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Maintaining the structural integrity of the photosynthetic apparatus during dehydration is critical for effective recovery of
photosynthetic activity upon rehydration in a variety of desiccation-tolerant plants, but the underlying molecular mechanism is
largely unclear. The subaerial cyanobacterium Nostoc flagelliforme can survive extreme dehydration conditions and quickly
recovers its photosynthetic activity upon rehydration. In this study, we found that the expression of the molecular chaperone
NfDnaK2 was substantially induced by dehydration, and NfDnaK2 proteins were primarily localized in the thylakoid
membrane. NfDnaJ9 was identified to be the cochaperone partner of NfDnaK2, and their encoding genes shared similar
transcriptional responses to dehydration. NfDnaJ9 interacted with the NfFtsH2 protease involved in the degradation of
damaged D1 protein. Heterologous expression of NfdnaK2 enhanced PSII repair and drought tolerance in transgenic Nostoc
sp. PCC 7120. Furthermore, the nitrate reduction (NarL)/nitrogen fixation (FixJ) family transcription factors response regulator
(NfRre1) and photosynthetic electron transport-dependent regulator (NfPedR) were identified as putative positive regulators
capable of binding to the promoter region of NfdnaK2 and they may mediate dehydration-induced expression of NfdnaK2 in N.
flagelliforme. Our findings provide novel insights into the molecular mechanism of desiccation tolerance in some xerotolerant
microorganisms, which could facilitate future synthetic approaches to the creation of extremophiles in microorganisms and
plants.

Drought is one of themost deleterious environmental
conditions in that it suppresses growth, development,
and yield of plants (Ceccarelli and Grando, 1996;
Huang et al., 2016). Drought stress results in water
deficit and causes severe inhibition of photosynthesis
due to reduced diffusion and metabolism of carbon
dioxide in the chloroplast. Compromised photosyn-
thesis under drought conditions leads to photo-
inhibition and further photodamage by the absorbed
energy that failed to transmit through the photosyn-
thetic electron transport chain (Pinheiro and Chaves,

2011; Wieners et al., 2012). Plants have evolved adap-
tation mechanisms to cope with drought stress by
transcriptional reprogramming of gene expression and
subsequent physiological adjustment, which is often
initiated by a subset of differentially activated or re-
pressed transcription factors (Skirycz and Inzé, 2010;
Nakashima et al., 2014; Song et al., 2016; Li et al., 2019).
Although most plants are unable to grow in drylands,
some plant species, such as resurrection plants and
certain subaerial cyanobacteria, can survive prolonged
periods of desiccation by entering a dormant state
called anhydrobiosis (Goyal et al., 2005). These orga-
nisms evolved some specific protective mechanisms to
minimize damage, maintain the integrity of critical
cellular and biochemical components during dehydra-
tion, and effectively repair the damage upon rehydra-
tion (Bewley, 1979; Oliver et al., 2000; Challabathula
et al., 2018). However, the molecular basis of these
protective and repairing mechanisms during dehydra-
tion and rehydration is still largely unknown.
Oxygenic photosynthesis resulting in oxygen accu-

mulation in the atmosphere and metabolic evolvement
in organisms is the most significant evolutionary event
in the earth’s history (Fischer et al., 2016). Photosyn-
thetic electron transport components include electron
carriers such as plastoquinone and plastocyanin, as
well as PSII, cytochrome b6f complex, and PSI, all of
which are associated with the thylakoid membrane
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(Eberhard et al., 2008). PSII is a membrane-integral
and multisubunit complex that initiates electron
flow in oxygenic photosynthesis, and the core of PSII
is conserved from cyanobacteria to vascular plants
(Nickelsen and Rengstl, 2013). Functional PSII is
formed by two different assembly pathways: one is de
novo synthesis of all subunits and cofactors and the
other is replacement of the damaged PSII proteins
(primarily the D1 protein) with newly synthesized
proteins following partial disassembly of the PSII
complex (Aro et al., 2005; Allen et al., 2011). The highly
coordinated PSII assembly inevitably involves protein
synthesis, folding, assembly, degradation, and protein-
protein interactions (Nixon et al., 2010). These bio-
chemical processes are thought to be guided by
molecular chaperones in the native cellular environ-
ment (Kampinga and Craig, 2010), and heat shock
protein 70 (Hsp70) is one of the most ubiquitous cha-
perone proteins involved in some of these processes
(Hartl and Hayer-Hartl, 2009).

Members of the Hsp70 family exist in almost all or-
ganisms from archaebacteria to eukaryotes and repre-
sent one of the most conserved protein families
involved in a variety of cellular processes (Boorstein
et al., 1994; Mayer and Bukau, 2005). One member of
40 kD heat shock protein family (Hsp40) is associated
with Hsp70 and stimulates the ATP hydrolysis of
Hsp70 by 1,000-fold (Laufen et al., 1999). The homologs
of Hsp70 and Hsp40 are called DnaK and DnaJ, re-
spectively, in prokaryotes. DnaJ defines the substrate
specificity of its DnaK partner, and the complex is in-
volved in a variety of essential cellular processes
(Mayer and Bukau, 2005; Acebrón et al., 2008). Recent
transcriptome analyses have indicated that Hsp70/
DnaK transcripts increased in abundance following
dehydration in the desert biological crust cyanobacte-
rium Microcoleus vaginatus (Rajeev et al., 2013) and in
leaves of the resurrection plants Craterostigma plantagi-
neum (Costa et al., 2016) and Sporobolus stapfianus (Costa
et al., 2016; Yobi et al., 2017). However, the mode of
protection afforded by these dehydration-inducible
Hsp70/DnaK proteins to desiccation-tolerant plants is
still not defined.

Several studies have suggested the involvement of
Hsp70 and Hsp40 in photosynthesis. Deletion of one of
three chloroplastic DnaJ proteins (AtJ8, AtJ11, or AtJ20)
in Arabidopsis (Arabidopsis thaliana) results in a de-
crease in photosynthetic efficiency, destabilization of
PSII complexes, and imbalance of the redox reactions in
chloroplasts (Chen et al., 2010). Overexpression of
CrHSP70B enhances tolerance of PSII to photo-
inhibition in Chlamydomonas reinhardtii and causes a
slower degradation rate of D1, CP43, and oxygen evo-
lution complex proteins during high light treatment,
but the underlyingmechanism is still not clear (Schroda
et al., 1999, 2001). In the green alga Dunaliella salina,
HSP70B is upregulated upon high light exposure and
is associated with D1, D2, and CP47 proteins forming
a 320 kD PSII repair intermediate, suggesting a func-
tion of HSP70B in stabilization of the PSII holocomplex

or removal of inactive reaction center proteins
(Yokthongwattana et al., 2001). Liu et al. (2005) repor-
ted that the J-domain proteins CDJ2 and HSP70B are a
chaperone pair that interacts with the Vesicle-Inducing
Protein in Plastids1 (VIPP1), suggesting that HSP70B-
CDJ2 plays a role in maintenance or biogenesis of the
thylakoid membrane by modulating the assembly of
VIPP1. Although these studies suggest a function of the
Hsp70-Hsp40 chaperone in photosynthesis, more de-
tails remain to be revealed. Meanwhile, the specific role
of Hsp70 and Hsp40 in the persistence of photosyn-
thesis under various stress conditions remains largely
unclear. PSII is one of the major desiccation-sensitive
sites (Canaani et al., 1986), and drought has been
reported to enhance the turnover of D1 protein and
induce structural reorganization of PSII complex
(Giardi et al., 1996; Challabathula et al., 2018). Never-
theless, the molecular mechanism of chaperones in
photosynthesis protection under drought stress is still
poorly understood.

The subaerial cyanobacterium Nostoc flagelliforme is
distributed in arid or semiarid areas (Gao, 1998). It ex-
hibits strong drought tolerance resembling that ob-
served in resurrection plants and desert biological crust
organisms (Xiao et al., 2015; Costa et al., 2016; Yobi
et al., 2017; Oren et al., 2017, 2019). It can survive long
periods in an almost completely dry state and recover
photosynthetic activity after rehydration by absorbing
dew at early morning or during rainfall (Gao, 1998;
Shang et al., 2019). The photosynthetic performance
of N. flagelliforme during dehydration and rehydra-
tion is similar to homoiochlorophyllous resurrection
plants (Challabathula et al., 2018). Its chlorophyll and
thylakoid membranes are well preserved during de-
hydration, which facilitates a rapid recovery of photo-
synthetic activity upon rehydration (Qiu et al., 2004a).
The photosynthetic recovery of N. flagelliforme requires
exogenous addition of potassium (Qiu and Gao, 1999;
Qiu et al., 2004b), and extracellular carbonic anhydrase
is activated to facilitate inorganic carbon acquisition in
the process of rehydration (Ye et al., 2008). Weak red
light plays an important role in triggering oxygen ev-
olution complex photoactivation inN. flagelliforme upon
rehydration (Xu et al., 2019). Cyanobacteria are gener-
ally considered to be the ancestors of chloroplasts
(Rodríguez-Ezpeleta et al., 2005), and the major com-
ponents of photosynthetic machinery are conserved
among most oxygenic photosynthetic organisms (Nelson
andYocum, 2006; Shen, 2015). Therefore,N. flagelliforme
serves as an excellent model for studying photosyn-
thetic adaptation to drought stress. However, the
mechanism of photosystem protection and regenera-
tion during dehydration and rehydration in this cya-
nobacterium still require extensive study, and the
involvement of NfDnaK-NfDnaJ in these processes
could provide novel insights into photosystem protec-
tion in resurrection plants.

In this study, we found that the transcriptional level
of NfdnaK2 was clearly induced by dehydration, and
NfDnaK2 proteins were primarily localized in the
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thylakoid membrane. NfDnaJ9 was identified as a
cochaperone partner of NfDnaK2 and interacted with
NfFtsH2 (COO91_03537) protease, which suggests a
role for the NfDnaK2-NfDnaJ9 chaperone pair in the
PSII repair cycle under stress conditions. Heterologous
expression of NfdnaK2 in Nostoc sp. PCC 7120 remark-
ably enhanced drought tolerance, which is likely
mediated by enhanced D1 degradation under stress
conditions. Furthermore, two transcription factors,
COO91_04806 (NfPedR) and COO91_05451 (NfRre1),
were found to bind to the promoter region of NfdnaK2,
which could be the regulator for the adaptation of
subaerial cyanobacteria to extreme arid environments.
This study describes a molecular mechanism of action
of the NfDnaK2-NfDnaJ9 chaperone pair during PSII
repair under drought stress in Nostoc species.

RESULTS

NfDnaK2 Is Induced by Dehydration and Primarily
Localizes in the Thylakoid Membrane

By using the BLAST search tool (BioEdit software
version 7.0.5.3) against the genome of N. flagelliforme,
four highly conserved NfdnaK genes were found, and
the Hsp70 domain architectures were predicited by
Pfam database as shown in Figure 1. The expression of
NfDnaKs in response to dehydration and rehydration
in N. flagelliforme was analyzed at both the transcrip-
tional and protein levels (Fig. 2, A and B). The transcript
abundances of NfdnaK3 and NfdnaK4 showed a slight
increase, that of NfdnaK1 was unchanged, while that of
NfdnaK2 was sharply decreased in response to rehy-
dration. The NfdnaK2 transcripts decreased to 0.90-,
0.30-, and 0.09-fold of the value at the time zero point
after rehydrating for 1, 3, and 9 h, respectively (Fig. 2A).
Consistent with the changes in transcription levels, the
protein level of NfDnaK2 was high in dry samples and
was gradually decreased to about 0.5-fold of the value
at the time zero point after 9 h rehydration, while the

levels of the other three NfDnaK proteins showed a
slight increase (Fig. 2B). In contrast to rehydration, de-
hydration substantially increased NfdnaK2 expression
at both the transcriptional and protein levels (Fig. 2, C
and D), while the transcriptional levels of the other
three NfdnaKs did not show substantial changes in re-
sponse to dehydration (Supplemental Fig. S1). In addi-
tion, the transcripts of NfdnaK2 were found to be the
most abundant among the four NfdnaKs, since the tran-
scriptional reads per kilobase of transcript per million
value of NfdnaK2 accounted for 94% of the reads of all
four NfdnaKs in dry N. flagelliforme according to the
transcriptome analysis (Shang et al., 2019). These results
indicated that NfDnaK2 is a dehydration-upregulated
but rehydration-downregulated gene that may play a
role in drought resistance in N. flagelliforme.
We further investigated the subcellular location of

NfDnaKs by using western blotting analysis of the
fractionated plasma membrane, thylakoid membrane,
and soluble proteins (Huang et al., 2002). The proteins
of NfDnaK1, NfDnaK2, and NfDnaK3 were detected in
both soluble and membrane fractions, while NfDnaK4
was only detected in soluble fractions (Fig. 2E).Moreover,
NfDnaK2primarily localized in the thylakoidmembrane,
and a lower level of NfDnaK2 was also detected in the
plasma membrane, while NfDnaK1 and NfDnaK3 were
only detected in the plasma membrane. The purity of the
membrane fractions was assessed using the marker pro-
teins NrtA and CP47 for the plasma membrane and
thylakoid membrane, respectively (Fig. 2F). Localization
of NfDnaK2 in the thylakoid membrane suggested a role
for NfDnaK2 in the photosynthetic process.

NfDnaJ9 Is a Cochaperone Protein of NfDnaK2

The DnaKs are regulated by several accessory part-
ners, particularly the DnaJ family, and the DnaJ domain
in DnaJ and DnaJ-like proteins is believed to be the
major binding site for the interaction with DnaKs
(Hennessy et al., 2005). By searching the genome of

Figure 1. Domain architectures of NfDnaK
and NfDnaJ homologs predicted by the
Pfam database. The gray color represents
the area where the domain cannot be
predicted. DnaJ_C, DnaJ C-terminal do-
main; DUF 4101, domain of unknown
function; TPR, Tetratricopeptide repeat.
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N. flagelliforme, 11 NfDnaJ proteins containing the DnaJ
domain were found and named sequentially NfDnaJ1
to NfDnaJ11 (Fig. 1). To determine the interaction be-
tween NfDnaKs and NfDnaJs, yeast two-hybrid (Y2H)
analyses were performed. The yeast Saccharomyces cer-
evisiae AH109 cotransformed with the plasmids pBD-
NfDnaK2 and pAD-NfDnaJ6 or pAD-NfDnaJ9 could
grow on synthetic defined (SD) medium lacking Trp,
Leu, His and adenine (SD/-Trp-Leu-His-Ade), sug-
gesting an interaction between NfDnaK2 and NfDnaJ6
or NfDnaJ9 (Fig. 3A). In addition, interactions between
other NfDnaK and NfDnaJ proteins (pBD-NfDnaK1
and pAD-NfDnaJ11, pBD-NfDnaK3 and pAD-NfDnaJ1
or pAD-NfDnaJ4, pBD-NfDnaK4 and pAD-NfDnaJ3 or
pAD-NfDnaJ4)were also identified. These results indicate

that each member of the NfDnaK family has specific
interaction partners in the family of NfDnaJs.

Transcriptome analysis of N. flagelliforme (Shang
et al., 2019) revealed that the transcript level of
NfdnaJ9 was higher than that of other NfdnaJs in dry
samples, and that NfdnaJ9 transcripts account for 48%
of the abundance of all 11 NfdnaJ transcripts, while
NfdnaJ6 transcripts only account for 1.3%. Further-
more, the proportion of NfdnaJ9 decreased to 14.2%
after 15 h rehydration. These results suggest that
NfDnaJ9 may play an important role in drought toler-
ance. We therefore focused on the investigation of
NfDnaJ9 among other NfDnaJs. The interaction between
NfDnaK2 and NfDnaJ9 was verified by an in vivo pull-
down assay (Fig. 3B), and in vivo copurified NfDnaK2

Figure 2. The expression pattern of NfDnaK homologs during rehydration and dehydration and their subcellular localizations in
field-collected N. flagelliforme. A, Relative transcriptional levels of NfdnaKs during rehydration. The dried field-collected N.
flagelliforme samples were rehydrated for 0, 1, 6, and 9 h, and three independent replicates were performed for each time point.
Total RNA was extracted as described in the “Materials and Methods”. Data are shown as the mean 6 SD of three independent
replicates. B, Protein levels of four NfDnaKs during rehydration. The dried field-collected N. flagelliforme samples were rehy-
drated as described in A. Total protein was extracted as described in the “Materials and Methods”. The total protein of the “0 h”
sample (with series of dilution for protein loading, 7.5 mg [one-quarter dilution], 15 mg [half dilution], and 30 mg [1, without
dilution], respectively) and other samples (30 mg) were loaded in each lane. Each NfDnaK was indicated by the corresponding
specific antibodies (ɑ-NfDnaK1–ɑ-NfDnaK4). The corresponding Coomassie brilliant blue (CBB) stained gels beneath the
western blotting results were used as loading controls. C, Relative transcriptional levels of NfdnaK2 during rehydration and
subsequent dehydration. The dried field-collected N. flagelliforme samples were rehydrated (marked by hatching) for 0 h (dried
field samples), 24 h (fully rehydrated), and subsequently dehydrated for 0.5 h (;20%water loss), 2 h (;50% water loss), and 4 h
(;90% water loss). Each treatment was repeated three times independently, and data are shown as the mean 6 SD of three in-
dependent replicates. D, Changes in expression of the NfDnaK2 protein during rehydration and subsequent dehydration. The
dried field-collectedN. flagelliforme samples were rehydrated for 24 h and subsequently dehydrated for 12 h and 24 h. The total
protein of the “24 h” sample (with series of dilution for protein loading, 7.5mg [one-quarter dilution], 15mg [half dilution], and 30
mg [1, without dilution], respectively) and other samples (30 mg) were loaded in each lane. The corresponding CBB stained gels
beneath the western blotting results were used as loading controls. E and F, Subcellular localizations of NfDnaKs. The total
proteins extracted from dried field N. flagelliforme samples were fractionated into soluble fractions (SF) and crude membranes
(CM), and 30 mg protein was loaded in each lane (E). Crude membranes were subsequently separated into thylakoid membranes
(TM) and plasma membranes (PM) by Suc density gradient centrifugation, and 30 mg protein was loaded in each lane (F).
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with glutathione S-transferase (GST)-tagged NfDnaJ9
was also confirmed by liquid chromatography tandem
mass spectrometry analysis (Supplemental Table S1).
Furthermore, the transcript levels of NfdnaJ9 increased
in response to dehydration but decreased in the pro-
cess of rehydration (Fig. 3C), which coincides with the
expressing pattern of NfdnaK2. Altogether, these observa-
tions implied that the NfDnaK2-NfDnaJ9 chaperone could
be important for drought resistance in N. flagelliforme.

NfFtsH2 Is the Target Substrate Protein of NfDnaJ9

To explore the function of the NfDnaK2-NfDnaJ9
chaperone in drought tolerance of N. flagelliforme, a
pull-down assay was used to identify possible target
substrate proteins of NfDnaJ9. The recombinant GST-
tagged NfDnaJ9 was incubated with the total proteins
of N. flagelliforme, and the copurified proteins with
NfDnaJ9were isolated byGST-Bind resin and subjected
tomass spectrometry (MS) analysis. The results showed
that the bait NfDnaJ9 was ranked first, and its inter-
acting NfDnaK2 and GroL chaperones were also at
the top of the identified protein list (Supplemental
Table S1). Neither NfDnaJ9 nor NfDnaK2 was detected
in the negative control (only GST-tag pull down). Many
putative NfDnaJ9-interacting proteins were identified
byMS analysis, and FtsH protease, which is involved in
the PSII repair cycle, appeared in all three replicates but

was absent in the negative controls, and thuswas chosen
for further analysis. There are four conserved FtsH pro-
teins in N. flagelliforme, which were named NfFtsH1–
NfFtsH4 (COO91_03160, COO91_03537, COO91_03727,
and COO91_00363, respectively). The interactions be-
tweenNfDnaJ9 andNfFtsHswere tested by Y2H assays,
and the yeast S. cerevisiaeAH109 cotransformedwith the
plasmids pAD-NfDnaJ9 and pBD-NfFtsH2 could grow
on SD/-Trp-Leu-His-Ade medium, indicating a specific
interaction between NfDnaJ9 and NfFtsH2 (Fig. 4A).
This interaction was further confirmed by in vitro pull-
downassay.As shown in Figure 4B,GST-taggedNfDnaJ9
and His-tagged NfFtsH2 could be coeluted through
either GST-Bind or His-Bind resin affinity purification
but could not be coelutedwith negative control proteins
(His-tagged NfOCP and GST). This result further con-
firmed that NfDnaJ9 physically interacts with NfFtsH2.
Since FtsH2 protease is involved in the D1 protein
turnover by degrading damaged D1 protein, these re-
sults suggest that the upregulated NfDnaK2-NfDnaJ9
chaperone plays important roles in PSII protection in
the process of dehydration in N. flagelliforme.

Heterologous Expression of NfDnaK2 Enhances
PSII Repair

Since genetic manipulation is difficult in N. flag-
elliforme at present, NfdnaK2 of N. flagelliforme was

Figure 3. Interaction of NfDnaK and NfDnaJ in N. flagelliforme, and the relative transcriptional levels of NfdnaJ9 during rehy-
dration and subsequent dehydration. A, In vitro protein-protein interaction analyses of NfDnaK and NfDnaJ by Y2H assay. The
yeast transformants (10 mL each of cell suspensions diluted from OD600 0.1 to 0.001, as indicated by the slope of the black
triangles from left to right) expressing positive control plasmids (pAD1 and pBD1), negative control plasmids (pAD1 and pBD2),
and plasmids for testing protein interaction (pAD-NfdnaJ and pBD-NfdnaK) were grown on SD/-Trp-Leu-His-Ade agar plates for 3
d. B, In vivo pull-down analysis of the interaction between NfDnaK2 and NfDnaJ9. The total proteins (TP) extracted from dried
field N. flagelliforme samples were incubated with GST-binding resin and GST-tagged NfDnaJ9 (Resin1GST-NfDnaJ91TP), and
the coeluted products were detected with the specific antibody against NfDnaK2. The eluted products of the incubation mixture
of resin andGST-taggedNfDnaJ9 (Resin1GST-NfDnaJ9),or resin, GST, and TP (Resin1GST1TP) were used as negative controls to
exclude nonspecific interference, and TP extraction was used as the positive control. C, Relative transcriptional levels ofNfdnaJ9
during rehydration and subsequent dehydration. The dried field-collectedN. flagelliforme samples were rehydrated (hatchmarks)
for 0, 1, 3, 9, and 24 h and subsequently dehydrated for 0.5, 2, and 4 h. Each treatment was repeated three times independently,
and data are shown as the mean 6 SD of three independent replicates.
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transformed into Nostoc sp. PCC 7120 to investigate its
function in PSII repair or protection. The inhibitory ef-
fect of high light on PSII activity was analyzedwith and
without inhibition of PSII repair by lincomycin (Lin),
and the difference between PSII activity in the absence
and that in the presence of Lin represents the contri-
bution of PSII repair. As shown in Figure 5A, in the
absence of Lin, the maximum potential quantum effi-
ciency of PSII (Fv/Fm values) for both strains decreased
rapidly during the initial 30 min exposure to high light
(400 mmol photons m22 s21), and then gradually
reached steady state with prolonged treatment time.
However, the extent of the decrease of Fv/Fm values
was much less in the transgenic strain (OE-NfdnaK2)
than in wild-type Nostoc sp. PCC 7120. In the presence
of Lin, high light led to a similar decrease in Fv/Fm
values in these two strains. The difference in relative
Fv/Fm values in the absence and presence of Lin in
transgenic strains was larger than that in wild-type
strains (Fig. 5A), indicating that the expression of
NfDnaK2 in Nostoc sp. PCC 7120 enhanced PSII repair.
PSII activity probed by the O2 evolution rate also sup-
ported enhanced PSII repair in the OE-NfdnaK2 strain
when compared with the wild-type strain (Fig. 5A).

The repair of damaged PSII proceeds in two steps:
damaged D1 protein is removed first (e.g. by FtsH and
Deg), and newly synthesized D1 protein is then inte-
grated into its place (Nixon et al., 2010; Nickelsen and
Rengstl, 2013). Since NfFtsH2 was identified as the
target protein of the NfDnaK2-NfDnaJ9 chaperone,
the D1 degradation rates were compared between
wild-type and transgenic strains exposed to high light

(400 mmol photons m22 s21) with the addition of pro-
tein synthesis inhibitor Lin. As shown in Figure 5B, the
degradation of D1 protein started within 20 min of
high-light treatment in both strains, while the degra-
dation proceeded much faster in the transgenic strain
than in the wild-type strain. The D1 signal was very
weak after exposure to high light for 60 min in the
transgenic strain, while there was still a clearly detect-
able amount of damaged D1 in the wild-type Nostoc sp.
PCC 7120 (Fig. 5B). MS analysis showed that the con-
tent of FtsH2 was significantly increased, by 65%, in the
membrane fractions of OE-NfdnaK2 Nostoc sp. PCC
7120 when compared with that of the wild-type strain
(P , 0.05, Student’s t test; Supplemental Fig. S2). Both
physiological and biochemical results indicated that
NfDnaK2 is involved in PSII repair through mediating
the degradation of damaged D1 proteins.

Polyethylene glycol (PEG) and sorbitol are chemicals
commonly used to create low water potentials mim-
icking the effect of drought stress on plants (Verslues
et al., 2006; Gopal and Iwama, 2007). To determine
whether NfdnaK2 could confer tolerance to water defi-
cit, the growth of wild-type and transgenic Nostoc sp.
PCC 7120 in response to PEG 6000 and sorbitol was
analyzed. The growth of both strains was apparently
inhibited by increased concentrations of PEG 6000
and sorbitol, although the wild-type strain appeared to
be more inhibited by high concentrations of PEG 6000
and sorbitol than the transgenic Nostoc sp. PCC 7120
(Fig. 5C). The growth of transgenicNostoc sp. PCC 7120
was less inhibited than that of the wild-type strain
on the 25% PEG-infused BG11 agar plate (Fig. 5D).

Figure 4. In vitro interaction between NfDnaJ9 and NfFtsH2. A, Y2H assay of the interaction between NfDnaJ9 and NfFtsH. The
yeast transformants (10 mL each of cell suspensions diluted from OD600 0.1 to 0.001, as indicated by the slope of the black
triangles from left to right) expressing positive control plasmids (pAD1 and pBD1), negative control plasmids (pAD1 and pBD2)
and plasmids for testing protein interaction (pAD-NfdnaJ9 and pBD-NfftsH) were grown on a SD/-Trp-Leu or SD/-Trp-Leu-His-
Ade agar plate for 3 d. The yeast strain that grew on the SD/-Trp-Leu plate indicated that two plasmids (pAD and pGB) were
cotransformed into S. cerevisiae AH109, and the yeast strain that grew on the SD/-Trp-Leu-His-Ade plate indicated that the two
tested proteins interacted in S. cerevisiae AH109. B, Pull-down assay of the interaction between NfDnaJ9 and NfFtsH2. The
supernatants of the extracts from GST-tagged NfDnaJ9 or His-tagged NfFtsH2 overexpressed E. coli were mixed at 4°C for
overnight, and then were copurified through a GST-binding (left, 1NfDnaJ9-GST1NfFtsH2-His) or His-binding resin (right,
1NfFtsH2-His1NfDnaJ9-GST). The GST-tag and His-tag signals of copurified proteins were detectedwith the specific antibodies
against His-Tag and GST-Tag, respectively. The samples that GST and His-tagged NfFtsH2 mixture and copurification through a
GST-bind resin (left, 1GST1NfFtsH2-His), and nonrelative His-tagged NfOCP and GST-tagged NfDnaJ9 mixture and copur-
ification through a His-binding resin (right, 1NfOCP-His1NfDnaJ9-GST) were used as negative controls to exclude the non-
specific interactions.
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Figure 5. Heterologous expression of NfdnaK2 enhanced PSII repair and drought tolerance in Nostoc sp. PCC 7120. A, Effect of
high light (400 mmol photons m22 s21) on Fv/Fm and PSII oxygen evolution of wild-type and NfdnaK2-overexpressing (OE-
NfdnaK2) Nostoc sp. PCC 7120 strains in the absence (open symbols) or presence (solid symbols) of 100 mg mL21 Lin. Expo-
nential growth cultures with OD750 0.4 were exposed to high light and withdrawn at the indicated times for Fv/Fm and oxygen
evolution measurements. Wild-type Nostoc sp. PCC 7120 was used as a control to compare with the OE-NfdnaK2 strain. Each
treatment was carried out for four independent replicates, and the 100% values corresponded to the values at time point zero of
two strains. Data are shown as the means6 SD of four independent replicates. B, Comparison of D1 degradation between wild-
type (Control) and OE-NfdnaK2 Nostoc sp. PCC 7120 strains. The samples were treated with high light, as shown in A, in the
presence of Lin, and collected at the indicated times. The thylakoid membrane proteins of different samples (30 mg) were loaded
into each lane (except for the series of dilution for the “0 min” sample protein loading, 7.5 mg [one-quarter dilution], 15 mg [half
dilution], and 30 mg [1, without dilution], respectively) and separated by 15% (v/v) SDS-PAGE and subjected to western blotting
analyses. The corresponding Coomassie brilliant blue stained gels beneath the western blotting results were used as protein
loading controls. C to E, Growth comparison of wild-type (Control) and transgenic strains upon PEG 6000 (C–E) or sorbitol
treatment (C and E). Cells were grown in culture plates for 5 d under treatmentwith various concentrations of PEG 6000 or sorbitol
(C) or on BG11 agar plates (10 mL drops of cell culture with OD750 0.4 and 0.04, as indicated by the slope of the black triangle
from left to right) with or without 25% (w/v) PEG infusion (D), or grown in flasks in the presence or absence of 18% (w/v) PEG 6000
or 1mol L21 sorbitol (E). Each treatment was carried out for three independent replicates for two strains, and data are shown as the
mean 6 SD of three independent replicates.
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The growth rate of the OE-NfdnaK2 strain was 0.35 6
0.01 d21 in the presence of 18% (w/v) PEG 6000 and
0.52 6 0.01 d21 in the presence of 1 mol L21 sorbitol,
which was significantly higher than that of the wild-
type strain (0.28 6 0.01 and 0.45 6 0.01 d21; Student’s
t test, P , 0.05; Fig. 5E). These results indicate that
NfDnaK2 confers on cyanobacterium the tolerance of
low water availability and drought stress.

NfRre1 and NfPedR Are the Transcription Factors for
NfdnaK2 Response to Drought Stress

Previous studies suggested that the transcription of
molecular chaperones is negatively regulated by HrcA
in cyanobacteria (Rajaram and Apte, 2010), and the
Hik34-Rre1module directly activates heat-stress-inducible
transcription of the major chaperones (Kobayashi et al.,
2017). However, how these transcriptional regulations
respond to drought stress is unknown. To determine the

active promoter region of NfdnaK2, different promoter
elements, promoter1–promoter3, were fused with the
luxAB reporter gene (Fig. 6A). Expression of the luxAB
reporter gene driven by the promoter elements was
analyzed by detecting bioluminescence intensity. The
strains carrying the LuxAB reporter gene fused with
promoter2 (Promoter2::luxAB strain) or promoter3
(Promoter3::luxAB strain) showed high biolumines-
cence signals, and the Promoter1::luxAB strain exhibi-
ted no activity. This result indicated that promoter2 and
promoter3 contain potential binding sites for tran-
scription factors (Fig. 6B). Since the Promoter2::luxAB
and Promoter3::luxAB produced similar levels of bio-
luminescence and Promoter1::luxAB did not show ac-
tivity (Fig. 6B), the active promoter of NfdnaK2 is likely
to be in the region from2690 bp to2300 bp, which was
named promoter2-1 (Fig. 6A). Moreover, the biolumi-
nescence intensity driven by promoter2 increased to
about 15-fold within 4 h dehydration compared with
that without dehydration treatment (Fig. 6C), which

Figure 6. Analysis of the promoter activity ofNfdnaK2. A, Schematic of a nested series ofNfdnaK2 promoter regions. Promoter1
(2300 to 21 bp region), Promoter2 (2690 to 21 bp region), Promoter3 (2940 to 21 bp region), and Promoter2-1 (2690
to2300 bp region) for promoter activity analysis. B, Measurements of luminescence driven by theNfdnaK2 promoter regions in
the transgenic Nostoc sp. PCC 7120 carrying the LuxAB reporter fused with different promoter segments of the NfdnaK2 gene.
Three individual cultures of wild-type (WT) and different transgenic Nostoc sp. PCC 7120 strains were incubated under grown
condition (25°C and 30 mmol photons m22 s21), and the values of relative bioluminescence intensities (in relative luminescence
units [RLUs]) are shown as the mean 6 SD of three independent replicates. C, Time course of luminescence intensity in the
transgenic Nostoc sp. PCC 7120 carrying the luxAB reporter gene fused with the Promoter1 and Promoter2 segments of the
NfdnaK2 promoter in the process of dehydration. Cells of three strains were harvested on nylon membranes by filtration and put
on the solid BG11medium containing 2% (w/v) agar in the incubator for dehydration treatment for different periods of time. Each
treatment was repeated independently three times, and data are shown as the mean 6 SD of three independent replicates. The
wild-type Nostoc sp. PCC 7120 strain was used as a negative control for luminescence measurements.
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suggests that the promoter2 segment contains the cis-
element for induced expression of NfdnaK2 in response
to drought stress.
Yeast one-hybrid (Y1H) screening has been widely

used for identification of transcription factors interact-
ing with specific DNA fragments (Mitsuda et al.,
2010). We used the promoter2-1 region as a bait and
screened a Y1H transcription factor library of N. flag-
elliforme. Two transcription factors capable of binding
to promoter2-1, NfRre1 (COO91_05451) and NfPedR
(COO91_04806), were identified as putative regulators
of NfdnaK2 (Fig. 7A). The interactions between these
two candidate transcription factors and the NfdnaK2
promoter2-1 fragment were verified by electrophoretic
mobility shift assay (EMSA). As shown in Figure 7B,
retarded DNA bands were observed for 5 ng biotin-
labeled promoter2-1 after addition of recombinant

GST-tagged NfRre1 or NfPedR. Furthermore, the
amounts of retarded DNA bands increased with the
increase of GST-tagged NfRre1 or NfPedR concentra-
tions (Fig. 7B, lanes 1–5). In addition, the shifted band
was largely reduced by the addition of unlabeled
promoter2-1 (specific competitor; Fig. 7B, lane 6), while
addition of poly(deoxyinosinic-deoxycytidylic) acid
[poly(dI-dC)] as a nonspecific competitor (NSC) did
not affect the mobility shift of the bands (Fig. 7B, lane
7). GST as a negative control had no effect on the mo-
bility of biotin-labeled promoter2-1 in the gel (Fig. 7B,
lane 8). These results indicate that NfRre1 and NfPedR
could physically bind to the promoter2-1 region in the
promoter of NfdnaK2. Both NfRre1 and NfPedR con-
tain a N-terminal receiver domain and a C-terminal
DNA-binding domain and belong to the NarL/FixJ
family. In N. flagelliforme, the pattern of transcriptional

Figure 7. Identification of transcriptional regulators binding to the promoter of NfdnaK2. A, Verification of interactions between
the cis-acting element Promoter2-1 (pro2-1) and putative transcription factors NfRre1 or NfPedR by Y1H assay. The transformed
yeast cells (10 mL) with DNA fragments and regulator proteins at OD600 0.1, 0.01, and 0.001 (indicated by the slope of the black
triangles from left to right) were tested on SD/-Leu medium with or without 250 mg L21 AbA. B, Interaction analyses between
Promoter2-1 andNfRre1 or NfPedR by EMSA. Biotin-labeled Promoter2-1 (5 ng) was incubatedwith increasing concentrations of
purified GST-tagged NfRre1 or NfPedR (lane 1, 0 ng; lane 2, 100 ng; lane 3, 200 ng; lane 4, 400 ng; and lane 5, 600 ng). The
unlabeled Promoter2-1 (lane 6, 500 ng) and poly(dI-dC) (lane 7, 2,000 ng) were used as specific competitor (SC) and nonspecific
competitor (NSC) inhibitors, respectively. GST-tag (lane 8, 5 ng Biotin-labeled Promoter2-1 was incubated with 200 ng GST
protein, which was the equal amount as GST-tagged NfRre1 or NfPedR used in lanes 6 and 7) was used as a negative control to
exclude the nonspecific binding of NfRre1/NfPedR with promoter2-1. The shift probe indicates the biotin-labeled promoter2-
1 interacting with NfRre1 or NfPedR, and the free probe is the biotin-labeled promoter2-1 without interacting with NfRre1 or
NfPedR. C and D, Relative transcriptional levels ofNfrre1 (C) orNfpedR (D) during rehydration and subsequent dehydration. The
dried field-collected N. flagelliforme samples were rehydrated (marked by hatching) for 0, 1, 3, 9, and 24 h and subsequently
dehydrated for 0.5, 2, and 4 h. Each treatment was repeated three times independently, and data are shown as the mean6 SD of
three independent replicates.
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response of these two transcription factors to drought,
especially that of NfRre1, coincided with that of
NfdnaK2 (Fig. 7, C and D), which suggests that
NfRre1 and NfPedR act as positive regulators of the
expression of NfdnaK2 in response to drought stress
in N. flagelliforme.

DISCUSSION

Hsp70 proteins are ubiquitous molecular chaperones
that serve as central components of the cellular network
for protein folding and other critical biochemical pro-
cesses (Mayer and Bukau, 2005). The genes encoding
DnaK and its cochaperone partner DnaJ exist as mul-
ticopies in all sequenced cyanobacteria and are possibly
involved in their adaptation to various environmental
stresses (Rupprecht et al., 2007; Sato et al., 2007). In the
desiccation-tolerant cyanobacterium N. flagelliforme,
the DnaK-DnaJ chaperone pair could help in coping
with harsh conditions such as extreme water deficit
in the terrestrial habitat. The photosystems, especially
PSII, are sensitive to drought, and normal function
of PSII directly affects growth and even survival of
plants under stress conditions (Pinheiro and Chaves,
2011). Previous study has demonstrated that photo-
inhibition of cyanobacteria at exceedingly high light
intensities in desert biological crust is limited owing to
a fast rate of PSII repair (Harel et al., 2004). N. flag-
elliforme is habituated to arid or semiarid areas with
daily high light stress (Gao, 1998). This cyanobacterial
species contains up to six copies of psbA encoding the
PSII core subunit D1 protein, suggesting an abundant
de novo biogenesis of D1 for efficient PSII repair in
N. flagelliforme (Shang et al., 2019). We found that ex-
pression of NfdnaK2 is highly induced by dehydration,
while the other three NfdnaKs show a negligible re-
sponse to water loss (Supplemental Fig. S1). Mean-
while, NfDnaK2 is primarily localized in the thylakoid
membrane and its heterologous expression in Nostoc
sp. PCC 7120 enhanced tolerance to high light and
drought stress, indicating that NfDnaK2 could be in-
volved in photoprotection and adaptation of N. flag-
elliforme to subaerial habitat.

Previous studies showed that DnaK2 homologs are
essential in cyanobacteria, and they could not be com-
pletely knocked out in Synechocystis sp. PCC 6803 and
Synechococcus elongatus PCC 7942 (Nimura et al., 2001;
Rupprecht et al., 2007). The NfDnaK2 homolog in
Chlamydomonas reinhardtii is the chloroplast-located
HSP70B, which is involved in protecting PSII subunits
against photodamage (Schroda et al., 1999). InDunaliella
salina, HSP70B was identified as a component in the
photodamage-repairing intermediate (Yokthongwattana
et al., 2001). Consistently, our results showed that
NfDnaK2 plays an important role in maintaining PSII
activity under dehydration in N. flagelliforme (Figs. 4
and 5). The substrate specificity of Hsp70 is thought
to be mediated mainly by its cochaperones, of which
the J-domain cochaperones represent important Hsp70

partners (Acebrón et al., 2008). Liu et al. (2005) reported
that J-domain protein CDJ2 andHSP70B form a plastidic
chaperone pair and interact with VIPP1, suggesting a
role of HSP70B-CDJ2 in maintenance or biogenesis of
the thylakoid membrane. In tomato, the chloroplast-
targeted DnaJ protein LeCDJ1 contributes to main-
taining PSII activity under chilling stress, and another
DnaJ protein SlCDJ2 protects Rubisco against heat
stress (Kong et al., 2014; Wang et al., 2015). Both DnaJs
interact with the cpHsp70 (chloroplast Hsp70), which
indicates an involvement of HSP70 in stabilizing pho-
tosynthesis in tomato (Kong et al., 2014; Wang et al.,
2015). Thus, the association of Hsp70 with its interac-
tion partner DnaJ-like proteins to specify its functions
seems to be conserved in both cyanobacteria and vas-
cular plants.

In this study, NfDnaJ9 was identified as a specific
cochaperone of NfDnaK2 in N. flagelliforme (Fig. 3, A
and B), and the similar expression pattern of NfDnaJ9
and NfDnaK2 in response to dehydration provided
further evidence for their functional association (Fig. 3C).
NfDnaJ9 contains a N-terminal J domain and is classi-
fied as type II DnaJ according to the homology align-
ment with Synechocystis sp. PCC 6803 (Düppre et al.,
2011). The NfDnaJ9 homolog in S. elongatus PCC 7942 is
crucial for heat and high light stress response because it
protects psbAII transcripts from RNase degradation
(Sato et al., 2007; Watanabe et al., 2007). Phylogenetic
analyses suggest that NfDnaJ9 is most closely related to
the chloroplast-targeted AtJ20 in Arabidopsis, which is
involved in optimization of photosynthetic reactions
(Chen et al., 2010). Strikingly, NfFtsH2 protease was
identified as interacting with NfDnaJ9 in our study
(Fig. 4), and FtsH2 content was significantly increased,
by 65%, in the membrane fractions of the OE-NfdnaK2
Nostoc sp. PCC 7120 compared to that in the control
strain (Supplemental Fig. S2). FtsH proteases play
critical roles in both cyanobacteria and plants, and
NfFtsH2 homologs in Synechocystis sp. PCC 6803
(Slr0228) and Arabidopsis (AT2G30950) are involved
in D1 turnover by degrading damaged D1 protein
(Bailey et al., 2002; Nixon et al., 2005; Kato and
Sakamoto, 2009; Boehm et al., 2012). Since chaperones
function in folding and assembly of newly synthesized
proteins (Mayer and Bukau, 2005), the NfDnaK2-
NfDnaJ9 chaperone pair may facilitate the folding,
maturation, and accumulation of NfFtsH2 protease in
the thylakoid membrane. Therefore, the NfDnaK2-
NfDnaJ9 chaperone in N. flagelliforme is likely to func-
tion in PSII repair through FtsH2 protease promoting
degradation of damaged D1 in the process of dehy-
dration. When exposed to high light, the D1 degrada-
tion rate was much faster in the NfdnaK2 transgenic
Nostoc sp. PCC 7120 than in the wild-type strain, indi-
cating that NfDnaK2-NfDnaJ9 chaperone-enhanced
FtsH protease degrades D1 and protects PSII under
high light conditions (Fig. 5B). Altogether, the findings
presented here provide direct evidence linking DnaK-
DnaJ chaperones with the degradation of D1 proteins
during the PSII repair cycle.
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Rajeev et al. (2013) have shown that one dnaK gene of
the desert biological crust cyanobacteriumM. vaginatus
(WP_006633368.1), highly conserved to NfdnaK2, was
induced during dehydration by transcriptome analysis.
Consistently, the expression of NfdnaK2 was substan-
tially decreased in response to rehydration but highly
induced by dehydration (Fig. 2). This indicates that the
expression of NfdnaK2 is regulated by the intracellular
water status and is likely to play a role in protecting
cells against dehydration damage. Previous studies
showed that most Hsp genes are either regulated posi-
tively by s32 (RpoH) or negatively by HrcA in bacteria
(Yura and Nakahigashi, 1999), yet HrcA is only present
in cyanobacteria and heat shock induction of the Hsp
genes was observed even in a hrcA knockout mutant of
Synechocystis sp. PCC 6803 (Nakamoto et al., 2003;
Singh et al., 2006; Rajaram and Apte, 2010). This sug-
gests that HrcA is not a key factor for Hsp gene tran-
scription and that some other factors are involved. Rre1
is a transcription factor that was recently reported to
directly regulate dnaK2 expression in S. elongatus PCC
7942 (Kobayashi et al., 2017). In this study, two tran-
scription factors, NfRre1 (COO91_05451) and NfPedR
(COO91_04806) were identified as able to bind to the
cis-acting element ofNfdnaK2 (Fig. 7). NfRre1 homologs
are highly conserved and essential in all sequenced
cyanobacterial strains (Rubin et al., 2015). The Hik34-
Rre1 module controls the transcriptional activation of a
subset of salt and hyperosmotic stress-responsive genes
(Paithoonrangsarid et al., 2004; Shoumskaya et al.,
2005) and positively regulates the major chaperone
dnaK2 and other genes in S. elongatus PCC 7942
(Kobayashi et al., 2017). Whereas there is only one
copy of Rre1 in S. elongatus PCC 7942, there are three
NfRre1 homologous genes in N. flagelliforme, and
only COO91_05451 can bind to the NfdnaK2 promoter
in the yeast one-hybrid assay (Supplemental Fig. S3).
These results suggest that each of the NfRre1 genes
could participate in different signal transduction path-
ways, and COO91_05451 may specifically regulate the
expression of NfdnaK2. In addition, the similar tran-
scriptional patterns of COO91_05451 and NfdnaK2 in
response to water status (Fig. 7C) suggest that this
transcription factor acts as a positive regulator to con-
trol the expression of NfdnaK2.
The homolog of NfPedR (COO91_04806) in Syn-

echocystis sp. PCC 6803, called PedR, is a small LuxR-
type transcriptional regulator and is involved in
photon-flux-density-dependent transcriptional regu-
lation by interacting with thioredoxin (Nakamura and
Hihara, 2006; Horiuchi et al., 2010). NfPedR showed a
similar transcriptional pattern with NfdnaK2 (Fig. 7D),
and thus it could also positively regulate NfdnaK2 ex-
pression in response to dehydration. The redox state of
the PedR Cys residue is determined by thioredoxin,
which drains electrons from the photosynthetic elec-
tron transport chain, resulting in a switch of the inac-
tive (reduced) and active (oxidized) states of PedR to
control the expression of its target genes (Nakamura
and Hihara, 2006; Horiuchi et al., 2010). Based on this

model, we propose that NfPedR is maintained in an
active state to induce the expression of NfdnaK2 in
N. flagelliforme upon dehydration due to decreased
photosynthetic electron transport, and thus, reduction
power is insufficient to reduce the PedR Cys residue.
Moreover, upregulated expression of NfPedR during
dehydration could further positively regulate the ex-
pression of NfdnaK2, which facilitates the maintenance
of PSII integrity and activity.
In conclusion, dnaKs and dnaJs are multicopy, con-

served, and widely distributed chaperones in almost
all organisms (Mayer and Bukau, 2005) and play im-
portant roles in stress tolerance of subaerial cyanobac-
teria. TheNfDnaK2-NfDnaJ9 chaperone associateswith
the protease NfFtsH2 and is involved in PSII repair
by promoting the degradation of damaged D1 protein
in N. flagelliforme. NfRre1 and NfPedR transcription
factors are putative positive regulators controlling
the expression of NfdnaK2 in response to drought.
The transcriptional regulation and involvement of the
NfDnaK2-NfDnaJ9 chaperone in drought tolerance is
summarized in Figure 8. Highly efficient PSII repair
mediated by the NfDnaK2-NfDnaJ9 chaperone facili-
tates maintenance of PSII integrity, thus minimizing
energy consumption for reconstruction of the photo-
synthetic machinery during rehydration (Klotz et al.,
2016), which promotes a rapid recovery of photosyn-
thetic activity to provide an energy source for the re-
suscitation of vegetative cells. Our findings provide
novel insights into the protection of photosystems in
desiccation-tolerant cyanobacteria, which could facili-
tate future synthetic approaches to engineer extrem-
ophiles via plant biotechnology.

MATERIALS AND METHODS

Samples and Culture Conditions

The dry Nostoc flagelliforme was collected at Sunitezuoqi, Inner Mongolia,
and stored under dry and dark conditions at room temperature until

Figure 8. A working model of the transcriptional regulation and func-
tion ofNfdnaK2 in protecting PSII against drought stress in the subaerial
cyanobacterium N. flagelliforme. The steel blue wavy symbol repre-
sents the upstream region of theNfdnaK2 open reading frame (steel blue
arrow region), and other symbols are as labeled. CP47, CP43, D1, and
D2 proteins are the PSII core subunits, and green and red rectangles
labeled by D1 protein represent functional and damaged D1 protein
respectively. OEC, Oxygen evolution complex of PSII.
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experimental use. Samples were rinsed three times using distilled water to
remove surface dust and then rehydrated in BG11 medium at 25°C under
30 mmol photons m22 s21 for different time periods (0, 1, 3, and 9 h). The de-
hydration process was carried out at 25°C under 30 mmol photons m22 s21 in
petri dishes by removing water drops on the surface of samples with filter
paper. The dehydrated samples were collected when water loss (WL) had in-
creased to 20%, 50%, and 90% at the corresponding dehydration time points 0.5
h, 2 h, and 4 h, respectively. WL was calculated according to the formula (Qiu
and Gao, 2001) WL 5 (Ww 2 Wt)/(Ww 2 Wd) 3 100%, where Ww is the initial
full-rehydratedwetweight;Wt is theweightmeasured at a certain time interval;
andWd is the weight of the completely dry sample. The dry samples collected in
the field were preserved in a desiccator for at least one year until use. The strain
Nostoc sp. PCC 7120 was obtained from the Freshwater Algae Culture Collec-
tion of the Institute of Hydrobiology, Chinese Academy of Sciences, cultured in
BG11 medium at 25°C, and illuminated with cool-white fluorescent lamps at an
intensity of 30 mmol photons m22 s21 (Shang et al., 2018).

Total RNA Extraction and RT-qPCR Analyses

Total RNA isolation of N. flagelliforme was performed as described previ-
ously (Liu et al., 2010). The sample (100 mg) was ground in liquid nitrogen and
homogenized in 1 mL Trizol reagent (Invitrogen). The genomic DNA digestion
and complementary DNA synthesis from 1 mg of total RNA was performed by
using the PrimeScript reagent gDNA eraser kit (Takara) according to the
manufacturer’s instructions. Transcript levels ofNfdnaK andNfdnaJ genes were
quantified by RT-qPCR using the CFX96 Touch Real-Time PCR detection sys-
tem (Bio-Rad), and 16s rDNAwas used as the reference control. Amplifications
were performed using SYBR Green Real-Time PCR Master Mix (Toyobo) and
gene-specific primers are listed in Supplemental Table S2. One-step cycling was
performed for amplification, with an initial preheating step of 3 min at 95°C
followed by 39 cycles of 10 s at 95°C and 30 s at 58°C. Relative quantification of
transcripts was estimated using the 22ΔΔCT method described by Livak and
Schmittgen (2001). The transcript level of samples at time point zero was set
to 100%. Three independent experiments were performed.

Antibody Production against NfDnaKs

The genomic DNA ofN. flagelliformeCCNUN1was extracted as described in
Shang et al. (2019) and used as aDNA template to perform PCR amplification of
four NfdnaKs (NfdnaK1, COO91_04977; NfdnaK2, COO91_06122; NfdnaK3,
COO91_02936; NfdnaK4, COO91_04838) using the high-fidelity enzyme Pfu
DNA polymerase (Promega). The primers used are listed in Supplemental
Table S2. The amplified fragments were first cloned into the pMD18-T vector
and sequenced. The resultant plasmids were digested withNdeI/XhoI to obtain
the fragments, which were then cloned into pET41a vector (Novagen) and
transformed into Escherichia coli strain BL21 for protein production. The
NfDnaK proteins were purified by His-bind resin (Novagen) and used to
generate polyclonal antibodies in rabbits, which were further tested for their
recognition of NfDnaKs in N. flagelliforme.

Western Blotting and Subcellular Localization

Dry N. flagelliforme samples (0.5 g) were ground with liquid nitrogen and
then resuspended in 20 mM potassium phosphate (pH 7.8) with 1 mM phenyl-
methylsulfonyl fluoride. Subsequently, the samples were homogenized by
ultrasonication (Soniprep 150, Sanyo) on ice for 30 s per time at 15 mm ampli-
tude, followed by a 30-s interval of cooling on ice. This process was repeated
20 times and the total time for cell disruption was 10 min. The cell debris was
removed by centrifugation at 4,000g and 4°C for 10 min, and the supernatant
was the total protein fraction. Total proteins were loaded and separated by 12%
(w/v) SDS-PAGE, then transferred to polyvinylidene fluoride membranes
(Millipore). NfDnaKs on these membranes were recognized with correspond-
ing specific antibodies and visualizedwith goat antirabbit alkaline phosphatase
antibody (Invitrogen) by staining with nitroblue tetrazolium and 5-bromo-4-
chloro-3-indolylphosphate (Amresco) as the substrates.

To analyze the subcellular location of NfDnaK proteins inN. flagelliforme, the
total protein was extracted as described above. The total protein fraction was
centrifuged at 100,000g and 4°C for 1 h to isolate soluble and membrane pro-
teins (pellets). The membranes were washed three times with 20 mM potassium
phosphate (pH 7.8) and called the “crude membrane”, which contains the
thylakoid membrane and the plasma membrane. The separation of these two

membrane components was performed according to the procedures described
by Huang et al. (2002). The subcellular location of NfDnaK proteins was de-
termined by western blotting. NrtA and CP47 were used as marker proteins for
the plasma membrane and thylakoid membrane, respectively.

Y2H Assays

For Y2H assays, the protein-protein interactions of NfDnaKs and NfDnaJs
were detected by a Matchmaker GAL4 Two-Hybrid System 3 (Clontech). Four
NfdnaK genes and 11 NfdnaJ genes were obtained by PCR amplification with a
N. flagelliforme CCNUN1 genomic DNA template using the high-fidelity en-
zyme Pfu DNA polymerase (Promega) and the primers listed in Supplemental
Table S2. The amplified fragments were first cloned into the pMD18-T vector
and sequenced. NfdnaJ and NfdnaK fragments were obtained by digestion with
NdeI/XhoI (except forNfdnaJ11, which was digested withNdeI/SmaI) andNdeI/
PstI, respectively, from the resultant plasmid, and then were cloned into
pGADT7 and pGBKT7 vectors (Clontech), respectively. The two resultant
plasmids were cotransformed into Saccharomyces cerevisiae AH109, and the
transformants were isolated from colonies grown on synthetic defined plates
lacking Trp and Leu (SD/-Trp-Leu). The transformants were then grown on SD
plates lacking Trp, Leu, His, and adenine (SD/-Trp-Leu-His-Ade) for 3 d. The
interactions between NfDnaJ9 (COO91_05061) and NfFtsHs (COO91_03160,
COO91_03537, COO91_03727, and COO91_00363) by Y2H assay were per-
formed as described above in this section.

Pull-Down Assays

To verify the interaction of NfDnaK2 andNfDnaJ9, an in vivo pull-down assay
was carried out. Dry N. flagelliforme samples (0.5 g) were washed three times with
distilled water, and total proteins were extracted in 30 mL phosphate-buffered
saline (10 mM Na2HPO4, 1.8 mM KH2PO4, 140 mM NaCl, and 2.7 mM KCl, pH
7.3). After centrifuging at 16,000g for 30 min to separate the soluble proteins and
membranes, 100mLmembranes (1mgmL21 chlorophyll a) were resuspendedwith
TMbuffer (50mMMES-NaOH, 10mMMgCl2, 5mMCaCl2, and 25% [w/v] glycerol,
pH 6.5), solubilized with 100 mL 2% (w/v) n-dodecyl-b-maltoside in TM buffer
containing 1 mM phenylmethylsulfonyl fluoride for 30 min at 4°C. The solubilized
membrane proteinswere then collectedby centrifugation at 16,000g for 30min. The
mixture of the solubilized membrane proteins and the soluble proteins was incu-
bated with 1 mL GST-Bind resin (Novagen) and 30 mg total proteins of the GST-
tagged NfDnaJ9 overexpressed E. coli strain BL21 after induction with 0.3 mM

isopropylthio-b-D-galactoside for 6 h. After 6 h incubation with slight constant
shaking at 4°C, the affinity proteins on GST-Bind resin were eluted with elution
buffer (50mMTris-HCl and 10mMglutathione, pH 8.0) and these coeluted proteins
with GST-tagged NfDnaJ9 were then resolved by SDS-PAGE and western
blotting performed with the specific antibody against NfDnaK2.

For the in vitro pull-down assay, NfdnaJ9 and NfftsH2 (COO91_03537), frag-
ments were generated by PCR using N. flagelliforme CCNUN1 genomic DNA as
template, and the primers are listed in Supplemental Table S2. The PCR products
ofNfdnaJ9 and NfftsH2were digested with SpeI/XhoI and NdeI/XhoI, respectively.
The resultant fragmentswere cloned into the pET41a vector and transformed into
E. coli strain BL21.After inductionwith 0.4mM isopropylthio-b-D-galactoside for 6
h, the cells were harvested by centrifugation and resuspended in phosphate-
buffered saline (10 mM Na2HPO4, 1.8 mM KH2PO4, 140 mM NaCl, and 2.7 mM

KCl, pH 7.3). Subsequently, cells were disrupted by sonication and centrifuged to
obtain the supernatant. The supernatants from two strains of overexpressed E. coli
(GST-tagged NfDnaJ9 and His-tagged NfFtsH2) were mixed and incubated
overnight with slow constant shaking at 4°C, and thenwere copurified through a
GST-Bind resin matrix. The His-tag and GST-tag signals of copurified proteins
were detected with the specific antibodies (ABclonal) against His-Tag and GST-
Tag, respectively. In addition, these two overexpressed E. coli strains were
resuspended inHis-binding buffer (20mM Tris-HCl, 5 mM imidazole, and 500mM

NaCl, pH 7.9) to further verify the interaction. After cell lysis and centrifugation,
the two generated supernatants were mixed and incubated overnight at 4°C and
then copurified through a His-Bind resin matrix. The detection method was as
described above. GST and nonrelative His-tagged NfOCP (COO91_07282) were
used as negative controls to exclude the nonspecific interactions.

Construction of NfdnaK2 Transgenic Nostoc sp. PCC 7120
and Stress Treatments

The NfdnaK2 gene was cloned into pRL25C under control of the Nfrbcl
promoter. Ribosome binding site of NfdnaK2 was fused to the 5̕9 end of the
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upstream primer (Supplemental Table S2). The constructed plasmid (pRL25C-
Omega-Prbcl-NfdnaK2) was transformed into Nostoc sp. PCC 7120 to generate
OE-NfdnaK2 Nostoc sp. PCC 7120 by the conjugal transfer method, as described
previously (Wolk et al., 1984). The Nostoc sp. PCC 7120 transformants were
selected on 1% agar BG11 plates containing 30 mg mL21 spectinomycin under
30 mmol photons m22 s21, and the positive single clones were confirmed by
PCR (Supplemental Fig. S4) and sequencing. The primers used are shown in
Supplemental Table S2. To compare the PSII repair between transgenic strain
andwild-typeNostoc sp. PCC 7120, the cells were grown in BG11medium to an
optical density (OD750) of 0.4 and then treated with high light (400 mmol pho-
tons m22 s21) in glass tubes. The Fv/Fmwas monitored every 10 min by Handy
Plant Efficiency Analysis (Hansatech Instruments; Strasser et al., 1995). The
oxygen evolution rate of PSII wasmeasuredwith a Clark-type oxygen electrode
(Chlorolab 2, Hansatech Instruments), with water as the electron donor in the
presence of an artificial electron acceptor, p-benzoquinone (p-BQ, 2 mmol L21),
and potassium ferricyanide (FeKCN, 2 mmol L21; Xu et al., 2019). To distin-
guish the damage and repair of PSII, 100 mg mL21 Lin was used to prevent the
PSII repair cycle (Dai et al., 2014; Xu et al., 2019). In addition, the samples at
different time points (0, 20, 40, and 60 min) were collected for D1 protein de-
tection using western blotting.

Exponential growth cultures (adjusting the OD750 value to 0.05) were dis-
pensed into cell culture plates (2 mL per well) and treated with various con-
centrations of PEG 6000 (0, 12%, 15%, 18%, 21%, and 25% [w/v]) or sorbitol (0,
0.4, 0.8, 1.0, 1.2, and 1.4 mol L21) to simulate long-term drought stress treat-
ment. Cells were incubated under 30 mmol photons m22 s21, resuspended three
times per day in the clean bench, and photographed at day 5. For the growth
curve measurement of wild-type and transgenic strains, samples were diluted
to anOD750 of 0.05 and incubated in 100mL Erlenmeyer flasks filled with 50mL
cultures with 18% (w/v) PEG 6000 or 1mol L21 sorbitol, andOD750 valueswere
measured every 2 d. The growth rate (in microns) was calculated according to
the equation m5 (lnX62 lnX0)/6, where X6 and X0 are OD750 values from day
6 and the initial inoculums, respectively. The PEG plate system is ideal for
studies of dehydration tolerance (van der Weele et al., 2000), and the prepa-
ration of PEG-infused agar plates with different water potential was as de-
scribed in Verslues et al. (2006). Cells were adjusted to an OD750 of 0.4 and
diluted 10 times. Then, 10 mL of each sample (OD750 of 0.4 and 0.04) was
dropped onto a BG11 agar plate with or without 25% (w/v) PEG infusion and
photographed at day 10.

Luciferase Reporter Assays

The 2940 bp upstream region of NfdnaK2 orf was dissected into three seg-
ments (promoter1–promoter3) as shown in Figure 6A, and fused with the luxAB
reporter fragment (Dai et al., 2014). The resulting DNA fragments were cloned
into pRL25C to obtain the recombinant pRL25C-Omega-Promoter-luxAB plas-
mid, which was transformed into Nostoc sp. PCC 7120 as described in the
previous section. The Nostoc sp. PCC 7120 transformants carrying different
promoter segments fused with the luxAB reporter gene were confirmed by PCR
amplification, as shown in Supplemental Fig. S4. The activity of promoter ele-
ments was determined by the relative bioluminescence intensity of luciferase in
Nostoc sp. PCC 7120, as described previously (Shang et al., 2018). An aliquot of
0.2 mL cultures containing the same amount of chlorophyll a (1.5 mg L21) was
transferred into a 96-well plate and 5 mL of 0.1 mM decanal dissolved in di-
methyl sulphoxide was added. The bioluminescence was measured at room
temperature with a Synergy 2microplate (BioTek), and the wild-typeNostoc sp.
PCC 7120 was used as a negative control. All measurements were performed
with three independent biological replicates.

Y1H Assays

For Y1H assays, the active promoter region (promoter2-1 fragment; Fig. 6A)
was recombined into the yeast reporter vector pAbAi digested byKpnI/SalI, and
the resulting construct was transformed into the Y1HGold yeast bait strain
(Shang et al., 2018). The selective concentration of aureobasidin A (AbA) on SD
platesminus uracil was determined by toxic effects of serial concentrations (150,
200, 250, and 300mg L21) of AbA,which repressed the growth of yeast cells with
pAbAi-promoter elements. An efficient Y1H library composed only of tran-
scription factors inN. flagelliforme (H.F. Xu, G.Z. Dai, and B.S Qiu, unpublished
data) was transformed into the yeast bait Y1H Gold strain carrying the pAbAi-
promoter2-1, which was used to screen for potential transcription factors that
could interact with the promoter2-1 segment. The pGADT7 empty vector was
used as a negative control. Growth of yeast cells on the SD plates minus Leu

with 250 mg L21 AbA indicates potential promoter2-1 interacting transcrip-
tional factors in the cell of the yeast bait Y1HGold strain. Through PCR and
sequencing of these clones, the genes encoding putative promoter2-1 binding
proteins were identified. Finally, point-to-point Y1H verifications were carried
out to verify the identified transcription factors.

EMSA

EMSA was performed as described by Song et al. (2018). DNA fragments
composed of biotin-labeled promoter2-1, nonbiotin-labeled promoter2-1, and a
nonspecific competitor (NSC), were prepared by PCR with the primers shown
in Supplemental Table S2. The procedures for purifying recombinant GST-
tagged NfRre1 (COO91_05451) and NfPedR (COO91_04806), both cloned
into the pGEX-4T-1 vector, from E. coli cells were as described in the "Pull-Down
Assays" section. The binding reactions between DNA and proteins were per-
formed in the EMSA-binding buffer (10 mM Tris-HCl, 50 mM KCl, 1 mM dithi-
othreitol, 0.1% [w/v] bovine serum albumin, and 5% [w/v] glycerol, pH 7.5) for
30 min at 30°C. The unlabeled DNA and poly(dI-dC) were added to exclude
unspecific binding. The reaction mixtures were separated on 6% (w/v) poly-
acrylamide gels at 60 V for 1 h and 80 V for 1 h in Tris-borate/EDTA buffer
(45 mM Tris, 45 mM boric acid, and 1 mM EDTA, pH 8.3) at 4°C. After electro-
phoresis, the gels were soaked with 0.53 Tris-borate/EDTA buffer and then
transferred to nylon membranes (Millipore) at 20 V for 1 h using Transblot
Semi-dry (Bio-Rad). After UV cross-linking for 10 min, the nylon membranes
were soaked with 5% dried skimmed milk for 30 min and incubated with
horseradish peroxidase-conjugated streptavidin for 30 min. Then the samples
were visualized with ECL solution (Yeasen) using FluorChem M (Protein
Simple).

Statistical Analyses

All independent experiments were repeated three times, and statistical
calculation was performed using Origin 6.1 (Originlab Corporation). Student’s
t test was conducted to verify the statistical significance of the differences be-
tween means of two independent groups.

Accession Numbers

Sequence data from this article can be found in the KEGGdatabase (https://
www.kegg.jp/) with the accession numbers mentioned in the text.

Supplemental Data

The following supplemental information is available.

Supplemental Figure S1. Relative transcriptional levels of NfdnaKs during
rehydration and subsequent dehydration.

Supplemental Figure S2. The expression levels of FtsH2, DnaK2, PsaA,
and PsaB proteins in the membrane fractions of the control and OE-
NfdnaK2 Nostoc sp. PCC 7120 strains.

Supplemental Figure S3. Interaction between Promoter2-1 and NfRre1
homologs.

Supplemental Figure S4. Identification of transgenic NfdnaK2 (OE-
NfdnaK2) and transgenic Promoter1/2/3::luxAB Nostoc sp. PCC 7120
strains by PCR analysis.

Supplemental Table S1. Identification of proteins coeluted from GST-
NfDnaJ9 pull down using a liquid chromatography tandem mass spec-
trophotometer and protein database searching.

Supplemental Table S2. Primers used in this study.

Supplemental Table S3. Strains used in this study.
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