 DPA siliques or 7-d-old seedlings using Trizol reagent
(TransGen Biotech, Beijing, China). Next, 2 lg of total RNA
was reverse transcribed into cDNA using an EasyScript First-
Strand cDNA Synthesis Super-Mix kit (TransGen Biotech,
Beijing, China). A 1-lL aliquot of the synthesized cDNA was
used as a template for PCR analysis. The ACTIN2 gene was
used as an internal control. Primers used in this experiment
are listed in Supplemental Table S1.

For RT-qPCR analyses, three biological replicates of 1–3-
DPA siliques or 7-d-old seedlings from WT and mthsc70-1b
mutant were collected for total RNA extraction. Then 2 lg
of total RNA was reverse transcribed into cDNA using an
EasyScript First-Strand cDNA Synthesis SuperMix kit
(TransGen Biotech, Beijing, China). One microliter of
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each cDNA sample was mixed with 7.5 lL of SYBR Green
Real-Time PCR Master Mix (DBI Bioscience, Shanghai,
China) and then analyzed on a fluorescent qPCR machine
(Eppendorf). The TAP42 INTERACTING PROTEIN OF 41 KDA
(TIP41, AT4G34270) gene was used as an internal control.
The cycle threshold (Ct) 2�DDCt method was used to calcu-
late the relative expression level. Primers used in the
RT-qPCR analyses are listed in Supplemental Table S1.

Measurement of the length of root, hypocotyl, root
tip meristem zone and elongation zone, and
trichoblast
For root and hypocotyl length measurement, primary root
and hypocotyl of 7-d-old seedlings grown on MS plates cul-
tured vertically under a 16-h light/8-h dark photoperiod or
24-h dark were photographed using a scanner (EPSON
V370), and then quantification was done using Image J soft-
ware (http://rsb.info.nih.gov/ij/). To measure the length of
root tip meristem zone and elongation zone and trichoblast,
5-d-old seedlings grown under a 16-h light/8-h dark photo-
period were fixed in ethanol:acetic acid (3:1, v/v) for 12 h,
then were cleared with chloral hydrate:dH2O:glycerol (8:3:1,
w:v:v) for 48 h. Then the roots were imaged using an
Olympus BX63 (Tokyo, Japan) microscope with differential
interference contrast (DIC) mode, and the measurements
were done using tools from the cellSens Dimension-V1.5
software. Root meristem zone and elongation zone were de-
termined as described by Men et al. (2008).

Observation of flower organs, siliques, and
cotyledons
Opened flowers and 8-DPA siliques from 7-week-old plants
and cotyledons from 7-d-old seedlings were imaged using a
Leica M165FC (Leica, Wetzlar, Germany) dissection micro-
scope. Then quantification of silique length, pistil length,
and anther filaments length were done from digital images
using Image J software (http://rsb.info.nih.gov/ij/).

Histology and microscopy
Pistils of opened flowers from 6-week-old plants were
cleared for visualization using a clearing solution of 8:3:1
(w:v:v) chloral hydrate:dH2O:glycerol as described by Zhang
et al. (2016). Then, the pistils were placed on a glass slide in
a drop of clearing solution and were covered with a cover-
slip. Observations were performed with an Olympus BX63
(Tokyo, Japan) microscope under DIC, and the number of
ovules per pistil was counted.

For embryo phenotyping, seeds of 1–8-DPA siliques from
6-week-old WT and mthsc70-1b plants were cleared and
visualized as described by Song et al. (2019).

GUS (b-glucuronidase) staining and observation were car-
ried out as previously described (Song et al., 2019).

Vector construction and plant transformation
To construct the mtHSC70-1p:mtHSC70-1-EGFP vector, the
mtHSC70-1 promoter region (1,434-bp upstream sequence
of the start codon) was amplified and cloned into the

pGreenII0229-EGFP-TNos vector (Bao et al., 2019) between
KpnI and SmaI sites. Then the mtHSC70-1 coding sequence
without the stop codon was cloned into the above obtained
HSC70-1p:EGFP vector between SmaI and BamHI sites.
Primers used for cloning are listed in Supplemental Table S1.

The above construct was introduced into Agrobacterium
tumefaciens strain C58C1 (pMP90/pJIC Sa-Rep) and trans-
formed into ecotype Columbia-0 and mthsc70-1b plants
using the floral-dip method (Clough and Bent, 1998).
Transgenic plants were screened by spraying with 0.02%
(v/v) Basta (Sangon Biotech, Shanghai, China) and PCR
amplification.

Fluorescence detection of roots and embryos
Seven-day-old WT and mthsc70-1b seedling roots expressing
DR5rev:GFP, AUX1-YFP, PIN1-GFP, PIN2-GFP, PIN3-GFP, and
PIN7-GFP were imaged either using an Olympus BX63 micro-
scope or using confocal laser scanning microscopy (Leica
TCS SP5). Embryos expressing mtHSC70-1p:mtHSC70-1-EGFP,
DR5rev:GFP, AUX1-YFP, or PIN3-GFP were dissected from
seeds at various developmental stages and mounted in an
8% (v/v) glycerol solution. Fluorescent protein signals were
detected either by an Olympus BX63 fluorescent microscope
or by confocal laser scanning microscopy (Leica TCS SP5).
GFP and YFP signals were detected using a 488-nm excita-
tion filter with 500–550-nm band pass. Images were
processed with Adobe Photoshop CS5 and assembled in
Adobe Illustrator CS4.

Chemical reagents
IAA, NAA, and 2,4-D were purchased from Sigma-Aldrich
(St. Louis, MO, USA). FAA was purchased from Yuanye
Bio-technology (Shanghai, China). The JC-1 Mitochondrial
Membrane Potential Assay Kit was purchased from Yeasen
Biotech Co., Ltd (Shanghai, China).

Mitochondrial protein exaction and proteomic
analysis
Mitochondrial proteins were extracted from 100 mg inflores-
cence tissues of 6-week-old WT and mthsc70-1b plants using
a Mitochondria Isolation Kit for Cell Tissue (Yeasen Biotech
Co., Ltd, Shanghai, China). Proteins were reduced with
10 mM dithiothreitol and alkylated with 55 mM iodoaceta-
mide. Then, proteins were equivalented with 20 mM Tris–
HCl buffer on 30-KDa ultracentrifugation tubes and digested
with trypsin (modified sequencing grade; Promega, Madison,
WI, USA) overnight at 37�C in ultracentrifugation tubes.
The tryptic peptides were de-salted and concentrated on re-
verse phase C18 Stage Tips. The elution products were dried
down in a vacuum centrifuge to remove solvent.

Peptides were revolved in 0.1% (v/v) formic acid (FA) and
separated with EASY-n LC1000 system. Column oven was
set to 60�C. Peptides were delivered to a trap column
(75 lm� 2 cm, C18, 5 lm, Thermo Scientific, Waltham,
MA, USA), then separated with capillary LC column
(75 lm� 100 mm, C18, 3lm, Kyoto Monotech, Kyoto,
Japan). The eluted gradient was 6%–28% for 48 min and
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28%–95% for 4 min buffer B (0.1% [v/v] FA, 100% [v/v]
ACN; flow rate, 0.6 lL/min). An Orbitrap Fusion Lumos
mass spectrometer was used to analyze the eluted peptides
from LC. The data were acquired with data-independent
acquisition under high-sensitivity mode using the following
parameters: positive mode was set. One cycle contains one
full scan and 40 segments fragment scans. The full
scan range is from 350 to 1300 m/z and screened at 120,000
resolution. Fragment spectra were collected at 3,000 resolu-
tion and segmented 40 MS/MS scans. Maximum injection
time is 50 ms.

Raw data of DIA were analyzed by Spectronaut (version
14.3, Biognosys, Schlieren, Switzerland) with default settings.
The Spectral libraries of DIA was generated using a total of
six raw data with a Q value cutoff of 0.01 and a minimum
of six fragment ions. The raw files were searched against the
A. thaliana database downloaded from reviewed Swissprot
containing 16,004 sequences. Decoy items were generated
by inverse mode. The six samples were subjected to quanti-
tative evaluation based on the MS2 area. Cross runs were
normalized according to the global area.

GO enrichment analysis was performed using GENE
ONTOLOGY (http://geneontology.org/).

Statistical analyses
Three independent repetitions were performed for all
experiments. Statistical significance was determined using
one-tailed Student’s t test. All values are presented as means
6 SD. Significant differences are denoted as follows:
*P< 0.05, **P< 0.01, and ***P< 0.001.

Accession numbers
Sequence data from this article can be found in the
GenBank/EMBL database or Arabidopsis Genome Initiative
database under accession numbers mtHSC70-1
(AT4G37910). T-DNA insertion lines used for mutant analy-
ses were as follows: mthsc70-1b (SALK_081385) and
mthsc70-1e (WiscDsLox335G07).

Supplemental Data
The following materials are available in the online version of
this article.

Supplemental Figure S1. Phenotype analysis of mthsc70-1.
Supplemental Figure S2. Inflorescence and flower mor-

phology of WT and mthsc70-1b plants.
Supplemental Figure S3. Seed set of WT and mthsc70-1e

siliques.
Supplemental Figure S4. Male and female gametophytes

of mthsc70-1 plants are defective.
Supplemental Figure S5. Anther and pollen grains of WT

and mthsc70-1b plants.
Supplemental Figure S6. Complementation of mthsc70-

1b with mtHSC70-1p:mtHSC70-1-EGFP.
Supplemental Figure S7. Morphology of mature embryos

and corresponding seedling cotyledons.

Supplemental Figure S8. Expression pattern of the
mtHSC70-1 gene in the root tip.

Supplemental Figure S9. Expression patterns of
DR5rev:GFP in WT and mthsc70-1b root tips.

Supplemental Figure S10. WT and mthsc70-1b seedling
responses to different concentrations of NAA.

Supplemental Figure S11. WT and mthsc70-1b seedling
responses to different concentrations of 2,4-D.

Supplemental Table S1. List of primers used in this
research.

Acknowledgments
The authors thank Arabidopsis Biological Resource Center
(ABRC) for providing mutant seeds, John Innes Centre for
providing the pGREENII0229 vector. The authors thank
Luhua Li for isolating the mthsc70-1b mutant. We thank Ji�rı’
Friml for DR5rev:GFP, PIN1-GFP, PIN3-GFP and PIN7-GFP seeds,
Stephan Pollmann for ProYUC8:GUS and ProYUC9:GUS seeds,
Ben Scheres for PIN2-GFP seed, Malcolm J. Bennett for
AUX1-YFP seed. The authors thank Ruming Liu and Li Jiao
for technical assistance in the use of the confocal.

Funding
This work was supported by grants from the National
Natural Science Foundation of China (31870230, 32070281,
and 31570247 to S.M.).

Conflict of interest statement. The authors declare no conflict of

interest.

References

Bao S, Shen G, Li G, Liu Z, Arif M, Wei Q, Men S (2019) The
Arabidopsis nucleoporin NUP1 is essential for megasporogenesis
and early stages of pollen development. Plant Cell Rep 38: 59–74
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