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1 | INTRODUCTION

Global warming has been gaining worldwide attention for decades.
According to the National Aeronautics and Space Administration
(NOAA National Centers for Environmental Information, 2020), in
2019, the earth's surface temperature was 0.98°C higher than the

Abstract

Global warming poses severe threats to agricultural production, including soybean.
One of the major mechanisms for organisms to combat heat stress is through heat
shock proteins (HSPs) that stabilize protein structures at above-optimum temper-
atures, by assisting in the folding of nascent, misfolded, or unfolded proteins. The
HSP40 subgroups, or the J-domain proteins, functions as co-chaperones. They cap-
ture proteins that require folding or refolding and pass them on to HSP70 for pro-
cessing. In this study, we have identified a type-I HSP40 gene in soybean, GmDNJ1,
with high basal expression under normal growth conditions and also highly inducible
under abiotic stresses, especially heat. Gmdnjl-knockout mutants had diminished
growth in normal conditions, and when under heat stress, exhibited more severe
browning, reduced chlorophyll contents, higher reactive oxygen species (ROS) con-
tents, and higher induction of heat stress-responsive transcription factors and ROS-
scavenging enzyme-encoding genes. Under both normal and heat-stress conditions,
the mutant lines accumulated more aggregated proteins involved in protein catabo-
lism, sugar metabolism, and membrane transportation, in both roots and leaves. In
summary, GmDNJ1 plays crucial roles in the overall plant growth and heat tolerance
in soybean, probably through the surveillance of misfolded proteins for refolding to

maintain the full capacity of cellular functions.
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20th-century average and the second highest in the past century.
Increasing air temperature could hamper plant growth and develop-
ment from germination to harvest by damaging the photosystems,
generating excessive reactive oxygen species (ROS), destabilizing
molecular structures, and finally resulting in crop yield reduction
(Wahid et al., 2012).
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Heat shock proteins (HSPs) are members of a big protein fam-
ily and are an important component of abiotic stress tolerance in
all organisms. Plant HSPs are divided into five groups based on
their molecular sizes, namely HSP100, HSP90, HSP70, HSP60, and
small HSPs (Al-Whaibi, 2011). Among them, HSP70s, which are
ATP-dependent molecular chaperones, are the most conserved in
both functions and structures among different organisms (Usman
et al., 2017). In order for HSP70s to carry out their chaperone func-
tion effectively, they require the involvement of HSP40s and the nu-
cleotide exchange factor (Sharma & Masison, 2009).

In general, HSP40s can be divided into three types based on
their functional domains, but all three groups contain a J domain
which defines the HSP40. The J domain is responsible for the bind-
ing of an HSP40 to its specific HSP70 partner. In addition, both
type-I and Il HSP40s contain a glycine/phenylalanine-rich region
followed by a C-terminal protein-binding domain, but only type |
has four repeats of the CXXCXGXG-type zinc finger in between
the J domain and the C-terminal domain, having the same struc-
ture as the Escherichia coli DnaJ protein. The other HSP40s without
these conserved domains are grouped into type Ill. The grouping
is not related to their functions, and HSP40s do not only work as
co-chaperones (Kampinga & Craig, 2010). For example, they can
also suppress protein aggregation independent of HSP70s (Cyr &
Ramos, 2015).

HSP40s, as co-chaperones of HSP70s, are responsible for deliv-
ering client proteins to HSP70s. In general, to complete a chaperone
activity cycle, an HSP40 directs client proteins to its partner HSP70
and activates the HSP70-ATP hydrolysis to facilitate client protein
unfolding. The nucleotide exchange factor then binds to the complex
to release the unfolded client proteins and replaces the ADP with a
new ATP (Kampinga & Craig, 2010).

Besides the folding of newly synthesized proteins or the un-
folding of misfolded proteins, the HSP70/HSP40 complex is also
involved in diverse cellular activities. For example, HSP70/HSP40
mediates protein degradation through the ubiquitin-proteasome
system (Howarth et al., 2007), clears aggregated protein through
autophagy (Higgins et al.,, 2018), mediates protein trafficking
to different organelles (Cheng et al., 2008; Craig, 2018; Prasad
et al., 2018; Shi et al., 2009), and participates in mitochondrial DNA
and plasmid replication (Sozhamannan & Chattoraj, 1993; Tyc et al.,
2015).

In this study, we identified an HSP40 homologue from soy-
bean, GmDNJ1, which was highly expressed under normal growth
conditions and was much more strongly induced under abiotic
stress treatments, especially heat stress, compared to other
J-domain proteins in the soybean genome. Gmdnjl-knockout
mutants exhibited stunted growth and were more prone to heat
stress damage. Through gene expression analyses, physiological
and biochemical assays, as well as aggregated protein profiling,
we were able to explore the possible modes of action of GmDNJ1.
This is the first time a soybean J-domain protein has been stud-
ied with respect to its involvement in both growth and stress

tolerance.

2 | MATERIALS AND METHODS
2.1 | Soybean materials

Glycine max cultivars CO1 (Lam et al., 2010) and Williams 82 used
in this study were from our laboratory stock. The Gmdnj1 mutant
was constructed in the Williams 82 background using the KeyPoint®
Breeding (Keygene NV) (Rigola et al., 2009). The successful knock-
out event of GmDNJ1 (Glyma.12G095700) was identified from het-
erozygous M1 plants. Subsequent generations were self-pollinated
and selected for individuals that were homozygous for the mutation
in GmDNJ1. Seeds of M4 lines (the M5 generation) from two differ-
ent M3 homozygous individuals (Gmdnj1-3.2 and Gmdnj1-3.11) were
used for experiments in this study. Mutation at the target gene was

verified using Sanger sequencing.

2.2 | Localization study of GmDNJ1 in tobacco
Bright Yellow-2 cells

The coding sequence of GmDNJ1 (Glyma.12G095700) was cloned
into the V7 binary vector downstream of a 35S promoter (Brears
etal., 1993). The coding sequence of the c-Myc tag was cloned either
upstream or downstream of GmDNJ1 to produce either V7-c-Myc-
GmDNJ1 or V7-GmDNJ1-c-Myc. These constructs and the V7 empty
vector were transformed into tobacco Bright Yellow-2 (BY-2) cells
separately by Agrobacterium-mediated transformation using A. tume-
faciens strain LBA4404 (An, 1985). Positive transformants were used
for subcellular localization studies by immunostaining according to
a previous study (Li et al., 2015) with the following modifications.
In brief, 4-day-old BY-2 cells were fixed with 1% paraformaldehyde
for 1 hr. After washing twice with phosphate-buffered saline (PBS),
the cells were digested with 0.1% cellulase, 0.01% pectolyase Y23 in
PBS for 15 min, followed by three PBS washes. The cells were then
blocked with 4% bovine serum albumin fraction V with 0.1% Triton
X-100 in PBS with gentle agitation for 1 hr. After two PBS washes,
the cells were incubated with 1:1,000 anti-Myc monoclonal anti-
bodies (R950-25, Thermo Fisher Scientific) at 4°C overnight. After
that, the cells were incubated with 1:500 goat anti-mouse IgG H&L
(Alexa Fluor® 488 conjugated) (ab150113, Abcam) for 1 hr, with PBS
washes before and after the incubation. After staining with 4',6-di-
amidino-2-phenylindole (DAPI) for 15 min, the cells were observed
under an SP8 Lightning confocal microscope (Leica).

2.3 | In-vitro luciferase refolding assay

The full-length coding sequence of GmDNJ1 was cloned between
EcoRI and Xhol downstream of and in-frame with the GST-tag cod-
ing sequence. The recombinant protein was expressed in E. coli
strain BL21 (DE3). The recombinant protein was purified using GST
SpinTrap (27-4570-03, GE Healthcare, Chicago, IL, USA) according to

the manufacturer's protocol. Purified proteins were quantified with
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Protein Assay Kit Il (500-0002, Bio-Rad). Luciferase refolding assay
was performed as described (Zmijewski et al., 2004). Luciferase
(E1701, Promega) was denatured at 42°C for 10 min before the assay.
Then the denatured luciferase was preincubated in luciferase refold-
ing buffer (40 mM Tris-HCI [pH 7.4], 50 mM KCI, 5 mM dithiothreitol
[DTT], 10 mM MgCl,, and 10% glycerol) with different combinations
of the chaperone proteins at 25°C for 10 min. The concentrations
of Dnak, Dnal, GrpE, (ADI-SPP-630-J, ALX-201-144-C025, ADI-
SPP-650-F, respectively, Stressgen, Victoria, Canada), purified GST-
GmDNJ1, and luciferase were 0.1 uM, 0.2 uM, 0.5 uM, 0.2 uM, and
80 nM, respectively. GST-GmDNJ1 was replaced with either 0.2 uM
GST or 0.5 mg/ml BSA in the negative-control assays. The luciferase
was renatured at 25°C for 20 min after the addition of 5 mM ATP.
Luciferase activity was determined using the Bright-Glo Luciferase
Assay System (E2610, Promega) and a Lumi-Imager (2012847,
Roche).

2.4 | Abiotic stress treatments of wild-type soybean
seedlings for gene expression analyses

Seeds of CO1 were germinated in vermiculite. Seedlings were
transferred to a hydroponic system with half-strength modified
Hoagland's solution at 1 week after germination. Seedlings were
grown at 28°C until the first trifoliate had fully opened before the
abiotic stress treatments began. For NaHCO, and polyethylene
glycol (PEG) treatments, the half-strength Hoagland's solution was
replaced with fresh half-strength Hoagland's solution with 50 mM
NaHCO, (pH 8.5) or 5% PEG6000 and treated for 24 hr. Plants
grown in fresh half-strength Hoagland's solution only were used as
controls. For paraquat treatment, 1 ml 10 mM paraquat (PQ) was
sprayed on the leaves of the plants. Water-sprayed plants were used
as controls. For heat treatment, soybean seedlings in a hydroponic
system were relocated to a growth chamber set to 42°C with a light-
dark cycle of 16/8 hr. The seedlings were treated for 4 hr in PQ and
heat treatments. After treatments, the trifoliate and roots were col-
lected separately and snap-frozen in liquid nitrogen for subsequent
RNA extraction.

2.5 | Heat treatment of soybean Gmdnj1
mutant lines

Seeds of Williams 82 or Gmdnjl mutants were germinated in ver-
miculite at 28°C in a growth chamber in the dark for 3 days. The
seedlings were then grown until 2 weeks old with fully expanded
first trifoliate in the growth chamber at 28°C with a light-dark cycle
of 16:8 hr. For heat treatment, plants were moved to another growth
chamber 4 hr after light-on with a thermal cycle of 45/28°C follow-
ing the 16/8 hr light-dark cycle. Untreated plants were maintained
at 28°C in the original growth chamber. Primary leaves and roots
were harvested at O and 6 hr after the start of the heat treatment

for gene expression analyses. Samples for reactive oxygen species
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(ROS) content analyses were harvested 6 hr after heat treatment.
Samples for determining chlorophyll contents, fresh weights, and

dry weights were harvested at 4 days after treatment.

2.6 | Gene expression analysis

RNA was extracted using a modified phenol:chloroform:isoamylalc
ohol protocol (Ausubel et al., 1995). RNA was treated with DNase
| (18068015, Invitrogen) according to the manufacturer's protocol.
DNase I|-treated RNA was diluted 10-fold before reverse transcrip-
tion quantitative polymerase chain reaction (RT-gPCR). RT-qgPCR
was carried out using One Step TB Green® PrimeScript™ RT-PCR Kit
Il (Perfect Real Time) (RRO86A, Takara) on a CFX96 Touch Real-Time
PCR detection system (Bio-Rad). Each 20 pl reaction contained 15 ng
cDNA, 1X One Step TB Green RT-PCR Buffer 4, 0.4 ul PrimeScript
1 step Enzyme Mix 2, 0.2 uM of each primer. Reverse transcription
was carried out at 42°C for 5 min and 95°C for 10 s. Amplification
was then performed under a thermal cycle of 95°C for 3 min fol-
lowed by 40 cycles of 95°C for 10 s and 60°C for 30 s. The speci-
ficity of primers was determined with melt curve analysis following
the RT-gPCR. The relative expression of target genes was calculated
with the 2722¢T method (Livak & Schmittgen, 2001) and was normal-
ized to a-tubulin. Primer information can be found in Table S1.

2.7 | Measurement of chlorophyll content

Chlorophyll content was measured according to previous publica-
tions (Moran, 1982; Moran & Porath, 1980). In brief, a leaf disc of
around 0.03 g was excised from the primary leaf, and the actual
weight of the leaf disc was determined. Chlorophyll was extracted
with 0.8 ml N,N-dimethylformamide in a 1.5-ml microcentrifuge
tube at —20°C overnight. The absorbance of the extract at 664, 647,
and 603 nm was measured with a Synergy H1 Hybrid multimode
plate reader (BioTek Instruments Inc.). The amount of chlorophyll in
the extracts was calculated with the following equations:

(12.91A¢4s — 2.2A447 — 3.85A403)
FW

Chlorophylla =

(—4.67Ages + 26.09A 447 — 12.79A403)

Chlorophyll b = W

Total chlorophyll content = chlorophylla + chlorophyll b

FW was the actual fresh weight of the leaf disc.

2.8 | Reactive oxygen species (ROS) measurement

The ROS content in the treated plant was measured as previously
described (Jambunathan, 2010; Valkonen & Kuusi, 1997), with the
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following modifications. About 10 mg of finely ground tissue sample
was suspended with 1 ml of 10 mM Tris-HCI (pH 7.2) in a 1.5-ml
microcentrifuge tube. The extract was then centrifuged at 12,000
x g for 20 min at 4°C. The protein concentration in the cleared su-
pernatant was measured as A,g,. Ten microliters of cleared extract
was mixed with 89 ul of 10 mM Tris-HCl and 1 pl of 1 mM H,DCFDA.
Reaction without H,DCFDA was used as background and reaction
with 10 pl 50 mM Vitamin C was used as control. The H,DCFDA
was excited at 480 nm and the emission at 526 nm was measured
using a Synergy H1 Hybrid multimode plate reader. The relative ROS
concentration was calculated as the emission of the sample minus
the emission of the background and then normalized to the protein

concentration.

2.9 | Aggregated protein extraction and analysis

Primary leaves and roots were collected at 6 and 24 hr after heat
treatment, respectively, from the Gmdnj1 mutants and Williams 82
for aggregated protein extraction (Planas-Marqués et al., 2016). In
brief, 200 mg of ground tissue was resuspended in 4 ml fractiona-
tion buffer (20 mM tris-HCI [pH 8], 1 mM EDTA [pH 8], and 0.33 M
sucrose) by vortex in a 15-mL centrifuge tube. The homogenized
solution was filtered through Miracloth (475855, Merck Millipore),
followed by centrifugation at 2,000x g for 5 min. The supernatant
was further centrifuged at 6,000 x g for 10 min, and the subsequent
supernatant at 100,000 x g for 90 min at 4°C. The final pellet was
resuspended in 3 ml fractionation buffer with 0.3% Triton X-100 and
incubated at 4°C for 1 hr with gentle shaking. The solubilized protein
was centrifuged at 50,000 x g for 60 min at 4°C. The pellet con-
taining the aggregated proteins was thoroughly resuspended in 8 M
urea by sonication. The protein concentration was quantified with
a 2-D quant kit (GE80-6483-56, GE Healthcare, Chicago, IL, USA).
Fifteen milligrams of protein were treated with 5 mM DTT at 37°C
for 30 min followed by 15 mM iodoacetamide at room temperature
for 30 min. The sample was diluted with three volumes of 50 mM
sodium bicarbonate. Trypsin (V5111, Promega) equivalent to one
tenth (w/w) of the protein amount was added for digestion at 37°C
overnight.

Digested peptides were cleaned up with a Pierce™ C18 Spin
Column (89873, Thermo Fisher Scientific) followed by a Pierce™
Detergent Removal Spin Column (87777, Thermo Fisher Scientific).
Samples were analyzed on an Orbitrap Fusion Lumos Tribrid mass
spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) cou-
pled with the LC Ultimate 3000 RSLCnano system equipped with
a C-18p-precolumn (300-um i.d. x 5 mm) and an Acclaim Pepmap
RSLC nanoViper C-18 column (75 um x 25 cm). Mobile phase A (1.9%
acetonitrile and 0.1% formic acid) and mobile phase B (98% acetoni-
trile and 0.1% formic acid) were used in the liquid chromatography
(LC). The LC mobile phase gradient profile was set as follows: 50°C
chamber with 0.3 ul min~! flow rate, 100% mobile phase A for 5 min,
increase mobile phase B to 6% from 0% from the 5 min mark to the

8 min mark, increase mobile phase B to 18% in the following 40 min,

then increase mobile phase B to 30% in the following 10 min, then
increase mobile phase B to 80% in the following 7 min, and finally
re-equilibrate with 100% mobile phase A for 10 min. Raw data files
generated by Xcalibur software (Thermo Fisher Scientific, Waltham,
MA, USA) were analyzed using Proteome Discoverer v2.3 (Thermo
Fisher Scientific). The MS/MS spectra were searched against a pro-
tein database of Williams 82 (Wm82.a2) with 74733 entries using
the SEQUEST HT engine. Searches were configured with dynamic
modifications for carbamidomethylation (+57.021 Da) of cysteine,
oxidation of methionine (+15.995 Da), N-terminal protein acetyla-
tion (+42.011 Da), precursor mass tolerance of 10 ppm, fragment
mass tolerance of 0.02 Da, and trypsin cleavage (max two missed
cleavages). False discovery and identifications were validated by
Percolator, and only peptides with g-value < 0.05 were accepted.
Samples were compared using the label-free quantification (LFQ)
method. Three biological replicates were performed independently
from sample collection to protein identification using LC-MS/MS.
Only proteins appearing in at least two replicates with a twofold
enrichment (adjusted p-value < .05) in both mutants compared to
wild-type Williams 82 were used for Gene Ontology (GO) enrich-
ment analysis (Morales et al., 2013).

The mass spectrometry proteomics data have been depos-
ited to the ProteomeXchange Consortium via the PRIDE (Perez-
Riverol et al., 2019) partner repository with the dataset identifier
PXD019799 and 10.6019/PXD019799. All other relevant data were
described in the main text and the Supporting Information files.

3 | RESULTS

3.1 | GmDNJ1 is a typical type-1 HSP40 localized in
both the cytoplasm and the nucleus

From our previous transcriptomic study of salt-treated soybean
samples (Liu et al., 2019), we identified one highly expressed and
salt-inducible gene encoding a J-domain protein, Glyma.12G095700
(Figure S1), which we named GmDNJ1 in this study. GmDNJ1 en-
codes a typical type-1 HSP40 with an N-terminal J domain, a glycine/
phenylalanine-rich region, four repeats of the CXXCXGXG-type
zinc finger, and a C-terminal protein-binding domain (Figure 1a).
A phylogenetic tree was constructed using GmDNJ1 along with
other well-characterized HSP40s and it put GmDNJ1 into a clade
with other reported type-I HSP40s and the Dnal protein of E. coli
(Figure 1b), which were distinctively separated from the type-Il and
type-Ill HSP40s. The predicted 3D structure of GmDNJ1 consists
of two B-barrel structures (Figure S2), which is the signature of a
broad substrate binder. Furthermore, two nuclear localization signal
sequences (NLSs) and one nuclear exporting signal (NES) were found
in GmDNJ1 (Figure 1a). Immunostaining detected c-Myc-tagged
GmDNAJ1 in both the cytoplasm and the nucleus in transgenic
tobacco BY-2 cells overexpressing the fusion proteins regardless
whether the tag was located in the N terminus or the C terminus of

GmDNJ1 (Figure 1c). To further confirm the biochemical functions



LI ET AL

. . 5
e, [SHOBl-wiLEy-°

SOCIETY FOR EXPERIMENTAL BIOLOGY

" ScYdjt
(a) (b) HsDNAJA1
OsDjA5 Type |
0 100 200 300 400 a.a. 51 GMDNJ1
b Il Il Il ] a2l AtJ3
., T T T T ADB1
= J domain n— Zinc finger C-terminal domain ? w ?!SSI:IZ))JEZJM Type Il
NIES N!S NLS Scsist
0sDjC12
HSDNAJCO ‘Type”'
ADJC1
EcDnaK
w1 AHSP70
(c) BF DAPI Alexa 488 Merge 1
(d)
WT 120
am T
.,Ui
c-Myc £
GmDNJ1 3
am
1 2 3 4 - | 6
GmDNJ1 DnaK DnaK DnaK DnaK DnaK
c-Myc DnaJ GmDNJ1 GST  BSA
GrpE GrpE GrpE GrpE GrpE
am

FIGURE 1 GmDNJ1is atypical type-1 HSP40. (a) A cartoon depicting the protein structure of GmDNJ1. The various domains were
determined by Pfam (El-Gebali et al., 2019). The nuclear localization signal (NLS) and nuclear export signal (NES) were determined by
LOCALIZER (Sperschneider et al., 2017) and NetNES 1.1 Server (la Cour et al., 2004), respectively. (b) Phylogenetic tree of characterized
HSP40s. The tree was built with MEGA X (Kumar et al., 2018) using the Maximum Likelihood method and the JTT matrix-based model

with 1,000 bootstrap replications for phylogeny test. Bootstrap values were labeled as percentages on the branches. The accession
numbers of the HSP40 protein sequences included in this tree are GmDNJ1: NP_001238341.1; AtJ3: NP_189997.1; AtDjB1: NP_195759.1;
AtDjC1: NP_187752.2; HsDNAJA1: NP_001530.1; HsDNAJB1: NP_006136.1; HsDNAJC9: NP_056005.1; ScYdj1: NP_014335.1;

ScSis1: NP_014391.1; EcDnalJ: NP_414556.1; OsDjA5: XP_015632121.1; OsDjB7: XP_015637533.1; OsDjC12: EEE55258.1; AtHSP70:
NP_001328002.1; and EcDnaK: WP_102804582.1. (c) Subcellular localization study of GmDNJ1. A total of >50 cells were observed for each
line with similar results. (d) Luciferase refolding assay for testing GmDNJ1 co-chaperone activity. The luciferase activity in each reaction was
normalized to that containing E. coli DnaJ-DnaK-GrpE in combination (lane 3), which was set at 100%. Each bar represents the average of at
least three technical replicates with the error bar representing standard error

of GmDNJ1 as an HSP40, a luciferase recovery assay was done
(Figure 1d). Heat-denatured luciferase without the addition of heat
shock proteins showed the lowest activity after renaturation. When
the denatured luciferase was incubated with the complete E. coli
chaperone system composing of DnaK, DnaJ and GrpE, a significant
increase in luciferase activity was detected, and this was used as
the positive control. When the E. coli DnaJ was replaced with GST-
tagged GmDNJ1, the luciferase activity was comparable to that with
the complete E. coli chaperone system, suggesting that GmDNJ1 is
a bona fide HSP40. As negative controls, the Dnal was either omit-
ted or replaced with GST or BSA. Without a functional HSP40, the
luciferase activity dropped to only 40%-50% of the activity with a
complete HSP system.

3.2 | Expression of GmDNJ1 was inducible by
multiple abiotic stresses

Seedlings of soybean cultivar CO1 were subjected to salt stress (NaCl),
osmotic stress (PEG), alkaline stress (NaHCO,), oxidative stress (PQ),
and heat stress (42°C) treatments (Figure 2 and Figure S3). In addi-

tional to GmDNJ1, we have also tested the expression of four other

stress-responsive genes. GmRD22 was known to be responsive to
salt and osmotic stresses (Wang et al., 2012). GmCHX20a was known
to be responsive to short-term NaCl stress (Jia et al., 2020). Hsf2A is a
heat-inducible transcription factor (Charng et al., 2007). GsCHX19.3
is a salt and alkaline stresses inducible gene (Jia et al., 2017). The
expression of the known stress-responsive genes indicated that all
the treatments were effective. Only GmDNJ1 and Hsf2A were sig-
nificantly induced by all four kinds of abiotic stresses in at least one
of the tissues. Under salt, PEG, NaHCO,, or PQ treatment, the fold
of induction of GmDNJ1 was similar in both root and leaves while
the induction of GmDNJ1 was more prominent in roots under heat
stress. Furthermore, compared to the other abiotic stress treat-
ments, the folds of induction of GmDNJ1 in both roots and leaves
were exceptionally higher, by an order of magnitude, when under

heat treatment (Figure 2 and Figure S3).
3.3 | Characterization of GmDNJ1-knockout mutant
under heat treatment

An EMS mutant of GmDNJ1 in the G. max cultivar Williams 82
background was identified through the KeyPoint® Breeding
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FIGURE 2 Expressions of GmDNJ1 were induced under abiotic stress treatments. First-trifoliate seedlings of G. max cultivar CO1 were
treated with (a-e) 9% NaCl for 4 hr, (f-j) 5% PEG for 24 hr to induce osmotic stress, (k-0) 50 mM NaHCO, at pH 8.5 for 24 hr, (p-t) 10 mM
paraquat for 4 hr to induce oxidative stress, and (u-y) heat stress at 42°C for 4 hr. Expressions of GmDNJ1 and other stress-responsive genes
in leaves and roots were analyzed by RT-qPCR. The expressions of GmDNJ1 in the treated tissues were normalized to those in the respective
untreated tissues. a-tubulin was used as the housekeeping gene for normalizing RNA input. Relative gene expression was calculated by

the 2-22€T method. The error bar represents the standard deviation of three technical repeats. Two-tailed student's t test was adopted

to compare the expressions between untreated and treated samples.

* ** and ***indicates a significant difference at p < .05, p < .01, and

p <.001, respectively. ns means that there was no statistically significant difference. A biological repeat of this experiment can be found in

Figure S3

(Rigola et al., 2009) and denoted as Gmdnjl. Gmdnjl harbors a
C-to-T mutation in the GmDNJ1 coding sequence which introduces
a stop codon (Cag/Tag: Q72*) immediately following the J domain
leading to premature termination. To minimize the effect of re-
sidual background mutations, seeds of two M5 generation pools
(Gmdnj1-3.2 and Gmdnj1-3.11) from two different M3 individuals,
homozygous for the mutation, were used for the subsequent ex-
periments. As the expression of GmDNJ1 was the most responsive
to heat treatment, the mutant was characterized using this treat-
ment. Since the previous gene expression study was done using
the cultivar C01, and although the protein sequences of GmDNJ1
from the two cultivars are the same, to ensure GmDNJ1 behaves
similarly in Williams 82, the expression of GmDNJ1 under heat
treatment was evaluated in wild-type Williams 82 as a quality con-

trol (Figure S4). GmDNJ1 was also strongly induced in Williams 82

under heat stress and the fold of induction was also higher in the
root than in the leaf.

Upon prolonged heat treatment, both the Gmdnj1-3.2 and
Gmdnj1-3.11 mutant lines showed more severe browning compared
to their wild-type parent, Williams 82 (Figure 3a), indicating that the
mutant is more sensitive to the heat stress. This was consistent with
the lower chlorophyll contents in the mutants after heat treatment
(Figure 3b), suggesting that the loss of a functional GmDNJ1 could
sensitize the plant toward heat stress and may in turn reduce the
chlorophyll content.

Other physiological parameters were subsequently assessed.
Under normal conditions, the differences in growth between wild-
type Williams 82 and the Gmdnj1 mutants were more pronounced
in the roots than in the shoots, especially in terms of dry weights
(Figure 4). Upon heat treatment, both the wild-type Williams 82
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and the Gmdnjl mutant had significant reductions in the fresh
weights of both roots and shoots, probably due to higher rates
of evapotranspiration at the elevated temperature (Figure 4).
However, the dry weights of both roots and shoots did not change
significantly upon heat stress in both the mutant lines and the
wild type, which may be the result of a relatively short treatment

duration.

3.4 | Knocking out GmDNJ1 led to elevation of
total reactive oxygen species (ROS) content under
heat treatment

Heat treatment could lead to ROS bursts which could be both
beneficial and detrimental to the plant. In the root, only Gmdnj1-
3.2 showed significantly higher ROS content than wild-type
Williams 82 under normal conditions (Figure 5a). The difference
between wild type and mutants were more prominent in the root
than in the shoot upon heat treatment, with both Gmdnj1-3.2

and Gmdnj1-3.11 having higher ROS contents than the wild-type
Williams 82 (Figure 5b).

Next, we examined the expression of an important heat-inducible
transcription factor, HsfA2 (Charng et al., 2007) and ROS-scavenging
enzyme-encoding genes, which carry heat shock elements on their
promoters. As expected, HsfA2 was highly induced by heat treat-
ment only in the Gmdnj1 mutant lines (Figure 5c), suggesting that
the mutant lines were more sensitive to the heat stress. In turn, the
expressions of genes encoding superoxide dismutase and ascorbate
peroxidase, which are potential targets of HsfA2, were also signifi-
cantly more highly induced under heat treatment in the two mutant
lines than in the wild type (Figure 5d,e).

3.5 | Knocking out GmDNJ1 led to aggregation of
proteins of diverse functions under heat stress

Knocking out a major HSP40 may lead to the impairment of the pro-

tein refolding system, and in turn lead to a change in the aggregated
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FIGURE 5 ROS contents and expressions of genes encoding ROS-scavenging enzymes in Gmdnj1 mutant lines. The ROS contents in leaf
(a) and root (b) of untreated plants, and in leaf (c) and root (d) of heat-treated plants were compared by measuring the H,DCFCA fluorescence
per unit protein in the extract. Expressions of HsfA2 (e), heat shock element containing superoxide dismutase-encoding genes (f), and heat
shock element containing ascorbate peroxidase-encoding genes (g) in root of Gmdnj1 mutant were monitored. The data in a-d were analyzed
with one-way ANOVA followed by LSD test. Different letters above the bars indicate means that are significantly different at p <.05. N = 4.
Error bar: SEM. The data in (e-g) were analyzed with one-way ANOVA followed by Tukey's test. Different letters above the bars indicate
means that are significantly different at p < .05. N 2 3. Error bar: standard deviation. Replicate of the experiment can be found in Figure S7

protein profile. Therefore, the aggregated protein profiles of the
Gmdnj1 mutant lines were compared against that of the wild-type
Williams 82 under both untreated and heat-treated conditions.
Aggregated proteins with higher abundance (twofold difference, p-
value < .05, present in at least two replicates) in both mutant lines
compared to Williams 82 in untreated and heat-treated samples
were identified for Gene Ontology (GO) analysis. In total, 35, 26,
158, and 54 aggregated proteins were found fulfilling these criteria
in untreated root, heat-treated root, untreated leaf, and heat-treated
leaf, respectively (Data Set S1). These proteins were annotated with
726 GO terms, which were distributed among diverse biological
processes (Data Set S2). Nineteen of the GO terms were common
to all four sets of samples (Table 1), and they refer to the proteins
involved in protein catabolic process (GO: 0042176), sugar metabo-
lism (GO:0006090, GO: 0019320), and membrane transportation
(GO: 0015576, GO: 0015591, GO: 0015717, GO: 0035436, GO:
0042176, GO: 0070838). These processes are important as they
are involved in protein turnover, energy production, and transpor-

tation across cell membrane. Furthermore, proteins annotated with

GO: 0000302 (response to reactive oxygen species) were found in
the aggregated protein profiles of both heat-treated and untreated
leaves of the Gmdnjl mutants (Data Set S2). The fact that these
proteins had a higher tendency to be misfolded or unfolded in the
Gmdnj1 mutants implies that the biological processes they are in-
volved in are more likely to be impaired in the absence of a functional
GmDNJ1.

4 | DISCUSSION

There are over 200 J domain protein-encoding genes in the soybean
genome. Yet, only a few of them have been characterized (Liu &
Whitham, 2013; So et al., 2013; Song et al., 2017; Zong et al., 2020).
In this study, we have functionally characterized GmDNJ1, which
has a relatively high expression in both normal and stress conditions
compared with ~200 other J domain-encoding genes in the soybean
genome (Figure S1). GmDNUJ1 is a typical type-1 HSP40 that is local-
ized to both the cytoplasm and the nucleus.
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TABLE 1 Gene ontology (GO) terms common to the aggregated proteins identified from the leaf and root with and without heat

Number of genes?®

treatment
GOID GO Description
GO: 0000287 Magnesium ion binding 3
GO: 0004033 Aldo-keto reductase (NADP) activity 2
GO: 0004849 Uridine kinase activity 2
GO: 0006090 Pyruvate metabolic process 4
GO: 0008135 Translation factor activity, nucleic acid 1
binding
GO: 0015576 Sorbitol transmembrane transporter 1
activity
GO: 0015591 D-ribose transmembrane transporter 2
activity
GO: 0015717 Triose phosphate transport
GO: 0016682 Oxidoreductase activity, acting on
diphenols and related substances as
donors, oxygen as acceptor
GO: 0016874 Ligase activity 2
GO: 0019320 Hexose catabolic process 4
GO: 0019632 Shikimate metabolic process 2
GO: 0030234 Enzyme regulator activity 2
GO: 0030976 Thiamine pyrophosphate binding 2
GO: 0035436 Triose phosphate transmembrane 2
transport
GO: 0042176 Regulation of protein catabolic process 3
GO: 0046482 Para-aminobenzoic acid metabolic 2
process
GO: 0047504 (-)-Menthol dehydrogenase activity 1
GO: 0070838 Divalent metal ion transport 2

2Each gene may have more than one GO term.

A loss-of-function mutation with a stop codon introduced early in
the coding sequence was constructed through KeyPoint® Breeding
(Rigola et al., 2009). Chlorophyll content is a crucial indicator to
show the survival of plant (Hu et al., 2020). Increased leaf brown-
ing and reduced chlorophyll content in Gmdnj1 plants (Figure 3)
indicated that they are more sensitive to heat stress than the wild
type. In addition, Gmdnj1 plants exhibited reduced fresh weights
and dry weights compared to the wild-type Williams 82 in both nor-
mal and heat stress conditions (Figure 4). Normally, the studies on
plant HSP40s are focused on stress responses. However, there are
also a few reports about the regulation of plant growth by HSP40s
(Verma et al., 2019). For example, AtDjC17 was reported to be im-
portant in root hair development through cell fate determination in
a tissue-specific manner (Petti et al., 2014). AtBIL2, a mitochondrial
type-Ill HSP40, was hypothesized to maintain ATP generation to en-
hance growth in both shoots and roots by acting through the brass-
inosteroid signaling pathway (Bekh-Ochir et al., 2013). To date, this
is the first report of diminished growth due to the knocking out of a

J-domain protein in soybean in normal growth conditions.

Untreated Root

Heat-

Heat-treated Root Untreated Leaf treated Leaf

1 4 6
1 7 3
1 7 3
1 16 3
1 1 3
1 1 1
1 5 2
1 9

1 6 4
1 4 4
1 22 10
2 6 1
1 9 5
2 11 5
3 7 4
2 16 3
1 1

1 2 1
1 4 2

A persistently high ROS content was detected in the Gmdnj1 mu-
tant. It is still largely unknown how GmDNJ1 alleviates ROS accu-
mulation. Some previous studies reported that HSP40s could play
immediate roles in ROS scavenging. For example, the overexpres-
sion of LeCDJ1 in transgenic tomato was reported to enhance the
activities of ascorbate peroxidase and superoxide dismutase inde-
pendent of their transcription levels (Kong et al., 2014). Knocking
out AtDjB1 led to the disruption of mitochondrial functions, which
decreased ascorbate production and thus increased ROS contents
(Zhou et al., 2012).

Even though HSP70/HSP40 are involved in multiple functions,
HSP70s are generally limited in number compared to HSP40s in
the genome. A single HSP70 protein is normally able to interact
with multiple HSP40s, which are believed to determine the target
client proteins and the functions of an HSP70. HSP40 proteins are
structurally diverse in their substrate-binding domains to fulfill the
diverse functions. The substrate-binding abilities of HSP40 pro-
teins could be briefly divided into specific binder and broad binder.
HSP40s such as GmDNJ1 with a double B-barrel substrate-binding
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domain is usually a broad binder (Craig & Marszalek, 2017), support-
ing the notion that GmDNJ1 could possibly maintain the full capacity
of cellular functions by clearing unfolded protein from both the cyto-
sol and the nucleus. Thus, knocking out GmDNJ1 is expected to lead
to an overall impairment in growth.

In fact, when GmDNJ1, a major HSP40, was knocked out, we
did observe that a number of proteins were consistently more
readily aggregated in both Gmdnj1 mutant lines. In the aggregated
protein profiles of the four tissue-treatment combinations, 262
proteins were found in total, sharing 726 GO terms describing di-
verse but important functions. These proteins may or may not be
the direct clients of GmDNJ1, but their proper folding was some-
how impacted due to the absence of a fully functional GmDNJ1.
For example, some of the differentially aggregated proteins found
in Gmdnj1 mutants were involved in sugar metabolism and mem-
brane transport. Carbon metabolism could be an important fac-
tor in heat tolerance in plants, while the transportation of sugar
was also reported to be altered under heat stress accompanied
by the differential expressions of some sugar transporter genes
(Julius et al., 2017). In E. coli, DnaK was reported to interact with
glucose metabolism-related enzymes and the mutation of DnaK
and DnalJ altered carbon metabolism, leading to a carbon flux to
the TCA cycle and the production of ATP (Angles et al., 2017). A
human HSP40 was also found to interact with glucose metabo-
lism-related enzymes to alter the glycolysis and cell proliferation
processes (Huang et al., 2014). Furthermore, in heat-treated roots,
the survival rate increases with more available carbohydrates and
higher rates of protein turnover (Huang et al., 2012).

In summary, in this report, we have characterized the mutant
of a cytoplasm-nucleus localized type-l J domain-encoding gene,
GmDNJ1, in soybean. Native GmDNJ1 is highly expressed under nor-
mal conditions and highly inducible in abiotic stress conditions. Our
reverse genetic study suggested that GmDNJ1 is involved in both
growth and heat tolerance. Loss of GmDNJ1 functions led to the
persistent aggregation of some proteins involved in important bio-
logical processes, which may have led to the negative impacts on
growth and heat tolerance.
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