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Plant cell signaling is an intensive research topic in which reductionist can be achieved
when we investigate the systems of model plants [1]. To continue our previous Special
Issue “Cell Signaling in Model Plants”, the second volume explores more insights into
the regulatory mechanisms of plant growth and development and eventually collects
18 publications that consist of ten original research articles and eight literature reviews.

Among the model plants, Arabidopsis thaliana is the most utilized system for revealing
the in-depth mechanisms of cell signaling in this Special Issue. Krogman et al. investigated
the concentration of cytosolic calcium ion ([Ca2+]cyt) in different root cells of A. thaliana
that express GCaMP3 for producing a modified version of a genetically encoded calcium
indicator [2]. According to the results, the authors confirmed that GCaMP3 cell lines could
be a reliable system for studying the connections between an environmental stimulus and
root development that communicate through calcium signaling. Mohammad-Sidik et al.
studied the response and underlying mechanisms of [Ca2+]cyt that are elevated by extra-
cellular ATP (eATP) and ADP (eADP) in the root of A. thaliana [3]. The authors identified
AtANN1 (annexin 1) that mediates the increase of [Ca2+]cyt in root cells in response to both
eATP and eADP, which might be a reactive oxygen species (ROS)-activated Ca2+ channel in
the plasma membrane. The mechanism that regulates the size of Arabidopsis root meristem
was investigated by Hashem et al. [4] with an emphasis on the involvement of hormone
crosstalk and ROS. Finally, the authors suggest that polyamines modulate the size of root
meristem and that it is through the interaction with auxin and cytokinin signaling and the
accumulation of ROS is achieved. In the report by Villacampa et al. [5], it was demonstrated
that the growth and proliferation of meristematic cells could be affected by microgravity
and partial gravity together with red light photostimulation. The authors proposed that the
resulting data might be valuable in the future for designing bioregenerative life support
systems and space farming. The protein family of mitochondrial transcription termination
factor (mTERF) has been identified as a key player in plant development, abiotic stress tol-
erance, etc. Jiang et al. contributed a report studying the function of Arabidopsis mTERF27
when faced with salt stress [6]. It was confirmed that mTERF27 interacted with multiple
organellar RNA editing factor 8 (MORF8) directly, which may be crucial for regulating
mitochondrial gene expression and thus affecting the development of mitochondria under
salt stress. Cyclic nucleotide-gated channels (CNGCs) are a group of cation channels, and
20 subunits of CNGCs have been identified in A. thaliana. They have been found to par-
ticipate in the development, defense, and stress response in plants. Jarratt-Barnham et al.
indicated that the heterotetrameric complexes of CNGC subunits act differently from the
homotetramers and that cyclic nucleotide-gated channel-like proteins ma bey involved in
the regulation of the complex formation [7].

In plant research, the exploration of cell signaling pathways is crucial for breeding
stress-tolerant crops. Min et al. studied the role of clade A Type 2C protein phosphatases
in rice (OsPP2C09) with an emphasis on the relationship with abscisic acid (ABA) sig-
naling under osmotic stress [8]. The authors concluded that OsPP2C09 regulates an
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ABA-independent signaling pathway through activating promoters that contain a drought-
responsive element. Under stress conditions, lipid second messengers including phos-
phatidic acid, phosphoinositide, lysophospholipids, and sphingolipids, could modulate
the physiological responses of plants. Rodas-Junco et al. summarized the involvement of
lipid second messengers in plant cell signaling under osmotic stress and the knowledge
is critical for the development of strategies to generate stress-tolerant crops [9]. Lyu et al.
investigated the roles of the gene family, CitGF14s, that codes for phosphorylated proteins
in Citrus sinensis in response to biotic and abiotic stresses [10]. The authors found cer-
tain isoforms of CitGF14s displayed tissue-specific expression patterns and unraveled the
protein–protein interaction network. Finally, they confirmed that several candidates may
play an important role in regulating the development and stress responses in C. sinensis.
A receptor for brassinosteroid signaling, SlBRI1, was modified in a phosphorylation site
of serine 1040 and then tested for its functions in tomatoes [11]. Wang et al. found that
the modified SlBRI1 exhibited a positive response in term of both growth and yield under
heat stress. It was thus confirmed that the phosphorylation site of ser-1040 in SlBRI1 affects
heat tolerance and might be applied in protecting growth and yield from high-temperature
stress in crops. In response to biotic and abiotic stresses, a significant reprogramming
was found to occur in the level of plant transcriptome. Chong et al. contributed a review
article for refining the knowledge of signal integration by mediators, particularly the cyclin-
dependent kinase 8 (CDK8) module [12]. The CDK8 module was thought to predominantly
act as a transcriptional repressor, however, it may play a contrasting regulatory role that
depends on the type of biotic and abiotic stress.

In cell signaling, the knowledge obtained from model plants could be applied in crops
to accelerate the progress of research and breeding programs. FLAVIN-BINDING, KELCH
REPEAT, F-BOX 1 (FKF1) has been recognized as a blue-light receptor that plays a role in
the promotion of flowering in A. thaliana. Shibuya et al. identified an FKF1 homolog SlFKF1
in tomatoes and confirmed that the expression of SlFKF1 at a low level was associated
with late flowering, increased leaflets, and low concentrations of lycopene [13]. A mitogen-
activated protein kinase (MAPK) is a type of protein kinase that has been well-proved in
A. thaliana to play a role in defense responses. Additionally, a MAPK in Lotus japonicus,
LjMPK6, was known to be involved in regulating symbiosis between legume and rhizobia.
Yan et al. identified a type 2C protein phosphatase, LjPP2C, and confirmed that it is required
for dephosphorylating LjMPK6 to regulate the nodule development in L. japonicas [14].
Chaulagain and Frugoli contributed a review article on the advances in the symbiosis
between legumes and rhizobia with an emphasis on the regulation of nodule number [15].
The signaling pathways for initiation and organogenesis of the nodule, nitrate-dependent
signaling, and autoregulation of nodulation were comprehensively discussed, and it set up
the direction of future research on the fine-tuning of the plant’s response to rhizobia.

Magnesium ions (Mg2+) are the second most abundant cation in living cells and
they serve as a signal of the adenylate status. Kleczkowski and Igamberdiev refined the
signaling pathway of Mg2+, particularly the adenylate kinase (AK) equilibrium and its
involvement in the adenylate status [16]. It was concluded that AK plays a central role in
Mg2+ signaling and is an allosteric effector in cellular metabolism for energy homeostasis
in cells.

ROS are a universal regulatory element in plant cells and participate in an array of
signaling pathways. Breygina and Klimenko reviewed the role of ROS and the underlying
mechanism involving ion transport systems during plant sexual reproduction [17]. They
found that ROS are involved at most stages of the life cycle in the male gametophyte, and
it chiefly acts through ion currents by a feedback loop.

Parasitic plants absorb water and nutrients from hosts and could cause substantial
losses of yield. Hu et al. summarized the virulence mechanisms in obligate root parasites
of the genera Orobanche and Striga focusing on the activities of proteins with nucleotide-
binding and leucine-rich repeat domains, NLR proteins, that encoded by resistance genes
of the host [18]. This present review presents recent advances in this field achieved by
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CRISPR genome editing and RNAi silencing and indicates that the new findings might
contribute to establishing strategies for controlling parasitic weeds.

The communication between the nucleus, organelles, and cellular compartments
is a critical system for plant cells to face changing environments, including stresses.
Mielecki et al. contributed a review for a better understanding of retrograde signaling in
stress responses, such as its involvement in the induction of cell death and in the biogenesis
of organelles [19]. The authors stated that the knowledge may be important for developing
novel strategies for improving the adaptability of plants in changing environments.

Theoretically, cell signaling affects virtually every aspect of plant cell structure and
function, and thus to scientists, unveiling the global network and the underlying machinery
is always a great challenge. This Special Issue only presents a snapshot of this intensive field
of plant biology and we believe that with the rapid development of advanced technology
such as integrative multi-omics and CRISPR genome editing, more and more critical
networks of plant cell signaling will be unraveled in the near future.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Polyamines (PAs) dramatically affect root architecture and development, mainly by un-
known mechanisms; however, accumulating evidence points to hormone signaling and reactive
oxygen species (ROS) as candidate mechanisms. To test this hypothesis, PA levels were modified
by progressively reducing ADC1/2 activity and Put levels, and then changes in root meristematic
zone (MZ) size, ROS, and auxin and cytokinin (CK) signaling were investigated. Decreasing pu-
trescine resulted in an interesting inverted-U-trend in primary root growth and a similar trend in
MZ size, and differential changes in putrescine (Put), spermidine (Spd), and combined spermine
(Spm) plus thermospermine (Tspm) levels. At low Put concentrations, ROS accumulation increased
coincidently with decreasing MZ size, and treatment with ROS scavenger KI partially rescued this
phenotype. Analysis of double AtrbohD/F loss-of-function mutants indicated that NADPH oxidases
were not involved in H2O2 accumulation and that elevated ROS levels were due to changes in PA
back-conversion, terminal catabolism, PA ROS scavenging, or another pathway. Decreasing Put
resulted in a non-linear trend in auxin signaling, whereas CK signaling decreased, re-balancing
auxin and CK signaling. Different levels of Put modulated the expression of PIN1 and PIN2 auxin
transporters, indicating changes to auxin distribution. These data strongly suggest that PAs modulate
MZ size through both hormone signaling and ROS accumulation in Arabidopsis.

Keywords: polyamine; root meristem; hormone signaling; ROS; auxin response; PIN transporter;
cytokinin response

1. Introduction

Polyamines (PAs) are small polycationic compounds found in all living organisms.
Due to their characteristic positive charges, they can interact with negatively charged
molecules such as DNA, RNA, proteins, and phospholipids, and therefore influence their
activity [1]. Putrescine (Put), spermidine (Spd), spermine (Spm), and thermospermine
(Tspm) are the most common polyamines found in plants [2,3]. PAs have been shown
to be implicated in the regulation of several plant physiological processes, including
flower development, embryogenesis, organogenesis, senescence, and fruit maturation
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and development [4], and are also involved in Arabidopsis meristem development [5]
and stress responses [6–8]. Recent studies on plant polyamines have been reviewed [9].
Put is the central diamine substrate compound for the biosynthesis of higher triamine
and tetraamine polyamines. Unlike many other plants, Arabidopsis thaliana has only one
Put biosynthesis pathway, through arginine decarboxylase [10]. In Arabidopsis, arginine
decarboxylase 1 (ADC1) and ADC2 are key rate-limiting enzymes in Put synthesis, which
catalyze L-arginine conversion into Put [10]. It was recently reported that the ADC1 gene is
involved in N-acetylputrescine biosynthesis from Nδ-acetylornithine [11].

Cellular PA homeostasis is controlled by a combination of mechanisms, including
transcriptional and upstream open reading frames (uORFs), translational regulation of PA
biosynthesis genes, conjugation, back-conversion, and terminal catabolism [12–14]. The
intricacies of PA biosynthesis are exhibited by several examples—treatment with D-Arg,
the ADC-specific competitive inhibitor, results in a reduction in Put and increased Spd
and Spm content in Pringlea antiscorbutica [15]; adc2 mutants with low Put content show
no change in Spd and Spm levels [16]; overexpression of ADC in plants generally results
in high Put accumulation but in many cases exhibits relatively small changes in Spd and
Spm [17]; and silencing of ADC genes significantly reduces Put, Spd, and Spm + Tspm in
Arabidopsis ecotype Wassilewskija (Ws) [18]. This indicates that PA levels are under strict
regulation [19] and emphasizes the complexity of the PA metabolic pathway.

Modifications in PA content can differentially affect root growth and development.
For example, treatment with D-Arginine (D-Arg), a specific ADC1/2 competitive inhibitor,
leads to a reduction in Put and a longer primary root length in Pringlea antiscorbutica [15];
perturbation of Put biosynthesis in adc1 and adc2 single T-DNA mutants shows no root
phenotype, whereas the double mutant is lethal [20]; mutation in BUD2 gene, which
encodes S-adenosylmethionine decarboxylase 4 (SAMDC4), a key enzyme required for PA
biosynthesis in A. thaliana, resulted in Put accumulation and altered root architecture [21];
silencing both ADC1 and ADC2 shows a significant reduction in primary root length [18],
and high levels of Put treatment exhibit a similar phenotype in Arabidopsis [22]. Exogenous
application of low levels of Put has no effect on root growth in Arabidopsis [23,24], but
treatment with 1 mM Put increases root length in strawberries [25]. Treatment with an
inhibitor of Tspm biosynthesis increased primary root growth, whereas treatment with
exogenous Tspm inhibited root growth [26]; and inhibition or induction of Arabidopsis
polyamine oxidase 5 (AtPAO5) significantly affected root length and development [27].
Such findings indicate complex regulatory effects of PAs on root development.

The PA back-conversion and terminal catabolism processes are mediated by two classes
of amine oxidases, copper-containing amine oxidases (CuAOs) and FAD-dependent polyamine
oxidases (PAOs). These enzymatic reactions lead to the production of H2O2 [8,28–30], sug-
gesting another mechanism by which PAs can affect root growth and development [28],
in addition to their role as ROS scavengers [31], acting to reduce stress-induced ROS
accumulation in leaves and roots [32,33].

ROS homeostasis plays a vital role in root growth and development. A study of
how changes in ROS accumulation affect root development [34] reported that the balance
between hydrogen peroxide (H2O2) and superoxide (O2

−) affects root growth and meristem
structure by influencing the transition from cell division to cell differentiation. It was also
demonstrated that perturbation of polyamine catabolism ZmPAO1 strongly influences root
development and xylem differentiation in Zea mays, mediated by H2O2 production [35].
Such studies suggest that altering ROS homeostasis is one mechanism by which PAs could
affect root development.

Several studies indicate that PAs also modify hormone response and crosstalk under
specific physiological and developmental processes [36,37]; for example, transcriptome
studies revealed that changes in endogenous PA content altered the expression levels of
genes associated with biosynthesis and signaling of several plant hormones such as auxin,
ethylene, and gibberellins [38]; it is necessary for interactions between Tspm, auxin, and
cytokinin to be tightly controlled for proper xylem development and plant growth [27]; PAs
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and auxin affect root growth and development in two sweet orange cultivars [39]; and sev-
eral studies have further explored the relationships between PAs and auxin response [40].
The above data provide evidence to suggest that the adjustment of the hormone response
is an additional mechanism by which PAs affect root development.

The above studies demonstrate that changes in PA levels can influence plant pheno-
types in multiple species and tissues; however, mechanisms linking PA levels to phenotype
are not well understood. In this work, we focus on the root meristem to identify PA-driven
mechanisms that regulate the meristem phenotype under conditions of Put depletion in
Arabidopsis.

2. Results

Since adc1 and adc2 single T-DNA mutants exhibit no root phenotype (Figure 1A,C)
and the double mutant is lethal, it was decided to adjust PA levels by simultaneously
reducing the activity of ADC1 and ADC2, which are key enzymes in the Put biosynthesis
pathway. Several previous studies [41–46] have used D-Arg treatment to inhibit ADC1/2
and deplete Put levels. We progressively reduced Put biosynthesis, the substrate of Spd,
Spm, and Tspm, by inhibiting ADC1/2 enzyme activity using the competitive inhibitor
D-Arg, which specifically inhibits ADC1/2 activity by blocking binding of the Put substrate
L-Arg. Given the specificity of D-Arg and its mode of action, this method was thought to be
equivalent to using ADC genetic knockdowns, with the additional advantage of allowing
improved flexibility in the control over ADC activity and Put biosynthesis.

ADC2::GUS results confirmed the differential localization of ADC2 expression to the
root (Figure 1D). The results also suggested that ADC2 activity is higher in the root than
that of ADC1, since while D-Arg treatment inhibited root length in WT, adc1, and adc2, D-
Arg inhibition of ADC1 activity in the adc2 mutant resulted in a shorter root than inhibition
of ADC2 did in the adc1 mutant, indicating that the adc2 mutant root phenotype is more
sensitive to D-Arg than adc1 (Figure 1B,C).

2.1. D-Arg Application Promotes or Inhibits Root Growth and Meristem Size in a
Concentration-Dependent Manner

To explore how Put depletion modulates root growth and development, we treated
5-day-old Arabidopsis wild-type Col-0 seedlings for a further 3 days with a range of con-
centrations from 0.01 mM to 1 mM D-Arg, a competitive inhibitor of ADC1/2 activity
(Figure 2A,B). To determine the effect of D-Arg on polyamine content, seedlings were
treated with 0.01, 0.05, 0.1, and 0.6 mM of D-Arg for three days. Whole seedlings were used
for HPLC analysis. Data revealed a significant reduction in Put of approximately 30–35%
upon 0.01, 0.05, and 0.1 mM treatment, and then a significant decrease of approximately
60% upon 0.6 mM treatment. The Spm plus Tspm concentration was unchanged with
0.01 mM D-Arg treatment, and it increased by 78% at 0.05 mM, by 100% at 0.1 mM, and
then only by 35% at 0.6 mM treatment, relative to controls (Figure 2A). Interestingly, Spd
remained stable until a considerable decrease in Put occurred at 0.6 mM D-Arg, when
Spd declined by approximately 50% (Figure 2A). Spd levels appeared to be more tightly
controlled than for Put and Spm + Tspm.

After 3 days of treatment, we observed an inverted-U trend in root growth as D-Arg
concentrations increased (Figure 2B,C). Compared to controls, root growth was unchanged
at 0.01 mM and 0.05 mM treatments, enhanced at 0.1 mM, unchanged at 0.3 mM, and then
root growth gradually decreased at treatment concentrations of 0.6 mM and greater.

During the 3-day D-Arg treatment period, we observed interesting changes in daily
root growth as demonstrated by the new root growth-rate curve (Figure 2C). We noticed
no significant change in root length at concentrations from 0.01 to 0.6 after one day of
treatment, whereas 0.8 and 1 mM showed a significant decrease. However, the root growth
rate increased at days two and three at 0.1 mM and then started to decline at 0.8 and 1 mM.
The root reduction on day three became highly significant, at 0.6 mM and more, compared
to untreated controls.
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Figure 1. adc1 and adc2 single mutants exhibit no root phenotype and the results indicate that ADC2 localizes mainly to the
root and adc2 is more sensitive to D-Arg than adc1. For (A), (B) and (C), 5-day-old seedlings at the same developmental
stage were transferred to new media containing water (Ctrl) or 0.6 mM D-Arg and were treated for 8 days. (A) Untreated
wild-type (WT), adc1, and adc2 root phenotypes are the same. Scale bar = 1 cm. (B) D-Arg treatment inhibits root length of
WT, adc1, and adc2. Scale bar = 1 cm. (C) D-Arg treatment exhibits no difference between WT and adc1 root length; however,
the adc2 root is significantly shorter that of WT and adc1 phenotypes. (D) Histochemical localization of GUS activity in
2-day-old transgenic seedling harboring promoter ADC2::GUS (pAtADC2::GUS). Data shown are averages ± SD (n > 30).
Asterisks denote significant differences (** p < 0.01, *** p < 0.001; Student’s t-test).

Root growth is the result of both cell division in the meristem zone (MZ) and cell
expansion in the elongation zone [47]. We chose to more closely examine the meristem
structure under D-Arg treatments with a series concentration (Figure 2D) and measured
the meristem length and number of cells in the MZ cortical layer. Root cells were analyzed
by means of differential interference contrast (DIC) microscopy and compared to the
untreated control. A medium D-Arg concentration of 0.1 mM enlarged the meristem by
approximately 18%, and MZ size decreased by 20% at 0.6 mM D-Arg and by 25% at 0.8 mM
D-Arg (Figure 2E). The MZ cell number slightly increased, but not significantly, at 0.1 mM
and then decreased significantly at 0.6 and 0.8 mM D-Arg (Figure 2F).
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Figure 2. ADC1/2 inhibition differentially modifies polyamine (PA) content and affects root growth and meristematic zone
(MZ) size in a non-linear concentration-dependent manner. Five-day-old seedlings at the same developmental stage were
transferred to new media containing water (Ctrl) or D-Arg and were treated for 3 days. (A) Differential effect of D-Arg
treatment on polyamine content. Putrescine (Put), spermidine (Spd), and spermine plus thermo-spermine (Spm + Tspm)
levels were measured using HPLC. (B) Whole seedling phenotype shows a non-linear effect of increased D-Arg treatment.
Scale bar = 1 cm. (C) Daily new root growth length varies for different D-Arg concentrations. (D) Root meristem imaging,
using PI staining and confocal microscopy, exhibits the non-linear effects of D-Arg on MZ size. Two white asterisks on each
root indicate the quiescent center (QC) (bottom) and first elongated cell (top). Scale bar = 100 µm. (E) Meristem cell length
normalized to control. (F) Cortical cell number in the meristem zone. Data shown are averages ± SD (n > 30). Asterisks
denote significant differences compared with the control (* p < 0.05, ** p < 0.01; Student’s t-test).

2.2. KI Application Indicates That MZ Size Inhibition at High D-Arg Concentration Is Partially
Due to H2O2 Accumulation

To investigate whether treatment with different D-Arg concentrations alters ROS
accumulation in WT seedlings, we used 3,3′-diaminobenzidine (DAB) (Figure 3A) and
nitrotetrazolium blue (NBT) (Figure 3C) staining to detect the presence of H2O2 and O2

−

respectively in vivo. DAB staining indicated no difference in ROS accumulations at low
and medium D-Arg treatment, but at high D-Arg treatment of 0.6 mM and 0.8 mM, ROS
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increased significantly (Figure 3B). Furthermore, we did not detect significant changes in
NBT staining at any D-Arg concentration (Figure 3D).

Figure 3. D-Arg-induced H2O2 accumulation, root length, and MZ size reduction is partially rescued by ROS scavenging
with 1 mM KI. Five-day-old seedlings at the same developmental stage were transferred to new media containing water
(Ctrl) or D-Arg and treated for 3 days. MZ imaging by differential interference contrast (DIC) microscopy. (A,B) 3,3′-
diaminobenzidine (DAB) staining and relative stain intensity indicate that D-Arg treatment increases H2O2 accumulation
in root meristem. (C,D) Nitrotetrazolium blue (NBT) staining and relative stain intensity indicates that D-Arg treatment
does not change O2

− accumulation in the root meristem. (E–G) Treatment with and without D-Arg and 1 mM KI shows
partial rescue of root meristem and root length by KI. (H,I) DAB staining of root meristem and relative stain intensity, with
or without D-Arg and KI, show successful H2O2 scavenging by KI. All scale bars = 100 µm. Data shown are averages ± SD
(n > 30). Asterisks indicate significant differences compared with the control (* p < 0.05, ** p < 0.01; Student’s t-test).
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To determine whether the reduction in root length and root meristem at higher D-Arg
concentrations was attributable to H2O2 accumulation, we exposed control roots and roots
treated with 0.6 mM and 0.8 mM D-Arg to the ROS scavenger potassium iodide (KI, 1 mM),
as described previously [34]. KI application successfully scavenged H2O2 (Figure 3H,I)
and completely rescued the shorter root phenotype caused by 0.6 mM of D-Arg treatment,
whereas at 0.8 mM D-Arg, root length and meristem size were only partially recovered
(Figure 3E–G), suggesting that at higher D-Arg levels, reduced root length is not completely
ROS-dependent and that other factors are involved.

2.3. H2O2 Accumulation Is Not Caused by NADPH Oxidases

During plant growth and development, ROS are predominantly generated by the
NADPH oxidases RBOHD and RBOHF class III peroxidases [48,49] and polyamine amine
oxidases (PAO) [8]. Some reports show a link between PAs and NADPH oxidases (RBOHD/F)
in tobacco and Arabidopsis [50,51]. To investigate the involvement of NADPH oxidases in
H2O2 accumulation at high D-Arg treatments, we examined the phenotype of seedlings
carrying double atrbohD/F loss-of-function mutants. In this set of experiments, the D-Arg
treatment period was extended from 3 to 6 days and new root growth length was observed
to ensure that NADPH oxidases were not a significant source of ROS accumulation under
conditions of Put depletion. The results showed that, similarly to the WT results, exogenous
high D-Arg application inhibited the new root growth of atrbohD/F (Figure 4A,B).

Figure 4. Effect of D-Arg treatment on WT and AtrbohD/F root growth indicates that H2O2 accumulation is not caused by
NADPH oxidases. Five-day-old seedlings at the same developmental stage were transferred to new media containing water
(Ctrl) or 0.8 mM D-Arg and treated for 6 days. (A) New root growth length of WT and AtrbohD/F. (B) Seedling phenotype.
Scale bar = 1 cm. Data shown are averages ± SD (n > 15).

2.4. Auxin Response Exhibits a Non-Linear Trend as ADC1/2 Activity Decreases

Auxin signaling promotes cell division and is involved in regulating root meristem
size [47]. We analyzed the effects of Put depletion on the auxin response using the reporter
line DR5::GFP. Interestingly, increasing levels of exogenous D-Arg had a non-linear effect on
DR5-dependent GFP fluorescence (Figure 5A). We observed that 0.1 mM D-Arg decreased
DR5 activity by 15%, but in contrast, higher D-Arg at 0.6 and 0.8 mM significantly enhanced
it by 20–25%, respectively (Figure 5B).
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Figure 5. D-Arg treatment has a non-linear effect on auxin response. Five-day-old seedlings at the same developmental
stage were transferred to new media containing water (Ctrl) or D-Arg and treated for 3 days. (A) Confocal images of
DR5::GFP auxin response reporter. (B) DR5::GFP normalized fluorescence indicates a non-linear auxin response trend.
Data are averages ± SD (n > 15). Scale bar = 100 µm. Asterisks denote significant differences compared with the control
(* p < 0.05; Student’s t-test).

2.5. CK Response Gradually Decreases as D-Arg Increases

Cytokinin (CK) signaling promotes cell differentiation and negatively regulates root
meristem size [47]. To investigate whether reduced Put affects CK signaling, we used the
reporter line proARR5::GFP. Arabidopsis response regulator 5 (ARR5) is a type-A negative
regulator of cytokinin response and is strongly induced by CK [52]. Under different levels
of D-Arg treatment, we observed that proARR5::GFP fluorescence gradually decreased
(Figure 6A). The CK response was reduced significantly at 0.1 mM D-Arg by 25% and
at higher D-Arg levels of 0.6 mM and 0.8 mM by 33% to 35% compared to the untreated
control (Figure 6B). ARR5 expression was measured using qRT-PCR at different concentra-
tions of applied D-Arg. At low (0.01 mM) D-Arg, we observed a slight but not significant
reduction in the ARR5 transcript level (Figure 6C). Similarly to the proARR5::GFP results,
medium and high levels of D-Arg, at 0.1 mM and 0.6 mM, significantly downregulated
ARR5 transcription by approximately 50%, indicating that D-Arg treatment and Put de-
pletion progressively reduces the CK response in the Arabidopsis root. Cytokinin activity
is regulated by the balance between biosynthesis and degradation [53,54]. Cytokinin
oxidase/dehydrogenases (CKXs) play a key role in CK degradation [54]. It has been re-
ported that CKX family genes play critical roles in determining root architecture in several
plant species [55–59]. In Arabidopsis, AtCKX1, AtCKX4, and AtCKX7 have been shown
to either localize to the root or their overexpression has been shown to affect root phe-
notype [53,56,60,61]; however, this does not preclude other members of the CKX family
playing a significant role in root development. Our results reveal that ADC1/2 inhibition
significantly induced cytokinin oxidase1 (CKX1) expression levels and slightly induced
CKX7 in the root, whereas CKX4 was unchanged (Figure 6D).
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Figure 6. D-Arg treatment reduces the cytokinin response and increases CKX1 expression in the root meristem. Five-day-old
seedlings at the same developmental stage were transferred to new media containing water (Ctrl) or D-Arg and treated for
3 days. (A,B) Confocal imaging indicates that increasing D-Arg gradually reduces cytokinin response proARR5::GFP and
relative proARR5::GFP fluorescence. Scale bar = 100 µm. (C,D) qPCR data indicate that D-Arg treatment modulates the
relative expression of ARR5 and cytokinin oxidase (CKX) genes. Data shown are averages ± SD (n > 15). Asterisks indicate
significant differences compared with the control (* p < 0.05, ** p < 0.01; Student’s t-test).

2.6. Differential Modulation of PIN1 and PIN2 Protein at Low and High D-Arg Treatment

We explored the level of protein and localization of auxin efflux transporters PIN1
and PIN2 using two reporter lines, proPIN1::PIN1:GFP and proPIN2::PIN2:GFP. The auxin
efflux transporter PIN1 is localized to the vascular tissue membrane of the root meristem
and is involved in auxin transport from the stele to the quiescent center and columella
initials [62]; PIN2 is localized mainly in the outer cell layers and is an essential component
for basipetal auxin transport [63], and both PIN1 and PIN2 are important for correct auxin
distribution [63]. Confocal imaging at low levels of D-Arg revealed significant increases in
PIN1:GFP by 23% (Figure 7A,B) and PIN2:GFP by 35% (Figure 7E,F) compared to untreated
controls. At high D-Arg, the results showed that the level of PIN1:GFP was significantly
increased by 30% compared to the untreated control (Figure 7C,D). In contrast, PIN2:GFP
at the same D-Arg concentration was significantly decreased by 20% (Figure 7G,H). Our
results therefore suggest that Put depletion alters PIN1 and PIN2 levels, cellular auxin
efflux, and auxin distribution.
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Figure 7. D-Arg treatment differentially affects PIN1 and PIN2 auxin efflux carriers. Five-day-old seedlings at the same devel-
opmental stage were transferred to new media containing water (Ctrl) or 0.6 mM D-Arg and treated for 3 days. (A,B) Confocal
imaging of proPIN1::PIN1:GFP reporter line and relative proPIN1::PIN1:GFP fluorescence indicate that low D-Arg treatment
increases PIN1 protein. (C,D) proPIN1::PIN1:GFP reporter line and relative proPIN1::PIN1:GFP fluorescence indicate that high
D-Arg treatment increases PIN1. (E,F) proPIN2::PIN2:GFP reporter line and relative proPIN2::PIN2:GFP fluorescence indicate
that low D-Arg treatment increases PIN2 protein. (G,H) proPIN2::PIN2:GFP reporter line and relative proPIN2::PIN2:GFP
fluorescence indicate that high D-Arg treatment reduces PIN2 protein. All scale bars =100 µm. Data shown are averages ± SD
(n > 15). Asterisks indicate significant differences compared with the control (* p < 0.05, ** p < 0.01; Student’s t-test).

3. Discussion

The goal of our study was to investigate the effect of PAs on root growth and develop-
ment in Arabidopsis and identify possible mechanisms by which PAs affect root phenotype
under conditions of ADC1/2 inhibition. Under normal conditions, ADC1 expression is
localized to the shoot and ADC2 expression to the root [64]. Our ADC2::GUS results
(Figure 1D) confirm that ADC2 expression is localized to the root. Given that neither
adc1 or adc2 single mutants exhibited a root phenotype (Figure 1A), it is reasonable to
assume that Put levels, directly or indirectly, affect the localization and/or level of ADC1/2
expression. This assumption is supported by the literature, which provides evidence of
ADC1/2 regulation by both PAs and hormones [37,65–69]. To identify links between Put
depletion and MZ size, we therefore used D-Arg application to simultaneously inhibit both
ADC1 and ADC2 to ensure a reduction in Put levels, rather than developing specific ADC2
knockdowns. Although ADC1/2 regulation, localization, or redundancy are important
components of this complex biological system, it was not part of this initial study but could
be addressed in future research.

PA levels were modified by using the specific ADC1/2 enzyme inhibitor D-Arg to
perturb PA biosynthesis instead of using PA treatment, since exogenous application, for
example of Spd, could artificially increase Spd levels, affect PA balance, and generate ROS
due to reverse biosynthesis and terminal catabolism [8,28,29]. D-Arg application has been
used to deplete Put in several research papers [41–46]; however, none of these papers
addressed the issue of whether D-Arg application could produce any significant additional
effects by, for instance, regulation of other enzyme activities or by increasing the availability
of the ADC1/2 substrate, L-Arg. This is an outstanding issue for future research, which is
discussed further in the conclusion.
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Inhibition of ADC1/2 reduced Put levels and resulted in unpredictable changes in
the levels of higher PAs. As Put levels decreased, Spd remained stable until high D-Arg
application, when levels dropped significantly, and Spm + Tspm levels initially increased
and then decreased at high D-Arg. These unexpected and differing trends in PA levels
under conditions of progressive ADC1/2 inhibition demonstrate the complexity of the PA
forward and reverse biosynthesis pathways that re-balance PA levels when Put is depleted.
A more detailed examination of how PA levels change under different conditions of enzyme
inhibition, PA treatment, or under stress conditions could prove useful in investigating the
regulation of PA balancing.

Put depletion resulted in non-intuitive phenotype outcomes, with increased MZ size
observed at low levels of D-Arg application and progressively decreasing MZ size at higher
D-Arg. This inverted-U trend in MZ size suggests that more than one mechanism regulates
MZ size: for example, with one mechanism promoting MZ size at low D-Arg concentrations
and another antagonistic mechanism inhibiting MZ size at higher D-Arg levels. At low
D-Arg levels the first mechanism acts to increase MZ size, but as D-Arg treatment increases,
the second mechanism becomes dominant in order to reduce MZ size.

It has been shown that root MZ size is determined by the balance between cell division
and differentiation and that this process is regulated by two mechanisms—auxin and
CK signaling balance [47], and changes in ROS homeostasis [34] that are independent
of auxin and CK signaling. We therefore examined these two candidate mechanisms.
Since auxin promotes cell division, whereas CK promotes differentiation, the auxin-to-CK
signaling balance modulates MZ size [47], rather than individual auxin or CK signaling
trends. Auxin signaling displayed a U-shaped trend as D-Arg increased, whereas cytokinin
progressively decreased. At low D-Arg application, no change in ROS accumulation was
observed, but the auxin:CK ratio shifted in favor of auxin to enlarge the MZ, consistent
with the literature [47]. However, at higher D-Arg levels, we observed increasing ROS
accumulation, which is known to inhibit MZ size [34,70–72]. The results for DAB and NBT
staining (Figure 3D) suggest that high Put depletion led to the accumulation of H2O2 but
not of O2

− and that that H2O2 accumulation is caused by PAO activity, rather than by
NADPH oxidases (Figure 4). The ROS effect was confirmed with phenotype rescue by
ROS scavenging using KI; however, the partial rescue at high D-Arg also suggests that
additional mechanism(s) could be involved in MZ size and root growth regulation.

We concluded that the hormone effect promoted MZ size at low D-Arg but that at
higher D-Arg the antagonistic ROS effect dominated to reduce the MZ. The underlying
mechanisms whereby Put depletion modulates ROS accumulation and auxin and cytokinin
signaling have yet to be unraveled; however, the literature points to several promising
lines of investigation: (1) previous studies report that PAs play two opposing roles in the
regulation of ROS levels as both ROS scavengers under stress [32,33] and as a source of
ROS generated by terminal and back conversion pathways [8,28,29], (2) Spd and Spm have
been shown to regulate CKX [37,38,73] and auxin conjugation [37], and (3) Tspm inhibits
the final steps in the CK biosynthesis pathway [3,74].

The results of our work indicate that Put depletion affects root phenotype through the
antagonistic actions of hormone signaling and ROS accumulation; however, the question
remains as to whether this is due to direct or indirect effects of changing Put levels. As
noted earlier, PA levels are closely linked by forward and reverse biosynthesis pathways.
Furthermore, terminal catabolism of excess PAs and back-conversion to lower-level PAs can
produce bioactive products. These mechanisms constitute an extremely complex process by
which perturbation of a single PA can result in changes in other PAs and in the generation
of bioactive products. This is in part illustrated by our HPLC experiments, which produced
non-intuitive results in regard to the changes in higher PAs when Put was depleted. It is
therefore likely that perturbation of any single PA results in PA re-balancing and effects
phenotype outcomes by multiple direct and indirect pathways. Several studies also indicate
that the overall PA balance seems to be more important than the specific effect of individual
PAs [15,75].
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Previous work [47] showed that changes in relative auxin to CK signaling modulate
MZ size through the regulation of auxin transporters and modified auxin distribution.
In our work, at low D-Arg the proPIN1::PIN1:GFP protein reporter showed an increase
in PIN1 and the proPIN2::PIN2:GFP showed an increase in PIN2, whereas upon high D-
Arg treatment, PIN1 increased and PIN2 decreased (Figure 7), indicating that ADC1/2
inhibition differentially modulates PIN1 and PIN2 protein levels to modify auxin transport
and distribution.

The above data demonstrate that hormone signaling and ROS accumulation are two
mechanisms by which PAs regulate MZ size (Figure 8).

Figure 8. ADC1/2 inhibition differentially changes PA levels and has a non-linear effect on meristem
size by modulating relative auxin/CK signaling and ROS accumulation. Exogenous application
of increasing D-Arg concentrations differentially modified Put, Spd, and Spm + Tspm levels and
resulted in an inverted-U trend in primary root growth. Medium D-Arg at 0.1 mM (red boxes)
promoted root growth, decreased the auxin and CK response, and had no effect on ROS levels (green
boxes). High D-Arg 0.6 mM (blue boxes) reduced root growth, differentially affected auxin and CK
response, and accumulated ROS. PRL, primary root length. Vertical arrows denote a statistically
significant increase↑ or decrease↓, whereas a horizontal line indicates no significant change.

4. Materials and Methods
4.1. Plant Materials and Growth Conditions

All experiments were performed using Arabidopsis thaliana ecotype Columbia (Col-
0). Transgenic marker lines are in Col-0 backgrounds as follows: DR5::GFP for auxin-
response; proPIN1::PIN1:GFP and proPIN2::PIN2:GFP for PIN1/2 auxin efflux carrier pro-
teins; proARR5::GFP for cytokinin response; and proADC2::GUS for localization of ADC2
expression. Genetic materials, T-DNA insertion mutant adc1 and adc2 for polyamine
biosynthesis pathway and atrbohD/F for ROS experiments were used.

Seeds were surfaced-sterilized for 2 min in 75% ethanol and then 10 min in 1%
sodium hypochlorite. Seeds were washed five times with sterilized deionized water. For
simultaneous germination, all seeds were stratified for 2–3 days at 4 ◦C before germination.

Seeds were grown on 120 × 120 × 17 mm square plates containing half-strength
Murashige and Skoog (MS) medium 2.2 g L−1 (Duchefa Biochemie) including vitamins,
MES 0.5 g L−1 (Duchefa Biochemie), and 1% (w/v) sucrose and solidified with 1% agar
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(Duchefa Biochemie). PH was adjusted to 5.8 with KOH. Plated were sealed with Microp-
ore tape.

To maintain the root for molecular assay and physical root measurements, seedlings
were grown and placed vertically in the growth incubator at 22 ◦C with light cycles of
16 h light/8 h dark (light intensity: ∼120 µmol/s/m2, and relative humidity of 60%). For
putrescine depletion, 5-day-old seedlings were transferred to MS medium containing 0,
0.01, 0.05, 0.1, 0.3, 0.6, 0.8, and 1 mM of D-Arginine (Sangon Biotech, Shanghai, China) for
a further 3 days. For experiments involving double atrbohD/F loss-of-function mutants, the
D-Arg treatment period was extended from 3 to 6 days and new root growth length was ob-
served to ensure that NADPH oxidases were not a significant source of ROS accumulation
under conditions of Put depletion.

4.2. Root Length, Root Meristem Size, and Cell Length Measurements

To track changes in root growth, five-day-old seedlings with the same root length
were transferred to a fresh medium containing either water as control or D-Arginine. The
position of the root tip was marked on the back of plates at the time of transfer and new
root growth length was measured as root growth extension during the treatment period,
using images taken with a Nikon D300s digital camera (Nikon Corp., Tokyo, Japan).

For root meristem measurements, after 3 days D-Arg treatment seedlings were cleared
with chloral hydrate solution [76]. Root meristem size was determined as the length from
the quiescent center (QC) to where the cell was double the size of the previous cell along
the cortex cell layer [77,78]. Root meristems were analyzed and imaged using an Olympus
BX61 microscope (Olympus, Tokyo, Japan) equipped with differential interference contrast
(DIC) optics, 20x UPlanSApo objective, and a CCD camera (Olympus DP74). For Photo
acquisition, Olympus cellSens software was used.

4.3. Confocal Laser Scanning Microscopy

All confocal root images were taken with a Leica SP8 confocal laser scanning micro-
scope (https://www.leica-microsystems.com) after three days of D-Arg treatment. Ten
micrograms per milliliter of propidium iodide (PI) solution (Sangon Biotech, Shanghai,
China) were used to visualize cell walls. Stained roots were visualized with the excitation
wavelength set at 548 nm for PI and at 488 nm for green fluorescent protein (GFP).

4.4. RNA Extraction, cDNA Synthesis, and qRT-PCR

Whole roots of Col-0 wild type non-treated (Ctrl) and treated with D-Arginine (D-Arg)
were used. Total RNA extraction was performed using TransZol Up reagent (TransGen,
Beijing, China). RNA concentration and quality were determined with a Nanodrop 2000
Spectrophotometer (Thermo Fisher Scientific). cDNA was synthesized from 1 µg of RNA
using a TransScript One-Step gDNA Removal and cDNA Synthesis SuperMix kit (TransGen,
Beijing, China), following the manufacturer’s instructions. cDNA was diluted 1:10 for
quantitative real-time PCR (qPCR).

Quantitative real-time PCR analyses were performed using TransStart Tip Green
qPCR SuperMix (TransGen, Beijing, China) with a Roche LightCycler 480 thermal cycler
instrument, 384-well (Roche). Relative expression values were calculated using the 2-∆∆Ct

method [79], and ACTIN2 was used as a reference gene. Primers are listed in Table S1.
Three biological replicates were performed for each sample and each biological replicate
was represented by three technical replicates.

4.5. Quantification of Free Polyamine

Free PA quantification was performed using high-performance liquid chromatogra-
phy (HPLC). Five-day-old seedlings at the same developmental stage were selected and
transferred to the treatment media containing D-Arg for another 3 days. Zero point three
five grams of fresh weight of seedlings were harvested for analysis. The extraction and
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quantification methods were performed as described in [80]. 1,6-hexanediamine was used
as an internal standard.

4.6. Histochemical GUS Staining

Transgenic Arabidopsis containing ADC2 promoter::GUS fusions were stained for
GUS according to the method described in [32].

4.7. Determination of O2
− and H2O2 by NBT and DAB Staining

3,3′-Diaminobenzidine (DAB, 1 mg mL−1) staining (Sigma Aldrich) was used to
detect H2O2 levels in roots, and Nitrotetrazolium blue (NBT, 1 mg mL−1) (Sangon Biotech,
Shanghai, China) was used for O2

− detection. DAB and NBT staining were performed as
described by [32]. At least 30 root meristems for each staining were analyzed and imaged
using an Olympus BX61 microscope (Olympus, Tokyo, Japan) equipped with differential
interference contrast (DIC) optics, 20× UPlanSApo objective, and a CCD camera (Olympus
DP74). For photo acquisition, Olympus cellSens software was used.

4.8. Image Analysis

Root length, meristem size, cell counts, DAB, and NBT images were investigated using
ImageJ (http://www.imagej.nih.gov/ij/). DAB, and NBT stained images were quantified
as described in [32]. Mean relative fluorescence for confocal images was calculated with
ImageJ. In quantifying fluorescence, at least 15 seedlings per line were used.

4.9. Statistical Analysis

All experiments were performed at least three times. For statistical comparisons,
we used Student’s t-test. Data shown are averages ± SD. Asterisks indicate significant
differences compared with the control (*, p < 0.05, **, p < 0.01, ***, p < 0.001).

5. Conclusions

In this study, we investigated the effect of PAs on root development in Arabidopsis with
the goal of identifying mechanisms by which PAs affect root growth. We explored changes
in ROS accumulation and hormone signaling under conditions of ADC1/2 inhibition and
Put depletion, and the results demonstrated that the effects of PAs on root phenotype are
mediated by ROS and hormone signaling. Furthermore, the data generated by this study
indicate that PA regulation of root phenotype is extremely complex, involving (1) intricate
forward and reverse PA biosynthesis, (2) changes in ROS accumulation generated by PA
catabolism and reverse biosynthesis and potentially by PA-mediated H2O2 scavenging,
and (3) the complexities of hormonal crosstalk, resulting in a modified auxin distribution
and CK response and changes to the ratio of auxin to CK signaling. This complexity is
further evidenced by the contrasting changes in PA levels observed as ADC1/2 inhibition
increased; by the non-linear trends in root growth, MZ size, and auxin response; and also
by the differential regulation of PIN1 and PIN2 transporters.

Having identified candidate mechanisms linking PAs to root phenotype, future work
requires more detailed investigations of these pathways under conditions of Put depletion.
As noted earlier, although D-Arg treatment has been used in several studies to reduce Put,
questions remain about the possible side-effects of D-Arg treatment. Therefore, the first
step in future research will be to address this issue by developing ADC1/2 knockdowns
and making comparisons with D-Arg treatment results for gene expression, hormone
signaling, ROS accumulation, and phenotype. It would be ideal to be able to calibrate each
knockdown with a specific D-Arg treatment level and, provided there is no significant
difference between results for the knockdowns and D-Arg application, the two methods
can be combined to deplete Put, utilizing the convenience of D-Arg that also allows fine-
tuning of Put levels, which is difficult to achieve with knockdowns alone. The next step
is to investigate mechanisms by which PAs modulate hormone signaling. The literature
suggests links between PAs and auxin conjugation [37], CK biosynthesis [3,74], and CK
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degradation [37,38], and therefore the initial focus should be on components of these
signaling pathways using genetic material. During this phase, possible ROS effects will be
removed through the application of KI. A similar approach can be adopted for analyzing
links between PAs and ROS.

Our initial results and the literature indicate that PA levels are closely inter-related and
that it is difficult to predict how the perturbation of one PA will affect other PAs, hormone
signaling, ROS accumulation, and phenotype. Therefore, another interesting research
area would be a more detailed examination of PA balancing and downstream effects by
treating WT and adc1 and adc2 single mutants and knockdowns with D-Arg and PAs, and
observing them under stress conditions. Since ADC1/2 enzymes appear to have some
level of redundancy given that single mutants do not exhibit phenotypes, the investigation
of enzyme expression, localization, and redundancy under different conditions could also
be carried out.
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Abbreviations

PAs Polyamines
ADC Arginine decarboxylase
CK Cytokinin
MZ Meristem zone
Put Putrescine
Spd Spermidine
Spm Spermine
Tspm Thermospermine
uORFs Upstream open reading frames
D-Arg D-Arginine
CuAOs Copper-containing amine oxidases
PAOs Polyamine oxidase
RBOH Respiratory burst oxidase homolog
ROS Reactive oxygen species
CKX Cytokinin oxidase
ARR Arabidopsis response regulator
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Abstract: Plants are subject to different types of stress, which consequently affect their growth and
development. They have developed mechanisms for recognizing and processing an extracellular
signal. Second messengers are transient molecules that modulate the physiological responses in plant
cells under stress conditions. In this sense, it has been shown in various plant models that mem-
brane lipids are substrates for the generation of second lipid messengers such as phosphoinositide,
phosphatidic acid, sphingolipids, and lysophospholipids. In recent years, research on lipid second
messengers has been moving toward using genetic and molecular approaches to reveal the molecular
setting in which these molecules act in response to osmotic stress. In this sense, these studies have
established that second messengers can transiently recruit target proteins to the membrane and,
therefore, affect protein conformation, activity, and gene expression. This review summarizes recent
advances in responses related to the link between lipid second messengers and osmotic stress in
plant cells.

Keywords: lipid messengers; phosphatidic acid; phospholipase C; phospholipase D; sphingholipids;
lysophospholipids

1. Introduction

Plants use complex signal transduction networks to orchestrate biochemical, genetic,
and physiological responses under different stress conditions. Among the components
involved in that response are molecules called second messengers. These molecules
are “master regulators” since they generate a high degree of amplification via signal
transduction and modulate key downstream molecular regulatory components involved
in the response to stress. Lipids are major components of biological membranes that serve
as platforms for important signaling functions [1,2]. Lipid-second messengers may be
formed from membrane structural lipids by hydrolytic activity of phospholipases such
as phospholipase D (PLD), phospholipase C (PLC), and phospholipase A2 (PLA2). In
the context of stress in plants, salt, and drought represent osmotic factors that limit crop
productivity [3]. In this context, salt or drought are different types of stress that result
in a series of different changes at the cellular or plant level, generating specific changes
at the biochemical, molecular, and physiological levels in plants. Understanding the
molecular mechanism by which plants respond to osmotic stress signals is pivotal for the
development of biotechnological tools for the generation of tolerant plants. This review will
focus on assessing the current knowledge of lipids second messengers (phosphoinositides,
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phosphatidic acid, sphingolipids, and lysophospholipids), which have been shown to be
key regulators of osmotic stress responses in plant cells.

2. Lipid-Derived Second Messengers in Plant Cells

Phospholipids are important components in all membranes in eukaryotes and play a
role in signaling mechanisms in plant cells. Enzymes as phospholipases, lipid kinases or
phosphatases modify membrane lipids to generate signaling molecules known as lipid-
derived second messengers. Important lipid second messengers include phosphatidyli-
nositols, diacylglycerols, phosphatidic acid, sphingolipids, and lysophospholipids [4,5]
(Figure 1). Several research groups have reported that lipid second messengers activate
or recruit proteins to membranes, which leads to the activation of downstream signaling
pathways that result in cellular events and physiological responses. In this review, we
will attempt to highlight some of the recent studies on the of the functional mechanism
of lipid-derived second messengers, with an emphasis on their regulation, particularly in
response to osmotic in plant cells.

Figure 1. Generation of lipid second messengers in plants. Phospholipid precursors (blue box) involved in the production of
intracellular second messengers (orange box). PI-PLC leads to the cleavage of PIP2 into DAG and IP3. DGK converts DAG
to PA, which is a second messenger on its own right. PA, which can also be generated by PC hydrolysis by PLD. DAG can
also be synthesized from PC via PLD. IP3 diffuses into the cytosol, where it is converted to IP6. Fatty acids of phospholipids
are liberated by PLA2s and converted to eicosanoids. Lysophospholipids are also precursors of a different class of lipid
mediators, including Lyso-PC or Lyso-PA. Sphingomyelin is a precursor of ceramide that can then be phosphorylated to
generate ceramide 1-phosphate and to form sphingosine, which is phosphorylated to generate sphingosine 1-phosphate.
PIP2, phosphatidylinositol (4,5)-bisphosphate; PC, phosphatidylcholine; PI-PLC, phosphoinositide-phospholipase C; IP3,
inositol (1,4,5)-trisphosphate; IP6, myo-inositol-1,2,3,4,5,6 hexaskisphosphate; DAG, diacylglycerol; PLD, phospholipase D;
PA, phosphatidic acid; PLA2, phospholipase A2; Lyso-PA, lyso-phosphatidic acid; Lyso-PC, lyso-phosphatidylcholine; FFA,
Free Fatty Acid; SM, sphingomyelin; Cer, ceramide; SPHK, sphingosine kinase; S1P, sphingosine-1-phosphate.

3. Phosphoinositide Signaling

Phosphoinositides (PI) are a class of inositol-containing phospholipids present in the
plasma membrane. In plants, the inositol ring is sequentially phosphorylated at several
different positions, generating five isomers: phosphatidylinositol (PI), PI-3 phosphate
(PI3P), PI-4 phosphate (PI4P or PIP), PI-5 phosphate, PI-3-5- bisphosphate (PI-3,5-P2), and
PI-4,5-bisphosphate (PI-4,5-P2 or PIP2) [6,7].
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Unlike the majority of membrane lipids, PIs show only a minor abundance, and their
dynamic formation occurs a set of specific kinases and phosphatases, and is maintained
via constant turnover [8]. Additionally, they modulate fundamental cellular processes,
such as membrane trafficking, cytoskeleton organization, polar tip growth, and stress
responses [9]. At the poles across kingdoms, phosphoinositide is involved in polar tip
growth [10]. PIs can work as ligands for different proteins called PI “modulins” and
regulate their subcellular distribution or activity via interactions. PI binding takes place
through the inositol polyphosphate head groups and PI binding domains of phosphoinosi-
tide, such as pleckstrin homology (PH) domains, Phox homology (POX) domains, and
Fab1-YOTB-Vac1-EEA1 (FYVE) domains [8]. Examples of PI modulin activities include the
regulation of ion channels [9], ATPase activity, and hormonal and stress signaling [9]. In
Arabidopsis and rice, the presence of proteins with FVYE domain has been reported in
response to abiotic stress tolerance [11]. In phosphoinositide signaling, the generation of a
second messenger occurs through the activation of phospholipases. PI-phospholipase C
(PLC) catalyzes the hydrolysis of PIP2 to generate the soluble second messenger’s inosi-
tol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). In plants, DAG is converted into
phosphatidic acid (PA), while IP3 may be further phosphorylated to form inositol hexak-
isphosphate (IP6). PA may also be generated by hydrolysis of structural phospholipids
such as phosphatidylcholine (PC) and phosphatidylethanolamine (PE) by phospholipase
D (PLD) enzymes [12]. Although the study of these lipid second messengers has provided
evidence of their importance in plant defense response under stress, many questions still
need to be answered. As a continuation, the roles of IP3, IP6, PA, and other lipid second
messengers in plants are described below.

3.1. IP3 as a Second Messenger in Plant Cells

PIs constitute a class of membrane phospholipids that are substrates for phosphoinositide-
specific phospholipase C (PI-PLC). PI-PLC catalyzes the hydrolysis of PIP2 to generate
two important second messengers, IP3 and DAG [12]. In plant systems, the role of IP3
in releasing Ca2+ from cellular stores has been widely reported [13]. However, a critical
component that is still unknown in plant cells is a putative IP3 receptor (IP3-R). The
search for an IP3-R has been underway for many years. Various authors have approached
the search for an IP3 receptor through in silico and in vivo analyses, and an interesting
approach that has been taken is the search for homologous gene(s) that encode the IP3
receptor in plants. Sequencing of the green algae Chlamydomonas sp. genome, which does
possess such a receptor, has made it possible to generate valuable genetic information to
explain that this gene has been discarded during the evolution of plants. Additionally, at
the protein level this does not clarify whether plants express an IP3-R, as it indicates only
that there is no plant protein that has an IP3 receptor RIH domain [ryanodine, (RYR) and
IP3 homology] in animals in structural homolog databases [14,15].

On the other hand, an interesting aspect of IP3 as a second messenger that is well
documented is the rapid intracellular changes that this molecule shows under biotic or
abiotic stimulation. For example, Monteiro et al. [16] reported that IP3 caused an influx of
Ca2+ in the growing pollen tube of Agapanthus umbellatus under osmotic shock treatment.
Additionally, biphasic changes in IP3 were detected in response to gravity in Arabidopsis
inflorescence stems [17] and Avena sativa [18] or cold exposure in Arabidopsis suspension
cells [19]. The release of IP3 has often been linked to the activation of PI-PLC [13,14,20].
For example, in Arabidopsis, an increase in IP3 via PI-PLC activation in response to blue
light induces the release of Ca2+ [21]. Legendre et al. [22] hypothesize that the activation
of PI-PLC and increase in IP3 could be a way by which polygalacturonic acid triggers
an oxidative burst in soybean cell suspensions. Recently, Ren et al. [23] showed that the
increase in IP3 after heat shock in Arabidopsis plants is partially dependent on the activity
of AtPLC3 (Arabidopsis thaliana Phosphoinositide-Specific Phospholipase C Isoform 3).
Collectively, these examples indicate that the increase in IP3 as a consequence of PI-PLC
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activity, could be dependent on an increase in the substrate PIP2 levels, as observed in
response to abiotic stress in plants [13].

3.2. Inositol 1,2,3,4,5,6-Hexakisphosphate as a Putative Signaling Mediator

Myo-inositol-1,2,3,4,5,6 hexaskisphosphate (IP6 or phytic acid) is a component of plant
cells that regulates many cellular functions. In plants, IP3 might be phosphorylated into
IP6 by two inositol kinases, inositol polyphophate multikinase 6/3 (IPK2), and inositol
polyphosphate (IPK1). IP6 accumulates in large amounts in seeds, pollen, and other storage
tissues, where it serves as a source for Pi, inositol, and minerals [3,24]. As a signaling
molecule, IP6 has received attention in recent years. Some authors point out that IP6 is the
central signaling molecule rather than IP3 [25–28]; however, it is also clear that there is an
important contribution of IP3 as a precursor for IP6 generation. In contrast, there are reports
showing that IP6 controls cellular reactions through the mobilization of intracellular Ca2+

deposits. For example, Lemtiri-Chlieh et al. [25] suggested a signaling role of IP6 in abscisic
acid (ABA)-regulated Ca2+ release in guard cells in which the vacuole may contribute to
the release of Ca2+ in response to IP6. In this way, it is necessary to determine whether
these molecules send different signals in plants, and it would be interesting to undertake
studies that allow evaluation of the impact of IP3 and IP6 on the same cellular response.

3.3. Phosphatidic Acid

Phosphatidic acid (PA) may be formed from structural membrane lipids such as (PC
and PE by phospholipase D, mainly to produce PA species such as PA 18:3/18:2 and PA
18:2/18:2. Additionally, the combined action of PI-PLC and diacylglycerol kinase (DGK)
generates the PA species 16:0/18:2 and 16:0/18:3 [29]. Therefore, lipidomic tools have
allowed research to reveal which metabolic pathway is activated in response to stress. Dif-
ferential 32P radiolabeling and chromatography technique has been most commonly used
to reveal the signaling mechanisms that are involved in hormonal signaling, cytoskeleton,
and vesicle trafficking [30–34]. One limitation biochemistry methodologies have faced
is that cellular levels of PA are highly dynamic in response to stimuli and to the various
enzymatic reactions that modulate its production and degradation.

The role of PA, as a second messenger, has been established by identifying PA-binding
domains (PABD) within PA effectors in different plant cell processes. This suggests the
importance of this molecule as a central messenger in phospholipid-mediated signaling.
Recently, an increasing number of PABDs fused with fluorescent proteins have been used
as probes to obtain images of the spatiotemporal distribution of PA in plant cells [35,36].
For instance, the PABD-derived probe Spo20p (Spo20p-PABD) was fused with YFP to
monitor PA in growing pollen tubes in tobacco [35]. This biosensor allowed us to detect
that the different distribution of PA in the subapical zone is important in the regulation of
endocytosis and in the actin dynamics for growth of the pollen tube. Using an optogenetic
biosensor, Li et al. [36] development a probe with NADPH oxidase PA-binding domain
(RBOHD-PABD) based on Förster resonance energy transfer (FRET) and found that biosen-
sor can monitor the dynamic changes in PA in the plasma membrane in Arabidopsis cells in
response to saline and hormonal stress. These findings have contributed to understanding
the dynamics of PA in cells under specific environmental conditions, however there is still
the challenge of delving into the subcellular distribution of PABD when expressed as PA
sensors fused with XFP in response to stress.

Another aspect that has been addressed for the study of PA is through the enzyme
PLD. Genetically modified plants have also been used to address the role of some PLD
isoforms in the production of PA in response to abiotic stress [37,38]. The results showed
that the cellular response derived from the activation of the PI-PLC pathway is functionally
different from that resulting from PLD, although both enzymes can generate PA.

For a thorough understanding of the molecular mechanism by which PA regulates
different developmental processes in plants, the reader is referred to many excellent reviews
on this subject [39–42].
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3.4. Other Lipid Second Messengers

The roles of other lipid classes in plant cells during abiotic stress, such as sphingolipids
and lysophospholipids, have recently been discovered. The term sphingolipids covers
a class of lipids composed of the following three blocks: the long chain base (LCB), the
amide-linked fatty acyl chain to the LCB, and the polar head group. LCB is considered the
simplest functional sphingolipid and may be linked to a very-long-chain fatty acid via an
amide bond to form a ceramide [43]. LCB esterification with a phosphate group at C1 occurs
to form phosphorylated LCBs (LCB-P). In plants, the different classes of sphingolipids
and LCB-Ps allow these molecules to function both as bioactive lipid components to
regulate diverse cellular processes, including signaling, and as structural components in
the membrane in plant cells [43,44]. Although the first evidence of the role of LCBs as
second messengers was reported for stomatal closure [45,46], its identity remains unclear.
For this reason, several research groups have focused on genetic analysis with mutants
to establish whether a particular LCB-P is a mediator of signaling. Michaelson et al. [47]
analyzed a mutant with a T-DNA insertion in the 4-desaturase gene in Arabidopsis and
exposed it to ABA. Their results showed that phosphorylated 4E-sphingenine (SPH-P) was
not involved in stomatal closure in Arabidopsis. In contrast, complex sphingolipids such as
glucosyl ceramide (GlcCer) and glucosyl inositol phosphoryl ceramides (GIPC) have also
been reported in plant tissues; however, they have not yet been assigned a role as signaling
molecules in plants. Thus, an interesting question to be investigated is whether plants
possess an enzymatic degradation pathway for structural and complex sphingolipids such
as GIPCs to generate signaling molecules involved in the response to stress in plants. For
more details on sphingolipid biosynthesis, see the recent reviews by Huby et al. [43] and
Cassim et al. [48].

Lysophospholipids (LPLs) are phospholipids that harbor one fatty acyl chain and are
generally produced from a large pool of glycerol- and sphingosine-based phospholipids in
the membrane lipid bilayer by phospholipase A [1]. Examples of these are lysophosphatidic
acid (LPA), lysophostatidylcholine (LPC), sphingosylphosphorylcholine (SPC), and sphin-
gosine 1-phosphate (S1P). The signal functions of LPLs are much less well documented
than those of phospholipids. For instance, LPA has been suggested to participate in osmotic
signaling in algae [49]. LPC and S1P, have also been proposed as second messengers in
plant cells [50,51]. In 2007, Drissner and coworkers reported that LPC is an important
signal in arbuscular mycorrhizal symbiosis in Solanum tuberosum L.

These findings infer that LPLs exhibit a wide range of biological activities. It is
therefore necessary to elucidate the underlying mechanisms by which the LPLs signal
is transduced in plant cells. One aspect that has been addressed is the identification
of receptors. Although in animal cells it has been established that the effect of LPLs is
mediated by G protein-coupled receptors (GPCRs), this in plants is still controversial.
Coursol et al. [52] reported that heterotrimeric G proteins have been identified as molecular
elements in S1P signaling during ABA regulation in Arabidopsis guard cells. In contrast,
Wielandt et al. [53] reported that plasma membrane +H-ATPase (PM +H-ATPase) as a
lysophospholipid receptor evidenced the participation of LPLs as important plant signaling
molecules in the regulation of electrochemical gradients in Arabidopsis.

4. Link between Lipid Second Messengers and Osmotic Stress
4.1. Osmotic Stress-Induced Lipid Second Messengers

Osmotic stress is one of the most important abiotic stresses for crop productivity. Plant
cells experience osmotic stress when the solute concentrations in their apoplast change and
respond with compensatory adaptations to reestablish osmotic equilibrium [4]. To survive
osmotic stress, such as high salinity or dehydration, plant cells activate signaling pathways
that lead to a wide range of responses in gene expression and metabolism. Although the
importance of salinity and drought has been recognized for a long time, the identity of
the molecular components involved in signaling tolerance in plants has been gradually
established. Evidence has shown the importance of lipid-mediated reorganization of cell
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membranes, as well as its role in signaling to respond to changes in osmotic stress in plant
cells [54–56]. However, more work is needed to fully describe the impact that lipid second
messengers have on the molecular landscape during osmotic stress in plant.

4.2. IP3 and IP6 upon Osmotic Stress

A worldwide problem in the cultivation of plants is caused by high salinity in soils,
which causes cells to lose water and experience reduced turgor pressure [57]. Osmotic
stress imposed by NaCl or KCl generates a rapid increase in IP3 and mobilization of
Ca2+ in different models of plants, such as Arabidopsis [58,59], Daucus carota L. [56,60],
and Nicotiana tabacum [15]. Previous work has reported that osmotic stress activates the
PI-PLC pathway [61]. For example, Hirayama et al. [62] reported a PLC gene, AtPLC,
in Arabidopsis that is induced by salt and drought stress. Another study [61] analyzed
the expression patterns of TaPLC1 under drought and high salinity stress (200 mM NaCl
or 20% (w/v) PEG) in wheat plants. Their data showed that the expression of TAPLC1
was low in the seedling stage and was strongly induced under osmotic stress conditions.
Additionally, in our group, Usorach (2016) (unpublished data) observed a 20% increase in
the in vitro activity of PI-PLC by 3[H]-IP3 formation in barley coleoptiles under conditions
of saline stress (NaCl: 50200 nM), which was contrary to that observed by osmotic stress
with mannitol and sorbitol (100–400 nM). Interestingly, in barley roots, PI-PLC activity
increased by 50% under both saline and osmotic stress (unpublished data).

These results suggest that PI-PLC activity is different for each plant tissue that is
subjected to osmotic stress, though it must also be take considered that enzymatic activities
are affected in plants by the type of stress.

Additionally, the use of pharmacological approaches, such as PI-PLC inhibitors, has
provided a molecular view of the link between the PI-PLC pathway and IP3 under osmotic
stress. This strategy has made it possible to observe how the calcium signal is affected by
inhibiting the production of IP3 and blocking metabolite biosynthesis induced by water
stress. In this context, Parre et al. [63] reported that the inhibition of PI-PLC by U73122
decreased IP3 levels and in the Ca2+ signaling. These results showed that Ca2+/PI-PLC
signaling is a committed step in the biosynthesis of proline (an osmolyte) in response to
water stress. Recently, a connection between phosphoinositides and osmotic stress gene
expression was also demonstrated. Takahashi et al. [59] reported that hyperosmotic stress
induces a rapid and transient elevation in IP3 levels in Arabidopsis T87 cells due to PI-PLC
activation. However, when the cells were treated with neomycin and U73122, not only
the levels of IP3 but also the expression of hyperosmotic stress-inducible genes decreased
under hyperosmolality.

The involvement of IP3 as a lipid second messenger is still controversial because the
increase in the levels of IP3 contrasts with the relatively high levels of IP6, which conse-
quently generates a potent release of Ca2+ compared to IP3. The two explanations for this
could be: (1) IP6 is also an important form of phosphate storage (e.g., seeds), so tissue speci-
ficity is an important factor for that response; and (2) the constant breakdown of inositol
polyphosphates (IPPs) causes a flux from IP6 and consequently Ca2+ release. However,
there is still a long way to go to clarify the IP6 signaling mechanism in plants [3,64].

Guard cells, as an experimental model, have made it possible to study the role of IP6
in the ABA (drought stress hormone) response, which induces stomatal closure, conserving
water and ensuring plant survival [65]. In an interesting work, Lemtiri-Chlieh et al. [25]
demonstrated by laser scanning confocal microscopy in dye-loaded patch-clamped guard
cell protoplasts that the detected increase in cytoplasmic Ca2+ was due to its release from
endomembrane stores triggered by IP6.

In contrast, signaling PIs are terminated through the action of PI phosphatases and
inositol polyphosphate phosphatases (PTases). In the case of IP3, 5TPases have the ability
to hydrolyze it to prevent its accumulation and consequently alter the oscillations of Ca2+

in stress-related pathways. In this sense, strategies such as mutation or overexpression
of inositol type I 5PTase genes have been used to establish the importance of IP3 in saline
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signaling. For example, Golani and coworkers [66] reported that T-DNA insertion mu-
tants of At5PTase9 increase salt sensitivity and that overexpression of this gene increased
salt tolerance. Another example is Arabidopsis SAL1 [also known as FIERY1 (FRY1)], a
gene encoding an inositol polyphosphate-1 phosphatase in Arabidopsis that enhances
salt tolerance.

Multiple laboratories have developed mutants to evaluate the importance of FRY1
in of IP3 metabolism [55,67,68]. It has been shown that fry1-mutant plants treated with
ABA induces a sustained increase in IP3 levels (not transient levels), which improves stress
responses. For instance, Xiong et al. [55] showed that loss-of-function mutations in FRY1
enhanced the induction of stress-responsive genes such as RD29A, KIN1, and COR15A
upon drought, salt and ABA treatments. However, overexpression or ectopic expression of
Arabidopsis SAL1 could not enhance salt tolerance [69]. These findings are very interesting
and have allowed us to raise the possibility that specific genes could be regulated through
a different pathway.

4.3. Involvement of PLD-Derived PA in Osmotic Stress

PA plays an important and complex role in plant drought and salt stress tolerance
in plants [70]. PA reportedly has the ability to act as a docking site for proteins that
play an important role in salinity or drought conditions. Likewise, putative proteins and
PA binding motifs have been identified, making it possible to know the identity of the
signaling components involved in the response to osmotic stress [41,57]. In this context,
McLoughlin et al. [41] identified eight putative PA-binding proteins recruited to membranes
in response to salt stress in Arabidopsis roots through a proteomic approach. Among these
were clathrin heavy chain (CHC) isoforms and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), which were recruited towards the membrane for their interaction with PA in
response to saline stress. Other examples are proteins of the sucrose nonfermenting-
1-related protein kinase 2 (SnRK2) family [29,41,71]. Julkowska et al. [57] performed
an in planta study to characterize the interaction of the PABD in SnRK2 upon saline
stress. Their results showed that PABD/domain 1 in SnRK2.4 plays a role in the response
to saline stress in Arabidopsis. An interesting approach was taken by Yu et al. [72] to
investigate the relationship between PA and MAPK (mitogen-activated protein kinase)
signaling in response to salt stress in Arabidopsis. The authors reported that salt stress
induces a transient increase in the amount of PA and its binding to mitogen protein kinase
6 (MPK6) and stimulates its kinase activity, which phosphorylated salt overly sensitive
1 (SOS1 Na+⁄H+ antiporter) [72]. However, knockout of PLDaœ1-derived PA resulted in
the generation of less PA and reduced MPK6 activity, leading to the accumulation of more
Na+ in leaves and increased sensitivity to NaCl stress.

In contrast, some reports have that the molecular species of PA (i.e., PAs with different
fatty acyl chains) may exhibit different affinities towards their target proteins [73]. For
example, the PA molecular species 16:0/18:2 has the highest affinity for MAPK6. Together,
these results indicate that the regulation of PA towards its target proteins under stress
conditions is extremely complex due to (1) the fatty acid composition of PA formed by the
different contributions of the PI-PLC and PLD pathways that would be active, (2) different
PA species interacting with the different target proteins, and (3) different isoforms of PLD
and their preference for different substrates (i.e., PC, PE, or PG). This raises the possibility
of specificity in signaling, which consequently allows interaction with different effectors.
PA and cytoskeletal dynamics are intimately interconnected in plant cells to adapt to
saline concentrations. During the response to salt stress, plant cells undergo microtubule
depolymerization and reorganization, and both processes are believed to be essential for
plant survival under salt stress [64,74]. However, what are the molecular mechanisms that
mediate the changes in actin or tubulin dynamics by PA?

Currently, it is known that both the enzyme PLD and its PA product are important
regulators of the behavior of actin filaments through the regulation of actin capping proteins
(CPs) [75] or the arrangement of cortical microtubules [76,77]. In this context, it has been
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reported that PLD may be a linker that connects microtubules with the plasma membrane.
Gardiner et al. [78] reported a microtubule-binding protein (MAP) with PLD activity in
Arabidopsis. Later, Lee et al. [79] demonstrated for the first time that PLD is involved
in the regulation of the actin cytoskeleton in soybean cell culture, since the exogenous
addition of PA induced actin polymerization. Through proteomic analysis, it has been
observed that tubulin is also a target protein for PA [29] and that the binding might not
be direct but might occur through a MAP called AtMAP65-1, since the increase in PA
by PLDα action recruits AtMAP65-1 to the membrane and induces stabilization of the
microtubules, which confers survival against saline stress [80]. Our understanding of
the role of PA formation in the osmotic stress response has greatly increased through
traditional model systems. However, it is necessary to explore the potential mechanisms by
which PA causes downstream effects in emergent models that are of agronomic importance.
For example, barley (Hordeum vulgare) crops are severely affected by the high salinity
of soils and hyperosmotic stress, which makes them excellent experimental models to
study the role of PA and its relationship with tubulin in the cytoskeleton. Probing this
hypothesis, we explored by confocal microscopy whether microtubule organization was
affected by osmotic stress, when the coleoptiles and barley roots were treated with NaCl
and mannitol (Figure 2A–F). The distribution of the microtubules was heterogeneous in
the cytoplasm of the coleoptiles cells subjected to saline stress (Figure 2B) while in the
roots, it became evident that the organization of the microtubules was interrupted by the
increase in intracellular compartments (Figure 2E) compared to the control. In relation to
mannitol, no differences were observed in the distribution of microtubules in coleoptiles
and roots (Figure 2C,F). These results indicate that the activation of PLD under saline stress
is important for the reorganization of microtubules in coleoptiles and barley roots, but
whether PLD interacts directly or indirectly via PA needs to be determinate.

Figure 2. Organization of microtubules in coleoptiles and barley roots under osmotic stress. The images (A,D) show the
distribution of the microtubules in the central plane of the cells of the coleoptile apex and the radical apex in roots without
treatment. The distribution of the microtubules was disrupted when cells of coleoptiles and root were treated with NaCl
(100 mM, images B,E) or mannitol (200 mM, images C,F). Fluorescence-labeled microtubules were visualized with a confocal
laser microscope (Nikon Eclipse Ti). Scale bar = 20 µm.
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4.4. Other Second Messengers Involved in Osmotic Stress

In comparison to the large body of work related to sphingolipids in the mammalian sys-
tem, there is a paucity of published studies analyzing bioactive sphingolipids in plants [81].
However, an understanding of the roles of sphingolipids in the response to osmotic stress
has been facilitated by mutants in plants. Experiments by Wu et al. [82] showed that At-
ACER (an Arabidposis thaliana alkaline ceramidase) mutants were more sensitive to salinity
stress and displayed increased ceramides and reduced LCBs, which suggests that ceramides
are an important component in the response to salinity. In another work, Zhang et al. [80]
explored the participation of the rice S1P lyase gene (OsPL1) in transgenic tobacco plants
under saline stress through a functional analysis. Another bioactive component that has
generated interest is sphingosine kinase (SPHK), which phosphorylates phytosphingosine
to generate phyto-S1P. This is due to its interaction with PA as a component in transduction
and the ABA effect in stomatal closure. Guo et al. [83] reported that SPHK1 and SPHK2 are
molecular targets of PA and are part of the signaling networks in Arabidopsis. This could
suggest that the interaction between PA and sphingolipids is a critical point to coordinate
the response to stress in plants. Another compound analyzed is phosphoryl ceramide
(GIPC). Jian et al. [84], using a mutant, identified the importance of plant-specific GIPC
sphingolipids in the modulation of salt-associated ionic stress in the plasma membrane.
Recently, Yang et al. reported that NaCl (300 nM) inhibited sphingolipid accumulation in
a ceramide kinase-deficient mutant. These observations suggest that these compounds
may also fulfill important signaling roles. Although there is no direct evidence linking
sphingolipids and salt stress, sphingolipidomic analysis could yet reveal a link.

In relation to lysophospholipids, it has been suggested that LPC could be a candidate
second messenger since it regulates different protein kinases, phosphatases and other
signaling molecules. For example, MPK6 has been reported to be a target protein for
lysophospholipids derived from pPLAIIIγ. Studies suggest that the activation of MAPK6
causes the phosphorylation of the antiporter Na+/H+ SOS1, which contributes to reduc-
ing Na+ levels in plants [85]. In contrast, analysis of a pPLAIIIγa knockout mutant in
Arabidopsis showed that the plants were sensitive, while overexpression improved the
tolerance of the plants to saline stress [86]. Future studies should be carried out to establish
whether pPLAIIIγ responds by modulating other independent pathways to SOS during
osmotic stress.

5. Conclusions and Perspectives

Plants constantly face different types of abiotic stresses and their response involves
the generation of second messengers. In this review, we summarize the second messengers
derived from lipids and the molecular scenarios of their involvement in the response to
osmotic stress in plants (Figure 3). Interestingly, multiple studies indicate that these second
messengers drive downstream responses involving protein-protein interactions. Although
research using omics studies has contributed to the understanding of the mechanism
that these signaling molecules carry out, it is necessary to further exploit the field of
genetic manipulation. In this sense, it would be interesting to use editing technologies
and genetic approaches such as knockout lines, to learn more about the function of IP6,
lysophospholipids and sphingolipids in planta in other experimental models. Another
aspect to be addressed is the identification of more molecular targets of lysophospholipids
and sphingolipids that allow to explain the effects of osmotic stress in different plant cells.
Therefore, in the future, efforts should be devoted to conducting new studies that combine
genetic and molecular approaches that could contribute to the understanding of osmotic
signaling in plant cells. In conclusion, lipid second messengers are important players
in osmotic signaling in plant cells, and there are still potential studies that need to be
conducted to clarify the molecular mechanism. This will allow to development of strategies
to generate crops with least negative impacts on normal physiology due to osmotic stress.
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Figure 3. Proposed model for lipid-derived second messengers under osmotic and salt stress in plant cells. Osmotic and
salt stress is perceived at the cell membrane, which activates PI-PLC, PLD and sphingolipid signaling to produce lipid
second messengers that trigger the release of calcium from different sources, directly or indirectly. The changes in calcium
concentration are sensed by calcium sensor proteins (e.g., CaM calmodulin, CML calmodulin-like protein sensors). In
this response, PI-PLC and PLD signaling promotes a chain of reactions that includes IP3, IP6, and PA. PA has numerous
targets, such as SNRK2 (snf1-related protein kinase2), MAD 65-1 (microtubule-associated protein MAD 65-1), and MPK6,
that produce diverse cellular effects, such as actin and cortical microtubule polymerization. Finally, lysophosphatidic acid
(lyso-PA) or lysophosphatidylcholine (LPC) can also stimulate many cellular processes.
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Abstract: FLAVIN-BINDING, KELCH REPEAT, F-BOX 1 (FKF1) is a blue-light receptor whose
function is related to flowering promotion under long-day conditions in Arabidopsis thaliana. However,
information about the physiological role of FKF1 in day-neutral plants and even the physiological
role other than photoperiodic flowering is lacking. Thus, the FKF1 homolog SlFKF1 was investigated
in tomato, a day-neutral plant and a useful model for plants with fleshy fruit. It was confirmed
that SlFKF1 belongs to the FKF1 group by phylogenetic tree analysis. The high sequence identity
with A. thaliana FKF1, the conserved amino acids essential for function, and the similarity in the
diurnal change in expression suggested that SlFKF1 may have similar functions to A. thaliana FKF1.
CONSTANS (CO) is a transcription factor regulated by FKF1 and is responsible for the transcription of
genes downstream of CO. cis-Regulatory elements targeted by CO were found in the promoter region
of SINGLE FLOWER TRUSS (SFT) and RIN, which are involved in the regulation of flowering and
fruit ripening, respectively. The blue-light effects on SlFKF1 expression, flowering, and fruit lycopene
concentration have been observed in this study and previous studies. It was confirmed in RNA
interference lines that the low expression of SlFKF1 is associated with late flowering with increased
leaflets and low lycopene concentrations. This study sheds light on the various physiological roles of
FKF1 in plants.

Keywords: Solanum lycopersicum; Solanaceae; FLAVIN-BINDING; KELCH REPEAT; F-BOX 1; blue
light; flowering; ripening; lycopene

1. Introduction

Cryptochrome (CRY) and phototropin are blue-light receptors in plants [1]. Studies
using Arabidopsis thaliana have shown that these photoreceptors control plant responses,
including de-etiolation, hypocotyl elongation, and photoperiodic flowering by CRY [2–4]
and phototropism, stomatal opening, and chloroplast localization by phototropin [5–8],
indicating that their functions are diverse. Even in long-day plants other than A. thaliana,
flowering promotion by blue light, which is supposed to involve CRY, has been reported in
Petunia and Eustoma [9,10].

There are other blue-light receptors, such as FLAVIN-BINDING, KELCH REPEAT,
F-BOX 1 (FKF1), and ZEITLUPE (ZTL), whose function is reportedly related to flowering
promotion under long-day conditions in A. thaliana. FKF1 and ZTL proteins control the
function of CONSTANS (CO) antagonistically [11], and here, we focus on FKF1. FKF1
interacts with GIGANTEA (GI) in a blue-light-dependent manner in A. thaliana and induces
the degradation of CYCLING DOF FACTOR 1 (CDF1), which suppresses CO transcription,
and its family proteins [12–15]. FKF1 also stabilizes the CO protein by suppressing its
degradation by CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1) and SUPPRESSOR
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OF PHYA-105 (SPA) [16–19]. Furthermore, FKF1 promotes FLOWERING LOCUS T (FT)
transcription by inducing the degradation of CDF1, which is the transcriptional repressor
of FT [16]. In this way, FKF1 plays an essential role in flowering promotion by blue light.
As FKF1 in long-day plants, it is suggested that the Gypsophila FKF1 homolog is involved in
flowering promotion, besides A. thaliana [20,21]. Reportedly, OsFKF1 promotes flowering
in rice, a short-day plant, regardless of the photoperiod condition [22]. The FKF1 homolog
is also considered to play an important role in the developmental phase transition of
liverwort [23]. In addition, FKF1 and ZTL regulate the clock period by ubiquitination [24].

Although FKF1 has been reported as a negative regulator of cellulose synthesis [25],
there are still few reports on its physiological roles other than flowering promotion. FKF1
in A. thaliana is expressed in the vascular bundle sheath of leaves in relation to flowering
control. However, its expression is also found in other tissues, including cotyledons, leaves,
guard cells, and root tips, and their physiological importance remains unknown [26,27].
Additionally, FKF1-like sequences are conserved on the genomes of many plant species
regardless of photoperiod responsiveness; short-day plants rice and soybean have phy-
logenetically FKF1-orthologous genes [22,28]. A few reports have suggested the possible
functions of FKF1, such as stem and root growth and potassium response [29–31]. From
these findings, it is expected that FKF1 plays various roles in plants.

Tomato is generally considered as one of the day-neutral plants, whose FKF1 has not
been investigated well, and can also be used as a useful model for plants with fleshy fruit,
which has accumulated data for bioinformatics. Hence, in this study, the sequence and
physiological roles of the tomato FKF1 homolog SlFKF1 were analyzed.

2. Results
2.1. SlFKF cDNA Sequence

Using a BLAST search for a sequence orthologous to the amino acid sequence of
A. thaliana FKF1, only one FKF1-like gene (XM_004228691.3) was found to be present in the
tomato genome. This gene was labeled SlFKF1. The cDNA of SlFKF1 was prepared from cv.
Micro-Tom by reverse transcription–polymerase chain reaction (RT-PCR) and sequenced.
Consequently, its sequence was the same as that on the database. On the alignment based
on the amino acid sequence, SlFKF1 was 75.1% identical to A. thaliana FKF1, and the
amino acids essential for the function of FKF1 were also conserved in SlFKF1 [15,16,32]
(Figure 1A). As a result of a phylogenetic tree analysis based on alignment, including ZTL
groups having the same domain structure as FKF1 but different functions, it was deduced
that SlFKF1 belongs to the FKF1 group (Figure 1B).

2.2. Expression Analysis of SlFKF1

SlFKF1 expression in the wild-type cv. Micro-Tom tomato showed clear diurnal change
under a 16 h day length (Figure 2A). The expression was very low from the dark period
to the first 6 h of the light period and then increased. The expression peak of SlFKF1 was
shown at Zeitgeber time (ZT) 9. This expression pattern was similar to that of A. thaliana
FKF1 [13]. SlFKF1 expression was observed in all organs tested in Figure 2B and was higher
in mature leaves than in other organs. Furthermore, the effect of light quality on SlFKF1
expression was investigated in leaves and fruit (Figure 2C). High expression levels were
found in the fruit, similar to those in the leaves. The expression levels were lower under
blue light in both organs.
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various species. LOV/PAS, F-box, and KELCH-repeat domain are shown on continuous, dotted, and broken lines, respec-
tively, according to InterPro. The tree was constructed by the neighbor-joining method after sequence alignment using the 
Clustal W program. Branch numbers refer to the percentage of replicates that support the branch using the bootstrap 
method (1000 replicates). The scale bar corresponds to 0.1 amino acid substitutions per residue. Table S2 shows the acces-
sion numbers of the proteins used to construct the phylogenetic tree. 
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(FKF1). Identical amino acids are shown in black boxes. Asterisks indicate the amino acids essential for the function of
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using the Clustal W program. Branch numbers refer to the percentage of replicates that support the branch using the
bootstrap method (1000 replicates). The scale bar corresponds to 0.1 amino acid substitutions per residue. Table S2 shows
the accession numbers of the proteins used to construct the phylogenetic tree.

2.3. Effect of Light Quality on Lycopene Concentration

The effect of blue light on lycopene concentration, a major pigment in tomato fruit and
a functional component [33], was investigated. Consequently, the lycopene concentration
was lower under blue light than under white light, although it was not significantly
different between white light and red light (Figure 3).
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2.4. Analysis of SlFKF1 Promoter Sequences

Because FKF1 regulates downstream genes via the transcription factor CO [1,16], the
possibility of regulating important factors related to flowering, ripening, and pigment syn-
thesis was investigated. Putative CO-binding motifs were searched in the promoter regions
of FT, RIN, and PSY tomato homologs, which are key factors for flowering promotion, fruit
ripening control, and lycopene synthesis, respectively (Table 1). These genes were analyzed
because SINGLE FLOWER TRUSS (SFT) is the tomato homolog of FT [34], and RIN and
PSY are well-known important traits of tomato fruit development as factors governing the
ripening process and carotenoid accumulation, respectively [35]. The motifs were found
in SFT, PSY1, PSY2, and RIN promoters, whereas they were not found in the promoter of
PSY3 in the tomato genome.

Table 1. CONSTANS (CO)-responsive elements on the promoters of SFT, RIN, and PSY homologs.

Gene Locus 1 Putative CONSTANS
Responsive Element 2 Strand Position of 1st C from ATG

SFT Solyc03g063100 TTTCCACAAAA Top −379
PSY1 Solyc03g031860 TTCCCACACTG Bottom −554

Solyc03g031860 AAATGTGGTGT Bottom −269
Solyc03g031860 GTCTGTGGTCT Bottom −186

PSY2 Solyc02g081330 TTGTGTGGTCA Bottom −274
PSY3 Solyc01g005940 not found
RIN Solyc05g012020 CTACCACAAGG Top −1049

Solyc05g012020 ATGTGTGGCTA Bottom −701
1 Locus number in the Sol Genomics Network (SGN). 2 Bold letters indicate the core motif.

2.5. Transformation Experiments

SlFKF1 RNA interference (RNAi)-suppressed tomato plans were prepared to confirm
the promoter analysis results above. The RNAi lines were differentiated from independent
transformation events and produced normal seeds for phenotypic observations. The
expression of each transgenic line at the expression peak of SlFKF1 (ZT9) was investigated,
and it was confirmed that expression-suppressed lines with RNAi have lower expression
than the wild type (Figure 4A). The flowering in RNAi lines was investigated, and the
number of days and leaves until flowering increased in RNAi lines compared to the wild
type, suggesting that flowering was delayed by the suppression of SlFKF1 expression
(Figure 4D,F). Another interesting phenotype of RNAi lines was the increased number of
leaflets (Figure 4E). The main stem length increased (Figure 4B), and this increase was not
accompanied by an increase in internode length but the number of leaves (Figure 4C,F). In
fact, because of the long main shoot length and a large number of leaves and leaflets, the
RNAi line appeared to have a large plant volume (Figure S1). Regarding fruit coloration,
the number of days from flowering to the breaker stage increased, and the degree of
coloring was lower in RNAi lines than in the wild type 10 days after the beaker stage
(Figure 5A,B).
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3. Discussion

FKF1 has three domains: LOV, F-box, and KELCH repeat. In A. thaliana, it forms a
gene family with ZTL [20]. ZTL has been reported to have a different function from FKF1
and is involved in the decomposition of TIMING OF CAB EXPRESSION 1 (TOC1), one
of the components of the circadian clock [36–38]. The phylogenetic tree analysis results,
including FKF1 and ZTL homologs, confirmed that SlFKF1 belongs to the FKF1 group.
The high sequence identity with A. thaliana FKF1, the conserved amino acids essential for
function, and the similarity in the diurnal change in expression suggested that SlFKF1 may
have similar functions to A. thaliana FKF1. SlFKF1 was expressed not only in leaves, which
are the photoreceptive organs for photoperiodic flowering control, but also in various
organs, and its expression level was also high in fruit. Because the flowering of tomato is
not affected by the photoperiod and the role of FKF1 in fruit has not been reported so far,
in tomato, the physiological role of FKF1 other than in photoperiodic flowering should
be examined.

CO is a transcription factor regulated by FKF1 and is responsible for the transcription
of genes downstream of CO [1,16]. A CO-responsive element targeted by CO was reported
by Tiwari et al. [39], and its CCACA core motif was identified by Gnesutta et al. [40].
SFT is the tomato homolog of FT involved in flowering promotion as a florigen [34], and
RIN and PSY play important roles in governing the ripening process and carotenoid
accumulation [35]. Therefore, it is possible that the FKF1-CO-mediated pathway regulates
the expression of these genes and affects these developmental processes in tomato.

The heterozygotes of wild-type and mutant alleles of SFT in a determinant cultivar
showed an approximately twofold increase in yield [41]. Thus, the physiological and agri-
cultural importance of the FT-related flowering pathway in day-neutral plants is something
of interest. A CO cis-element was found in the promoter region of SFT. Late flowering
and increased leaflets were commonly observed in the sft mutant [42,43] and SlFKF1 RNAi
lines, suggesting the relationship between SlFKF1 and SFT. In A. thaliana, FKF1 is consid-
ered a blue-light receptor responsible for promoting flowering under long-day conditions,
whereas in rice, a short-day plant, the FKF1 homolog promotes flowering regardless of day
length [22]. The results suggested that an FKF1 homolog may also function in the flower-
ing pathway of day-neutral plants. A. thaliana FKF1 promotes flowering by suppressing
the function of the COP1/SPA system that degrades the CO protein [17–19], and tomato
likely has a similar mechanism. In contrast, it has been proposed in A. thaliana that FKF1
positively regulates the gibberellin (GA) signal through the degradation of the DELLA
protein and activates the GA-dependent flowering promotion pathway [44]. However, in
tomato, because GA rather suppresses flowering [45], it would not be possible to apply
this A. thaliana model to tomato.

Because SlFKF1 expression was suppressed by blue light, the effect of blue light on ly-
copene concentration was investigated for comparison. In this study, the effect of blue-light
irradiation on lycopene concentration in fruit was measured during cultivation. Although
the effects of blue-light irradiation on lycopene concentration have been investigated in
previous reports [46,47], their experimental conditions were different from this study. The
effects of supplemental blue light over a long period after flowering in a greenhouse [46]
and blue-light irradiation after harvest [47] have been investigated in previous reports. In
addition, the effects of blue light on lycopene concentration are different between these
reports. In this study, to limit the effect on vegetative growth, after cultivation under white
light, the effect was investigated by irradiating blue light from the breaker only for 10 days.
As a result, this study and a previous report [47] showed low fruit lycopene concentrations
under blue light. Collectively, it is likely that blue light alone for a relatively short period
negatively affects lycopene accumulation in tomato fruit.

The fruit lycopene concentration was low under blue light, as described above, and
there are cis-regulatory elements targeted by CO in the promoter regions of RIN and PSY.
Additionally, fruit SlFKF1 expression was low under blue light. Because there are reports
that light quality regulates growth and environmental response through the regulation
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of photoreceptor gene expression [48,49], low SlFKF1 expression might be related to low
lycopene concentration under blue light as one possible mechanism. It was confirmed
in RNAi lines that low expression of SlFKF1 is associated with low concentrations of
lycopene. So far, the effect of blue light on tomato fruit color has assumed the involvement
of CRY [50–52], and there have been few reports on FKF1. A similar control mechanism is
possible for flowering because blue light delays flowering in tomato [53,54], and leaf SlFKF1
expression is also low under blue light. It is interesting to note that blue light promotes
flowering in A. thaliana and some other long-day plants in contrast to tomato [10,21,55].

A previous report suggested a relationship between auxin and FKF1 in the adventi-
tious rooting of longan [30]. Auxin plays an important role in the growth and ripening of
tomato fruit [56]. Another report suggested that potassium levels, which are important
in fruit growth and quality, affect FKF1 expression in banana roots [31]. Therefore, the
function of SlFKF1 may be related to auxin signaling and potassium nutrition in fruit.
Because other photoreceptors such as CRY and PHY are considered important agronomic
traits [57], the assumed role of FKF1 in fruit crops is promising based on this study.

FKF1 is present in the genomes of a wide variety of species, whereas so far, knowledge
about its role has been limited. Its role in flowering in day-neutral plants and even the
physiological role other than flowering is discussed in this study using tomato as a model
plant, while preliminary transcriptome analysis has shown that blue light induces the
expression of several transcriptional regulation- and signal transduction-related genes
during tomato fruit ripening [58]. Starting with this study, the varying physiological roles
of FKF1, which have been comparatively unknown compared to phytochrome and CRY,
will be elucidated.

4. Materials and Methods
4.1. Plant Materials

Tomato cv. Micro-Tom wild type was cultivated for cloning and expression analysis
in a growth chamber (LH240SP; Nihon Ika Co., Ltd., Osaka, Japan) at 25 ◦C with a white
fluorescent lamp in a 16-h photoperiod. Photosynthetic photon flux density (PPFD) was
100 µmol m−2 s−1, and Sumisoil N150 (Sumika Agro-tech Co., Ltd., Osaka, Japan) was
used as cultivation soil. The plants were supplemented with nutrient solution (Hyponex
Japan) every week. The cultivation was conducted with reference to Tsunoda et al. [59].

4.2. Sequence Analysis of Tomato FKF1 Homolog SlFKF1 cDNA

A BLAST search was performed to search for a candidate protein of SlFKF1 and
an open reading frame (ORF), encoding it based on the amino acid sequence of FKF1
(AT1G68050) of A. thaliana FKF1 in Tomato Genome CDS (ITAG release 2.40) of the Sol
Genomics Network (SGN; https://solgenomics.net accessed on 8 February 2021) and
NW_004194292.1 and XM_004228691.1 of the National Center for Biotechnology Infor-
mation (NCBI; https://www.ncbi.nlm.nih.gov accessed on 8 February 2021). Using a
primer set designed based on the candidate sequence obtained from the database, its ORF
sequence was cloned by PCR with the cDNA obtained by reverse transcription of RNA
extracted from cv. Micro-Tom tomato leaves and confirmed by sequencing.

4.3. Expression Analysis

For a diurnal change in expression, mature leaves that were fully developed and not
senesced were randomly collected every 3 h from the start of the light period (ZT0) to ZT21
at approximately 30 days after germination. For the expression analysis in stems, flowers,
immature leaves, and mature leaves, samples were collected on ZT8 approximately 50 days
after germination. For the expression analysis in leaves under blue and red light, the plants
at 2 months after sowing were cultivated for 1 day under a 16 h photoperiod with red or
blue light emitting diodes (LEDs) (CCS Inc., Kyoto, Japan), and leaves were sampled for
RNA extraction. For the expression analysis in fruit under blue and red light, the plants at
the fruit breaker stage were cultivated for 10 days under a 16 h photoperiod with red or blue
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LEDs, and the pericarp was sampled for RNA extraction. PPFD was 100 µmol m−2 s−1,
and the samples were collected on ZT10. Red and blue LEDs had peaks at 655 and 470 nm,
respectively. RNA was prepared from these samples using the RNeasy Plant Mini Kit
(Qiagen) for real-time PCR. The removal of genomic DNA and reverse transcription were
performed using the Quantiscript Reverse Transcription Kit (Qiagen) and the ReverTra Ace
qPCR RT Master Mix (Toyobo). Real-time PCR was performed using the QuantiTect SYBR
Green PCR Kit (Qiagen) and the THUNDERBIRD SYBR qPCR Mix (Toyobo) according
to Ikeda et al. [60]. SlACT and SlUBQ were used as reference genes [61,62], and Table S1
shows the nucleotide sequences for the primers.

4.4. Alignment, Phylogenetic Analysis, and Promoter Analysis

Using the amino acid sequences of AtFKF1 and AtZTL as queries, a BLAST search
was performed for non-redundant protein sequences (nr) of each plant species in the NCBI
to search for homologs. For tomato FKF1, a BLAST search was also performed on tomato
genome protein sequences (ITAG release 2.40) on the SGN to obtain locus information
about matching proteins, and the gene model was confirmed by referring to genomic detail.
A phylogenetic tree was created using the neighbor-joining method for the alignment
obtained by executing Clustal W2 on Genetyx version 10 for FKF1 and ZTL amino acid
sequences. Bootstrap probabilities were calculated by 1000 trials.

For promoter analysis, each gene was searched by a keyword and BLAST on the SGN,
and locus names were confirmed. Next, the locus was searched, and an upstream 3000-base
sequence was obtained from the genomic sequence of genomic detail using the function
of Get flanking sequences on SL2.50ch07. Additionally, the position of the start codon
was confirmed from the cDNA sequence and protein sequence of the genomic detail, and
the start codon upstream 1500-base sequence was determined. The CO-binding sequence
CCACA was searched from the obtained 1500-base sequence by the Text Search function
on Genetyx version 14.

4.5. Determination of Lycopene Concentration

The plants at the fruit breaker stage were cultivated for 10 days under a 16 h pho-
toperiod with red LEDs, blue LEDs, or a white fluorescent lamp, and the pericarp was
sampled for the determination of lycopene concentration. PPFD was 100 µmol m−2 s−1,
and the samples were collected on ZT10. Red and blue LEDs (CCS Inc.) had peaks at
655 and 470 nm, respectively. According to Ito and Horie [63], lycopene was extracted using
dimethyl ether/methanol (7:3), filtrated with DSMIC JP 13 (Advantec), and quantified by
measuring the absorbance at 505 nm.

4.6. Transformation Experiment

RNAi was used for expression suppression. A partial fragment (341 bp) of SlFKF1 was
amplified by RT-PCR using the cDNA of cv. Micro-Tom as a template and introduced into
pBI-RNAi-GW (Inplanta Innovations, Inc., Yokohama, Japan), a vector for preparing an
RNAi construct with the CaMV 35S promoter. Table S1 shows the nucleotide sequences for
the primers used to prepare these vectors. The transformation was outsourced to Inplanta
Innovations. The cultivation of transformed tomato plants and expression analysis were
performed as described above.

Supplementary Materials: Can be found at https://www.mdpi.com/1422-0067/22/4/1735/s1.
Table S1: List of primer sequences, Table S2: Accession numbers of proteins used for the phylogenetic
tree analysis, Figure S1: Wild-type (WT) and SlFKF1 RNAi line (RI6) plants with ripe fruit.
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Abstract: In plants, mTERF proteins are primarily found in mitochondria and chloroplasts. Studies
have identified several mTERF proteins that affect plant development, respond to abiotic stresses,
and regulate organellar gene expression, but the functions and underlying mechanisms of plant
mTERF proteins remain largely unknown. Here, we investigated the function of Arabidopsis mTERF27
using molecular genetic, cytological, and biochemical approaches. Arabidopsis mTERF27 had four
mTERF motifs and was evolutionarily conserved from moss to higher plants. The phenotype of
the mTERF27-knockout mutant mterf27 did not differ obviously from that of the wild-type under
normal growth conditions but was hypersensitive to salt stress. mTERF27 was localized to the
mitochondria, and the transcript levels of some mitochondrion-encoded genes were reduced in
the mterf27 mutant. Importantly, loss of mTERF27 function led to developmental defects in the
mitochondria under salt stress. Furthermore, mTERF27 formed homomers and directly interacted
with multiple organellar RNA editing factor 8 (MORF8). Thus, our results indicated that mTERF27 is
likely crucial for mitochondrial development under salt stress, and that this protein may be a member
of the protein interaction network regulating mitochondrial gene expression.

Keywords: Arabidopsis; mTERF27; MORF8; salt stress; mitochondrial morphology

1. Introduction

Mitochondria, which originated through the endosymbiosis of an α-proteobacterial
ancestor, are considered the “power house” of the cell, providing the necessary energy
for cellular function. Mitochondria have their own intrinsic genomes, RNA, and ribo-
somes. The regulation of mitochondrial genome expression is vital to the coordination
of energy demands during particular growth and developmental stages in plants [1].
Plant mitochondria have unique and complex RNA metabolism mechanisms, combining
the characteristics of their prokaryotic ancestors with the new features of evolution in
eukaryotic hosts [2]. Compared to animals, the mitochondrial genomes of plants are rela-
tively larger [3]. Post-transcriptional mechanisms, including RNA editing, RNA splicing,
maturation of transcriptional ends, RNA degradation, and other processing steps play a
controlling role in gene expression pattern of mitochondria [4–7]. During the integration of
the endosymbiont into the present-day mitochondrial genome, most mitochondrial genetic
content was transferred to the nucleus of the host cell [8]. While plant mitochondria are
larger than animal genomes, they retain only a minor portion of their ancestral genomes.
In Arabidopsis thaliana, the mitochondrial genome consists of 57 mitochondrial genes en-
coding for subunits of the respiratory chain, and the cytochrome maturation complexes,
40 ribosomal proteins, tRNAs, and rRNAs have been reported [2,9,10]. Thus, thousands
of originally mitochondrial genes are now expressed under central control of the nucleus,
and their protein products are subsequently imported into the mitochondria. As a result,
mitochondrial biogenesis relies on the coordinated expression of organellar and nuclear
genomes [2,9,11].
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The mitochondrial transcription termination factor (mTERF) protein family is a key
player affecting gene expression in plastid and mitochondrial genomes [12]. mTERF
proteins are characterized by a modular architecture consisting of tandem repeats of a
conserved 30-amino acid sequence, known as the mTERF motif [12]. In animals, the mTERF
family has only four members, mTERF1–4, which are all localized to the mitochondria [13].
By contrast, more than 30 different mTERF proteins are widely distributed across plant
nuclear genomes [14].

Thirty-five mTERF proteins have been identified in Arabidopsis, and mutations in sev-
eral of these proteins have previously been associated with defects in development or stress
responses [14,15]. For example, deficiencies in mTERF1/SOLDAT10, mTERF4/BSM/RUG2,
mTERF5/MDA1, mTERF6, mTERF9/TWIRT1, mTERF15, or mTERF18/SHOT1 block develop-
ment [16–21], while deficiencies in mTERF5/MDA1, mTERF6, mTERF9/TWIRT1, mTERF10,
mTERF11, and mTERF18/SHOT1 affect responses to various abiotic stresses [18,22–24]. Most
mTERF proteins in plants target the mitochondria and chloroplasts, playing an active
part in organellar gene expression and RNA transcription [14,25]. For example, mTERF15
participates in mitochondrial intron splicing, mTERF22 affects the expression of many
mitochondrial genes [20,26], and mTERF18/SHOT1 influences the steady-state abundance
of various mitochondrial transcripts [18]. In Chlamydomonas reindhardtii, the mTERF-like
protein MOC1 promotes the termination of anti-sense mitochondrial transcription [27].
However, even though plants have more mTERFs than mammals, the functional network
of mTERFs in plants remains little known.

In addition to mTERFs, many other nuclear-encoded protein families, such as pen-
tatricopeptide repeat (PPR) proteins and multiple organellar RNA editing factor (MORF)
proteins, also play vital roles in the transcriptional and post-transcriptional regulation of
organellar gene expression [9]. Like mTERFs, PPRs, which are characterized by tandem
repeats of a degenerate 35-amino acid motif, are a large group of eukaryote-specific nucleic
acid binding proteins encoded by the nucleus; PPRs function as RNA-binding proteins
and regulate the processing of chloroplastic and mitochondrial RNA [28]. PPRs have also
recently been shown to participate in the tolerance of certain stressors, such as salt and
other abiotic factors [29]. The Arabidopsis genome encodes hundreds of PPR proteins [28].

The Arabidopsis genome encodes 10 MORF proteins (also termed RNA-editing factor
interacting proteins, RIPs) [30,31]: MORF2, MORF9, and MORF10 are located in plastids;
MORF1, MORF3, MORF4, MORF6, and MORF7 are located in mitochondria; and MORF5
and MORF8 are found in both organelles [32]. MORF deficiencies were shown to affect
plant development and RNA editing at multiple sites in both mitochondria and plastids,
many of which are associated with different individual PPR proteins [30–32]. MORFs have
also been shown to interact with various PPR proteins, and they can form both homo- and
heteromers [30–32]. Some MORFs may participate in the response to salt and other abiotic
stresses, as well as the development of mitochondria and chloroplasts [33].

In this study, we identify and functionally characterize mTERF27 in Arabidopsis thaliana.
Cell fluorescence imaging analyses showed that mTERF27 was localized to the mitochon-
dria. Loss of mTERF27 decreased salt tolerance. Quantitative real-time PCR (qRT-PCR) and
transmission electron microscope (TEM) analyses showed that defects in mTERF27 com-
promised mitochondrial gene expression and development under salt stress. Finally, we
explored the direct interaction between mTERF27 and MORF8, and showed that mTERF27
interacted with itself to form homomers.

2. Results
2.1. mTERF27 Is a Mitochondria-Localized mTERF Protein

Land plant genomes have considerably larger numbers of mTERF proteins than other
eukaryotes; Arabidopsis encodes at least 35 mTERF proteins [12,15]. Nonetheless, few Ara-
bidopsis mTERF genes have been characterized in detail. AT1G21150 (mTERF27 [15]) is one
of the previously unreported mTERF genes. Domain architecture analysis using SMART
(http://smart.embl-heidelberg.de) indicated that mTERF27 carried four mTERF motifs
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(Figure 1A). The homologous features of the mTERF27 gene sequence were identified
using Dicots PLAZA 4.0 (https://bioinformatics.psb.ugent.be/plaza/versions/plaza_v4
_dicots/). From genomes of 55 species contained in Dicots PLAZA 4.0 database, 52 BHI
(Best-Hits-and-Inparalogs) orthologs of mTERF27 were found (Figure S1A). The phyloge-
netic tree, constructed based on the 52 orthologs of mTERF27, indicated that mTERF27 were
relatively well-conserved across the plant kingdom, from Physcomitrella patens to higher
plants (Figure S1B).
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Figure 1. Modular architecture, expression pattern, and subcellular localization of mTERF27. (A) Schematic representation
of the mTERF27 protein, drawn using SMART. mTERF motifs are shown as gray boxes. (B) Tissue-specific expression
patterns of mTERF27, determined using qRT-PCR. Data are shown as means ± SD, n = 3. ACTIN2 was used as an internal
control. (C) Transient expression of the vectors 35s::GFP and 35s::mTERF27-GFP in Arabidopsis protoplasts. Mitochondrial
locations are shown using MitoTracker Red (Invitrogen). Scale bars = 10 µm.

To investigate the gene expression patterns of mTERF27 in Arabidopsis, we assessed
the expression of mTERF27 in various plant organs using qRT-PCR. The mTERF27 gene
was constitutively expressed in all tissues and organs examined, and the expression level
was relatively higher in rosette leaves and flower (Figure 1B).

Most Arabidopsis mTERF proteins are found in mitochondria and/or chloroplasts; the
mitochondrial localization of the mTERF27 had been preliminarily detected in the guard
cells of Arabidopsis. [17]. To verify this result, we constructed a vector containing the full
length CDS of mTERF27 fused to GFP. Then, this vector (35s::mTERF27-GFP) and the empty
control vector (35s::GFP) were transiently expressed in separate Arabidopsis protoplasts.
Florescent localization analysis indicated that mTERF27-GFP signals overlapped well with
the MitoTracker signal corresponding to mitochondria (Figure 1C). These results indicated
that mTERF27 encodes a mitochondria-localized mTERF protein.
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2.2. Disruption of mTERF27 Reduced Arabidopsis Resistance to Salt Stress

To explore the cis-acting regulatory elements of mTERF27, we used PlantCARE
(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) to analyze the promoter
region 2000 bp upstream of the mTERF27 start codon. As shown in Figure 2A, the existence
of cis-acting regulatory elements such as the abscisic acid responsive element, MeJA respon-
sive element, auxin responsive element, salicylic acid responsive element, light responsive
element, and a drought-responsive element implied that mTERF27 might be involved in
abiotic stress response. Furthermore, recent studies have suggested that plant mTERFs
may play a role in the response to various abiotic stresses, such as salt [33].
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Figure 2. Identification of the Arabidopsis mterf27 mutant and phenotypes of WT and mterf27 seedlings
under salt stress treatment. (A) Cis-acting regulatory elements of mTERF27 analyzed by PlantCARE.
The bar represents 100 bp of nucleic acids. (B) PCR amplifications showing mTERF27 expression
in WT and mterf27 plants. ACTIN2 was used as an internal control. cDNA, complementary DNA.
(C) Western blots verifying mTERF27-Flag expression in mTERF27-complemented lines (Com1 and
Com2) based on total proteins extracted using the anti-Flag antibody. Anti-β-actin was used as
internal control. (D) Fourteen-day-old WT, mterf27, Com1, and Com2 plants grown for 10 days in
either 1/2 MS medium (Control) or 1/2 MS medium supplemented with 125 mM NaCl. (E) Fresh
weights and (F) root lengths of the WT, mterf27, Com1, and Com2 plants shown in Figure 2D. Data
shown are means ± SD of three independent experiments. Asterisks show significant differences
compared to the WT: ***, p < 0.001 (Student’s t test).

To investigate the phenotype of the loss-of-function mutant of mTERF27, we obtained
one transfer DNA (T-DNA) insertion line from the Arabidopsis Biological Resource Center
(https://abrc.osu.edu): SAIL_902, which putatively carries a T-DNA insertion in the
AT1G21150 (mTERF27) gene. PCR and sequencing analyses confirmed the T-DNA insertion
site of the SAIL_902 mutant (here referred to as the mterf27 mutant) (Figure S2A,B). The
1009 bp T-DNA was inserted in the exon of AT1G21150 (position 7407135 in chromosome 1)
in the mutant line (Figure S2C). RT-PCR analyses showed that mTERF27 transcripts were
absent in the homozygous mutant lines but present in the wild-type lines (Figure 2B).

The homozygous mutant plants displayed a wild-type (WT)-like phenotype under
control growth conditions (Figure 2D, left), and loss of mTERF27 did not affect photo-
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synthetic activity (Figure S3). To generate lines complementing the mTERF27 mutant,
the coding region of AT1G21150 was fused with the Flag tag, and the resulting construct
(35s::mTERF27-Flag) was introduced into homozygous mterf27 plants. Two independent T1
transgenic plants were identified as complemented lines (referred to as Com1 and Com2).
Western-blot analyses indicated that the mTERF27-Flag protein was expressed in both
complement lines (Figure 2C).

To clarify the function of mTERF27 in the response of Arabidopsis to salt stress, WT,
mterf27, Com1, and Com2 plants were cultivated on 1/2 MS medium with or without
125 mM NaCl supplementation. Interestingly, when grown in salt-stressed conditions, the
mterf27 mutant displayed reduced growth compared to the WT (Figure 2D, right). To see the
details, chlorophyll fluorescence which represents photosynthetic efficiency was examined.
The results showed that loss of mTERF27 did not affect photosynthetic activity even under
salt-stressed conditions (Figure S3). In addition, the fresh weight and root length of WT,
mterf27, Com1, and Com2 seedlings with or without salt stress were measured. While the
fresh weights of WT, mterf27, Com1, and Com2 seedlings grown under control conditions
did not differ significantly, the fresh weight of the mterf27 seedlings was significantly lower
than that of all other seedlings (Figure 2E). Similarly, the root lengths of WT, mterf27, Com1,
and Com2 seedlings grown under control conditions did not differ significantly, but the
root length of the mterf27 seedlings was significantly lower than the root lengths of all other
seedlings (Figure 2F). In these comparisons, Com1 and Com2 seedlings generally displayed
phenotypes similar to that of the WT. Thus, we hypothesized mTERF27 participated in salt
stress tolerance in Arabidopsis.

2.3. Disruption of mTERF27 Affected Mitochondrial Gene Transcription and Altered
Mitochondrial Morphology

mTERF27 is a mitochondria-localized mTERF family protein, which may affect mito-
chondrial gene transcription. To figure out if salt stress affected the accumulation of certain
mitochondrial transcripts in mterf27 plants, total RNA was extracted from WT and mterf27
plants grown in control and salt-stressed conditions. RT-qPCR results showed that without
salt stress, the transcript levels of atp4 (subunit of complex V), cob (subunit of complex III),
cox1 (subunit of complex IV), nad9 (subunit of complex I) and rps12 (Ribosomal protein
S12) in the mterf27 mutant were lower than those in the WT plants, indicating that loss
of mTERF27 led to a certain deficiency in the expression of some mitochondrial genes.
(Figure 3A). After salt stress, the expression of atp4, atp9 (subunit of complex V), cox1, rps12
and rrn26 was reduced in the WT plants, while these reductions were pronounced in the
mterf27 mutant plants (Figure 3A). These suggested that mTERF27 affected the expression
of some mitochondrial genes in Arabidopsis, especially under salt stress.

Recent reports have indicated that deficiencies in many mTERF proteins influence the
development of chloroplasts or mitochondria [29,33]. To evaluate the effects of mTERF27
mutation on mitochondrial biogenesis, we examined the morphologies of mitochondria
from the leaves of WT and mterf27 plants grown in control or salt-stressed conditions using
TEM. Under control growth conditions, TEM images showed that both WT and mterf27
plants had normally structured mitochondrial cristae with small inner spaces (Figure 3B).
In contrast, when WT and mterf27 plants were grown under salt stress, the mterf27 mito-
chondria lacked cristae and had large internal space, while the WT mitochondria showed
regular cristae (Figure 3B). This suggested that mTERF27 is required for mitochondrial
development under salt stress.
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Figure 3. Mitochondrial gene expression levels and mitochondrial morphology in WT and mterf27 plants. (A) Relative
expression of mitochondrial genes in 14-day-old WT and mterf27 plants were grown for 10 days in either 1/2 MS medium
(Control) or 1/2 MS medium supplemented with 125 mM NaCl. Relative expression was measured using qRT-PCR, with
ACTIN2 as the internal control. Data represent means ± SD of three independent experiments. Asterisks show significant
differences compared to the WT: ***, p < 0.001; **, p < 0.01; *, p < 0.05 (Student’s t test). (B) TEM images of leaves from plants
shown in (A). M, mitochondria. Scale bars = 0.5 µm.

2.4. mTERF27 Forms Homomers and Interacts with MORF8

Similar to mTERFs, PPRs are a large group of eukaryotic-specific nucleic acid bind-
ing proteins encoded by the nucleus, and Arabidopsis genome encodes hundreds of PPR
proteins. Many PPRs and MORFs are known to interact [30–32], so we tested whether
mTERF27 interacted with any MORFs in Arabidopsis. To investigate this, yeast two-hybrid
assays were used to detect interactions between mTERF27 and mitochondria-localized
MORFs (i.e., MORF1, MORF3, MORF4, MORF5, MORF6, MORF7 and MORF8). We also
used yeast two-hybrid assays to determine whether mTERF27 formed homomers. Growth
analyses in selective media (SD-T/-L/-H and SD-T/-L/-H/-A) showed that mTERF27
interacted with MORF8, but not with any other MORFs; mTERF27 also interacted with
itself (Figure 4A and Figure S4). These interactions were validated in planta using firefly
luciferase complementation imaging assays (Figure 4B). Yeast growth on selective medium
and bioluminescence signals produced by the catalysis of luciferin partly reflected that
mTERF27 has weaker interaction with MORF8, comparing with its homomer interaction.
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Figure 4. mTERF27 directly interacts with mTERF27 and MORF8. (A) Yeast two-hybrid assays showing interactions
between mTERF27 and MORF8. pGAD, pGADT7 with the GAL4 activation domain; pGBK, pGBKT7 with the GAL4 DNA
binding domain; -TL, SD/-Trp-Leu dropout medium; -TLH, SD/-Trp-Leu-His dropout medium; -TLHA, SD/-Trp-Leu-
His-Ade dropout medium. The 53-T interaction were used as positive controls. (B) Firefly luciferase complementation
assays showing mTERF27-mTERF27 and mTERF27-MORF8 interactions in planta. MEF13-MORF1 interaction were used as
positive controls [34]. Color scale represents the luminescent signal intensity measured by cps (counts per second).

3. Discussion

Our results showed that the mterf27 mutants were hypersensitive to salt stress. Under
salt stress, the loss of mitochondria-localized mTERF27 disrupted mitochondrial devel-
opment and caused defects in mitochondrial gene expression. Furthermore, mTERF27
directly interacted with MORF8 and possibly formed homomers.

The mTERF protein family shares several features with the PPR and MORF protein
families. For example, PPR and mTERF proteins both harbor tandem repeats of a conserved
domain [28], and mutations in both types of proteins have been linked to developmental
defects or inhibited stress responses [33]. In addition, PPRs participate in organellar RNA
metabolism and function as specific RNA-binding proteins [9]. Similarly, it has been
reported that some mTERF proteins bind mitochondrial and chloroplastic nucleic acids in
Arabidopsis [20,35–37].

MORFs may provide an ordered spatial connection between PPRs and other pro-
teins [9,32]. Indeed, recent studies have indicated that the MORF8 protein, which is located
in both the mitochondria and the chloroplasts [32], directly interacts with multiple PPRs in
Arabidopsis [30,34,38]. MORF8 is also involved in the establishment and/or mediation of a
direct or indirect connection between MEF13 (a PPR protein) and MORF3 [34]. Here, our
results suggested that mTERF27 might interact with MORF8 to participate in mitochondrial
gene expression and RNA metabolism (Figure 4A,B). Curiously, the interaction between
mTERF27 and MORF8 is weaker than mTERF27 homomer interaction (Figure 4A,B). Similar
to the model of MEF13-MORF1-MOEF3 interaction [34], other factors may affect the inter-
action between mTERF27 and MORF8 in mitochondria. However, there is no evidence to
show the relation between the mTERF homomer interaction and mTERF-MORF interaction
so far. The molecular mechanism remains unclear.

In plants, mutations in some mTERF genes lead to paleness, significant retardations in
growth and development, and even arrested embryogenesis [17,20,21]. However, mutant
lines defective in some other mTERFs exhibit less severe growth and developmental
defects or display hypersensitivity to abiotic stress [22,26,37]. Previous studies showed that
deficiency of mTERF5/MDA1, mTERF6, mTERF9/TWIRT1, mTERF10, and/or mTERF11
resulted in altered response to salt stress and/or ABA treatment in the mutants [19,22,23,39].
A recent study reported that mTERF9 and mTERF5 are negative regulators of salt tolerance,
and have contributions to plastid gene expression and retrograde signaling in Arabidopsis
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thaliana [24]. Our results showed that similar to mTERF9 and mTERF5, mTERF27 is also
involved in plant salt response and mitochondrial gene expression.

Although the expression level of some mitochondrial genes was lower in mterf27
mutants compared with WT, there was no visible defects of mterf27 mutant under normal
growth conditions. Previous studies have indicated that mTERF7, mTERF22, and mTERF27
have close phylogenetic relationships [26]. Therefore, under normal growth conditions,
mTERF7 and mTERF22 might complement the loss function of mTERF27 partly. However,
mTERF27 may play a critical role in plant salt response. Under salt stress conditions,
mterf27 mutant displayed retarded growth phenotype. mTERFs may play diverse roles in
organelles. Various pairs of transcription factors, including mTERFs, may have redundant
or complementary function networks in plant mitochondria and chloroplasts. Indeed,
some mTERF proteins in plants are involved in the transcription termination of chloroplast
genes [35,37]. However, recent reports showed that plant mTERFs may have a more
complicated mechanism in organelle gene expression [36,40–42].

The characterization of mTERF27 in this study helps to clarify plant organellar gene
expression in response to salt and other abiotic stress. Our work also provides a ba-
sis for further analyses of the mTERF−MORF protein−protein interaction network and
investigations of its functional relevance.

4. Materials and Methods
4.1. Plant Materials and Growth Conditions

Arabidopsis thaliana, ecotype Columbia-0 (Col-0), was grown in a growth chamber
under 16 h of light at 22 ◦C and 8 h of darkness at 20 ◦C. To grow seedlings on agar plates,
surface-sterilized seeds were planted on 1/2 MS medium containing 1.0% (w/v) sucrose
and 0.8% (w/v) agar, cold-treated for 2 days, and transferred to a growth chamber. To test
seedling salt tolerance, seeds were planted on normal 1/2 MS medium, cold treated for
2 days, grown for 2 days under normal conditions, transferred to either unmodified 1/2
MS medium (control growth conditions) or 1/2 MS medium supplemented with 125 mM
NaCl (salt-stressed growth conditions), and then grown for 10 days in the growth chamber.
To grow seedlings in soil, sown seeds were cold-treated for 2 days and then transferred to
a green room under same growth conditions (16 h of light at 22 ◦C and 8 h of darkness at
20 ◦C). Nicotiana benthamiana was cultured in autoclaved vermiculite in a green room under
a 16 h light/8 h dark photoperiod at 25 ◦C; 4–5-week-old plants were used for transient
expression analysis.

4.2. Plant Transformation

The coding region of the mTERF27 gene was amplified from total RNA using reverse-
transcriptase PCR (RT-PCR). The resulting cDNA was cloned into vector pCAMBIA1300
to produce a construct expressing the Flag-tagged mTERF27 protein. Agrobacterium tume-
faciens strain GV3101 was used for transformation. The constructs were transferred into
mterf27 mutants using the floral dip method, and transgenic plants were identified using
hygromycin resistance analysis, PCR genotyping, and western blots.

4.3. Chlorophyll Fluorescence Measurements

Chlorophyll fluorescence imaging and analysis were performed using a chlorophyll
imaging system (FluorCam FC 800-C/1010, PSI), with photosynthetic parameters deter-
mined as described previously [43]. Before each measurement, plants were dark-adapted
for 20 min. The Fv/Fm ratio was defined as (Fm − Fo)/Fm. The nonphotochemical quench-
ing (NPQ) was calculated as (Fm − F′m)/F′m, where Fm is the maximum fluorescence value
in the dark-adapted state; F′m is the maximum fluorescence value in any light-adapted
state; and Fo is the minimal fluorescence value in the dark-adapted state.
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4.4. RNA Isolation and Quantitative Reverse-Transcriptase PCR (RT-qPCR)

Total RNA was isolated with the leaves of WT, mterf27, Com1, and Com2 plants using
a RNeasy Plant Mini Kit (Qiagen). cDNA was synthesized using a PrimeScript RT reagent
Kit with gDNA Eraser (Takara). qPCRs were performed with the 7300Plus real-time PCR
system (ABI) using TB Green Premix Ex Taq II (Tli RNaseH Plus) (Takara). The ACTIN2 gene
was used as an endogenous control. Primers used to detect the mitochondrial transcripts
were designed as previously described [26].

4.5. Protein Preparation and Western Blots

Total protein samples were prepared and western blots were performed following
a previous study [43]. For immunoblotting analysis, we separated equal amounts of
protein sample on 10% SDS PAGE gels and transferred them to nitrocellulose membranes.
After blocking nonspecific binding with 5% milk, we subsequently incubated the blot
with specific primary antibodies generated against the indicated proteins and secondary
horseradish peroxidase conjugated antibodies (Abbkine). Signals were detected using the
SuperSignal™ West Pico PLUS Chemiluminescent Substrate (Thermo Scientific) according
to the manufacturer’s protocol. The primary antibodies used were Anti-Flag (Sigma-
Aldrich, #F3165) and Anti-β-actin (Abbkine, #A01050-2).

4.6. Microscopy

To transiently express mTERF27 in Arabidopsis protoplasts, the full-length CDS of
mTERF27 was cloned into pHBT-sGFP plasmids as previously described [44]. Mesophyll
protoplasts were extracted from 4-week-old darkness-treated Arabidopsis leaves and trans-
formed with the GFP plasmids as previously described [44]. MitoTracker Red (Invitrogen)
was used to specifically dye the mitochondria. The organelle and GFP signals were detected
with a confocal microscope (TCS SP8, Leica). The excitation and emission wavelengths
were as follows: GFP, excitation at 488 nm and emission at 510–540 nm; MitoTracker,
excitation at 644 nm and emission at 650–680 nm.

For TEM analysis, leaves from WT and mterf27 seedlings were prepared as described
previously [45]. Leaves were observed and imaged using an HT7800 Compact-Digital TEM
system (Hitachi).

4.7. Protein Interaction Assays

Yeast two-hybrid assays were performed using the yeast strain Y2H Gold (Clontech),
following the manufacturer’s instructions. For construction of the Gateway entry clones,
PCR products were inserted into pDONR207 via BP reactions (Gateway BP clonase enzyme
mix; Invitrogen), then cloned into the expression vectors (pGBKT7 or pGADT7) which
contain the attR1-CmR-ccdB-attR2 fragment via LR reactions (Gateway LR clonase enzyme
mix; Invitrogen) as previously described [46]. These vectors were transformed into Y2H
Gold yeast (Clontech). The transformants were grown on SD/-Trp-Leu, SD/-Trp-Leu-His,
and SD/-Trp-Leu-His-Ade dropout selective culture-media.

To perform firefly luciferase complementation imaging assays, the coding regions of
the target genes were fused with either nLUC or cLUC and cloned into the pCAMBIA1300
vector as previously described [47]. These vectors were transformed into A. tumefaciens.
The positive clones were injected into N. benthamiana as previously described [47], the
bioluminescent signals were detected by NightSHADE LB985 system (Berthold).

Supplementary Materials: The following are available online at https://www.mdpi.com/1422-006
7/22/3/1466/s1, Figure S1. Amino acid sequences alignment and Neighbor-joining phylogenetic
tree of mTERF27 ortholog genes in plants; Figure S2. Sequences flanking the transfer DNA (T-DNA)
insertion point in the mterf27 mutant; Figure S3. Chlorophyll fluorescence analysis of the wild-type
(WT) and mterf27 plants shown in Figure 2D; Figure S4. Negative controls for the yeast two-hybrid
assay used to determine protein interactions; Table S1. Primers used in this study.
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Abstract: Free magnesium (Mg2+) is a signal of the adenylate (ATP+ADP+AMP) status in the
cells. It results from the equilibrium of adenylate kinase (AK), which uses Mg-chelated and Mg-
free adenylates as substrates in both directions of its reaction. The AK-mediated primary control
of intracellular [Mg2+] is finely interwoven with the operation of membrane-bound adenylate-
and Mg2+-translocators, which in a given compartment control the supply of free adenylates
and Mg2+ for the AK-mediated equilibration. As a result, [Mg2+] itself varies both between and
within the compartments, depending on their energetic status and environmental clues. Other key
nucleotide-utilizing/producing enzymes (e.g., nucleoside diphosphate kinase) may also be involved
in fine-tuning of the intracellular [Mg2+]. Changes in [Mg2+] regulate activities of myriads of Mg-
utilizing/requiring enzymes, affecting metabolism under both normal and stress conditions, and
impacting photosynthetic performance, respiration, phloem loading and other processes. In compart-
ments controlled by AK equilibrium (cytosol, chloroplasts, mitochondria, nucleus), the intracellular
[Mg2+] can be calculated from total adenylate contents, based on the dependence of the apparent
equilibrium constant of AK on [Mg2+]. Magnesium signaling, reflecting cellular adenylate status, is
likely widespread in all eukaryotic and prokaryotic organisms, due simply to the omnipresent nature
of AK and to its involvement in adenylate equilibration.

Keywords: adenylate energy charge; adenylate kinase; cellular magnesium; free magnesium; nucleo-
side diphosphate kinase; thermodynamic buffering

1. Introduction

Magnesium (Mg) is one of the most abundant cations in living cells, second only
to potassium [1]. Total Mg concentration in plant cells is in the range of 15–25 mM, and
most of it is stored in vacuoles, away from metabolism [2]. A substantial pool of total
cellular Mg is required to synthesize chlorophyll in photosynthetic tissues, and the rest is
used for ribosome bridging during translation and for chelation with nucleotides, nucleic
acids and other phosphate-containing compounds. Normally, as much as 20% of total Mg
is in chloroplasts, but it may increase to 50% under low light conditions or during Mg
deficiency [3]. Many enzymes require the binding of Mg for activity and/or regulation [4,5].
Processes such as phloem loading [6–8], leaf senescence [9], stomata opening and ionic
balance of the cell [10,11] are only a few of many examples that illustrate the requirement
for adequate Mg homeostasis.

Chelation of nucleotides by Mg is an essential feature of cell metabolism. Among
nucleotides, adenylates (ATP, ADP, and AMP) are the most abundant, with ATP being
produced both during the reductive (photosynthetic light reactions) and oxidative (respira-
tion) phosphorylation [12]. Most, if not all, enzymes which require ATP in fact use it in
its chelated form (MgATP). Assuming that, in leaves, the concentration of free Mg (Mg2+)
is in the order of 1–5 mM [13], 95–99% of ATP is predicted to be complexed as MgATP. A
similar situation occurs with other nucleoside triphosphates (NTPs) [14]. In some compart-
ments (e.g., cytosol) and under specific physiological conditions, the internal [Mg2+] may
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decrease well below 1 mM, e.g., to 0.2 mM in chloroplasts during the induction phase of
photosynthesis (see below). Under these conditions, the proportion of Mg-chelated NTPs
decreases. The same rule applies to ADP and other nucleoside diphosphates (NDPs), and
to a certain extent to AMP and other nucleoside monophosphates (NMPs).

In many cases, it is MgADP rather than free ADP which is a substrate/product in
enzymatic reactions, whereas AMP binds Mg very weakly, and thus is used in metabolism
predominantly as free AMP (Figure 1A). The binding of ATP and Mg is very tight, with
stability constant (KMgATP) of 73 mM−1, which implies that a 1:1 (molar ratio) mixture of
Mg and ATP will result in nearly all of Mg and ATP tied up as MgATP. The binding of
ADP (or other NDPs) by Mg is less strong, with stability constant (KMgADP) of 4 mM−1.
This implies that, in physiological conditions, roughly 30% (or less) of ADP exists in the
cell as free ADP, and 70% (or more) as a complex with Mg (MgADP) (Figure 1A) [15].
The uncomplexed forms of both ATP and ADP may cause appreciable inhibition of many
enzymes, especially the kinase-type phosphotransferases [16]. The binding of Mg to
inorganic pyrophosphate (PPi), another high energy storing compound, is also highly
dependent on [Mg2+] (Figure 1B).

Figure 1. Effects of Mg2+ on Mg-chelation with adenylates and PPi. (A) The ratios of free and Mg-bound
adenylates, depending on [Mg2+]. (B) The percentage of free and Mg-chelated PPi, depending on [Mg2+].
All lines were drawn according to the values of stability constants for chelation of adenylates and PPi

with Mg [15], using Origin software (OriginLab Corporation, Northampton, MA, USA).

Both Mg-complexed and free adenylates are equilibrated by adenylate kinase (AK),
a ubiquitous enzyme present in all organisms. The result of AK-maintained equilibrium,
[Mg2+], is set as a signal from total adenylate pool in a given cellular compartment. The
[Mg2+], in turn, depends on metabolic status of the cell, and on rates of transport of Mg2+

and adenylates on specific transporters (see below). AK in different cell compartments
establishes the concentration of [Mg2+] via equilibration of adenylate species, as well as
membrane potential of cell organelles [17], and the equilibrium of AK determines [Mg2+] in
a controlled way depending on the rates of ATP production and consumption and, in turn,
optimizing these rates. This [Mg2+] directly regulates multiple enzymes and translocators,
thus representing a powerful feedback signal from the energy level of the cell and its
compartments expressed in the concentrations of adenylate species.

Mg2+ has previously been suggested as a signal in human T cell immunodeficiency,
with the plasma membrane-bound Mg2+ transporter identified as a major player [18].
We argue here that the Mg2+ signaling is in fact widespread in plants and, probably, in
other organisms as well, and that it is a simple consequence of the status of Mg-free and
Mg-complexed adenylates in a given cell or tissue, which is maintained via AK. AK has
previously been implicated as a central hub in the concept of “adenylate charge” theory [19],
but also as a regulator of AMP and ATP signaling in plants and animals [20,21].

In this review/opinion paper, we have focused on magnesium and cell energetics in
plants, but we also refer to other organisms, when applicable.

2. AK and NDPK in Cell Energetics

In plant cells, AK activity is widely distributed through different compartments,
namely plastids, mitochondria, nuclei, and cytosol [22–26]. Different isozymes of leaf
AK were purified from various species using affinity chromatography [27]. Arabidopsis
contains a total of eight genes of AK. Of those, at least two genes code for plastidial
AK isozymes [23,25], at least three genes code for mitochondrial AKs [25,28], and one
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gene codes for nuclear AK [26]. The remaining two genes code for AKs which may
be dually targeted between mitochondria and plastids, and mitochondria and cytosol,
respectively [25] (Table 1). Mitochondrial AKs are believed to be located in the space
between outer and inner membranes (the intermembrane space; IMS), possibly membrane-
bound, but not in the mitochondrial matrix [25]. The pool of free and Mg-bound adenylates
in the matrix, despite the lack of matrix-own AK, is affected by AKs from mitochondrial IMS
via the involvement of adenylate translocators in the inner mitochondrial membrane [12,14].
Contrary to plants, human mitochondria do contain an AK isozyme in the matrix [29].

Table 1. Subcellular location and roles of Arabidopsis adenylate kinases (AKs). Classification of
AK1-8 generally follows that of Lange et al. [25], with the exception of nuclear isozyme AK6, which
replaced what is presented here as AK8. Mitochondrial location most likely refers to the presence of
AK in mitochondrial intermembrane space (IMS), but not the matrix. C, cytosol; M, mitochondria; N,
nucleus; P, plastids.

AK Name and Gene Location Function Reference

AK1 (At2g37250) M (a), P (b) control of growth [24,25,30]
AK2 (At5g47840) P plastid development [24,25]
AK3 (At5g50370) M (c), C (d) unknown [25,28]
AK4 (At5g63400) M unknown [28]
AK5 (At5g35170) P no phenotype for the knockout [25]
AK6 (At5g60340) N control of stem growth; [26]

control of root growth;
ribosome maturation [31]

AK7 (At3g01820) M unknown [25]
AK8 (e) (At2g39270) M unknown [25]

(a) [25,30]; (b) [24]; (c) [28]; (d) [25]; (e) referred to as AMK6 in ref [25].

Plant AKs react almost exclusively with AMP and ATP as substrates [22,26,32]. Human
AKs, however, while more or less specific for AMP, can react with a variety of NTPs,
depending on the AK isozyme. Thus, erythrocyte and serum AKs react only with ATP;
muscle AK preferentially reacts with ATP and, to some extent, other NTPs; and liver AK
reacts with UTP and GTP [33].

The roles of plant AKs, as determined using knockout mutants, are listed in Table 1.
Whereas the disturbance of adenylate equilibrium in a given compartment in such mutants
and the resulting effects on cell energetics are most likely the major causes of a given
phenotype, a role of AK protein itself as a regulator cannot be discounted. One example
for this is the reported complexation of AK with chloroplast glyceraldehyde-3-phosphate
dehydrogenase, with the complex proposed to optimize photosynthesis during rapid
fluctuation in environmental resources [34]. Another example concerns a plant nucleus-
associated AK6 isozyme, which is homologous to human nuclear AK6 [26,31]. The plant
protein has AK activity and was found to be essential for stem growth in Arabidopsis [26],
but also contributing to Arabidopsis root growth control [31]. Plants lacking AK6 over-
accumulated 80S ribosomes relative to polysome levels, consistent with the AK6 role in
ribosome maturation [31]. In yeast, an orthologue of AK6 encodes the well-characterized
ribosome assembly factor Fap7 [35], which has been reported to mediate cleavage of 20S
pre-rRNA by directly interacting with an Rps protein. Using pulldown and two-hybrid
system, the Arabidopsis AK6 was found to interact physically with Arabidopsis’ own
Rps14 [26]. Interestingly, it has been earlier observed that different plant AK isozymes can
bind RNA and that, at least in plants, RNA-binding by AK may be related to regulatory
mechanisms [36].

Aside from equilibrating adenylates, in some tissues AK was also reported to act
more unidirectionally toward either ATP formation or utilization. For instance, under
some conditions, e.g., in drying seeds where tissue dehydration leads to a decline in
mitochondrial energy production, AK may become the main ATP (and AMP) producing
mechanism [37]. Following imbibition, however, cellular adenylate balance is rapidly
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restored from AMP by both AK and oxidative phosphorylation in mitochondria. Another
study involved antisense inhibition of the expression of plastidial AK in potato tubers,
which led to dramatic effects on the overall metabolism and tuber yield [38]. In field trials,
the transgenic plants had up to a 10-fold increase in ADP-glucose (key precursor to starch
synthesis [39]), a 2–4-fold increase in some amino acids, and an almost two-fold increase
in starch, with tuber yield nearly doubled when compared to WT plants. This suggested
that, under in vivo conditions, the amyloplastic AK acts in the ATP-consuming direction,
and competes for ATP both with ADP-glucose pyrophosphorylase, which produces ADP-
glucose, and with plastidial pathways of amino acid biosynthesis [38].

Whereas ATP is the only NTP which arises via photophosphorylation (in chloroplasts)
and oxidative phosphorylation (in mitochondria) [40], other NTPs in plants are formed
mainly via nucleoside diphosphate kinase (NDPK) activity [14,41,42]. Its reaction can be
described as: ATP + NDP ↔ ADP + NTP. In animals and bacteria, AK can apparently
substitute for NDPK, due to the apparent bifunctionality of AKs in those organisms [43].
In plants, however, where AK is specific for adenylates, these two activities are frequently
metabolically “coupled” together [42,44,45], which may involve physical interaction [46].
Both AK and NDPK have been linked to stress perception [47], and they are major compo-
nents of the so-called cell thermodynamical buffering system [14,48,49], which has been
proposed to operate during photosynthesis and respiration [12,50,51], and, arguably, dur-
ing starch synthesis in plastids and during cell wall polysaccharide formation in the plasma
membrane and endoplasmic reticulum (ER) [42].

Both AK and NDPK are functionally coupled to photophosphorylation and oxidative
phosphorylation, establishing that concentrations of nucleoside phosphates depend on
the rates of ATP synthesis and consumption, and optimizing the operation of ATP syn-
thases [12]. Plants contain several genes for NDPK, e.g., five genes in Arabidopsis and
rice, coding for different isozymes located in cytosol, plastids, mitochondria and, possibly,
ER [41]. In potato roots, cytosolic NDPK activity is believed to supply UTP for the reaction
of UDP-glucose pyrophosphorylase (UGPase), to produce UDP-glucose, a key precursor to
sucrose and cell wall polysaccharides [52]. Additionally, in cereal seeds, cytosolic NDPK
may provide UTP which, indirectly, is used for starch synthesis [44].

3. AK-Mediated Adenylate Equilibrium and Mg2+ Signaling

The AK reaction has frequently been presented as: 2 ADP↔ ATP + AMP [19]. How-
ever, the true substrates/products of AK are: MgADP + ADP↔MgATP + AMP [53,54].
An important consequence of this is that apparent equilibrium constant (Kapp) of the first
reaction (with total adenylates), where Kapp = [ATP][AMP]/[ADP]2, depends on free mag-
nesium (Mg2+) concentration in the reaction mixture and can be described as a bell-shaped
curve, peaking at 1.5 at ca. 0.2 mM Mg2+ (Figure 2). At any other value of [Mg2+], the Kapp
corresponds to two values of [Mg2+], one below and one above 0.2 mM. In studies with
plant material, the right side of the bell-shaped curve is most relevant, because internal
[Mg2+] in plants is usually above 0.2 mM [55]. The AK equilibrium-linked [Mg2+] values
can be easily computed from the following Equation (1)

[Mg2+] = [0.7 − 0.25Kapp ± 0.57(1.5 − Kapp)1/2]/(Kapp − 0.1) (1)

where a given Kapp of AK can be calculated from the experimentally determined total of
each of the adenylates taking part in the reaction (AMP, ADP, and ATP) [55]. In contrast to
its Kapp, the true equilibrium constant of AK, defined as Ktrue = [MgATP][AMP]/[MgADP]
[ADP], is not dependent on [Mg2+] and has a fixed value of ca. 5.5 (Figure 2). The
non-linear relationship between Kapp and [Mg2+] was observed in several studies with
purified AKs [16,53,54,56,57], and similar principles most likely also apply under in vivo
conditions [14,49].
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Figure 2. Effects of [Mg2+] on Kapp and Ktrue of AK. The Kapp peaks at ca. 0.2 mM Mg2+. Please note
that the scale on X-axis is logarithmic. The lines for Kapp (blue) and Ktrue (red) were computed as
described in ref 55, using Origin software (OriginLab Corporation, Northampton, MA, USA).

As evident from Equation (1), the Kapp of AK, although different from the Ktrue, can be
a useful parameter linking concentrations of all adenylates to [Mg2+]. Thus, knowing the
contents of total ATP, ADP, and AMP in a given biological preparation, and assuming that
they are under equilibrium governed by AK, can provide information about intracellular
[Mg2+]. Similarly, when only [Mg2+] is known, this can be linked with a given Kapp of AK
(Figure 2). A similar computational set can be established for Mg2+ and other nucleotides
(guanylates, cytidylates, and uridylates) via the corresponding buffering equilibria of
NDPK and UMP/CMP kinase. The latter reacts reversibly with UMP and CMP rather than
AMP, and uses ATP as a second substrate [25,58]. It is unknown whether the UMP/CMP
kinase reaction requires a combination of Mg-chelated and free nucleotides, as is the case
for AK, but magnesium is apparently required for the reaction [58].

When considering the Mg requirement for NDPK, its true reaction can be described
either as MgATP + NDP↔ ADP + MgNTP, or MgATP + MgNDP↔MgADP + MgNTP.
To the best of our knowledge, it is unknown whether nucleoside diphosphates (including
ADP) used by NDPK are reactive as Mg-chelated or Mg-free species. This could, at
least theoretically, make significant difference in terms of the relationship between the
Kapp of NDPK and [Mg2+]. With respect to UMP/CMP kinase, the Kapp of its reaction
(UMP/CMP + ATP ↔ UDP/CDP + ADP) is likely to depend on [Mg2+] in the same
way as AK. Additionally, regardless of what true substrates are for NDPK and the other
kinase, cellular pools of non-adenylate nucleotides are generally much smaller than those
of adenylates [42]. Thus, intracellular [Mg2+] would still respond more strongly to AK-
mediated equilibrium than that of NDPK and UMP/CMK kinase.

4. Magnesium and the Adenylate Energy Charge Theory

Equilibrium of adenylates maintained by AK is at the core of the adenylate energy
charge (AEC) theory, developed and popularized by Atkinson [19]. The theory assumes
that AK uses total adenylates as substrates and that the adenylate concentrations at AK
equilibrium account for the energy status in metabolism. This can be defined as AEC
= ([ATP] + 1

2 [ADP])/([ATP] + [ADP] + [AMP]), with the concentrations of adenylates
equilibrated by AK reaction. The theory has been criticized [16,59,60] on the grounds
that it does not take into account a crucial role of magnesium for the AK reaction. Most
importantly, mass action (Kapp) of AK is very much dependent on [Mg2+] (Figure 2),
and is not constant, as assumed for AEC. As a consequence of that, at low [Mg2+], as
it is in the cytosol, free ATP may actually inhibit MgATP-utilizing enzymes rather than
serving as a substrate. The same concerns glycolytic kinases involved in ATP formation,
which use MgADP rather than free ADP as a substrate, with [Mg2+] being a key player
in controlling MgADP availability [53]. These and other arguments against AEC as a
key parameter controlling energy status of cellular processes have been summarized by
Purich and Fromm [16,59] and Pradet and Raymond [60], and we will not cover them here.
However, it is important, in our opinion, to emphasize that Mg signaling as controlled by
AK is not compatible with AEC theory. This is simply because the AEC does not take into
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account true substrates (Mg-bound and Mg-free) of AK and the crucial role of [Mg2+] in
making these substrates available for AK.

5. Magnesium Status in Cells

With a total cellular concentration of magnesium at 15–25 mM with 15–20% bound
to chlorophyll [61] and free magnesium concentration frequently at a less than millimolar
level [62,63], this implies that most of magnesium is complexed, and only a small fraction
exists as Mg2+. It has been reported that up to 90% of the cytosolic pool of nucleotides
is bound to Mg [64]. The same applies to chloroplasts [13], and probably to all other
compartments which contain metabolically active nucleotides. For instance, in chloroplast
stroma, free Mg2+ ranges from ca. 0.2 to 5 mM (Table 2), with the lower values characteristic
for darkened leaves, and the higher values for illuminated leaves [55,65,66]. This constitutes
less than 10% of total Mg in chloroplasts. The rest is confined mostly to chlorophyll in
thylakoids, but also chelates stromal pools of phosphorylated compounds (e.g., ATP) and
dicarboxylic acids [65].

Table 2. [Mg2+] in cellular compartments and methods used to measure [Mg2+].

Compartment [Mg2+], mM Method Reference

Cytosol 0.25 31P-NMR [67]
0.40 31P-NMR [64]
0.9 Ionophore [68]

0.2–0.4 From Kapp of AK [55,62]

Mitochondria 2.4 31P-NMR [67]
1.0–3.0 From Kapp of AK [55]

Chloroplasts 0.5–2.0 Ionophore [66]
1.0–3.0 Ionophore [65]
0.2–5.0 From Kapp of AK [55]

Vacuole 5–80 (a) X-ray analysis [2,69]
ER lumen Unknown

Peroxisomes Unknown
(a) The value of 80 mM was obtained by feeding leaves with high Mg–sap solutions.

A major role in Mg2+ homeostasis in plants belongs to the vacuole [11]. Vacuoles buffer
and balance fluctuating concentrations of external nutrients, but they can also alleviate
the effects of excessive concentrations of such compounds. In Arabidopsis leaves fed with
high-Mg–sap solutions, vacuoles may accumulate up to 80 mM Mg [69]. This concentration
is one order of magnitude higher than vacuolar [Mg] under normal conditions [2]. Upon
withdrawal of Mg from the nutrient solution, a typical first symptom of Mg deficiency is
the higher accumulation of starch and sucrose in the leaves, followed by leaf chlorosis,
which may lead to a lower photosynthetic rate [1]. It has been suggested that Mg deficiency
limits the carbohydrate transport from source organs to the sink by affecting the loading
of sucrose to the phloem, which requires an adequate Mg concentration [6–8]. It has been
reported that the process of Mg translocation can be hampered under severe Mg-deficiency,
having effects both on photoassimilate partitioning and root growth [70]. The disruption
of Mg transport in young plants could result in reduced growth of the plant at a later
growth stage.

Cells are usually quite resistant to external Mg-deficient conditions. As pointed out by
Gout et al. [67], it takes 14 days to decrease cellular magnesium content by five-fold, when
placing sycamore cells into Mg-free media. They also found that during first 10 days of
Mg-deficient conditions, the cytosolic [Mg2+] did not change at all due to a release of Mg2+

from the vacuole. Only after 10 days was there a decrease in cytosolic [Mg2+], accompanied
by a cessation of cell growth and a decrease in respiration.
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To the best of our knowledge, there are no data on [Mg2+] in the nucleus, ER lumen,
and peroxisomes. For the nucleus, we can only assume that its [Mg2+] is similar to that in
the cytosol, given the porous structure of the nuclear envelope. In addition, the nucleus
contains its own AK [26], which probably can access the same adenylate pool (given
the pores in nuclear membrane) as in the cytosol. For the ER, the major obstacle for the
determination of Mg2+ has been the presence of high (millimolar) concentration of Ca2+,
preventing reliable Mg2+ detection there with the use of ionophores [71]. However, the
ER has at least one Mg2+ transporter (see below), and metabolism within ER strongly
depends on ATP supply [72,73], suggesting an important role for Mg2+ in this organelle.
Peroxisomes probably have low [Mg2+], because of the lack of an Mg2+ transporter in their
membrane, but they also constitute only a tiny fraction of cell volume, thus are unlikely to
contribute significantly to overall cellular Mg2+ homeostasis. Both ER and peroxisomes
do not have their own AK, and adenylate metabolism there must be independent of
AK equilibrium.

6. Feasibility of the Estimations of [Mg2+] Based on Adenylate Measurements

Assays of intracellular [Mg2+] in plants most frequently have been performed with
Mg-binding ionophores, using fluorescence spectrophotometry to detect the Mg–ionophore
complex, sometimes also with help of fluorescence microscopy [66,74,75]. However, many
of the Mg2+ fluorescent probes proved unsatisfactory, due to their lack of specificity or low
affinity for Mg2+ [74]. Additionally, the ionophores need to be loaded into cells before the
assays, which may perturb normal metabolism. The use of 31P-NMR was more successful,
and it permitted non-invasive in vivo studies, allowing simultaneous identification and
quantification of free and Mg-complexed nucleotides as well as [Mg2+] in whole cells, the
cytosol, and organelles [63,76]. Those and other methods of Mg determination in biological
samples, e.g., electron probe X-ray microanalysis (XRMA) or 13C-NMR citrate/isocitrate
ratio, have been discussed by Romani and Scarpa [77], and they all require specialized
scientific tools and expertise. On the other hand, adenylates can be easily quantified by a
variety of methods, using standard laboratory equipment. Although an indirect measure,
the calculated [Mg2+] values that were derived from adenylate contents are comparable to
those obtained by other methods (Table 2).

Scientific literature abounds with measurements of adenylate species in whole or-
gans/ tissues and, to a lesser extent, in fractionated preparations containing purified
organelles [55,78]. These data can be recalculated for estimations of [Mg2+], especially in or-
ganelles. Based on its subcellular localization, the AK-mediated equilibrium of adenylates
and the resulting Mg2+-signaling encompasses chloroplasts (both stroma and IMS), cytosol,
nucleus and the IMS of mitochondria (Table 1)). The outer membranes of chloroplasts
and mitochondria are permeable to small compounds, e.g., adenylates, and thus the IMS
in both organelles is under AK equilibrium, which extends through the permeable outer
membranes to the cytosol [62,67]. Adenylate data collected for any of these compartments
should tightly correlate with an internal [Mg2+] there; as indeed is the case when compared
to other methods of [Mg2+] determination (Table 2).

A different situation occurs if the adenylate data are collected for whole tissues, cells, or
protoplasts, where mixing up of various adenylate pools occurs, and the final result reflects
the adenylate status in whole tissue/cells, but not in given compartments. The calculated
Kapp of AK for such a system will be a mean Kapp of all cellular AKs and should apply only
to compartments where AK equilibrium is established. This excludes peroxisomes, ER,
and vacuoles, which lack AK isozymes (Table 1). Among those organelles, vacuoles do
not have any adenylate translocators and, besides, it has already been reported that potato
tuber vacuoles contain no adenylates [79]. However, both peroxisomes and ER do have
adenylate translocators (see below), and thus adenylates present in these organelles may
affect the Kapp of AK based on total contents of adenylates from whole plant cells/tissues.
The contribution of peroxisomal adenylates is probably close to negligible (small size of
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peroxisomes), whereas the pool of adenylates in the ER might be significant, given that the
ER represents a continuous membrane system, often quite abundant in the cytosol.

Thus, in summary, when using the concept of the Kapp of AK to derive [Mg2+] from
total contents of adenylates in tissues or whole cells, the main drawback of this method
is that it yields an average [Mg2+] for all compartments where AK equilibrium applies
(thus excluding vacuoles, ER, and peroxisomes). This approach is obviously only an
approximation (e.g., possible error from the contribution of ER’s adenylates), but it could be
useful, especially when studying a process known to be confined to a single compartment,
where substantial changes in [Mg2+] have already been observed by other methods, e.g.,
during the light-induction phase of CO2 fixation in chloroplasts [55] or during anoxia in
the cytosol [50].

In earlier studies [55], based on published data for adenylate contents in plant tissues
and organs, we have found that levels of Mg2+ in leaves depend on the developmental stage
(young leaves having lower [Mg2+] than old ones), light conditions (darkened leaves have
lower [Mg2+] than in illuminated ones), and salt stress conditions (stressed plants have
lower [Mg2+]). For instance, based on data from Nieman et al. [80], [Mg2+] in young and
mature pepper leaves was 3 and 6 mM, respectively, whereas salt stress decreased [Mg2+]
in safflower buds (from 10 to 4 mM). When applying the same approach to adenylate
data from one study on the effects of salt (NaCl) stress on energetics of cyanobacteria [81],
the calculations again suggest strong effects of salt on internal [Mg2+]. When stressed,
the cyanobacteria maintained low [Mg2+] levels of 0.24 mM, which markedly increased
to 2.2 mM upon salt withdrawal. This probably reflects the observed two-fold higher
photosynthesis rate of these microorganisms under normal conditions, resulting in more
ATP produced and thus requiring more magnesium. Cyanobacteria are prokaryotes and
do not have any organelles; therefore, aside from thylakoid-like membrane system, the
calculated [Mg2+] might be representative of [Mg2+] anywhere inside of their cells.

7. Magnesium Translocators

Soils are usually low in Mg content, because Mg binds soil only weakly and can be
easily leached out by rains. To adapt to such conditions, plants have evolved a highly
efficient system for Mg acquisition from the soil; its transport via xylem; and its distribution
to targeted tissues/cells. This system has been comprehensively reviewed [2,4,82], and
we will not cover it in this paper. Instead, we will focus on Mg2+ traffic into and within a
cell. Mg2+ is taken up first by specific translocators in the plasma membrane, and then it is
distributed to several membrane-surrounded compartments, each using its own specific
set of Mg2+ transporters (Figure 3).

Figure 3. Distribution of Mg2+ transporters in membranes in plants. All transporters shown here
have been identified in Arabidopsis [83]. The light-grey area corresponds to compartments where AK
equilibrium is established. Numbers correspond to: (1) MGT5; (2) MGT10; (3) MGT1, MGT5, MGT6,
MGT9; (4) MGT4, MGT7; (5) MGT2, MGT3; and (6) MHX. Question marks refer to transporters
involved in Mg2+ export from a given compartment/cell; their nature remains unclear. Abbreviations:
C, cytosol; CW, cell wall; ER, endoplasmic reticulum; M, mitochondrion; N, nucleus; P, plastid; PM,
plasma membrane; V, vacuole.
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Most Mg2+ transporters belong to a single family of proteins, which in turn belongs to
the CorA protein superfamily [84]. In plants, this family was first described in Arabidopsis
by two groups, which named it AtMRS2 [85] and AtMGT [84]. For simplicity, we will
refer to those transporters as belonging to the MGT family. In Arabidopsis, there are
10 genes for MGT [86], whereas in rice nine genes have been identified [87]. Most of the
Mg2+ transporters are responsible for Mg2+ import into a given compartment, and the
rest are involved in Mg2+ export. The importers are relatively well described, whereas the
nature of Mg2+ exporters is less clear [83]. Some of the importers may become exporters,
depending on [Mg2+], as is the case for AtMGT5, which has a dual role as an Mg-importer
at micromolar levels, and an exporter at a millimolar range [86]. Besides Mg2+, some
MGT members may also transport other cations, including Zn2+ and Cu2+. There are also
other carriers predominantly transporting K+ or Ca2+, but which are also permeable to
Mg2+. Non-selective cation channels are the other candidates for Mg2+ transport [1,88]. In
addition, Mg2+ availability may affect the activities of plasma membrane transporters for
Ca2+, K+, and H+ [88].

Under conditions of Mg excess, as in so called serpentine soils [89], plants deploy an
elaborate system to avoid Mg toxicity. This system is composed of plasma membrane- and
tonoplast-localized calcineurin B-like proteins (CBLs) and their downstream components,
CBL-interacting protein kinases (CIPKs) [90]. At high external Mg2+, there is an interaction
between the plasma membrane-associated CBL and CIPK components which modulates
the activity of a number of ion channels/transporters, facilitating the uptake or exclusion
of Mg2+. In the next step, high cytosolic [Mg2+] triggers changes in internal Ca2+, which
are then sensed by tonoplast CBLs. This, in turn, triggers tonoplast CIPKs to activate Mg2+

transporters or channels to detoxify the cytosol from Mg2+ [90]. The CBL/CIPK system may
also have a similar role in protecting against the toxicity of other ions, including excess of
Na+ ([90–93]. Some studies, based on knockout mutants, have identified plasma membrane-
bound MGT6 and ER-associated MGT7 as likely candidates involved in the detoxification
of Mg2+ [93]. MGT6 was also required for plant adaptation to a low [Mg2+] [94].

Arabidopsis contains four MGT proteins in the plasma membrane, whereas vacuolar
tonoplast contains two MGT transporters (MGT2 and MGT3) [69] and the so-called MHX
transporter [95] (Figure 3). MHX is structurally distinct from MGT/MRS2 transporters and
shows the highest similarity to mammalian Na+/Ca2+ exchangers, which are part of the
Ca2+/cation (CaCA) exchanger superfamily [96]. The MHX protein exchanges vacuolar
protons for cytosolic Mg2+ and Zn2+ [95,97]. In Arabidopsis, MHX co-localizes with a
major chromosomal quantitative trait locus (QTL), affecting seed Mg content [98].

Besides being located in the plasma membrane and tonoplast, Mg2+ transporters are
also elsewhere in the cell, i.e., in plastids, mitochondria and ER (Figure 3). Some of the
transporters are tissue-specific, e.g., Arabidopsis mitochondrial MGT5 which is exclusively
expressed in anthers at early stages of flower development, underlying its role in pollen
development and male fertility [86]. MGT4 in the ER and MGT9 in the plasma membrane
are also essential for pollen development [82,83].

Exact subcellular location needs to be reevaluated for some Mg2+ translocators, be-
cause several studies have reported discrepant results, especially concerning putative
ER-location. As pointed out by Yan et al. [93], membrane proteins can be mis-targeted
to ER, especially when overexpressed in a transient expression system. It would also be
interesting to see how plants that have adapted to growth on serpentine soils and deal with
excess Mg2+ are managing their AK-mediated energy metabolism.

8. Adenylate Translocators

In Arabidopsis, at least 16 distinct genes for adenylate carriers have been identi-
fied [99], which code for proteins distributed in the plasma membrane, plastids, mitochon-
dria, peroxisomes, and ER (Figure 4). Together, they represent an efficient system of energy
partitioning between different cell compartments. Most of them are antiporters, transfer-
ring one adenylate in exchange for another adenylate species (or inorganic phosphate, Pi, as
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is the case for some mitochondrial carriers). In most cases, ATP is exchanged for ADP, but
there are also uniporters for ATP transport (at the plasma membrane) or for the transport
of all adenylates (ATP, ADP, and AMP) in plastids and mitochondria. Importantly, mito-
chondria have an antiporter transporting ATP in exchange for AMP and, to some extent,
ADP [99]. It is believed that adenylate translocators, with the exception of MgATP/Pi ex-
changers [99], use free adenylates for transport across a given membrane [62,100], implying
a major role for [Mg2+] in regulating a supply of free adenylates to the translocators.

Figure 4. Distribution of major adenylate carriers in membranes in plants. The names of the trans-
porters and major transported molecules are as they are given by da Fonseca-Pereira et al. [99].
The light-grey area corresponds to compartments where AK equilibrium is established. Num-
bers correspond to: (1) AtBT1, Arabidopsis thaliana ATP/ADP/AMP carrier; (2) ATP/ADP carrier;
(3) TAAC/PAPST1; (4) ZmBT1, maize (Zea mays) plastid ADP-Glucose/ADP carrier; (5) NTT1-2,
ATP/ADP carriers; (6) PM-ANT1; (7) PNC1-2, ATP/ADP carrier; (8) AAC1-3, ATP/ADP carriers;
(9) APC1-3, MgATP/Pi carriers; (10) ZmBT1, maize mitochondrial transporter, the substrate and
transport mode of which are unclear; (11) ADNT1, AMP/ATP carrier; (12) AtBT1, ATP/ADP/AMP
carrier; and (13) ER-ANT1, ATP/ADP carrier. Abbreviations: C, cytosol; CW, cell wall; ER, endoplas-
mic reticulum; M, mitochondrion; N, nucleus; P, plastid; PAP, 3’-phosphoadenosine 5’-phosphate;
PAPS, 3’-phosphoadenosine 5’-phosphosulfate; PM, plasma membrane; Px, peroxisome.

Adenylate translocators have variable organ/tissue-specific expression patterns under
different environmental conditions and at different developmental stages, suggesting
specific non-redundant functions for each of the translocators [99]. For instance, the
chloroplast ATP/ADP antiporter has been identified as one of several membrane-bound
proteins exhibiting increased abundance after cold acclimation [101]. In earlier studies on
AK, a possible link was found between activities of certain AK isozymes and adenylate
transport during plant flowering [102]. Upon flower induction, although total AK activity
in the leaves and stems remained the same, the intracellular distribution of AK activity
changed, with the most prominent being a strong decrease in activity of one of chloroplast
AK isozymes. This AK was proposed to functionally interact with the chloroplast adenylate
translocator, responding to alterations in energy distribution between chloroplast and
cytosol during floral induction [23,102].

9. Role of [Mg2+] in Metabolism and Signaling

There are several aspects to the involvement of Mg in cell energetics: (i) Cellular
ATP (and to some extent ADP) is strongly chelated by Mg2+, and the chelated and free
nucleotides are frequently key substrates/effectors in metabolism. The same concerns
pyrophosphate (PPi), an alternative energy currency, which is active as an Mg-chelated
or Mg-free species; (ii) Binding of Mg2+ frequently modulates and stabilizes activities
of enzymatic proteins involved in cell energetics processes, but also in DNA replication,
transcription and translation and other processes; (iii) The Mg-chelated and free adenylates
govern various aspects of cell energetics, such as rates of energy metabolism, translocation
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of adenylates across membranes, or contribute to allosteric regulation of metabolism; (iv)
The substantial changes in intracellular [Mg2+], as in the cytosol of cells under anoxia,
may reflect switches in metabolism between MgATP-based and MgPPi-dependent; and (v)
Mg2+ affects concentrations of Ca2+ and other cations, and alleviates the effects of stress by
excess [Na+]. Below, we will briefly describe each of these aspects.

9.1. Mg2+ and Chelation of Adenylates and PPi

Changes in subcellular [Mg2+] have significance in establishing the approximate
distribution of ATP and ADP among the Mg-free and Mg-complexed forms. For instance,
certain kinases, e.g., pyruvate kinase or phosphoglycerate kinase, that use ADP to produce
ATP in the process of substrate phosphorylation, react with MgADP rather than ADP
as their substrate [53,103]. Under low [Mg2+], these reactions will be limited because of
shortages of MgADP and an excess of free ADP, which likely acts as inhibitor. On the other
hand, the MgADP complex will be sensitive to changes in concentrations of Mg2+ and
total ADP, both of which change reciprocally with changes in total ATP. In some instances,
MgADP can act as an inhibitor, as is the case for several MgATP-utilizing enzymes in
the cytosol which are competitively inhibited by MgADP [63,104]. For these enzymes to
operate effectively, it is very important that cytosolic [Mg2+] is maintained at low levels,
which implies that MgADP will also be low. Under hypoxia or anoxia conditions, however,
cytosolic [Mg2+] markedly increases, which leads to increases in [MgADP], which may
affect hexokinase activity, and thus glycolysis [105]. Additionally, changes in cytosolic
[Mg2+] may impact protein kinase activities and subsequent signal transduction. Mg2+

plays an important role in the ATP binding in the active site of the kinase and facilitates
phosphoryl transfer reactions [106].

PPi, an alternative (to ATP) energy currency, is produced mainly during fatty acid
and amino acid activation for the degradation of fatty acids and for protein synthesis,
respectively, and during nucleic acids synthesis [107]. Important additional sources of PPi
are various pyrophosphorylases which, in addition to PPi, produce a variety of nucleotide
sugars (e.g., UDP-glucose). In all these reactions, a subsequent hydrolysis of PPi into two
Pi molecules by a pyrophosphatase (PPase) [108,109] or PPi removal by other PPi-utilizing
enzymes [44] drives the overall metabolism toward the activated substrate formation.

PPi can be used as an energy source instead of ATP, when the latter supply is low and
when cytosolic [Mg2+] increases, as in anoxia/hypoxia. In such cases, PPi is frequently used
as a substrate, as MgPPi, rather than free PPi (Figure 1B), as in the reaction of PPi-dependent
phosphofructokinase [110]; free PPi acts as the inhibitor of this enzyme [111]. The vacuolar
H+-PPase uses Mg2PPi (Figure 1B) as its substrate [112,113] and is allosterically activated
by Mg2+ [114]. This means that the PPase needs an increased [Mg2+] for its optimal
operation, providing a link to the hypoxic metabolism characterized by Mg2+ release upon
the decrease in ATP production [50]. Another example of the different requirements for
Mg2+ is provided for several aminoacyl-tRNA synthetases, key activities producing direct
precursors for protein synthesis. In their reverse reaction (pyrophosphorolysis), one group
of aminoacyl-tRNA synthetases uses MgPPi and the other prefers Mg2PPi [115], implying
that they will be fully active only at specific (and different) Mg2+ concentrations. MgPPi
serves also as a substrate for non-proton pumping PPases [116,117] and several other
PPi-utilizing enzymes [42,50,109].

Stability constant for formation of MgPPi is much lower than that for MgATP (KMgPPi

of 1.2 mM−1 vs. KMgATP of 73 mM−1) [15]; therefore, this implies that MgPPi-utilizing
enzymes will operate effectively only at a relatively high [Mg2+], and even small changes
in intracellular [Mg2+] (below ca. 0.7 mM) may have significant effect on the MgPPi
availability (Figure 1B). Excess of PPi, however, can be lethal, disrupting metabolic path-
ways. In Arabidopsis plants impaired in cytosolic pyrophosphatase, the accumulated PPi
inhibited UDP-glucose formation by UGPase [118]. It is unknown whether it is free or
Mg-chelated PPi acting as the UGPase inhibitor, but the free PPi appears to be a better
candidate, given the low [Mg2+] in the cytosol. UDP-glucose is a key direct or indirect
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precursor to myriads of glycosylation reactions, including the formation of sucrose, starch,
but also cellulose, hemicellulose, glycoproteins, and many other carbohydrate-containing
end-products [119,120]. All these pathways may, thus, be affected by fine changes in
cytosolic [Mg2+].

9.2. Mg2+ as a Regulator of Enzymatic Activities

Earlier, we have identified several reactions involved in carbohydrate synthesis that
require magnesium either via complexation with NTP to form MgNTP, a true substrate,
or as an effector of a given enzyme (i.e., stimulating or inhibiting a given activity). These
reactions included, among others, several NDP-sugar producing pyrophosphorylases
and sucrose synthase (SuSy) (for details see ref [42]). The pyrophosphorylases produce
nucleotide sugars, which are substrates for glycosylation reactions, whereas SuSy is in-
volved in the metabolism of sucrose, a soluble sugar [120]. Mg2+ activates SuSy toward
UDP-Glc production and it inhibits the reverse reaction (sucrose formation) [121]. Stim-
ulation by Mg2+ was also found for the activity of phosphorylated (soluble), but not for
non-phosphorylated (membrane-bound) SuSy [122], suggesting that Mg2+ affects sucrose
breakdown (soluble SuSy), but not cellulose synthesis (membrane-bound SuSy).

The apparent control exerted by Mg2+ over carbohydrate metabolism strongly sug-
gests a dual role of AK and NDPK in this process. Firstly, AK and NDPK produce nu-
cleoside triphosphates as substrates for the pyrophosphorylase reactions; this happens
either directly (production of MgATP by AK) or indirectly (production of MgUTP, MgGTP
and MgCTP) by linking AK activity, via NDPK, with kinases of uridylate, guanylate, and
cytidylate metabolism [42]. The second role of AK (and possibly of NDPK) is its control of
[Mg2+], which acts as a substrate (complexed with NTP) for the pyrophosphorylases and
as an effector for both pyrophosphorylases and SuSy [42].

Among many other examples of control exerted by magnesium [17,49–51,55,62], an
important case is the functioning of ribozymes [123], in particular in the process of pro-
tein synthesis on ribosomes. Most of the studies in this area have been performed in
prokaryotes. As we mentioned earlier, aminoacyl-tRNA synthetases belong to two groups
with different requirements for Mg2+ [115]. In fact, four types of dependencies on Mg2+

were observed in these two groups. The class I synthetases require only one Mg2+ for the
activation reaction (in MgATP), while the class II synthetases require three Mg2+ ions (one
in MgATP and two in Mg2PPi). In class II synthetases, both MgPPi and Mg2PPi participate
in the pyrophosphorolysis of the aminoacyl adenylate, but some of them show a better fit
if Mg2PPi reacts and others when only MgPPi but not Mg2PPi is used in the pyrophospho-
rolysis. The data for eukaryotic and, in particular, plant enzymes participating in protein
synthesis are quite limited; however, the key role of Mg2+ has been shown during splicing
for the functioning of spliceosome [124].

Aside from the examples presented above, magnesium is also essential for DNA
replication and for transcription. Most of the enzymes involved in these processes require
Mg either chelated to NTP (which then acts as substrate) or acting as an effector. Crystal
structures of DNA polymerases, involved both in replicating DNA and in DNA repair,
revealed a crucial role of Mg ions in faithfully positioning a given nucleotide in the active
site of the enzyme and promoting phosphoryl transfer [125]. A similar role for Mg was
found for RNA polymerase [126]. Biologically active structures of both DNA and RNA are
stabilized by Mg [127].

9.3. Mg2+ Regulates Energy Metabolism, Adenylate Transport, and Allosteric Regulation

Earlier, we summarized effects of different ratios of adenylate species, both free and
Mg-complexed, on metabolism, along with formulas for the calculation of adenylate ratios
upon AK equilibrium [62]. Thus, the MgATP/MgADP ratio reflects anabolism-driving po-
tential; ATPfree/ADPfree adenylate translocation potential; and MgATP/AMPfree allosteric
regulation driving potential. Numerous enzymes are regulated by the MgATP/MgADP
ratio, while adenylates are translocated via membranes as free species, and free AMP
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and/or free ADP operate in cell metabolism as allosteric effectors [17,55]. The set of free
and Mg-bound adenylates plus free magnesium, reflecting the real energy charge of the
cell, is established in cell compartments depending on the metabolic fluxes of synthesis and
utilization of adenosine phosphates within the pool of total adenylates and magnesium.

Transporters for Mg2+ and adenylates in all kinds of membranes (Figures 3 and 4)
are most likely involved in Mg2+-signaling simply by regulating the intracellular con-
centrations of Mg-free and Mg-chelated adenylates, which are equilibrated by AK. The
Mg2+ transporters are perhaps even more important, because there must be an upper
limit to [Mg2+] in a given metabolically active cellular compartment to prevent Mg2+ toxic
effects. On the other hand, excess of Mg2+ may have some beneficial effects under specific
stress conditions, e.g., in alleviating the sensitivity of plants to salinity (see below) [117].
Additionally, because adenylates are transported as Mg-free species [100], the [Mg2+] on
both sides of a given membrane must have a crucial effect on the rates of the translocation.

It has been proposed that differences in intracellular [Mg2+] between cytosol and
mitochondria are the key factor in the regulation of cell respiration [63,67]. It was shown
that, in heterotrophic sycamore (Acer pseudoplatanus L.) cells, ADP is less complexed with
Mg2+ in the cytosol than in mitochondrial matrix due to a low [Mg2+] in the cytosol,
while ATP is mostly complexed by Mg2+ in both compartments. Depletion of Mg2+ (after
growth on Mg-free media) increases free ADP concentration in the cytosol and matrix,
leading to a decrease in coupled respiration and a suppression of cell growth. The [Mg2+]
established under the control of AK mediates the ADP/ATP exchange between the cytosol
and matrix, MgADP-dependent mitochondrial ATP synthase activity, and cytosolic free
ADP homeostasis [67].

Marked changes in [Mg2+] also accompany the so-called induction phase of photo-
synthesis, reflecting an early response of the photosynthetic apparatus to dark-to-light
transitions [55,128]. The buildup of ATP upon illumination causes the depletion of Mg2+

to very low values, initially equilibrated by AK to the level of ~0.2 mM in chloroplasts
and cytosol. Then, in the course of transition to steady-state photosynthesis, chloroplastic
[Mg2+] increases to 1–3 mM upon the involvement of mitochondria in the reoxidation of
photosynthetically formed redox equivalents via the malate valve [55]. The estimation
of intracellular [Mg2+] during photosynthetic induction and steady-state photosynthesis
was possible because of the data on total adenylate contents obtained by rapid fraction-
ation of protoplasts [129–131]. The phenomenon of photosynthetic induction, which is
characterized by the delay of photosynthesis upon illumination, can be also partly ex-
plained by the depletion of Mg2+, affecting the activity of essential photosynthetic and
respiratory enzymes.

AK controls the concentration of AMP, which serves as a cofactor of the mammalian
and yeast AMP-activated protein kinase (AMPK), which in turn plays a central role in the
regulation of energy metabolism [132]. Plants contain SnRK1 protein, which is an ortholog
of AMPK [133]. Although free AMP allosterically activates AMPK, Mg2+ may participate
in the catalytic mechanism of this enzyme as an indispensable cofactor [134,135]. The
energy status of a cell regulates AMPK activity in a complex way, which involves tighter
binding of AMPfree than of ADPfree and of Mg-bound nucleotides [136], while Mg2+ likely
exerts a regulatory role on the enzyme. Even at high [Mg2+], most AMP exists in a free
form (Figure 1A), and thus AMPK can be efficiently activated by AMP upon wide ranges
of [Mg2+]. The interplay between AMP release, free Mg, and ATP production needs further
investigation, in particular for plant SnRK1.

9.4. [Mg2+] under Anoxia

Under normal conditions, ATP (and other nucleoside triphosphates) is tightly bound
to magnesium, thus contributing to a relatively low [Mg2+] status. Under stress conditions,
however, there is frequently an increase in [Mg2+] and other divalent cations, including
Ca2+, reflecting lower levels of ATP produced in stressed tissues. This happens especially
during anoxia (lack of oxygen), when mitochondrial oxidative phosphorylation is not
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working, and most energy can be acquired only via glycolysis. Under these conditions,
the increased [Mg2+] leads to the activation of Mg2+-requiring enzymes and redirects the
energy metabolism from ATP to PPi-utilization [50].

The decrease in ATP production and the subsequent release of Mg2+ under anoxia
make PPi an efficient alternative energy currency. Mg2+ can bind to PPi in two ways—as
MgPPi and Mg2PPi (Figure 1B)—and it does so at a higher concentration than with ATP.
The ratio between PPi, MgPPi and Mg2PPi is under pH control [15]. Proton pumping
vacuolar PPase uses Mg2PPi as a substrate and thus becomes active under oxygen defi-
ciency [112,113]. Other enzymes active under anoxia use Mg-complexed substrates which
bind magnesium weakly, such as phosphoenolpyruvate (PEP) or isocitrate [15]—thus, the
[Mg2+] parameter is critical for their operation. The importance of PEP turnover under
anoxia is determined by the availability of Mg2+, and this metabolite is directly involved
in the production of PPi. Under anoxia, the formation of PPi by “coupled” reactions of
pyruvate phosphate dikinase and pyruvate kinase supports glycolysis under conditions
of low [ATP] [50,137]. Another important protein, nitrate reductase, is upregulated under
oxygen deficiency, whose activity is controlled by phosphorylation, in a process mediated
by Mg2+ and 14-3-3 proteins [138].

9.5. Magnesium versus Calcium, Sodium and Aluminum

Changes in [Mg2+] as a feedback of the equilibrium governed by AK (and perhaps
also NDPK and other nucleotide kinases) result in corresponding changes in internal [Ca2+]
due to the chelation of Ca2+ with nucleotides to nearly the same extent as with Mg2+.
Magnesium allosterically activates Ca2+ binding to calmodulin, with the latter regulating
target proteins in response to sub-micromolar changes in [Ca2+] [139]. In turn, changes in
[Ca2+] in a given compartment can modulate internal [Mg2+], in a millimolar range [42,140].
Ca2+ is chelated by adenine nucleotides to nearly the same extent as Mg2+ [141]; therefore,
the intracellular [Ca2+] is controlled by the AK equilibrium and that of other nucleoside
kinases [142]. This keeps the ratio of [Ca2+]/[Catotal] at the same level as [Mg2+]/[Mgtotal]
despite the fact that the total concentration of Ca2+ is a few orders of magnitude lower than
that of magnesium [142,143]. The release of Mg2+ when ATP level drops corresponds to an
increase in internal Ca2+ [144].

In the IMS of mitochondria, the increase in [Ca2+] that accompanies Mg2+ release
subsequently leads to the activation of multiple Ca2+-regulated enzymes. These enzymes in-
clude the external NADPH and NADH dehydrogenases of mitochondria, internal NADPH
dehydrogenase of mitochondria [145], NAD kinase of the IMS of mitochondria [146], glu-
tamate decarboxylase, cysteine proteases (calpain), Ca/phospholipid-dependent protein
kinases, etc. [140]. Mg2+ counteracts with Ca2+ in the regulation of guard cell opening [147].

High [Mg2+] is known to ease saline (NaCl) stress [148,149]. Interestingly, salinity (NaCl)
stress was reported to affect, in a tissue-dependent manner, the ratio of AK/NDPK [150]. This
suggested that, under Na+ excess, different tissues fine-tune their levels of nucleotides to
cope with new metabolic requirements. It is possible that internal Mg2+ may be involved
in these rearrangements, because [Na+] is known to affect [Mg2+], and vice versa [117].
Na+ has been reported to displace binding of Mg2+ to several enzymes which specifically
require Mg for activity [148].

In rice, sorghum, and several other species, even a relatively low cytosolic [Mg2+] can
ameliorate toxic effects of aluminum ions (Al3+). For instance, the activity of the plasma
membrane MGT1 transporter in rice increases upon Al addition to the roots, to prevent the
Al-dependent inhibition of root elongation [151]. Both Al3+ and Mg2+ ions are believed
to compete in binding to various cellular components, including the cell wall and plasma
membrane [151]. Mg-dependent processes have also been implicated in an increase in
organic acids, e.g., citrate, which is involved in alleviating Al toxicity by exudation, or in
controlling cytosolic pH via regulating H+–ATPase activity [2,68].
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9.6. Summary of Mg2+ Signaling in Plants

As outlined in Figure 5, ATP is synthesized via the oxidative and photosynthetic
phosphorylation in mitochondria and chloroplasts, respectively, which is a consequence of
electron transport activity and the generation of membrane potential (∆µH+) [12,17,62]. The
AK then equilibrates adenylates and establishes [Mg2+] in cell compartments. Mg2+, in turn,
regulates Mg-dependent enzymes and controls activities of adenylate transporters, which
use free adenylates [100]. The Mg-dependent enzymes have a direct impact on various
biochemical reactions and physiological processes, including the regulation of transcription
and translation [125], photosynthesis and respiration [12,17,50,51,55,62], polysaccharide
synthesis [42], and eventually affecting overall growth and development (see ref 49 and
references therein). The operation of electron transport chain (ETC), ATP synthases and AK
is itself under the feedback control of free Mg2+ concentration (shown by dotted arrows in
Figure 5).

Figure 5. A simplified view of the Mg2+ role as enzyme substrate/cofactor and as a signal arising
from adenylate pools. Abbreviations: AK, adenylate kinase; ∆µH+, membrane electrochemical
potential; ETC, electron transport chain. Red dotted arrows refer to feedback control by Mg2+.

10. Does AK Control Mg2+ Signaling in Other Organisms?

Although in this review we focused on plants, we are confident that Mg2+ signaling
resulting from AK equilibrium and equilibria of related nucleotide-metabolizing enzymes
is operating in all types of organisms. AK is an ancient enzyme which is widespread in all
three kingdoms of life—archaea, bacteria, and eukarya [152]—and we are not aware of any
group of organisms lacking AK activity. Even though the first determination of adenylate-
related changes in internal [Mg2+], based on AK Kapp, was done for blood erythrocytes [53],
those studies were not followed up by experimental nor theoretical research focused on
AK-control of cellular [Mg2+] in animals. While it is unknown whether AKs in other
organisms have as prominent a role in Mg2+ signaling as in plant cells, those AKs, by
definition, are certainly involved in adenylate equilibrium and, perhaps, in equilibrating
other nucleotides. The latter property was shown, for example, for Escherichia coli AK,
which was found to have a bifunctional role as both AK and NDPK [43]. AKs equilibrate
the nucleotide pools, therefore the resulting changes of [Mg2+] can be regarded as an
unavoidable consequence of this equilibrium.

More studies, both experimental and theoretical, are required to assess the AK-
controlled Mg2+ signaling in different organisms, both eukaryotic and prokaryotic. This
should also take into account organ- or organism-specific types of metabolism. For instance,
the essential differences in plant and animal metabolism are partially grounded in the
aspects of nucleotide equilibria, which in many animal cell types are under the buffering
control of creatine kinase reaction, which is enzymatically “coupled” with that of AK., e.g.,
as in a muscle. In the process, creatine kinase converts ADP back to ATP, assuring fast and
active energy conversion. This coupling in animal cells pushes ATP/ADP ratios to high
values, affects adenylate translocation and keeps Mg2+ at low levels [153]. The equilibrium
constant of creatine kinase, considering its dependence on pH and other parameters, en-
ables the calculation of free and Mg-bound adenylates, and performing the quantification
of organ and tissue bioenergetics [154].
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11. Conclusions

The most obvious and basic case of magnesium signaling is the increase in [Mg2+]
upon the decrease in energy charge [55]. It results in the increase in [Mg2+] from the
sub-millimolar to millimolar values in cell compartments, which leads to the regulation
of many Mg-dependent enzymes and affects the operation of adenylate transporters. The
release of Mg2+ occurs via the action of AK and triggers many processes that are regulated
by [Mg2+], including the rate of photosynthesis, respiration, polysaccharide synthesis,
stomatal opening, etc. The concentrations of other essential cations, such as Ca2+, Mn2+

or K+ [56], are also dependent on AK equilibrium as well as on equilibria of some other
enzymes using nucleotides as substrates. The whole cellular metallome [155] depends
on the balance of free and cation-bound nucleotides. Binding constants of metals with
adenylates and other compounds depend on changes of [H+], which is a feedback signal
of the equilibrium of pyridine nucleotides [14,156]. The interplay between redox and
energy transformations triggers many signaling events (e.g., Mg2+-, sugar- and Ca2+-
signaling, among others) [140,157,158] that initiate and regulate growth and development.
Nucleotides represent the core of this signaling system, and their equilibria determine
its stable and predictable operation that can be computed in the plant metabolomics
framework [17]. The role of thermodynamic buffering (and adenylate equilibrium in
particular) is also becoming evident in the evolutionary context [49,159].

The unique role of AK is related to its fast equilibration of adenylates and, as it is
now apparent, affecting [Mg2+] as a feedback signal. By means of this equilibration, AK
monitors and integrates different signals to ensure energy homeostasis in response to a
broad range of challenges. It acts as a powerful thermodynamic buffer enzyme [48] that
optimizes energy metabolism and maintains the stable and continuous operation of MgATP
synthesis and consumption. It is a unique hub regulating [AMP], which itself serves as
allosteric effector of essential reactions of cellular metabolism [20,21]. It appears now that
AK is also at the heart of Mg2+ signaling. The protein that at one time was considered as
just a housekeeping enzyme has indeed come a long way.
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Abbreviations

AEC Adenylate energy charge
AK Adenylate kinase
AMPK AMP-activated protein kinase
CBL Calcineurin B-like protein
CIPK CBL-interacting protein kinase
ER Endoplasmic reticulum
IMS Intermembrane space
Kapp Apparent equilibrium constant
Ktrue True equilibrium constant
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MGT Magnesium translocator
NDP Nucleoside diphosphate
NMP Nucleoside monophosphate
NTP Nucleoside triphosphate
NDPK Nucleoside diphosphate kinase
Pi Inorganic phosphate
PPase Pyrophosphatase
PPi Inorganic pyrophosphate
SuSy Sucrose synthase
UGPase UDP-glucose pyrophosphorylase
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Abstract: Nitrogen is a major determinant of plant growth and productivity and the ability of
legumes to form a symbiotic relationship with nitrogen-fixing rhizobia bacteria allows legumes
to exploit nitrogen-poor niches in the biosphere. But hosting nitrogen-fixing bacteria comes with
a metabolic cost, and the process requires regulation. The symbiosis is regulated through three
signal transduction pathways: in response to available nitrogen, at the initiation of contact between
the organisms, and during the development of the nodules that will host the rhizobia. Here we
provide an overview of our knowledge of how the three signaling pathways operate in space and
time, and what we know about the cross-talk between symbiotic signaling for nodule initiation
and organogenesis, nitrate dependent signaling, and autoregulation of nodulation. Identification of
common components and points of intersection suggest directions for research on the fine-tuning of
the plant’s response to rhizobia.

Keywords: autoregulation of nodulation; nodulation; nitrogen response in nodulation; Medicago
truncatula

1. Introduction

Nitrogen (N) is a major determinant of plant growth and productivity. In addition, N
is required as a constituent of nitric oxide (NO) and polyamines that influence constitutive
and induced plant defense [1]. While N is the most abundant gas in the atmosphere, it is
unusable as a direct source of plant nutrients because of the inability of plants and most
organisms to enzymatically break the triple bond of N2 and convert it into the main forms
that plant roots can take up: NO3

- and NH4
+. Thus, N as a plant nutrient must be obtained

from decomposition products in the soil or added to soil in plant-absorbable forms.
The largest natural source of N input to the biosphere is biological nitrogen fixation,

adding approximately 50–70 Tg of N globally to agricultural systems [2]. Biological nitrogen
fixation is the conversion of N2 to NH3 catalyzed by nitrogenase enzyme in diazotrophs.
These diazotrophs are both free-living and in symbiotic associations between plants and
nitrogen-fixing bacteria (legume-rhizobia, Azolla-cyanobacteria, nonlegume-Frankia). A
smaller amount of N input to the biosphere is contributed by nitrates in the rainwater and
by organic nitrogen through manure. Non-legume plants take up on average 20–50 g of
N per1 Kg of dry biomass produced [3]. In contrast, soybean, a widely cultivated legume
for human consumption and animal feed, grown in unfertilized soil contains 55–70% of
fixed nitrogen in its aboveground parts during the nodulation period [4]. Thus, symbiotic
nitrogen fixation (SNF) is of intense interest as an alternative to chemical fertilizer. Because
only a small proportion of commercial legume crop production relies on biological nitrogen
fixation, a better understanding of the legume-rhizobia symbiosis could enable the efficient
use of the natural process of SNF and reduce dependence on chemical N fertilizer.

SNF is the result of a mutualistic interaction between a compatible plant and dia-
zotrophs in which the plant provides a niche and fixed carbon to bacteria in exchange
for fixed nitrogen. The plant family Fabaceae (Legumes) is the third-largest family of
flowering plants consisting of ~19,000 known species, 88% of which form nitrogen-fixing
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root nodules in symbiosis with rhizobia [5]. Legumes are commonly cultivated as food
crops, forage, or green manure; Glycine max (soybean), Phaseolus vulgaris (bean), Arachis
hypogaea (peanut), Medicago sativa (alfalfa) are just a few among many cultivated legumes.
Combined with two legumes adopted as model systems, Medicago truncatula and Lotus
japonicus, genetic studies have led to a wealth of information on the signaling involved in
establishing and regulating nodule development [6]. This review addresses two systemic
pathways, autoregulation of nodulation (AON), which involve control of nodule numbers
in response to the establishment of symbiosis, the systemic pathway that controls nodule
number in response to available soil nitrogen and addresses what is known about how
the two systemic pathways interact with the local pathway for the initiation of nodules.
The cross-talk between initiation of nodulation pathways and the inhibitory pathways
to prevent excess nodulation occurring at the same time results in a complex array and
intertwining of signals that are just beginning to be understood and appreciated.

2. Signaling to Initiate and Form Symbiotic Nodules

Legumes like M. truncatula, M. sativa, and Pisum sativum form indeterminate nodules
(contain persistent meristem resulting in cylindrical shaped nodules), whereas legumes
like Lotus japonicus, Glycine max, and Phaseolus vulgaris form determinate nodules (spherical
nodules lacking persistent meristem) [7]. The indeterminate nodules formed by M. truncat-
ula are initiated from the inner cortex next to xylem poles, and at maturity, the meristem
continues to produce new cells that are eventually infected, resulting in five developmental
zones within a nodule. Named as follows, from the distal to proximal end of a nodule,
they are (i) the meristematic zone followed by (ii) the invasion zone-characterized by ac-
tively growing infection threads, (iii) the interzone-consisting of differentiating bacteroids,
(iv) the N-fixing zone-the site of mature bacteroids in the symbiosomes that fix nitrogen,
and (v) the senescence zone- containing old degrading symbiosome [7]. In contrast, de-
terminate nodules are initiated from cell division in the outer cortex; at maturity, nodules
contain a relatively homozygous bacteroid population for nitrogen fixation and the nodules
senesce within a few weeks of initiation [7]. Both nodule types contain leghemoglobin,
providing pink coloration to nodules, which creates a near-anoxic environment in the
nodule for nitrogen fixation by the oxygen intolerant nitrogenase enzyme [8]. Despite
the differences in nodule type, M. truncatula and L. japonicus share many known genetic
components involved in nodule formation and autoregulation of nodulation and are used
as models for their respective nodulation types. The following summary focuses on M.
truncatula (Mt) nodulation for simplicity, referring to L. japonicus (Lj) or other legumes G.
max (Gm) and P. vulagaris (Pv) only where knowledge from the system has been applied to
bridge the gap in knowledge in M. truncatula or the well-documented difference in between
the two systems is considered important for this review.

2.1. Symbiotic Partner Selection

The legume-rhizobia symbiosis for both models relies on chemical communication
between the plant and the microbe. The communication starts as plant roots constitu-
tively secrete specific flavonoids, which act as signals to rhizobia, inducing the production
of rhizobial nodulation factors (Nod factors) [9,10] (Figure 1). Nod factors are lipochi-
tooligosaccharides decorated by different substituents like methyl, fucosyl, acetyl, etc.,
giving them unique chemical structures [11,12]. The recognition of specific Nod factors by
specific receptors in plants is the major determinant of host-rhizobia specificity [11].

84



Int. J. Mol. Sci. 2021, 22, 1117

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 3 of 15 
 

 

them unique chemical structures [11,12]. The recognition of specific Nod factors by spe-
cific receptors in plants is the major determinant of host-rhizobia specificity [11]. 

 
Figure 1. Early symbiotic signaling in epidermis and cortex during nodulation. Nod factor signaling: (1) the process starts 
with Nod factor signaling initiated by plants by producing flavonoids that attract rhizobia. Rhizobia produce Nod factors 
that bind to root hair receptors (MtNFP and MtLYK3), initiating the intracellular signaling cascade in the nucleus described 
in the text. Nuclear signaling leads to altered ion fluxes resulting in root hair curling (2). Simultaneously, Ca2+ spiking 
activates MtNIN through activation of a series of transcription factors; expression of early nodulin (ENOD) genes, such as 
ENOD11 and ENOD12, facilitates infection thread progression (3). MtNIN also induces the expression of two small pep-
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mal cells. Two forms of LysM receptor-like kinases play a role: MtLYK3/MtLYK4 [13] and 
MtNFP (NOD FACTOR PERCEPTION) [14,15]. Downstream of NF perception, three 
members of the MtCNGC15 family (CYCLIC NUCLEOTIDE GATED CHANNEL): 
CNGC15a, CNGC15b, and CNGC15c, form a complex with the potassium gated ion chan-
nel MtDMI1 (DOES NOT MAKE INFECTION 1) in the nuclear envelope to modulate nu-
clear calcium release [16]. The resulting calcium oscillation initiates a nuclear signaling 
cascade. The first step is the activation of the nuclear-localized calcium and calmodulin-
dependent serine/threonine kinase MtDMI3 [17,18]. The Ca2+ influx and Cl- and K+ efflux 
also results in cytoskeletal changes leading to root hair curling and entrapping of bacteria 
to form nodulation foci (Figure 1) (see Roy et al. [6] for review of genes involved in cyto-
skeletal changes described below).  

For successful nitrogen-fixing nodules, rhizobia must reach the newly divided corti-
cal cells that eventually develop into a nodule (discussed in nodule organogenesis section 
below). Rhizobia trapped in the root hair curl enter the cell by the degradation of the cell 
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Figure 1. Early symbiotic signaling in epidermis and cortex during nodulation. Nod factor signaling: (1) the process starts
with Nod factor signaling initiated by plants by producing flavonoids that attract rhizobia. Rhizobia produce Nod factors
that bind to root hair receptors (MtNFP and MtLYK3), initiating the intracellular signaling cascade in the nucleus described
in the text. Nuclear signaling leads to altered ion fluxes resulting in root hair curling (2). Simultaneously, Ca2+ spiking
activates MtNIN through activation of a series of transcription factors; expression of early nodulin (ENOD) genes, such
as ENOD11 and ENOD12, facilitates infection thread progression (3). MtNIN also induces the expression of two small
peptides, MtCEP7 and MtCLE13. Cytokinin signaling through MtCRE1 mediates MtNIN, MtNF-Y, and MtERN production
in the cortex, which upregulates ENOD expression leading to cortical cell division; (4) and nodule organogenesis (see text
for details).

2.2. Early Symbiotic Signaling

Nod factors (NFs) are perceived by LysM receptor-like kinases (LYKs) in root epider-
mal cells. Two forms of LysM receptor-like kinases play a role: MtLYK3/MtLYK4 [13] and
MtNFP (NOD FACTOR PERCEPTION) [14,15]. Downstream of NF perception, three mem-
bers of the MtCNGC15 family (CYCLIC NUCLEOTIDE GATED CHANNEL): CNGC15a,
CNGC15b, and CNGC15c, form a complex with the potassium gated ion channel MtDMI1
(DOES NOT MAKE INFECTION 1) in the nuclear envelope to modulate nuclear calcium
release [16]. The resulting calcium oscillation initiates a nuclear signaling cascade. The
first step is the activation of the nuclear-localized calcium and calmodulin-dependent
serine/threonine kinase MtDMI3 [17,18]. The Ca2+ influx and Cl- and K+ efflux also results
in cytoskeletal changes leading to root hair curling and entrapping of bacteria to form
nodulation foci (Figure 1) (see Roy et al. [6] for review of genes involved in cytoskeletal
changes described below).

For successful nitrogen-fixing nodules, rhizobia must reach the newly divided cortical
cells that eventually develop into a nodule (discussed in nodule organogenesis section
below). Rhizobia trapped in the root hair curl enter the cell by the degradation of the
cell wall and move through the root hair epidermal cell into the cortex by invagination of
plasma membrane forming infection thread. The formation of an infection thread requires
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the expression of early nodulin genes and is facilitated by transcription factor signaling in
the epidermal root hair cell nucleus (Figure 1). The MtDMI3 protein, activated by calcium
spiking, binds to the transcription factor MtIPD3 (INTERACTING PROTEIN OF DMI3) [19]
(CCaMK-CYCLOPS in Lotus japonicus) and activates it by phosphorylation [20]. A mutant
of MtDMI3, dmi3-1, results in plants that fail to produce infection threads and cortical cell
division, leading to an absence of nodulation phenotype [21]. In contrast, ipd3-1 mutant
plants have delayed, defective infection threads, and nodulation is delayed, eventually
forming non-infected nodules [22]. Interestingly, MtIPD3L (IPD3-LIKE) gene expression
under the MtIPD3 promoter rescued the ipd3-2 mutant phenotype, showing a functional
redundancy between the genes, but ipd3l mutants make normal infection threads and wild
type nodules, while the ipd3l ipd3-2 double mutant phenocopies dmi3-1 [23].

The two GRAS family transcription factors MtNSP1 and MtNSP2 (NODULATION
SIGNALLING PATHWAY) are also required for nodulation [24,25] and work as homod-
imers [26]. Null mutants of MtNSP1 or MtNSP2 are non-nodulating, whereas a weak allele
of MtNSP2 harboring a non-conservative single amino acid change results in plants with
small white nodules [24,25]. MtDELLA, a negative regulator of gibberellic acid signaling,
controls rhizobial infection and nodule number potentially by linking the MtDMI3-MtIPD3
and MtNSP2-MtNSP1 complexes, forming a bridge between MtIPD3 and MtNSP2 [27].
Mutants of MtDELLA1, MtDELLA2, and MtDELLA3 have reduced nodule numbers and
nodule density compared to wild type [28]. Cytokinin also regulates rhizobial infection
and nodule primordia formation in multiple ways. The transcription factor MtKNOX3
(KNOTTED-1 LIKE HOMEOBOX3) is upregulated during nodule initiation, and knock-
down of MtKNOX3 causes downregulation of type A cytokinin response genes [29]. Since
MtKNOX3 binds to the promoters of the LONELY GUY genes MtLOG1 and MtLOG2, as well
as MtIPT3 (ISOPENTYL TRANSFERASE 3), MtKNOX3 may increase cytokinin synthesis in
developing nodules [30]. The type-B Response Regulator (MtRRB3), another transcription
factor involved in cytokinin signaling, interacts with and trans-activates MtNSP2 and
Cell Cycle Switch 52A (MtCCS52A), supported by the observation that rrb3 mutants form
a lower number of infection threads and nodules [31]. The symbiotic pathway can be
independently activated by MtDMI3-MtIPD3, MtNSP1-MtNSP2 and MtDMI3-MtIPD3-
MtDELLA-MtNSP1-MtNSP2 complexes by upregulating expression of the transcription
factor MtNIN (NODULE INCEPTION) [26,27,32].

Genetically positioned downstream of NIN, other transcription factors also act in
the pathway, including Nuclear Factor Y consisting of a heterotrimeric complex of NF-
YA, NF-YB, and NF-YC, and ERN1 (ETHYLENE RESPONSE FACTOR REQUIRED FOR
NODULATION 1) and ERN2 (Figure 1 and reviewed by Roy et al. [6]). MtNIN and
MtERN1 control the expression of cell wall-associated MtENOD11 (EARLY NODULIN 11)
and MtENOD12, which are critical for infection thread development [33]. Furthermore,
MtENOD11 transcription is abolished in the ern1 mutant [34], and upregulation of rhizobia-
dependent MtENOD11 is absent in nfp, dmi1, dmi2, dmi3, nsp1, and nsp2 mutants [35],
establishing early nodulin gene expression as crucial in symbiosis. Interestingly, as shown
in Figure 1, MtNIN expression (dependent on cytokinin signaling through the MtCRE1
receptor) is sufficient to induce expression of two small peptides in the root epidermis:
MtCEP7-involved in nodulation and MtCLE13-involved in inhibition of nodulation soon
after rhizobial inoculation (detected at 4 h post-inoculation) and then later in the nodule
primordia (4 days post-inoculation) [36].

Recently, chromatin remodeling has been preliminarily shown to be critical to the
development of nodule primordia. In a report on bioRxiv, the Bisseling lab suggests M.
truncatula histone deacetylases (MtHDTs) are required in nodule primordia, based on
conditional RNAi [37]. However, this requirement appears to be because of the effect of
reduced MtHDTs on a single gene: MtHDTs positively regulate 3-hydroxy-3-methylglutaryl
coenzyme a reductase 1 (MtHMGR1) in a cell-autonomous manner [37]. The MtHMGR
genes encode enzymes that catalyze the rate-limiting step in a pathway that synthesizes
precursors to multiple plant hormones, including cytokinin, brassinosteriods, gibberellin,
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and abscisic acid [38] and M. truncatula plants carrying mutations in HMGR1 do not initiate
calcium spiking or form nodules [39].

2.3. Nodule Initiation and Organogenesis

Nodule organogenesis includes both bacterial colonization to form symbiosomes and
the autoregulation of nodulation to control nodule number, which occurs simultaneously
with the cell division leading to the development of the nodule as a visible root organ [6]. A
gain of function mutation in the L. japonicus HISTIDINE KINASE gene (LjLHK1, a cytokinin
receptor corresponding to M. truncatula MtCRE1) results in spontaneous nodule formation
even in the absence of rhizobia, whereas loss of function mutation in the same gene causes
hyperinfection and failure to timely initiate nodule primordia after rhizobia inoculation,
indicating cytokinin signaling through LjLHK1 is sufficient for cell division leading to
nodule development [40–42]. MtCRE1, the M. truncatula equivalent of LjLHK1, functions
in the initial cortical cell division and later in the transition between meristematic and
differentiation zones of the mature nodule [43]. MtCRE1 signaling also activates the
downstream nodulation-related transcription factors MtERN1, MtNSP2, and MtNIN, as
well as regulates the expression and accumulation of PINFORMED (MtPIN) auxin efflux
carriers [40,43]. Furthermore, MtNIN is also required for the cortical cell division and
progression of infection threads in cortical cells, as indicated by excessive nodulation foci
and infection threads, but the absence of cell division and nodule primordia in a MtNIN
promoter mutant lacking cis-regulatory cytokinin responsive elements [44]. Downstream
of MtNIN, similar signaling events as described above in early symbiotic signaling lead
to the activation of ENOD11 (EARLY NODULIN 11) (Figure 1). In addition, the MtNSP1-
MtNSP2 complex can bind directly to the ENOD11 promoter to enhance its expression [25].
Both MtERN1 and MtERN2 function in the epidermis for infection thread development,
whereas only MtERN1 is proposed to function in the cortex for nodule organogenesis.
The ern1 mutant displays limited root hair infection and cortical cell division, leading to
growth-arrested non-infected nodules [34], whereas ern2 (a mutant of MtERN2, a close
sequence homolog of MtERN1) forms prematurely senescing nitrogen-fixing nodules that
are partially defective in rhizobial colonization [45]. In contrast, ern1 ern2 double mutant
plants are impaired in root hair infection and do not display any symbiotic interactions,
leading to the proposal that only MtERN1 functions in nodule organogenesis [45]. In
addition to the role of transcription factors, nodule primordia formation in M. truncatula
requires a local accumulation of auxin at the site of nodule initiation in the inner cortex,
generated by inhibition of polar auxin transport (PAT) [46,47]. N signaling was recently
linked to root growth in Arabidopsis through phosphorylation/dephosphorylation of PINs
(auxin efflux carriers) [48], and this provides a way for PAT to be involved in both initiation
and inhibition of nodule formation.

3. Signaling to Inhibit Nodule Formation

While the legume-rhizobia symbiosis involves the plant providing carbon and a
niche for bacteria in exchange for nitrogen, the respiratory cost of a nodule associated
with nitrogenase activity is 2–3 g carbon per nodule, whereas the total respiratory cost
of nitrogen-fixing nodule is 3–5 g of carbon per nodule (or 6–12 g carbon per gram ni-
trogen) [49]. Increasing the number of nodules does not necessarily increase the total
amount of nitrogen fixed, as observed in mutants that make a higher number of nodules
(hypernodulating mutants) compared to wild type [50]. Thus, it is ecologically advanta-
geous for legumes to suppress nodulation and SNF in the presence of soil nitrogen, as
well as regulate the number of nodules formed according to the plant’s nitrogen require-
ments when growing in soil depleted of nitrogen. Two independent mechanisms exist for
regulating nodulation: (i) N dependent control of nodulation, and (ii) autoregulation of
nodulation (AON).
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3.1. Control of Nodulation Based on Nitrogen Need and Soil Availability

High levels of soil N suppress nodulation and inhibit nitrogen fixation in already
formed nodules rapidly after the addition of nitrogen fertilizer [51]. The response to soil
nitrate in plants is both local and systemic. Nitrate transporters have an important role in
nitrate sensing and nitrogen demand signaling in Arabidopsis (reviewed in [52]) but only
two members of the NITRATE TRANSPORTER 1 (NRT1)/PEPTIDE TRANSPORTER (PTR)
family have been studied in M. truncatula. Of the two, MtNPF6.8 affects nitrate-dependent
regulation of primary root growth via abscisic acid signaling, suggesting its role as a nitrate
sensor, whereas MtNPF1.7 is essential for nodule formation but does not have a known role
in N demand signaling [53]. Externally sourced high N leads to higher shoot concentrations
of N, resulting in increased shoot-to-root auxin transport in wild type, which is correlated
with the reduced lateral root density. In contrast, nodule density in response to external
N is not correlated to root-to-shoot auxin transport [54]. Two recent studies showed
that expression of a small peptide of the CLAVATA3 (CLV)/EMBRYO SURROUNDING
REGION (ESR)-RELATED (CLE) family in roots, MtCLE35, is induced in the presence
of high nitrate and by rhizobia (Figure 2a) [55,56]. The overexpression of MtCLE35 in
roots reduces the nodule number in wild type systemically, depending on the MtSUNN
receptor [55–57] demonstrated by the reduction of nodule number in non-transgenic roots
of composite plants harboring transgenic roots overexpressing MtCLE35 [55]. The MtCLE35
overexpression was unable to reduce nodule number in rdn1 mutant [56] suggesting
MtCLE35 requires a similar post-transcriptional modification as MtCLE12 [56,58].

High N reduces the accumulation of miR2111 in both the shoot and root of the plant,
and while MtCLE35 overexpression reduces the accumulation of miR2111 in both the
shoot and root, this accumulation is independent of external N availability, indicating
nitrate control of nodulation shares the miR2111-TML components of the AON pathway
of repression discussed in the next section [57]. Interestingly, the downregulation of
MtCLE35 using RNAi resulted in significant accumulation of miR2111 in the root but
repression of only the MtTML2 (TOO MUCH LOVE 2) transcript was observed [57]. Since
miR2111 can target both MtTML1 and MtTML2 [59], the repression of only MtTML2
combined with a partial but not complete bypass of N inhibition of nodulation by ectopic
expression of miR2111, suggests the possibility of an alternate pathway for N inhibition
or miR2111 independent differential post-transcriptional regulation of the two TMLs [57].
Thus, MtCLE35 is the systemic nitrate signal inhibiting nodulation in response to nitrate
(Figure 2a) and also controls nodule number in AON in the presence of rhizobia (see
AON section below and Figure 2c). Locally, in response to high nitrate, the NIN-LIKE
PROTEIN (MtNLP1) re-localizes from the cytosol to the nucleus in root cells to inhibit
rhizobial infection and nodule formation by physically interacting with MtNIN to suppress
CYTOKININ RESPONSE1 (MtCRE1) expression, thus inhibiting nodulation [60] (Figure 2a).
Additionally, functional MtNLP1 is required for N-dependent induction of the MtCLE35
transcript [57], suggesting the transcription factor MtNLP1 controls both local and systemic
response to N.

Currently, peptides, miRNAs, and hormones are all known to mediate nitrogen
demand signaling under low nitrate conditions by binding to the receptors or by affecting
gene expression in root and or shoot [59,61,62] (see Figure 2b). A root generated peptide
from the C-TERMINALLY ENCODED PEPTIDE (CEP) family, MtCEP1, is the only well-
studied peptide signal of M. truncatula nitrogen demand signaling, exhibit negative effects
on lateral root formation and positive effect on nodulation under low N conditions [61]
(Figure 2b). CEP1 is generated in roots under low soil N availability and binds to the shoot
receptor COMPACT ROOT (MtCRA2) to control nodulation from the shoot and lateral root
formation from the root [63,64].
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MtTML2 transcript by miR2111 in the root (4). The reason for continued repression of MtTML1, which is also the target of 
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Figure 2. Mechanisms of controlling nodulation in M. truncatula. Under abundant soil N availability, plants take up nitrate
from soil and do not form symbiotic nodules. (a) In response to nitrate (1), the expression of MtCLE35 is induced in the
roots, dependent on the transcription factor MtNLP1. The small peptide MtCLE35 reduces nodule number systemically
dependent on MtSUNN (2). This results in reduced expression of miR2111 in the shoot (3), releasing the repression of the
MtTML2 transcript by miR2111 in the root (4). The reason for continued repression of MtTML1, which is also the target of
miR2111, is not understood; whether MtTML1 is involved in nitrate control of nodulation is not clear (see text). Locally in
the roots (5), MtNLP1 binds to MtNIN, inhibiting MtCRE1 expression to inhibit nodulation. (b) Under N limited conditions,
the small peptide MtCEP1 is generated in the roots (1), which binds to the MtCRA2 receptor in the shoot (2), upregulating
the expression of miR2111 in the shoot (3). Evidence suggests miR2111 is transported through the phloem to the roots,
increasing the abundance of mature miR2111 in the roots. Mature miR2111 targets and lowers the transcript levels of
MtTML1 and MtTML2 (4), increasing susceptibility to rhizobia and reducing AON. MtCEP1 activates MtCRA2 in the roots
to phosphorylate MtEIN2, preventing its cleavage, thus repressing the ethylene response and promoting susceptibility
to rhizobia (5). Another peptide, MtCEP7, generated in response to rhizobia, promotes nodulation dependent on the
MtCRA2 receptor. (c) autoregulation of nodulation (AON). Rhizobial inoculation leading to nodule initiation results in the
generation of MtCLE12 and MtCLE13 signaling peptides in the roots (1), which are transported in the xylem and bind to a
shoot receptor complex containing MtSUNN, MtCRA2, and MtCRN (2). Together, the complex causes downregulation of
miRNA2111 expression in the shoot (3). The result, perhaps through the transport of cytokinin as well as miRNA2111, is
decreased miR2111 abundance in the roots and increased transcript levels of its targets MtTML1 and MtTML2 (4), inhibiting
further nodulation. Another small peptide MtCLE35, which is also induced by high nitrate, controls the nodule number
depending on MtRDN1 and MtSUNN in a similar manner as MtCLE12. MtNIN, involved in nodule organogenesis, also
activates MtCLE13 expression to initiate AON. MtNIN might be under MtTML1 and MtTML2 regulation, maintaining a
feedback control between nodule organogenesis and AON. Another potential shoot to root signal, cytokinin, may function
through MtCRE1, which is required for MtCLE13 expression. Dashed lines represent proposed mechanisms; blue lines
indicate systemic action and black lines indicate local events. All gene names in the figure are M. truncatula gene names,
shown without the initial Mt for simplicity.

Recent research reveals some of the aspects of root competence for nodulation under
low nitrogen conditions. The CEP1-CRA2 dependent enhanced expression of miR2111 in
shoots (see AON section below) was shown to target the mRNAs of the genes TOO MUCH
LOVE 1 (TML1) and TML2 in roots, lowering the transcript levels of both genes presumably

89



Int. J. Mol. Sci. 2021, 22, 1117

to maintain susceptibility to symbiotic nodulation [59] (Figure 2b). A separate study
showed that CEP1-activated MtCRA2 phosphorylates MtEIN2 (ETHYLENE INSENSITIVE
2), preventing its cleavage and repressing an ethylene response, thus promoting the root
susceptibility to rhizobia [62] (Figure 2b). Exogenous ethylene treatment during the first 24
to 48 h of rhizobial inoculation is enough to suppress nodulation in wild type plants [65].
Although MtCRA2 is the common component in the systemic peptide-miRNA pathway
and the root-localized ethylene pathway of maintaining root susceptibility to rhizobia, the
exact mechanism of how the two pathways coordinate susceptibility is still unknown.

3.2. Autoregulation of Nodulation Signaling

In addition to local signaling, the existence of a long-distance systemic signaling
mechanism controlling the nodule number was demonstrated by split-root experiments, in
which prior inoculation of one-half of the root system suppressed nodulation in the other
half [66]. Such long-distance signaling controlling overall nodule number depending on
early nodulation events was termed “autoregulation of nodulation (AON)” [67]. AON
is now known to involve root and shoot components and root-to-shoot-to-root signals
through combined evidence from genetic and biochemical studies carried out by many
researchers (Figure 2c). Split root experiments in M. truncatula demonstrated that AON
occurs between two and three days after inoculation with rhizobia, and the same level of
suppression is maintained for at least 15 days [50].

3.2.1. Components of AON

AON involves receptors, modifying enzymes, and transcription factors that are known
to act specifically from root or shoot to control nodule number. In addition to the local
signaling, peptides, hormones, and miRNAs are signaling systemically. A defect in a
component of AON reduces the suppression of nodulation, resulting in a hypernodulating
phenotype [67]. Root to shoot reciprocal grafting experiments using hypernodulating
mutants have provided insights into whether the action of an AON gene is root or shoot
dependent and split root and grafting experiments (Y grafts) are used to determine the
involvement of a root component in generating a root signal or receiving a shoot signal [50].

In M. truncatula, three hypernodulating mutants contain lesions in genes encoding
components of the AON pathway: sunn, rdn1, and crn. The sunn mutants contain lesions in
SUPER NUMERARY NODULES (SUNN) encoding a CLAVATA1-like leucine-rich receptor
kinase [68,69], while rdn1 mutants lack expression of ROOT DETERMINED NODULATOR
(MtRDN1) encoding an arabinosyl transferase enzyme [58], and the crn mutant contains a
Tnt1 insertion in CORYNE (MtCRN) encoding a pseudokinase [70]. In Lotus japonicus, in
addition to mutants in orthologs of SUNN and MtRDN1 which result in hypernodulation,
three cloned hypernodulators are described harboring defects in (i) CLAVATA2 (LjCLV2), a
receptor-like protein without a kinase domain [71], (ii) KLAVIER (LjKLV), a receptor-like
kinase [72,73] and (iii) TOO MUCH LOVE (LjTML), a nuclear-localized Kelch repeat-
containing F-box protein [74,75]. M. truncatula contains two sequence homologs of LjTML,
MtTML1, and MtTML2; downregulation of either gene using RNAi resulted in a slight
increase in nodule number [76]. The location of the effects generating the hypernodulation
phenotype for all mutants except rdn1 and tml are shoot-determined (reviewed in [46]).
An M. truncatula shoot-determined hypernodulating mutant with an unknown causative
mutation named like sunn supernodulator (lss) may function by epigenetic modification
at the SUNN locus, as the defect is a lack of SUNN expression even though the SUNN
sequence is a wild type [77]. The plasma-membrane-localized SUNN protein exists as a
homomer, and in heteromeric form with MtCLV2 or MtCRN, hence it is likely to function
in a receptor complex [70].

3.2.2. Systemic Signals of AON

Two members of the CLE peptide family, MtCLE12 and MtCLE13 (LjCLE-RS1/LjCLE-
RS2; GmRIC1/GmRIC2; PvRIC1/PvRIC2) are known root to shoot signals of AON
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(Figure 2c) [78–80]. In addition, MtCLE35 was recently identified as a root signal in re-
sponse to rhizobia as well as high soil nitrate [55,56]. The mature CLEs functional in AON
are post-transcriptionally modified 13 amino acid long peptides containing three arabinose
residues added to the 7th hydroxyproline amino acid residue [81].

A mobile microRNA, miR2111, which is downregulated in L. japonicus shoots after
rhizobial inoculation, moves from shoot to root through the phloem and functions as a
shoot-to-root signal [82]. The expression of miR2111 in the shoot decreases after inoculation
in M. truncatula, dependent on the shoot receptor kinase SUNN [59]. Rhizobial inoculation
leads to reduced shoot to root auxin transport overlapping with the onset of AON in wild
type plants but not in hypernodulating sunn-1 plants, which have constitutively higher
levels of the shoot to root auxin transport [83]. The study also found that the application of
an auxin transport inhibitor at the shoot/root junction reduces nodule number in sunn-1,
indicating that auxin can be a signal inhibiting nodulation. Rhizobial inoculation also
results in upregulation of cytokinin biosynthesis in the shoot in a LjHAR1 dependent
manner, which can inhibit nodulation; thus, cytokinin has also been proposed as a shoot-
to-root signal [84]. Unlike the conserved and well-accepted CLE peptides as a signal
for root-to-shoot signaling, agreement on a single shoot-to-root signal is lacking and the
possibility of multiple shoot generated signals cannot be ruled out.

3.2.3. Mechanism of AON

In response to rhizobia, expression of the transcription factor MtNIN is induced
(see early symbiotic signaling and nodule organogenesis sections), which binds to the
promoter of MtCLE13 activating its transcription [36] (Figure 2c). In addition, CLE12
and CLE13 expression is also dependent on cytokinin through MtCRE1 [36,40,85]. The
induction of CLE expression after rhizobial inoculation is the first known step of the
AON pathway. Knockdown of MtCLE12 and MtCLE13 using RNAi results in a significant
increase in nodule number [85]. Overexpression of MtCLE12 or MtCLE13 or MtCLE35
in roots inhibits nodulation in wild type, depending on the SUNN receptor in the shoot,
potentially through xylem mediated translocation of peptides [46,69,70,79]. The post-
transcriptional modification of CLEs resulting in triarabinosylated peptides is essential for
the function in the negative regulatory pathway to control nodules as demonstrated by the
absence of a nodule suppression phenotype upon ectopic expression of non-arabinosylated
CLEs [81]. The MtRDN1 mediated arabinosylation of MtCLE12, but not MtCLE13, is
required for AON [58]. Similarly, MtCLE35 overexpression in rdn1 mutant plants does not
suppress nodulation, indicating a similar requirement of MtRDN1 mediated modification
for its function in AON [56]. Whether or how MtCLE13 is modified is still unknown. There
is likely a critical spatiotemporal regulation between the CLEs functioning in AON and
those integrated with nitrogen demand signaling; further studies in the field are required
to improve our current understanding.

The binding of a root-derived signal to a shoot receptor results in the generation of two
potential shoot-derived signals mentioned above, cytokinin and miRNA2111 [59,82,84].
Rhizobial inoculation reduces the expression of miR2111 in the shoots (dependent on
MtSUNN/LjHAR1), resulting in decreased abundance of the mature miR2111 in the
roots, which in turn prevents degradation of MtTML1 and MtTML2 transcripts, leading to
inhibition of further nodulation [59,82]. However, the mechanism of reduction in miR2111
expression by MtSUNN/LjHAR1 remains unknown. The enhanced cytokinin production
in shoots after rhizobia inoculation [84] and the involvement of cytokinin through the
cytokinin receptor MtCRE1 in the generation of CLE peptides [36,85] suggest a potential
involvement of cytokinin in AON, but the transport of cytokinin to the roots and whether
the cytokinin that affects the CLEs is shoot derived has not been established, due to technical
difficulties in experimental design. Furthermore, while the altered shoot to root transport
and root accumulation of auxin depending on MtSUNN is correlated with AON [54,83]
(Figure 2c), the exact mechanism of how auxin controls the number of nodules in AON is
unknown.
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Interestingly, hypernodulating mutants carrying mutations in SUNN and RDN1 that
lack early suppression of nodulation are also tolerant to environmental nitrate [77,86].
However, they do show a suppression effect at 10 days or more post-inoculation, an
effect synchronous to the formation of mature nodules, indicating suppression by biologi-
cally fixed nitrogen occurs in these mutants [50], but again, the underlying mechanism is
unknown.

In addition to effects from auxin and cytokinin, high levels of ethylene suppress
nodulation in wild type plants and in all hypernodulating mutants studied to date for
this effect of ethylene in nodulation, with the exception of a mutant defective in ethylene
signaling, sickle (skl) in M. truncatula [46,65]. The hypernodulation and lack of ethylene
sensitivity to nodulation in skl are caused by a mutation in M. truncatula ortholog of
Arabidopsis ethylene signaling protein EIN2 [87]. Ethylene sensitivity in L. japonicus
requires two copies of EIN2, LjEIN2-1, and LjEIN2-2, for the conserved function [88]. The
ethylene-mediated suppression of nodulation in most hypernodulating AON mutants
contrasted with the EIN mutants suggests an independent role of ethylene and AON
in controlling nodulation [65,68]. As opposed to maintaining susceptibility (described
in nitrogen dependent control of nodulation, also see Figure 2b), rhizobial inoculation
leads to rapid upregulation of ethylene biosynthesis that promotes MtEIN2 cleavage,
activating the ethylene pathway to inhibit rhizobia infection [62]. Taken together, the
data suggest that ethylene controls the number of nodules through MtEIN2 locally by
controlling susceptibility to rhizobial infection independent of the AON pathway.

4. Perspective

In summary, legumes balance the number of nodules formed with the plant’s need
for N by the integration of the outputs of at least three signaling pathways. Both local
and systemic, these pathways include a pathway for nodule initiation, an inhibitory
pathway for nodule number (AON), and an inhibitory pathway based on N sufficiency.
The more we know, the more questions there are to ask. For example, how do the specific
cortical cells that become the nodule enter the cell cycle and divide into nodule primordia,
while the adjacent cortical cell does not? Is this a point of regulation, and is it related
to chromatin modification? AON occurs within 48 h of inoculation, but does it halt cell
division that has already begun, or does it just prevent further initiation? N signaling has
been linked to root growth in Arabidopsis through phosphorylation/dephosphorylation of
PINs (auxin efflux carriers)-could this explain how N controls nodule formation as well? All
of the hormones involved in regulation can be further regulated at the levels of synthesis,
transport, and modification/degradation, suggesting areas ripe for future research. Finally,
the observation that much of the regulation of nodule development may occur at the level
of mRNA stability and translation [89] leaves much more to be discovered. As noted
throughout this review, there are interesting hints about how cross-talk occurs between
the three pathways, but precisely how the fine-tuning of nodule number is determined
remains an open question. Research on the shared components between these pathways,
the generation of mutants in multiple individual components of these pathways, and
-omics experiments beyond transcriptomes hold the potential to fill in the picture of how
nodule number is controlled.

Author Contributions: Writing—original draft preparation, D.C.; writing—review and editing, J.F.
and D.C.; funding acquisition, J.F. Both authors have read and agreed to the published version of the
manuscript.

Funding: This research was funded by the NATIONAL SCIENCE FOUNDATION, United States,
gran numbers IOS 1733470 and 1444461.

Data Availability Statement: This review did not report any new data.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

92



Int. J. Mol. Sci. 2021, 22, 1117

Abbreviations

AON autoregulation of nodulation
N nitrogen
SNF symbiotic nitrogen fixation

References
1. Mur, L.A.; Simpson, C.; Kumari, A.; Gupta, A.K.; Gupta, K.J. Moving Nitrogen to the Centre of Plant Defence Against Pathogens.

Ann. Bot. 2017, 119, 703–709. [CrossRef]
2. Herridge, D.F.; Peoples, M.B.; Boddey, R.M. Global Inputs of Biological Nitrogen Fixation in Agricultural Systems. Plant Soil 2008,

311, 1–18. [CrossRef]
3. Xu, G.; Fan, X.; Miller, A.J. Plant Nitrogen Assimilation and use Efficiency. Ann. Rev. Plant Biol. 2012, 63, 153–182. [CrossRef]

[PubMed]
4. Ruschel, A.P.; Vose, P.; Victoria, R.; Salati, E. Comparison of Isotope Techniques and Non-Nodulating Isolines to Study the Effect

of Ammonium Fertilization on Dinitrogen Fixation in Soybean, Glycine max. Plant Soil 1979, 53, 513–525. [CrossRef]
5. Graham, P.H.; Vance, C.P. Legumes: Importance and Constraints to Greater Use. Plant Physiol. 2003, 131, 872–877. [CrossRef]

[PubMed]
6. Roy, S.; Liu, W.; Nandety, R.S.; Crook, A.; Mysore, K.S.; Pislariu, C.I.; Frugoli, J.; Dickstein, R.; Udvardi, M.K. Celebrating 20 Years

of Genetic Discoveries in Legume Nodulation and Symbiotic Nitrogen Fixation. Plant Cell 2020, 32, 15–41. [CrossRef]
7. Ferguson, B.J.; Indrasumunar, A.; Hayashi, S.; Lin, M.; Lin, Y.; Reid, D.E.; Gresshoff, P.M. Molecular Analysis of Legume Nodule

Development and Autoregulation. J. Int. Plant Biol. 2010, 52, 61–76. [CrossRef]
8. Garrocho-Villegas, V.; Gopalasubramaniam, S.K.; Arredondo-Peter, R. Plant Hemoglobins: What We Know Six Decades after

Their Discovery. Gene 2007, 398, 78–85. [CrossRef]
9. Redmond, J.W.; Batley, M.; Djordjevic, M.A.; Innes, R.W.; Kuempel, P.L.; Rolfe, B.G. Flavones Induce Expression of Nodulation

Genes in Rhizobium. Nature 1986, 323, 632–635. [CrossRef]
10. Dong, W.; Song, Y. The Significance of Flavonoids in the Process of Biological Nitrogen Fixation. Int. J. Mol. Sci. 2020, 21, 5926.

[CrossRef]
11. Roche, P.; Debellé, F.; Maillet, F.; Lerouge, P.; Faucher, C.; Truchet, G.; Dénarié, J.; Promé, J. Molecular Basis of Symbiotic Host

Specificity in Rhizobium Meliloti: nodH and nodPQ Genes Encode the Sulfation of Lipo-Oligosaccharide Signals. Cell 1991, 67,
1131–1143. [CrossRef]

12. Denarie, J.; Debelle, F.; Prome, J. Rhizobium Lipo-Chitooligosaccharide Nodulation Factors: Signaling Molecules Mediating
Recognition and Morphogenesis. Annu. Rev. Biochem. 1996, 65, 503–535. [CrossRef] [PubMed]

13. Limpens, E.; Franken, C.; Smit, P.; Willemse, J.; Bisseling, T.; Geurts, R. LysM Domain Receptor Kinases Regulating Rhizobial Nod
Factor-Induced Infection. Science 2003, 302, 630–633. [CrossRef] [PubMed]

14. Radutoiu, S.; Madsen, L.H.; Madsen, E.B.; Felle, H.H.; Umehara, Y.; Grønlund, M.; Sato, S.; Nakamura, Y.; Tabata, S.; Sandal, N.
Plant Recognition of Symbiotic Bacteria Requires Two LysM Receptor-Like Kinases. Nature 2003, 425, 585–592. [CrossRef]

15. Amor, B.B.; Shaw, S.L.; Oldroyd, G.E.; Maillet, F.; Penmetsa, R.V.; Cook, D.; Long, S.R.; Dénarié, J.; Gough, C. The NFP Locus of
Medicago Truncatula Controls an Early Step of Nod Factor Signal Transduction Upstream of a Rapid Calcium Flux and Root Hair
Deformation. Plant J. 2003, 34, 495–506. [CrossRef] [PubMed]

16. Charpentier, M.; Sun, J.; Vaz Martins, T.; Radhakrishnan, G.V.; Findlay, K.; Soumpourou, E.; Thouin, J.; Very, A.A.; Sanders, D.;
Morris, R.J.; et al. Nuclear-Localized Cyclic Nucleotide-Gated Channels Mediate Symbiotic Calcium Oscillations. Science 2016,
352, 1102–1105. [CrossRef] [PubMed]

17. Levy, J.; Bres, C.; Geurts, R.; Chalhoub, B.; Kulikova, O.; Duc, G.; Journet, E.P.; Ane, J.M.; Lauber, E.; Bisseling, T.; et al. A Putative
Ca2+ and Calmodulin-Dependent Protein Kinase Required for Bacterial and Fungal Symbioses. Science 2004, 303, 1361–1364.
[CrossRef]

18. Oldroyd, G.E. Speak, Friend, and Enter: Signalling Systems that Promote Beneficial Symbiotic Associations in Plants. Nat. Rev.
Microbiol. 2013, 11, 252. [CrossRef]

19. Messinese, E.; Mun, J.; Yeun, L.H.; Jayaraman, D.; Rougé, P.; Barre, A.; Lougnon, G.; Schornack, S.; Bono, J.; Cook, D.R. A Novel
Nuclear Protein Interacts with the Symbiotic DMI3 Calcium-and Calmodulin-Dependent Protein Kinase of Medicago truncatula.
Mol. Plant-Microbe Interact. 2007, 20, 912–921. [CrossRef]

20. Yano, K.; Yoshida, S.; Muller, J.; Singh, S.; Banba, M.; Vickers, K.; Markmann, K.; White, C.; Schuller, B.; Sato, S.; et al. CYCLOPS, a
Mediator of Symbiotic Intracellular Accommodation. Proc. Natl. Acad. Sci. USA 2008, 105, 20540–20545. [CrossRef]

21. Catoira, R.; Galera, C.; de Billy, F.; Penmetsa, R.V.; Journet, E.P.; Maillet, F.; Rosenberg, C.; Cook, D.; Gough, C.; Denarie, J. Four
Genes of Medicago truncatula Controlling Components of a Nod Factor Transduction Pathway. Plant Cell 2000, 12, 1647–1666.
[PubMed]

22. Horváth, B.; Yeun, L.H.; Domonkos, Á.; Halász, G.; Gobbato, E.; Ayaydin, F.; Miró, K.; Hirsch, S.; Sun, J.; Tadege, M. Medicago
truncatula IPD3 is a Member of the Common Symbiotic Signaling Pathway Required for Rhizobial and Mycorrhizal Symbioses.
Mol. Plant-Microbe Interact. 2011, 24, 1345–1358. [CrossRef] [PubMed]

93



Int. J. Mol. Sci. 2021, 22, 1117

23. Jin, Y.; Chen, Z.; Yang, J.; Mysore, K.S.; Wen, J.; Huang, J.; Yu, N.; Wang, E. IPD3 and IPD3L Function Redundantly in Rhizobial
and Mycorrhizal Symbioses. Front. Plant Sci. 2018, 9, 267. [CrossRef] [PubMed]

24. Smit, P.; Raedts, J.; Portyanko, V.; Debelle, F.; Gough, C.; Bisseling, T.; Geurts, R. NSP1 of the GRAS Protein Family is Essential for
Rhizobial Nod Factor-Induced Transcription. Science 2005, 308, 1789–1791. [CrossRef] [PubMed]

25. Kalo, P.; Gleason, C.; Edwards, A.; Marsh, J.; Mitra, R.M.; Hirsch, S.; Jakab, J.; Sims, S.; Long, S.R.; Rogers, J.; et al. Nodulation
Signaling in Legumes Requires NSP2, a Member of the GRAS Family of Transcriptional Regulators. Science 2005, 308, 1786–1789.
[CrossRef] [PubMed]

26. Hirsch, S.; Kim, J.; Munoz, A.; Heckmann, A.B.; Downie, J.A.; Oldroyd, G.E. GRAS Proteins Form a DNA Binding Complex to
Induce Gene Expression during Nodulation Signaling in Medicago truncatula. Plant Cell 2009, 21, 545–557. [CrossRef]

27. Jin, Y.; Liu, H.; Luo, D.; Yu, N.; Dong, W.; Wang, C.; Zhang, X.; Dai, H.; Yang, J.; Wang, E. DELLA Proteins are Common
Components of Symbiotic Rhizobial and Mycorrhizal Signalling Pathways. Nat. Commun. 2016, 7, 1–14.

28. Fonouni-Farde, C.; Tan, S.; Baudin, M.; Brault, M.; Wen, J.; Mysore, K.S.; Niebel, A.; Frugier, F.; Diet, A. DELLA-Mediated
Gibberellin Signalling Regulates Nod Factor Signalling and Rhizobial Infection. Nat. Commun. 2016, 7, 1–13.

29. Azarakhsh, M.; Kirienko, A.; Zhukov, V.; Lebedeva, M.; Dolgikh, E.; Lutova, L. KNOTTED1-LIKE HOMEOBOX 3: A New
Regulator of Symbiotic Nodule Development. J. Exp. Bot. 2015, 66, 7181–7195. [CrossRef]

30. Azarakhsh, M.; Rumyantsev, A.M.; Lebedeva, M.A.; Lutova, L.A. Cytokinin Biosynthesis Genes Expressed during Nodule
Organogenesis are Directly Regulated by the KNOX3 Protein in Medicago truncatula. PLoS ONE 2020, 15, e0232352.

31. Tan, S.; Sanchez, M.; Laffont, C.; Boivin, S.; Le Signor, C.; Thompson, R.; Frugier, F.; Brault, M. A Cytokinin Signaling Type-B
Response Regulator Transcription Factor Acting in Early Nodulation. Plant Physiol. 2020, 183, 1319–1330. [CrossRef] [PubMed]

32. Singh, S.; Katzer, K.; Lambert, J.; Cerri, M.; Parniske, M. CYCLOPS, a DNA-Binding Transcriptional Activator, Orchestrates
Symbiotic Root Nodule Development. Cell Host Microbe 2014, 15, 139–152. [CrossRef] [PubMed]

33. Andriankaja, A.; Boisson-Dernier, A.; Frances, L.; Sauviac, L.; Jauneau, A.; Barker, D.G.; de Carvalho-Niebel, F. AP2-ERF
Transcription Factors Mediate Nod Factor Dependent Mt ENOD11 Activation in Root Hairs Via a Novel Cis-Regulatory Motif.
Plant Cell 2007, 19, 2866–2885. [CrossRef] [PubMed]

34. Middleton, P.H.; Jakab, J.; Penmetsa, R.V.; Starker, C.G.; Doll, J.; Kalo, P.; Prabhu, R.; Marsh, J.F.; Mitra, R.M.; Kereszt, A.; et al. An
ERF Transcription Factor in Medicago truncatula that is Essential for Nod Factor Signal Transduction. Plant Cell 2007, 19, 1221–1234.
[CrossRef] [PubMed]

35. Mitra, R.M.; Shaw, S.L.; Long, S.R. Six Nonnodulating Plant Mutants Defective for Nod Factor-Induced Transcriptional Changes
Associated with the Legume-Rhizobia Symbiosis. Proc. Natl. Acad. Sci. USA 2004, 101, 10217–10222. [CrossRef]

36. Laffont, C.; Ivanovici, A.; Gautrat, P.; Brault, M.; Djordjevic, M.A.; Frugier, F. The NIN Transcription Factor Coordinates CEP and
CLE Signaling Peptides that Regulate Nodulation Antagonistically. Nat. Commun. 2020, 11, 1–13. [CrossRef]

37. Li, H.; Schilderink, S.; Cao, Q.; Kulikova, O.; Bisseling, T. Plant-Specific Histone Deacetylases are Essential for Early as Well as
Late Stages of Medicago Nodule Development. bioRxiv 2020. [CrossRef]

38. Chappell, J.; Wolf, F.; Proulx, J.; Cuellar, R.; Saunders, C. Is the Reaction Catalyzed by 3-Hydroxy-3-Methylglutaryl Coenzyme A
Reductase a Rate-Limiting Step for Isoprenoid Biosynthesis in Plants? Plant Physiol. 1995, 109, 1337–1343. [CrossRef]

39. Venkateshwaran, M.; Jayaraman, D.; Chabaud, M.; Genre, A.; Balloon, A.J.; Maeda, J.; Forshey, K.; den Os, D.; Kwiecien, N.W.;
Coon, J.J.; et al. A Role for the Mevalonate Pathway in Early Plant Symbiotic Signaling. Proc. Natl. Acad. Sci. USA 2015, 112,
9781–9786. [CrossRef]

40. Gonzalez-Rizzo, S.; Crespi, M.; Frugier, F. The Medicago Truncatula CRE1 Cytokinin Receptor Regulates Lateral Root Develop-
ment and Early Symbiotic Interaction with Sinorhizobium Meliloti. Plant Cell 2006, 18, 2680–2693. [CrossRef]

41. Tirichine, L.; Sandal, N.; Madsen, L.H.; Radutoiu, S.; Albrektsen, A.S.; Sato, S.; Asamizu, E.; Tabata, S.; Stougaard, J. A Gain-
of-Function Mutation in a Cytokinin Receptor Triggers Spontaneous Root Nodule Organogenesis. Science 2007, 315, 104–107.
[CrossRef] [PubMed]

42. Murray, J.D.; Karas, B.J.; Sato, S.; Tabata, S.; Amyot, L.; Szczyglowski, K. A Cytokinin Perception Mutant Colonized by Rhizobium
in the Absence of Nodule Organogenesis. Science 2007, 315, 101–104. [CrossRef] [PubMed]

43. Plet, J.; Wasson, A.; Ariel, F.; Le Signor, C.; Baker, D.; Mathesius, U.; Crespi, M.; Frugier, F. MtCRE1-dependent Cytokinin
Signaling Integrates Bacterial and Plant Cues to Coordinate Symbiotic Nodule Organogenesis in Medicago truncatula. Plant J. 2011,
65, 622–633. [CrossRef] [PubMed]

44. Liu, J.; Rutten, L.; Limpens, E.; van der Molen, T.; van Velzen, R.; Chen, R.; Chen, Y.; Geurts, R.; Kohlen, W.; Kulikova, O.; et al. A
Remote Cis-Regulatory Region is Required for NIN Expression in the Pericycle to Initiate Nodule Primordium Formation in
Medicago truncatula. Plant Cell 2019, 31, 68–83. [CrossRef]

45. Cerri, M.R.; Frances, L.; Kelner, A.; Fournier, J.; Middleton, P.H.; Auriac, M.C.; Mysore, K.S.; Wen, J.; Erard, M.; Barker, D.G.; et al.
The Symbiosis-Related ERN Transcription Factors Act in Concert to Coordinate Rhizobial Host Root Infection. Plant Physiol. 2016,
171, 1037–1054. [CrossRef]

46. Mortier, V.; Holsters, M.; Goormachtig, S. Never Too Many? How Legumes Control Nodule Numbers. Plant Cell Environ. 2012,
35, 245–258. [CrossRef]

47. Gamas, P.; Brault, M.; Jardinaud, M.; Frugier, F. Cytokinins in Symbiotic Nodulation: When, Where, what for? Trends Plant Sci.
2017, 22, 792–802. [CrossRef]

94



Int. J. Mol. Sci. 2021, 22, 1117

48. Ötvös, K.; Marconi, M.; Vega, A.; O’Brien, J.; Johnson, A.; Abualia, R.; Antonielli, L.; Montesinos, J.C.; Zhang, Y.; Tan, S.
Modulation of Plant Root Growth by Nitrogen Source-defined Regulation of Polar Auxin Transport. EMBO J. 2020, e106862.

49. Minchin, F.R.; Witty, J.F. Respiratory/carbon costs of symbiotic nitrogen fixation in legumes. In Plant Respiration; Springer:
Berlin/Heidelberg, Germany, 2005; pp. 195–205.

50. Kassaw, T.; Bridges, J.W.; Frugoli, J. Multiple Autoregulation of Nodulation (AON) Signals Identified through Split Root Analysis
of Medicago truncatula Sunn and Rdn1 Mutants. Plants 2015, 4, 209–224. [CrossRef]

51. Streeter, J.; Wong, P.P. Inhibition of Legume Nodule Formation and N2 Fixation by Nitrate. Crit. Rev. Plant Sci. 1988, 7, 1–23.
[CrossRef]

52. Xuan, W.; Beeckman, T.; Xu, G. Plant Nitrogen Nutrition: Sensing and Signaling. Curr. Opin. Plant Biol. 2017, 39, 57–65. [CrossRef]
[PubMed]

53. Pellizzaro, A.; Alibert, B.; Planchet, E.; Limami, A.M.; Morère-Le Paven, M. Nitrate Transporters: An Overview in Legumes.
Planta 2017, 246, 585–595. [CrossRef] [PubMed]

54. Jin, J.; Watt, M.; Mathesius, U. The Autoregulation Gene SUNN Mediates Changes in Root Organ Formation in Response to
Nitrogen through Alteration of Shoot-to-Root Auxin Transport. Plant Physiol. 2012, 159, 489–500. [CrossRef] [PubMed]

55. Lebedeva, M.; Azarakhsh, M.; Yashenkova, Y.; Lutova, L. Nitrate-Induced CLE Peptide Systemically Inhibits Nodulation in
Medicago truncatula. Plants 2020, 9, 1456. [CrossRef] [PubMed]

56. Mens, C.; Hastwell, A.H.; Su, H.; Gresshoff, P.M.; Mathesius, U.; Ferguson, B.J. Characterisation of Medicago truncatula CLE34 and
CLE35 in Nitrate and Rhizobia Regulation of Nodulation. New Phytol. 2020. [CrossRef] [PubMed]

57. Moreau, C.; Gautrat, P.; Frugier, F. Nitrate-Induced CLE35 Signaling Peptides Inhibit Nodulation through the SUNN Receptor
and miR2111 Repression. Plant Physiol. 2021. [CrossRef]

58. Kassaw, T.; Nowak, S.; Schnabel, E.; Frugoli, J. ROOT DETERMINED NODULATION1 is Required for M. truncatula CLE12, but
Not CLE13, Peptide Signaling through the SUNN Receptor Kinase. Plant Physiol. 2017, 174, 2445–2456. [CrossRef]

59. Gautrat, P.; Laffont, C.; Frugier, F. Compact Root Architecture 2 Promotes Root Competence for Nodulation through the miR2111
Systemic Effector. Cur. Biol. 2020, 30, 1339–1345. [CrossRef]

60. Lin, J.; Li, X.; Luo, Z.; Mysore, K.S.; Wen, J.; Xie, F. NIN Interacts with NLPs to Mediate Nitrate Inhibition of Nodulation in
Medicago truncatula. Nature plants 2018, 4, 942–952. [CrossRef]

61. Imin, N.; Mohd-Radzman, N.A.; Ogilvie, H.A.; Djordjevic, M.A. The Peptide-Encoding CEP1 Gene Modulates Lateral Root and
Nodule Numbers in Medicago truncatula. J. Exp. Bot. 2013, 64, 5395–5409. [CrossRef]

62. Zhu, F.; Deng, J.; Chen, H.; Liu, P.; Zheng, L.; Ye, Q.; Li, R.; Brault, M.; Wen, J.; Frugier, F.; et al. A CEP Peptide Receptor-Like
Kinase Regulates Auxin Biosynthesis and Ethylene Signaling to Coordinate Root Growth and Symbiotic Nodulation in Medicago
truncatula. Plant Cell 2020, 32, 2855–2877. [CrossRef] [PubMed]

63. Huault, E.; Laffont, C.; Wen, J.; Mysore, K.S.; Ratet, P.; Duc, G.; Frugier, F. Local and Systemic Regulation of Plant Root System
Architecture and Symbiotic Nodulation by a Receptor-Like Kinase. PLoS Genet. 2014, 10, e1004891. [CrossRef]

64. Mohd-Radzman, N.A.; Laffont, C.; Ivanovici, A.; Patel, N.; Reid, D.; Stougaard, J.; Frugier, F.; Imin, N.; Djordjevic, M.A. Different
Pathways Act Downstream of the CEP Peptide Receptor CRA2 to Regulate Lateral Root and Nodule Development. Plant Physiol.
2016, 171, 2536–2548. [CrossRef] [PubMed]

65. Penmetsa, R.V.; Cook, D.R. A Legume Ethylene-Insensitive Mutant Hyperinfected by its Rhizobial Symbiont. Science 1997, 275,
527–530. [CrossRef] [PubMed]

66. Kosslak, R.M.; Bohlool, B.B. Suppression of Nodule Development of One Side of a Split-Root System of Soybeans Caused by
Prior Inoculation of the Other Side. Plant Physiol. 1984, 75, 125–130. [CrossRef] [PubMed]

67. Olsson, J.E.; Nakao, P.; Bohlool, B.B.; Gresshoff, P.M. Lack of Systemic Suppression of Nodulation in Split Root Systems of
Supernodulating Soybean (Glycine max [L.] Merr.) Mutants. Plant Physiol. 1989, 90, 1347–1352. [CrossRef]

68. Penmetsa, R.V.; Frugoli, J.A.; Smith, L.S.; Long, S.R.; Cook, D.R. Dual Genetic Pathways Controlling Nodule Number in Medicago
truncatula. Plant Physiol. 2003, 131, 998–1008. [CrossRef]

69. Schnabel, E.; Journet, E.; de Carvalho-Niebel, F.; Duc, G.; Frugoli, J. The Medicago Truncatula SUNN Gene Encodes a CLV1-Like
Leucine-Rich Repeat Receptor Kinase that Regulates Nodule Number and Root Length. Plant Mol. Biol. 2005, 58, 809–822.
[CrossRef]

70. Crook, A.D.; Schnabel, E.L.; Frugoli, J.A. The Systemic Nodule Number Regulation Kinase SUNN in Medicago truncatula Interacts
with MtCLV2 and MtCRN. Plant J. 2016, 88, 108–119. [CrossRef]

71. Krusell, L.; Sato, N.; Fukuhara, I.; Koch, B.E.; Grossmann, C.; Okamoto, S.; Oka-Kira, E.; Otsubo, Y.; Aubert, G.; Nakagawa, T. The
Clavata2 Genes of Pea and Lotus Japonicus Affect Autoregulation of Nodulation. Plant J. 2011, 65, 861–871. [CrossRef]

72. Oka-Kira, E.; Tateno, K.; Miura, K.; Haga, T.; Hayashi, M.; Harada, K.; Sato, S.; Tabata, S.; Shikazono, N.; Tanaka, A. Klavier (Klv),
a Novel Hypernodulation Mutant of Lotus Japonicus Affected in Vascular Tissue Organization and Floral Induction. Plant J. 2005,
44, 505–515. [CrossRef] [PubMed]

73. Miyazawa, H.; Oka-Kira, E.; Sato, N.; Takahashi, H.; Wu, G.J.; Sato, S.; Hayashi, M.; Betsuyaku, S.; Nakazono, M.; Tabata, S.; et al.
The Receptor-Like Kinase KLAVIER Mediates Systemic Regulation of Nodulation and Non-Symbiotic Shoot Development in
Lotus japonicus. Development 2010, 137, 4317–4325. [CrossRef] [PubMed]

95



Int. J. Mol. Sci. 2021, 22, 1117

74. Magori, S.; Oka-Kira, E.; Shibata, S.; Umehara, Y.; Kouchi, H.; Hase, Y.; Tanaka, A.; Sato, S.; Tabata, S.; Kawaguchi, M. TOO
MUCH LOVE, a Root Regulator Associated with the Long-Distance Control of Nodulation in Lotus japonicus. Mol. Plant-Microbe
Interact. 2009, 22, 259–268. [CrossRef] [PubMed]

75. Takahara, M.; Magori, S.; Soyano, T.; Okamoto, S.; Yoshida, C.; Yano, K.; Sato, S.; Tabata, S.; Yamaguchi, K.; Shigenobu,
S. TOO MUCH LOVE, a Novel Kelch Repeat-Containing F-Box Protein, Functions in the Long-Distance Regulation of the
legume–Rhizobium Symbiosis. Plant Cell Physiol. 2013, 54, 433–447.

76. Gautrat, P.; Mortier, V.; Laffont, C.; De Keyser, A.; Fromentin, J.; Frugier, F.; Goormachtig, S. Unraveling New Molecular Players
Involved in the Autoregulation of Nodulation in Medicago truncatula. J. Exp. Bot. 2019, 70, 1407–1417.

77. Schnabel, E.; Mukherjee, A.; Smith, L.; Kassaw, T.; Long, S.; Frugoli, J. The Lss Supernodulation Mutant of Medicago truncatula
Reduces Expression of the SUNN Gene. Plant Physiol. 2010, 154, 1390–1402. [CrossRef]

78. Okamoto, S.; Ohnishi, E.; Sato, S.; Takahashi, H.; Nakazono, M.; Tabata, S.; Kawaguchi, M. Nod Factor/Nitrate-Induced CLE
Genes that Drive HAR1-Mediated Systemic Regulation of Nodulation. Plant Cell Physiol. 2008, 50, 67–77. [CrossRef]

79. Mortier, V.; Den Herder, G.; Whitford, R.; Van de Velde, W.; Rombauts, S.; D’Haeseleer, K.; Holsters, M.; Goormachtig, S. CLE
Peptides Control Medicago truncatula Nodulation Locally and Systemically. Plant Physiol. 2010, 153, 222–237. [CrossRef]

80. Ferguson, B.J.; Li, D.; Hastwell, A.H.; Reid, D.E.; Li, Y.; Jackson, S.A.; Gresshoff, P.M. The Soybean (Glycine max) Nodulation-
suppressive CLE Peptide, Gm RIC 1, Functions Interspecifically in Common White Bean (Phaseolus vulgaris), but Not in a
Supernodulating Line Mutated in the Receptor Pv NARK. Plant Biotechnol. J. 2014, 12, 1085–1097.

81. Okamoto, S.; Shinohara, H.; Mori, T.; Matsubayashi, Y.; Kawaguchi, M. Root-Derived CLE Glycopeptides Control Nodulation by
Direct Binding to HAR1 Receptor Kinase. Nat. Commun. 2013, 4, 2191. [CrossRef]

82. Tsikou, D.; Yan, Z.; Holt, D.B.; Abel, N.B.; Reid, D.E.; Madsen, L.H.; Bhasin, H.; Sexauer, M.; Stougaard, J.; Markmann, K. Systemic
Control of Legume Susceptibility to Rhizobial Infection by a Mobile microRNA. Science 2018, 362, 233–236. [CrossRef] [PubMed]

83. van Noorden, G.E.; Ross, J.J.; Reid, J.B.; Rolfe, B.G.; Mathesius, U. Defective Long-Distance Auxin Transport Regulation in the
Medicago truncatula Super Numeric Nodules Mutant. Plant Physiol. 2006, 140, 1494–1506. [CrossRef] [PubMed]

84. Sasaki, T.; Suzaki, T.; Soyano, T.; Kojima, M.; Sakakibara, H.; Kawaguchi, M. Shoot-Derived Cytokinins Systemically Regulate
Root Nodulation. Nat. Commun. 2014, 5, 1–9. [CrossRef] [PubMed]

85. Mortier, V.; De Wever, E.; Vuylsteke, M.; Holsters, M.; Goormachtig, S. Nodule Numbers are Governed by Interaction between
CLE Peptides and Cytokinin Signaling. Plant J. 2012, 70, 367–376. [CrossRef] [PubMed]

86. Schnabel, E.L.; Kassaw, T.K.; Smith, L.S.; Marsh, J.F.; Oldroyd, G.E.; Long, S.R.; Frugoli, J.A. The ROOT DETERMINED NODULA-
TION1 Gene Regulates Nodule Number in Roots of Medicago Truncatula and Defines a Highly Conserved, Uncharacterized
Plant Gene Family. Plant Physiol. 2011, 157, 328–340. [CrossRef] [PubMed]

87. Varma Penmetsa, R.; Uribe, P.; Anderson, J.; Lichtenzveig, J.; Gish, J.; Nam, Y.W.; Engstrom, E.; Xu, K.; Sckisel, G.; Pereira, M.
The Medicago truncatula Ortholog of Arabidopsis EIN2, Sickle, is a Negative Regulator of Symbiotic and Pathogenic Microbial
Associations. Plant J. 2008, 55, 580–595. [CrossRef]

88. Miyata, K.; Kawaguchi, M.; Nakagawa, T. Two Distinct EIN2 Genes Cooperatively Regulate Ethylene Signaling in Lotus japonicus.
Plant Cell Physiol. 2013, 54, 1469–1477. [CrossRef]

89. Zanetti, M.E.; Blanco, F.; Reynoso, M.; Crespi, M. To Keep Or Not to Keep: mRNA Stability and Translatability in Root Nodule
Symbiosis. Curr. Opin. Plant Biol. 2020, 56, 109–117. [CrossRef]

96



 International Journal of 

Molecular Sciences

Article

From Spaceflight to Mars g-Levels: Adaptive Response of
A. Thaliana Seedlings in a Reduced Gravity Environment Is
Enhanced by Red-Light Photostimulation

Alicia Villacampa 1, Malgorzata Ciska 1, Aránzazu Manzano 1, Joshua P. Vandenbrink 2, John Z. Kiss 3,
Raúl Herranz 1,* and F. Javier Medina 1,*

����������
�������

Citation: Villacampa, A.; Ciska, M.;

Manzano, A.; Vandenbrink, J.P.; Kiss,

J.Z.; Herranz, R.; Medina, F.J. From

Spaceflight to Mars g-Levels:

Adaptive Response of A. Thaliana

Seedlings in a Reduced Gravity

Environment Is Enhanced by

Red-Light Photostimulation. Int. J.

Mol. Sci. 2021, 22, 899. https://

doi.org/10.3390/ijms22020899

Received: 15 December 2020

Accepted: 14 January 2021

Published: 18 January 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Centro de Investigaciones Biológicas Margarita Salas (CSIC), Ramiro de Maeztu 9, 28040 Madrid, Spain;
avillacampa@cib.csic.es (A.V.); mciska@cib.csic.es (M.C.); aranzazu@cib.csic.es (A.M.)

2 School of Biological Sciences, Louisiana Tech University, Ruston, LA 71272, USA; jpvdb@latech.edu
3 Department of Biology, University of North Carolina-Greensboro, Greensboro, NC 27402, USA;

jzkiss@uncg.edu
* Correspondence: rherranz@cib.csic.es (R.H.); fjmedina@cib.csic.es (F.J.M.)

Abstract: The response of plants to the spaceflight environment and microgravity is still not well
understood, although research has increased in this area. Even less is known about plants’ response
to partial or reduced gravity levels. In the absence of the directional cues provided by the gravity
vector, the plant is especially perceptive to other cues such as light. Here, we investigate the response
of Arabidopsis thaliana 6-day-old seedlings to microgravity and the Mars partial gravity level during
spaceflight, as well as the effects of red-light photostimulation by determining meristematic cell
growth and proliferation. These experiments involve microscopic techniques together with transcrip-
tomic studies. We demonstrate that microgravity and partial gravity trigger differential responses.
The microgravity environment activates hormonal routes responsible for proliferation/growth and
upregulates plastid/mitochondrial-encoded transcripts, even in the dark. In contrast, the Mars
gravity level inhibits these routes and activates responses to stress factors to restore cell growth
parameters only when red photostimulation is provided. This response is accompanied by upregula-
tion of numerous transcription factors such as the environmental acclimation-related WRKY-domain
family. In the long term, these discoveries can be applied in the design of bioregenerative life support
systems and space farming.

Keywords: microgravity; partial gravity; transcription factors; gene expression; root meristem

1. Introduction

The achievement of plant cultivation in space, also called “space farming,” is an
important step in the development of bioregenerative life support systems to enable long-
term space exploration, since plants are fundamental elements for oxygen and nutrient
supplies as well as waste recycling [1]. With this objective, it is important to study the
response of plants to the space environment. Plants have been successfully grown in space
on numerous occasions [2], even though major physiological changes, such as the alteration
of cell proliferation rate and ribosome biogenesis, have been reported [3]. Most major
physiological changes are regulated and tuned by phytohormones and transcription factors
(TFs). These latter function as molecular switches activating or repressing the expression of
genes or sets of genes in response to different stimuli, e.g., changes in the environmental
conditions. Some changes in the phytohormone levels have been previously reported in
experiments performed in real and simulated microgravity, such as a different distribution
of cytokinin in real microgravity [4] and auxin accumulation in simulated microgravity [5].
However, more attention has been given to the changes in plant physiology (e.g., response
to hypoxia, cell wall modifications, accelerated cell cycle) rather than to the hormone
regulatory pathways and TFs.
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Space exploration involves the exposure of plants to microgravity conditions, as they
exist on spacecraft and stations orbiting the Earth, such as the International Space Station
(ISS). Although microgravity effects have been extensively studied in living organisms,
they are difficult to overcome since plants, like any other terrestrial organisms, have
evolved in a constant gravity vector. Plants orient their growth according to the gravity
vector (gravitropism), with positive root gravitropism and negative shoot gravitropism.
Nevertheless, in microgravity, the cue for this tropism (i.e., the gravity vector) is not present.

Other tropisms are also involved in directing plant growth. For instance, using light
as the tropistic cue, phototropism drives plant growth orientation with a negative root
phototropism and positive shoot phototropism [6]. The interaction among gravitropism,
phototropism and other tropisms, such as hydrotropism [7] and thigmotropism [8], pro-
duces the overall direction of plant growth [9], which is constantly adapted to the changing
environmental conditions. These well-established positive and negative tropisms on Earth
must be reevaluated in space since, in the absence of the gravity vector, new phototropic
responses can be observed that were masked by gravitropism in the Earth. In fact, root
positive phototropic response to red light [10] and blue light [11] have been reported in
spaceflight studies. Different wavelengths of light are known to promote different re-
sponses on plant growth and development [12,13]. Thus, specific light conditions could
be applied to overcome some of the deleterious effects on plant growth and development
induced by microgravity. For example, red light is known to stimulate cell proliferation
and promote ribosome biogenesis [14], both processes affected by spaceflight. In fact, red
light has already been used in a similar experiment in simulated microgravity and was
applied to Arabidopsis thaliana seedlings as a part of the Seedling Growth (SG) series (SG1
and SG2 experiments on the ISS) [15]. The results obtained were positive, in the sense of
compensating at least a part of the alterations induced by microgravity.

Furthermore, the influence of partial or reduced gravity levels on the plant physiology
should be investigated to enable human settlements on nearby planets [16]. In recent years,
special attention has been given to Mars. Little is known so far on the plant response to
partial gravity levels, which is important considering space agencies’ plans to travel back to
the Moon (Deep Space Gateway, DSG) in 2024 [17] and to Mars in the near future. With the
purpose of studying how partial gravity levels can affect plant development, some studies
have used analogs, such as random positioning machines (RPMs), to reproduce Moon or
Mars gravity levels and study their effect on Earth [18]. Simultaneously, the European
Modular Cultivation System (EMCS, [19]), which was installed in the ISS from 2008 to 2018,
provided the ability to apply different g-forces in space by means of a built-in centrifuge.
The SG experiment was executed in this hardware to test the contribution of red and blue
light stimulation interaction with the reduced gravity stimuli [20]. Firstly, we used the
EMCS to investigate transcriptomic changes in A. thaliana seedlings exposed to different
g-levels for the last two days with blue light stimulation in the SG series (SG1 and SG2).
We applied different gravity levels (microgravity, 0.1g; Moon; Mars; near earth g-level;
1g) to blue-light stimulated wild-type (WT) Landsberg ecotype A. thaliana seedlings and
demonstrated a replacement of gravitropism by blue-light-based phototropism signaling at
microgravity level [21], but a striking stress response was found at 0.1g. We also determined
different components of the transcriptional response to the lack of gravity as the g-gradient
is progressively reduced [22].

The use of transcriptomic techniques has provided vast data on gene expression
in plants grown in space. A. thaliana is so far the most widely studied plant in space
biology using omics techniques [21–31] and microscopic methods [4,32], although a few
crop species have been recently incorporated to space studies [32–36]. Scarce material,
high cost, and extensive logistics are highly limiting factors for space experiments, making
the investigation of plant response to the space environment challenging, reinforcing the
requirement of better controls and complementary research in ground simulation and
reference facilities [37]. Moreover, there is a growing awareness in the space biology
community to define and use the same criteria when describing the spaceflight experiment
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metadata so the cross-comparisons between the spaceflight experiments can be performed
more rigorously [38,39].

Here, we combined morphological and molecular approaches to describe the changes
in 6-day-old A. thaliana seedlings (Col-0) grown in the SG experiments (SG2 and SG3)
in three g-levels (microgravity, Mars gravity level and 1g ground reference run (GRR))
under red light photostimulation, and a control in darkness for the last two days of the
experiment. In addition, we compared our results to other transcriptomic data obtained
from A. thaliana seedlings grown during spaceflight and available in the GeneLab database
([40]; https://genelab.nasa.gov/) for further validation of our results. In the long term,
our studies will pave the way to understand the molecular mechanisms to improve the
cultivation conditions of plants on other planets.

2. Results
2.1. Anatomic Changes in Microgravity and Partial Gravity in Different Light Conditions

We analyzed the morphology of A. thaliana seedlings grown on the EMCS in the ISS.
In our experimental conditions, the seeds germinated in altered gravity levels giving us
a chance to observe how the plant deals with the new environment, meaning how they
acclimate. The germination rate during the space experiment was similar to the one in the
GRR (ISS samples 96.7%; GRR 93.93%) suggesting the plant activates these acclimation
mechanisms already during germination.

We investigated the influence of different gravity levels and light conditions on
meristem organization and size expressed in the length of the meristem (the distance
from quiescent center to the first elongated cell in the epidermis) and in the number of
meristematic cells in the epidermis (Figure 1A). The typical organization of the meristem
with easily distinguished quiescent center and three layers of meristematic cells (epidermis,
endodermis and cortex) was observed in all the conditions. These results suggest that
altered gravity levels, and in general spaceflight conditions, do not disturb the well-
conserved organization of the meristem in A. thaliana. The root cap columella also displayed
its typical organization with the first meristematic layer followed by three to four layers of
gravity-perceiving statocytes [41]. No difference in the number of layers of columella cells
was observed among the conditions. In respect to the meristem length, in the seedlings
grown in the dark, no significant changes were observed at any g-level. However, in
the seedlings photostimulated with red light, a gradual increase in the meristem size was
observed with the decrease of g-level (1g GRR < Mars < µg), although the difference between
Mars and µg was not significant (Figure 1B). In addition, the length of the meristem and the
number of meristematic cells per meristematic layer were increased in the photostimulated
seedlings in comparison to the seedlings grown at the same g-level in darkness, although
the difference was only statistically significant at the Mars gravity level (Figure 1B). These
observations were similar to those published in previous reports showing that red light
stimulated proliferation [14,15].

Next, we estimated the nucleolar activity by measuring the area of immunofluorescent
staining using an antibody against the nucleolar protein fibrillarin, in different g-levels and
light conditions (Figure 1C,D). Fibrillarin is a well-known and abundant nucleolar protein
involved in pre-rRNA processing regulation [42], and it can be used as a nucleolar marker.
Under standard conditions of growth, the size of the nucleolus in the meristematic cells
is directly related to its activity, determined by the production of the ribosomal units [43].
Therefore, the size and the structural features of the nucleolus are a reliable marker of the
rate of ribosome biogenesis [44], which is determined by the demand in protein synthesis,
meaning the higher the nucleolar size the higher protein production. A reduction in the
size of the nucleolus was observed in meristems of the seedlings grown at Mars g-level
without photostimulation. This reduction was significant in comparison to the nucleolus in
red-light photostimulated seedlings at the same gravity level, and in comparison to the
seedlings grown in 1g GRR and in microgravity without photostimulation. This indicates
that the protein biosynthesis was also reduced in this condition. Red light seems to have a
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positive effect on the nucleolar activity at the Mars g-level, since meristematic nucleoli in
red photostimulated seedlings at this gravity level display similar size to the GRR seedlings.
Surprisingly, nucleoli in seedlings grown in microgravity in both light conditions also had
similar size as nucleoli in GRR seedlings (Figure 1D).
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To investigate in more detail the changes that nucleolus undergoes in different light
and gravity conditions, we analyzed nucleolar ultrastructure using TEM. In most condi-
tions, nucleoli had a regular round shape and a typical structure, where three components
could be distinguished: granular component (GC), dense fibrillar component (DFC) and
fibrillar centers (FC) (Figure 1E). Despite the fact that we have not observed in microgravity
conditions without photostimulation the reduction in nucleolar size that was observed
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before in etiolated plants in the ROOT experiment [3], we could confirm in TEM images
that nucleoli presented features typical for low-active nucleoli (low content of GC and het-
erogeneous FCs with condensed chromatin inside) [45]. However, in nucleoli of red-light
photostimulated seedlings exposed to microgravity and partial gravity, features of active
nucleoli, such as abundant GC intermingled with DFC and small FCs, were observed. No
condensed intranucleolar chromatin was observed in these samples. This observation
agrees with previous reports from our ROOT spaceflight experiment, where the combined
effect of etiolation and microgravity caused a significant reduction in nucleolar activity [3].
Since, in the SG2 and SG3 experiments, the seedlings germinated and grew for four days
with a photoperiod, the inhibitory effect of microgravity and darkness (last two days of
culture) on nucleolar activity and nucleolar size could be diminished with respect to the
experiments using etiolated seedlings.

2.2. Global Transcriptomics

Principal component analysis (PCA) of the replicates is shown in Figure 2A. The
clustering of the replicates is consistent. There is a very clear separation among the three
g-levels in the samples exposed to red-light photostimulation (µgrl, Marsrl and grrrl) but it
is not well distinguished between the Marsd and grrd samples.
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To elaborate on this, we applied two different approaches to perform the comparisons
in the transcriptomics data. First, to investigate the effect of different gravity levels on A.
thaliana seedlings, we compared the transcriptomes of samples grown in microgravity or
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Mars gravity level to the same light condition in 1-g GRR transcriptome as the reference;
µgd-grrd, Marsd-grrd, µgrl-grrrl; Marsrl-grrrl. Next, to dissect the effect of red light at
different g-levels, we compared the transcriptomes of seedlings grown in the same g-levels
but in different light conditions; µgrl-µgd; Marsrl-Marsd, grrrl-grrd. In both cases, we used
a q-value < 0.05 and a threshold fold change of Log2FC ± 1.5.

In the gravity level comparisons, more than 600 differentially expressed genes (DEGs)
were upregulated in µgd, µgrl, and Marsrl, whereas in Marsd only half of this number
(372) (Figure 2B). These results show that transcriptomes of the seedlings photostimulated
by red light presented a similar number of upregulated DEGs at both gravity levels, but in
seedlings grown in dark, twice as many DEGs were upregulated in microgravity than in
Mars gravity. Approximately half of the upregulated DEGs are common for each gravity
level independently of being exposed to darkness or photostimulation (253 and 175 in
microgravity and Mars, respectively). Gene Ontology (GO) analysis of biological process
categories of those sub-lists are shown in Figure S1. The low number of upregulated
genes in the Marsd sample is in accordance with a small size of meristematic nucleoli
in this condition, suggesting a reduced rate of protein biosynthesis, meaning that the
transcriptome status is reflected at the proteome level. This effect could be a result of the
upregulation of Ovate Family Protein 10 (OFP10), a transcription repressor [46] upregulated
only in Marsd condition (Log2FC 2; all Log2FC values given in the text are statistically
significant; q-value < 0.05).

Only 15 DEGs are upregulated in all four comparisons. Around 500 genes were
downregulated in µgd, Marsd, and Marsrl, whereas in µgrl, there were twice as many
(1012 genes). In this case, we observed twice the number of downregulated genes in
the red-light photostimulated seedlings in microgravity in comparison to Mars g-level.
This number is particularly high (615 DEGs) in µgrl only, and specifically enriched in
photosynthesis function (Figure S1). A total of 55 DEGs are downregulated in the four
conditions. There are also nearly a hundred up- and down-regulated genes in the red-light
conditions (µgrl and Marsrl), which include abiotic stress responses in the upregulated
DEG and metabolic biosynthetic pathways in the downregulated genes (Figure S1). In
summary, seedlings grown at Mars g-level in darkness seem to be the least altered samples
(in agreement with the PCA), while the ones grown in microgravity and photostimulated
with red light show a high number of DEGs. Given the small variations observed in the
plant anatomy, as reported in the preceding section, this dysregulation does not necessarily
mean an adverse effect on the plant. Most likely, the changes in transcript levels also involve
genes associated with the acclimation that the seedlings experience from the germination
and during six-day exposure to altered gravity level. The red-light photostimulation
comparison is discussed below.

In the Gene Ontology (GO) analysis, we used the total number of upregulated or
downregulated DEGs to look for common and specific altered molecular functions in
each condition. We observed that in the upregulated genes there was a clear clustering of
common categories by g-levels rather than by light conditions (Figure 2C, left). Among
the categories upregulated in all conditions, response to osmotic stress, wounding and
cellular response to hypoxia could be identified. Photosynthesis categories are highly
upregulated in microgravity, but not at Mars g-level. It is surprising that this category is
equally upregulated in both light conditions, the red-light photostimulated sample and
seedlings grown in darkness for the last two days. Another strongly upregulated category
in microgravity was oxidative phosphorylation. On the other hand, categories specific
for Mars conditions (both light treatments) include response to ethylene, drug, defense
response and positive regulation of biosynthetic processes and organ growth.

Among the downregulated DEGs (Figure 2C, right), the common functions are related
to hypoxia, while the rest of the downregulated functions seem to be specific for each
g-level and light condition. In addition, in the µgrl sample, photosynthesis and light
harvesting category was strongly downregulated. This result is in agreement with the
previous results obtained in the SG1–2 experiments in the Ler ecotype, using blue-light
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stimulated seedlings [21], confirming the role of light and phototropism as an alternative
cue for plant development in the total absence of gravity. To determine if the same genes
are being downregulated, we compared the two datasets and found 16 common genes.
Even if the overlap of downregulated genes was not striking, there was an enrichment
of photosynthesis function in those 16 genes specifically related to light harvesting in
photosystem I and II, and five downregulated light-harvesting chlorophyll a/b binding
(LHCB) proteins (Figure S2). These results suggest that the same function is affected by
microgravity in both spaceflight experiments (i.e., one with red-light stimulation and the
other with blue light).

Extended heatmaps with top 100 enriched clusters are shown in Figure S1. Common
GO categories are either upregulated in both gravity conditions, such as the response
to water, response to reactive oxygen species, response to osmotic stress, response to
wounding and cellular response to hypoxia, or downregulated, such as cellular response
to decreased oxygen levels. However, only a few or none of the dysregulated transcripts
are common for both conditions in each category (Figure S3).

2.3. Dysregulation of Transcriptional Factors (TFs) and Hormonal Pathways in Microgravity and
Partial Gravity

Many of the functional categories that are dysregulated in both microgravity and
Mars gravity conditions such as osmotic and biotic stresses or response to hypoxia are
regulated by both phytohormones and families of transcription factors [47–50]. Among
the most over-represented TF families in the DEGs, we encountered the WRKY domain
family, which forms one of the largest TF families in flowering plants, as well as other large
families of TFs such as ethylene responsive factor (ERF), ATAF1/2 CUC2 (cup-shaped
cotyledon) (NAC) and myeloblastosis (MYB). We tested by Chi-squared analyses whether
a g iven TF family is overrepresented in each of the conditions and discovered that WRKY
and NAC TFs are overrepresented in Mars g-level (both light conditions), and MYB TFs
are overrepresented in Mars g-level (both light conditions) and in microgravity red-light
photostimulated samples. In contrast, ERFs are overrepresented in all four conditions. Since
WRKY TFs have an important role in plant acclimation and are “multifunctional switches,”
we focused on this family of TFs (reviewed in [47]). Data on WRKYs upregulated in the
Mars conditions (both lights) are presented in Table 1. Although in microgravity WRKY
were not overrepresented, one family member, AtWRKY63, was significantly upregulated
in both light conditions (µgd-grrd Log2FC 2.56 and µgrl-grrrl Log2FC 2.79).

We evaluated the influence of microgravity and Mars g-level on hormonal pathways
using Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses. Few impor-
tant hormonal pathways were significantly affected by microgravity and partial gravity,
as seen in Figure 3 for the “plant hormone signal transduction pathway” (ath04075), in-
cluding the expression level and significance for the four light/gravity conditions under
study (µgd-grrd, µgrl-grrrl, Marsd-grrd, Marsrl-grrrl). Each signaling step includes the
information of transcription levels of one or more genes involved in signal transduction
(full list of genes is available at KEGG database under the ath04075 pathway identifier).
According to KEGG Pathway analysis, the auxin pathway was activated at different steps
in microgravity conditions (GRETCHEN HAGEN 3 (GH3) step in µgd and small auxin
upregulated RNA (SAUR) in µgrl and repressed in Marsrl condition (GH3 step), sug-
gesting cell enlargement and plant growth are promoted in microgravity but not at Mars
g-level. GH3 genes, downregulated in µgd (DFL1) and upregulated in Marsrl (GH3.3
and AT1G48660) encode auxin-amido synthetases and promote the inactivation of indole
acetic acid (IAA) [51]. Eleven SAUR genes which regulate auxin-mediated growth are
upregulated in µgrl sample.
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Table 1. Upregulated WRKY-domain transcription factors (TFs) in Mars gravity level. Statistically sig-
nificant (q-value < 0.05) WRKY TF in marsd-grrd and marsrl-grrrl comparisons. Log2FC for each TF
in each comparison is shown. Reference list from this table is provided in the Supplementary Material.

Name Group Functions Marsd-
grrd

Marsrl-
grrrl

AtWRKY38 III
- negative roles in plant defense [1]
- involved in SA signaling pathway [1] 2.34 2.19

AtWRKY40 II-a

- JA-signaling repressor [2]
- role in response to salinity/osmotic [3]
- response to touch [4]
- defense response

2.13 1.82

AtWRKY45 I
- flooding stress [5]
- phosphate ion transport [6] 1.19 0.81

AtWRKY46 III

- regulates development, stress and hormonal
response by facilitating growth of lateral
roots in osmotic/salt stress through ABA
signaling and auxin homeostasis [7]

- role in the immune process; induced by P.
syringae or SA [8]

- cellular response to hypoxia [9]

3.73 3.61

AtWRKY51 III

- mediates SA- and low oleic acid-dependent
repression of JA signaling involved in plant
defense [10] 1.85 2.14

AtWRKY53 III

- positive effect on plant senescence [11]
- role in the immune process
- may play a role in SA signaling pathway [8] 2.35 1.58

AtWRKY54 III

- negative regulation of senescence [12]
- defense response
- regulation of brassinosteroid, JA, SA and

ethylene pathways (arabidopsis.org)
- osmotic stress

2.82 2.00

AtWRKY59 II-c
- regulation of transcription

4.34 3.02

AtWRKY62 III
- induced by P. syringae or SA, [1]
- negative role in plant defense. 2.77 2.48

AtWRKY66 III
- regulation of transcription

1.95 3.56

AtWRKY75 II-c

- (with AtWRKY44) development of the root
hairs [13]

- has a positive effect on leaf senescence [14]
- participate in the regulation of phosphorus

deficiency signaling [13]

1.78 1.61

AtWRKY33 I_C

- binds to SIB1, JAZ1 and JAZ5 affecting
JA-mediated defense signal pathway [15]

- involved in abiotic stress response, in
particular salt/osmotic stress
(arabidopsis.org)

1.84 1.45

AtWRKY70 III

- negative regulation of senescence [12]
- role in the immune process may play a role

in SA signaling pathway [8] 2.28 1.49

The cytokinin pathway was significantly activated (Log2FC > 1.5) in microgravity
through histidine phosphotransfer proteins (AHPs), which function as positive regulators
of cytokinin signaling [52]. From the six members of this gene family expressed in A.
thaliana, two were upregulated in microgravity: AHP3 and AHP4. In Marsd conditions, this
route was significantly inhibited at the CRE1 step (histidine kinase 2, HK2). The gibberellin
pathway was significantly repressed at the TF step in microgravity (PIF4, PIL6).
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Figure 3. Hormone signaling changes in microgravity and Mars gravity. Plant hormone signal transduction (ath04075) Kyoto
Encyclopedia of Genes and Genomes (KEGG) representation with color-coded changes in each experimental condition:
microgravity darkness (µgd-grrd), microgravity red light (µgrl-grrrl), Mars gravity darkness (marsd-grrd) and Mars gravity
red light (marsrl-grrrl).
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At least one step of the abscisic acid (ABA) pathway is clearly activated in all con-
ditions except for µgd (Figure 3). Among the upregulated genes that contribute to this
activation are highly ABA-induced PP2C gene 2 (HAI2) and HAI3 proteins and, in the case
of the Marsrl samples, also SNF1-related protein kinase 2.9 (SNRK2.9) and SNRK2.5. The
ethylene pathway was activated in all conditions; at EIN3 step in microgravity (AT5G65100)
and ERF1/2 at Mars g-level (ERF1, ERF2), which is in agreement with the GO analysis and
the overrepresentation of ERFs in the upregulated genes in all conditions.

The brassinosteroid pathway is significantly inhibited through BRI1 suppressor 1
(BSU1) protein in µgrl and Mars samples. In addition, TOUCH 4 (TCH4), which is in-
volved in the response to mechanical stimulus, cold, hypoxia and regulates cell elongation
(arabidopsis.org), is downregulated in all light and gravity conditions (although with
threshold Log2FC > 1.5 only in µgrl sample). Both microgravity and partial gravity influ-
enced the transcription of jasmonate-ZIM domain (JAZ) proteins, which are transcriptional
repressors in jasmonic acid (JA) signaling. JAZ1 was upregulated in Mars gravity and
JAZ4 in microgravity. Additionally, ABA-inducible BHLH-type transcription factor (AIB) that
interconnects JA-ABA pathways was also downregulated in microgravity conditions. The
salicylic acid pathway was repressed in microgravity (PR1-like, AT1G50060) and activated
in the Marsrl sample (AT4G33720) at the PR-1 step.

Similar analysis with light comparisons (µgrl-µgd, Marsrl-Marsd, grrrl-grrd) showed
that red light activates the pathways regulating proliferation and growth: cytokinin path-
way in microgravity and GRR samples and auxin pathway at Mars g-level (GH3 step) but
does not alter significantly other hormonal pathways (Figure S4). These results suggest that
the gravity level has more impact on hormonal pathways regulation than light conditions.

In summary, an activation of proliferation-promoting pathways (cytokinin and auxin)
is evident in microgravity but not at Mars g-level. Further activation of the cytokinin
pathway was observed with red-light photostimulation (µgrl-µgd comparison). At Mars
g-level, red light reverses partial inhibition of auxin pathway (GH3 step) which is in agree-
ment with its proliferation-activating effect. On the other hand, stress-related pathways,
in particular ABA, ethylene and salicylic acid (SA) seem to be more activated at Mars
g-level, which could suggest that in partial gravity, the plant perceives the stress signal and
responds with activating acclimation mechanisms.

2.4. Plastid and Mitochondrial Genome Expression

We compared the distribution in the genome of DEGs in each condition using ShinyGO
analyses [53] and found that in microgravity, the expression of genes encoded in the chloro-
plastic and mitochondrial genomes were over-represented. This enrichment in plastid and
mitochondrial gene expression was specific to microgravity (Figure 4A) and not present
in Mars g-level. Furthermore, we compared these results with the WT (Ler ecotype) blue-
light dataset from the SG experiments (GLDS 251) containing transcriptomic data from
seedlings exposed to the following partial gravity levels: microgravity, low gravity level
(0.09 ± 0.02 g), Moon gravity (0.18 ± 0.04 g) and Mars gravity (0.36 ± 0.02 g) levels, and
found a similar enrichment in chloroplastic and mitochondrial gene expression exclusively
in microgravity, but not in any partial gravity including low gravity level (Figure 4B). This
enrichment was detected in the upregulated DEGs, specifically 70 chloroplast-encoded
genes were upregulated in microgravity dark and 83 in microgravity red-light conditions
in our dataset (45 in the blue-light exposed samples from GLDS-251 dataset), and 10 mi-
tochondrial genes were upregulated in microgravity dark and 30 in microgravity red
light (5 in the blue dataset). The upregulated chloroplast-encoded transcripts involved
multiple subunits of photosystem I and II and NAD(P)H dehydrogenase complex and
electron transporters PETA (photosynthetic electron transfer A), PETB and PETD. The
upregulated mitochondrion-encoded transcripts involved ribosomal proteins L16 and S3R,
cytochrome oxidase 1 and 2 (COX1, COX2), NADH dehydrogenase subunits: 4, 5A and 5C
and ATP-binding cassette I2 (ABCI2), a cytochrome C biogenesis protein.
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Figure 4. Plastid and mitochondrial genome expression in microgravity. (A) Distribution of DEGs across chromosomes in 
different comparisons: µgd-grrd, marsd-grrd, µgrl-grrrl and marsrl-grrrl. (B) Distribution of DEGs in GLDS-251 (NASA Figure 4. Plastid and mitochondrial genome expression in microgravity. (A) Distribution of DEGs across chromosomes in

different comparisons: µgd-grrd, marsd-grrd, µgrl-grrrl and marsrl-grrrl. (B) Distribution of DEGs in GLDS-251 (NASA
GeneLab Accession No.) blue-light stimulated seedlings in different gravity levels: microgravity, <0.1g, Moon gravity and
Mars gravity. Bars (A,B) represent number of genes in query list (dark grey, red or blue) and expected number of genes
(light grey). The distribution of the query genes is statistically significant (Chi-squared test) in microgravity dark (p-value:
1.1 ··· 10−209), microgravity red light (p-value: 1.5 ··· 10−207), mars red light (p-value: 0.014), microgravity blue light (p-value:
0). (C) Log2FC of the common genes of the three microgravity comparisons: µgd-grrd (grey), µgrl-grrrl (red) and GLDS251
µg-1g control with blue light stimulation (blue).
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We also compared our results with datasets of two additional spaceflight experiments
in which enrichment of organelle-encoded genes was reported in the transcriptomic data
available in GeneLab (GLDS-38 and GLDS-44) [29,30]. These experiments were performed
using the Biological Research in Canisters (BRIC) hardware without any lighting, so eti-
olated A. thaliana WT Col-0 seedlings grown in microgravity were used. Although not
completely, there is a significant overlap in some of these genes in two or more experiment
datasets (Table S3), even considering that it is not uncommon to see differences between
spaceflight experiments [54]. The fact that this phenomenon is observed in experiments
where different A. thaliana WT lines were used and different hardware and environmen-
tal conditions were applied, strongly suggests that it is one of the major microgravity
effects. These results are consistent with studies of impaired mitochondrial function from
drosophila [55] to humans [56].

This plastid and mitochondrial genome expressions were observed in the three differ-
ent light conditions (blue light, red light, darkness). However, red light leads to generally
higher upregulation levels and a greater number of genes were upregulated in our dataset
of the red-light photostimulated seedlings compared to plants grown in darkness, or in the
Ler dataset of blue-light photostimulated seedlings, as shown by the fold change of the com-
mon upregulated genes (Figure 4C). The level of change of all plastid and mitochondrial
genes in the three light conditions is shown in Figure S5.

2.5. Dissecting the Contribution of the Red-Light Photostimulation to the Response to Each g-Level

To dissect the transcriptomic changes provoked by red-light photostimulation at each
g-level, we performed an additional set of transcriptomic comparisons of the photostimu-
lated seedlings versus the seedlings grown in darkness at 1g, Mars and microgravity levels
(grrrl-grrd; Marsrl-Marsd; µgrl-µgd) (Figure 5). The first observation is the fact that the
number of upregulated genes was much higher than the number of downregulated at all
gravity levels. As expected, we have observed upregulation of genes related to photosyn-
thesis, light harvesting, pigment biosynthesis and response to light stimulus in all gravity
conditions including GRR. Other categories upregulated in all gravity conditions included
transcripts involved in response to karrikin (which help stimulate seed germination and
plant development), phenylpropanoid metabolic processes, secondary metabolic processes
and, in microgravity (to a lesser degree in GRR), the reductive pentose phosphate cycle
(Calvin cycle). Surprisingly among downregulated transcript categories, we found the
ones related to red to far-red signaling pathway and the response to far red light, which
indicates that feedback regulatory mechanisms were triggered to tune down the seedling
response. Metascape analysis of upregulated transcript heatmap profiles clusters Mars
comparison (Marsrl-Marsd) together with GRR comparison (grrrl-grrd), which suggests a
more similar plant response in these conditions. In contrast, in downregulated transcript
profiles, Mars comparison clusters together with microgravity comparison (µgrrl-µgd).
These observations are also reflected in the higher number of upregulated genes common
in Mars and GRR than the ones common in Mars and microgravity and a higher number of
common genes downregulated between Mars and microgravity than those common for
Mars and GRR, or microgravity and GRR (Figure 5). Taken together, these results could
suggest that red-light photostimulation has a positive effect on seedlings in Mars gravity
level, which is similar as in Earth conditions. Extended heatmaps are shown in Figure S6.

The processes that are the most affected in microgravity by red light include cell wall
organization and biogenesis, cell cycle, microtubule-based processes, DNA replication
initiation and trichoblast differentiation (Figure 5). This effect is less pronounced in the
other gravity conditions, which suggests that red-light photostimulation has especially
positive influence on seedlings in microgravity.
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On the other hand, red light has an inhibitory effect on proteolysis in microgravity and
Mars conditions, as seen by downregulation of the genes related to amino acid catabolic
processes. This observation is in line with the positive effect of red light on biosynthesis
and proliferation [14] and is reflected in the increased size of the nucleolus (and meristem)
in the red-light photostimulated samples.

Among the most important transcripts in the cell cycle category upregulated in micro-
gravity conditions were PROLIFERA (PRL; Log2FC µgrl-µgd 2.16) and multiple cyclins:
A2, A3, B1 (B1:1, :3, :4 (cyclin2)), B2(:1, :2, :3), D4 (:1; :2), P4(:1; :2, :3) as well as prolif-
eration markers AURORA1 and AURORA2. Upregulated genes encoding microtubule-
related proteins included many subunits of the mitotic spindle, but also some important
cytoskeleton-related proteins such as tubulin beta-1 chain (TUB1; Log2FC µgrl-µgd 1.84)
and SPIRAL1-LIKE4 (SP1L4; Log2FC µgrl-µgd 1.69). TUB1 encodes beta tubulin regulated
by phytochrome A (phyA)-mediated far-red light high-irradiance and the phytochrome B
(phyB)-mediated red-light high-irradiance responses [57]. SP1L4 regulates cortical micro-
tubule organization essential for anisotropic cell growth [58].

In terms of cell wall enzymes and proteins, among the upregulated transcripts in
microgravity light comparison were present numerous enzymes from the group of hydro-
lases (Xyloglucan endotransglucosylase/hydrolase 12, XTH12; XTH13; XTH14; XTH20; XTH26;
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glycosyl hydrolase 9B13, GH9B13) and transferases (galacturonosyltransferase 12, GAUT12;
rhamnogalacturonan xylosyltransferase 1, RGXT1; glucuronoxylan methyltransferase 2, GXM2)
as well as pectin methylesterase 46 (PME46), pectin acetylesterase 10 (PAE19) and polygalactur-
onase involved in expansion 1 (PGX1). In addition, numerous extensins (LRX1, EXT2, EXT7,
EXT8, EXT9, EXT10, EXT12, EXT13, EXT15, EXT16 and EXT17) and two fasciclin-like
arabinogalactans (FLA6, FLA7) were present. These results suggest the cell wall undergoes
profound modifications in this condition that might be related to increased cell growth and
expansion [54,59].

3. Discussion
3.1. Red-Light Photostimulation has a Positive Effect on Cell Proliferation in Both Microgravity
and Mars Gravity Conditions

Our morphometric studies indicate that features like meristem and nucleolus size
are more robust in the red-light photostimulated seedlings. In the case of the nucleo-
lus, although the difference in size between dark-grown and red-light photostimulated
seedlings is not significant in microgravity, the features of nucleolar ultrastructure clearly
indicate that red-light photostimulation increases nucleolar activity. Increased root meris-
tem size (expressed as the length and the number of meristematic cells), nucleolar size
and changes in nucleolar ultrastructure confirm positive effect of red light at Mars g-level,
suggesting that the rates of both the meristematic cell proliferation and protein production
were increased. On the other hand, the transcriptomic data from different light condition
comparisons (grrrl-grrd; Marsrl- Marsd; µgrl-µgd) confirmed that in microgravity, cell
cycle and proliferation related genes are upregulated and the hormonal routes promoting
proliferation activated (Figure 5B and Figure S3).

Red and far-red light are perceived by photoreceptors termed phytochromes, which
are expressed in different zones of the root (reviewed in [60]). PhyA and phyB, expressed
mainly in the root tip, are involved in both red-light-induced positive root phototropism
and gravitropism [61,62]. Red-light photostimulation of seedlings in GRR has a positive
effect on the overall physiology in comparison to the seedlings kept in darkness for the last
two days of cultivation [37]. In addition, red light is known to stimulate cell proliferation
and ribosome biogenesis [14], which are observed in our results, particularly when the
gravity vector cannot completely guide the plant development. In addition, red light
also restored the meristematic competence balance, which was extensively described to
be affected in early plant development in our previous ROOT experiment in the ISS in
etiolated A. thaliana seedlings [3].

Thus, we conclude that red-light photostimulation could help plants to overcome
some of the deleterious effects of the spaceflight environment. Similar effects were seen
previously in our experiments with blue-light photostimulation [22].

3.2. Microgravity has a Deleterious Effect on Plant Physiology: Elevated Plastid and Mitochondrial
Genome Expression is Observed in Microgravity, but Not in Partial Gravity

Dysregulation of the genes involved in photosynthesis was specific for microgravity
condition. Photosynthesis-related genes were upregulated in both light conditions, which
was related to the increased plastid genome expression (to be discussed further). On the
other hand, in the µgrl sample, genes involved in photosynthesis were also downregulated.
This is in agreement with the results of the previous SG experiment [21], although only 16
genes were common for both datasets obtained from different light conditions. Reduction
in photosynthesis activity, and specifically in photosystem I complex, was observed in
previous studies of Brassica rapa plants grown in space [63], and in Oryza sativa plants
grown in simulated microgravity [64]. Furthermore, structural changes in chloroplasts,
such as alterations of thylakoid membranes in seedlings grown in real [65] and simulated
microgravity [66] were reported, as well as a reduction of chloroplast size in simulated
microgravity [67]. Downregulation of LHDB proteins, which was observed in microgravity
in red- (our dataset) and blue-light stimulated seedlings (GLDS-251) (Figure S2), is known
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to affect stomatal closure in effect reducing photosynthetic activity. This downregulation
also decreases plant tolerance to drought stress [68,69].

Dark-grown samples showed a general decrease in photosynthetic activity as demon-
strated by the transcriptomic analysis of 1g GRR samples [37]. It is therefore not surprising
that we have not observed this category in dysregulated genes in µgd-grrd comparison.

Additionally, few ERFs important for development of tolerance to a number of abiotic
stressors were downregulated in microgravity: Translucent Green (TG), downregulated in
microgravity and darkness, is involved in drought tolerance [70], C-repeat/DRE binding factor
1 (CBF1) and CBF2, downregulated in microgravity in both light conditions, are involved
in tolerance to freezing [71,72], AtERF72, also downregulated in both light conditions,
is involved in the tolerance to peroxide (H2O2) and heat stress [73]. In summary, the
downregulation of these ERFs in microgravity may have a negative effect on A. thaliana
tolerance to adverse conditions.

Two organelles seem to be particularly affected in microgravity during space flight.
Plastids contain 3000–4000 proteins and most of them are encoded in the nucleus [74].
Around 90 to 100 are encoded in the chloroplast genome [75]. The majority of these genes
are upregulated in microgravity (70 in µgd and 83 µgrl). Mitochondria contain around
3000 proteins, from which 57 were identified in the mitochondrial genome [10,76]. In
our dataset, we identified 10 of them in µgd, peaking to 30 out of 57 in µgrl and 10 in
microgravity and darkness. Various factors influence plastid gene expression, such as light,
temperature, plastid development or circadian clock [74]. Abscisic acid (ABA) represses
transcription of chloroplast genes [77]. The ABA pathway was activated in the Mars
samples, which could explain why this phenomenon is not observed in this condition.
Upregulation of plastid-encoded genes was reported before in spaceflight experiments [29].

Mitochondria and chloroplasts are tightly involved in cellular metabolism and are
thought to be initial sensors for cellular dysfunction caused by external stress. Research
to date suggests that factors that participate in signaling between these organelles and
the nucleus (anterograde communication: communication from nucleus to organelle;
retrograde communication: from organelle to nucleus) also participate in the recognition of
the stress level. The decision is whether to adjust the metabolism, or to execute programmed
cell death (PCD) [78]. The key signaling molecules in mitochondrial dysfunction are
ANAC017, ANAC013 and Alternative Oxidase 1a (AOX1a) [79]. ANAC017 is only slightly
downregulated in microgravity and AOX1a and ANAC13 is only upregulated in Marsrl
condition (around 1-fold). In addition, there is a set of mitochondrial proteins which are
consistently upregulated in stress conditions when the dysfunction of mitochondria takes
place [80–82], but only one of these is upregulated in the µgrl sample (AT3G50930) and
three downregulated (µgd, µgrl: AT1G20350, AT1G21400; µgd: AT4G15690).

Based on our results, it would seem that there is a dysregulation of the chloroplast and
mitochondrial genome expression, and this dysregulation is not perceived and corrected in
the typical retrograde communication in response to organelle dysfunction. Moreover, this
organelle dysfunction is not present in partial gravity level, probably because the retrograde
communication is not disturbed. Supporting the last assumption is the fact that Sigma factor
binding protein (SIB1), which binds sig1R factor (nuclear encoded factor that regulates the
chloroplast genome expression) and has an important role in the retrograde communication,
is downregulated in µgd, but upregulated in Mars conditions. AtWRKY40 was shown to be
a repressor of retrograde-mediated expression while AtWRKY63 has an opposite activating
effect [79]. The antagonistic functioning of WRKY40 and WRKY63 could also play a role in
this dysregulation. At Mars g-level, AtWRKY40 is upregulated, subduing the expression of
stress-responsive genes (genes responding to mitochondrial and chloroplast dysfunction).
On the other hand, upregulation of AtWRKY63 could play a role in the dysfunction of
both organelles. It has been reported that disturbed mitochondrial retrograde signaling
leads to increased sensitivity of plants to stress conditions [83]. Mitochondrial retrograde
signaling is involved in acclimation to flooding, and AtWRKY40 is involved in promoting
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this acclimation together with AtWRKY45 [83], which is also upregulated at Mars g-level
and downregulated in microgravity.

Mitochondria and WRKY40 also participate in response to touch and wounding. This
response involves other signaling factors such as OM66 and mitochondrial dicarboxylate
carriers DIC2, DIC1 [84,85]. The OM66, AtWRKY40, DIC1 and DIC2 are upregulated at
the Mars g-level (both light conditions). It is possible that at the Mars g-level, the seedling
is activating the response to touch in the search for the direction stimuli, whereas in
microgravity this route is not activated (as OM66, AtWRKY40, DIC1 and DIC2 are not
upregulated).

However, the mechanism involved in the perception of microgravity and the mecha-
nism that causes the dysregulation of the organellar genome transcription remains unre-
solved. Nevertheless, our results show that by the combination of light with applying even
low g-level, this stress response observed at the Mars g-level (and even more intense at the
Moon g-level [18,22]) can be corrected.

3.3. Seedlings Grown at Mars g-Level Activate Stress Responses Involving WRKY TFs Possibly
Leading to Acclimation

The acceleration similar to the Mars g-level in the EMCS centrifuge in orbit is enough
to provide gravitropism cue to plants on the ISS as seen in Figure 6 and previously re-
ported [15]. Consistently, the transcriptome changes observed at Mars g-level are very
different from those found in A. thaliana exposed to microgravity, which is especially clear
in the seedlings grown without photostimulation. DEGs involved in multiple stress re-
sponses, like hypoxia (decreased oxygen levels), drought, reactive oxygen species, osmotic
and biotic stresses are altered in both gravity levels. These observations are in accordance
with previous experiments in the microgravity and partial gravity conditions [22,25,54].
However, when we compare the number of common DEGs in microgravity and Mars
conditions (Figure 2), we observe only 15 upregulated genes and 55 downregulated genes.
In fact, even though common GO categories are upregulated and downregulated for both
conditions, only a few or none of the specific DEGs are common for both gravity levels
(Figure S2). Moreover, photosynthesis, which is highly affected by microgravity [21], does
not seem to be disturbed at Mars g-level. It is evident that both conditions induce dif-
ferent responses in seedlings and, therefore, the strategies to grow plants, either during
spaceflight or on a planet with reduced gravity, but enough in magnitude to trigger a full
gravitropic response, should also be different.

GO categories common for all the samples are most likely related to the spaceflight
conditions; however, the plant responds to these environmental factors differently in mi-
crogravity and Mars g-level, as suggested by the low number of common DEGs. The
bioavailability of oxygen in the spaceflight environment is reduced and very dependent
on the hardware used for the experiment in orbit, provoking the plant response to hy-
poxia [54,86]. This stress is closely related to waterlogging response (or water stress), also
present in the upregulated group in the GO analysis; in fact, when a plant is submerged
under water the availability of oxygen is reduced and response to hypoxia activated [87].
Morphological changes typical for plants in response to flooding, such as the appearance of
adventitious roots in A. thaliana (“roots on the stem”; [87]), were observed in BRIC-16-Cyt
experiment [88]. In addition, Stout et al. [89] demonstrated increased activity of fermen-
tative enzymes in the roots of B. rapa grown in the space environment, which indicates
root zone hypoxia. It is possible that the plant activates these known mechanisms to
enhance oxygen intake. The response to the osmotic stress is also a category frequently
dysregulated in space experiments [29]. The nature of this response is not well understood
but it was suggested that plants could activate in microgravity the response to osmotic
stress due to the absence of structural guide, compensating it with the stabilization of
microtubules [29,90]. Nevertheless, the response to this stressor is also present in partial
gravity where the seedling seems to perceive gravitational cues (Figure 6). Our results
suggest that the hormonal and transcriptional routes involved in response to osmotic stress,
such as the ABA pathway and ERF TFs upregulation, are activated. ERFs are characterized
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by the presence of ERF DNA binding domain [91] and fulfill a wide range of functions
in response to multiple stresses. Differential expression of ERFs was reported in adverse
conditions such as waterlogging and hypoxia [92,93].
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At the Mars g-level, we observed a clear enrichment in WRKY TFs. They are involved
in a wide variety of functions from abiotic and biotic stress response to developmental
and multiple physiological processes on Earth [83,94–97]; reviewed in [47]. They also
participate in hormonal response for example in JA/SA hormonal signaling. The WRKY
family is defined by the presence of at least one WRKY DNA binding domain (DBD).
They interact with W-box (with TTGACC/T motif) and clustered W-boxes located in
the target genes that are activated or repressed under a specific condition. Most WRKY
TFs are multifunctional meaning they play a role in a number of responses (see Table 1)
thanks to multiple functional domains they contain (zinc-finger motifs, leucine zippers,
kinase domain, (CaM)-binding domain etc.) [47,98,99]. For example, AtWRKY75 which
is upregulated at the Mars gravity level, plays a role in the immune process, response to
osmotic stress, regulation of phosphorus deficiency signaling, development of the root
hairs and has a positive effect on leaf senescence [100].

The multiple functional domains that each WRKY contains enable them to form
complexes with numerous proteins and fulfil a wide range of functions [47]. This multi-
functionality makes WRKY TFs a perfect target for genetic manipulation to create more
resistant breeds that can be used in future space experiments. By modifying just one
WRKY, a resistance to a set of abiotic and biotic stresses and developmental traits can be
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achieved. Since TFs such as WRKY are key players in molecular breeding of crops due to
their important role in the process of crop domestication [101,102], they have received a
lot of attention in recent years. Genetic modification to obtain a specific positive trait was
successfully used before, for example, to produce drought-resistant rice overexpressing
OsWRKY30/70 [103,104]. Similar strategies could be applied also to develop cultivars for
“space farming.”

The upregulation of WRKY and other important TFs families, such as NACs, in Mars
samples suggests that seedlings grown in partial gravity level activate multiple routes to
cope with stress associated with space environment, and they can acclimate by modulating
genome expression. On the other hand, among the genes upregulated in microgravity, a
lower number of TFs can be found. In fact, as mentioned before, a number of ERFs which
participate in development of tolerance to various adverse factors are downregulated in
this condition.

Hormonal pathways promoting growth and proliferation are activated in microgravity
and hormonal pathways promoting stress response are activated at Mars g-level

A summary of anatomical changes and changes in hormonal pathways is presented
in Tables 2 and 3. Auxin and cytokinin pathways, two hormones regulating cell growth
and proliferation, were disrupted differently in microgravity and Mars g-level. Our results
suggest that both pathways were activated in the microgravity conditions, and few elements
of these routes were repressed at Mars g-level. Dysregulation of auxin pathway in space-
grown seedlings was reported in previous studies [23,29].

Table 2. Summary of anatomic changes in the root compared to the corresponding ground control.
Arrow pointing up: increase. Arrow pointing down: decrease. Statistically significant changes are
highlighted in red.

Meristem
Length

Meristem
No. of Cells

Fibrillarin
Area

Nucleolar
Ultrastructure

Microgravity
Darkness ↑ ↑ ↑ ↓
Red Light ↑ ↑ ↑ ↑

Mars gravity
Darkness - - ↓ ↑
Red Light ↑ ↑ ↑ ↑

Table 3. Summary of phytohormone signaling changes in gene expression of each condition com-
pared to the ground control. Arrow pointing up: upregulation. Arrow pointing down: downregula-
tion. Red indicates stronger changes according to fold change (at least one step Log2FC > 1.5).

Auxin CK Brassino-
steroids ABA Ethylene JA SA

Microgravity
Darkness ↑ ↑ ↓ ↓ ↑ ↑ ↓
Red Light ↑ ↑ ↓ ↑ ↑ ↑ ↓

Mars gravity
Darkness ↓ ↓ ↓ ↑ ↑ ↑ ↑
Red Light ↓ ↓ ↓ ↑ ↑ - ↑

The SA pathway was activated in red light at Mars g and inhibited in the microgravity
darkness conditions, and the JA pathway was inhibited through JAZ proteins in all samples.
Both SA and JA play major roles in the defense response to pathogens. The role of SA
is to activate the resistance against biotrophic pathogens, whereas JA is involved in the
activation of defense mechanisms [105]. Specifically, the principal function of JA is the
promotion of the resistance to plant pathogens by production of defense compounds
and, at the same time, it inhibits plant growth. Both, JA and SA, also participate in the
response to abiotic stressors and development of tolerance. JA is involved in response to
cold, drought, salinity and light (reviewed in [106]). SA was reported to be involved in
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response to environmental stressors such as high and low temperature, drought, salinity
and UV-B radiation (reviewed in [107]). SA-mediated mechanisms together with reactive
oxygen species (ROS) and glutathione (GSH) regulate the transcription of different sets
of defense genes in a spatio-temporal manner [108]. On the other hand, JA regulatory
pathway act through the crosstalk with other phytohormone pathways including ABA,
SA and ethylene [106] and is fine-tuned by numerous JA compounds and their different
modes of action [109]. Hormones that promote plant growth, such as auxin, gibberellins
and cytokinins, repress JA/SA mediated defense-response to prioritize the growth. On the
other hand, activation of SA and JA routes can suppress these growth-promoting pathways
to activate the defense [110].

JAZ proteins, which were upregulated in both gravity conditions, are transcriptional
repressors in JA signaling [111], and by tuning down the response to JA, they enable the
recovery of the organ growth [112]. They act on diverse TF families including bHLH,
MYB or WRKY [113]. Furthermore, they interact with DELLA proteins to regulate JA
and Gibberellin acid (GA) signaling [114], which leads to regulation of plant growth and
plant defense response upon environmental conditions. JAZ1 was upregulated at Mars
gravity and JAZ4 in microgravity. Apart from the leading role in plant resistance and
defense, JAZ proteins are also implicated in the response to abiotic stresses. JAZ1 confers
tolerance to alkaline stress [115] and JAZ4, which is not induced as other JAZ proteins by
insects or wounding [116], was shown to be involved in control of leaf senescence [117],
freezing tolerance [118], growth and development [113]. AIB, which interconnects JA-ABA
pathways, was downregulated in microgravity conditions. AIB interacts with JAZ proteins
to negatively regulate jasmonate responses. It is induced by ABA and participates in
developing a drought tolerance [49]. The ABA pathway is strongly activated at Mars
g-level. It is the most important regulator of the response to drought and osmotic stress in
plants and a positive regulator of root hydrotropism [119]. ABA, together with MAP-kinase
(MAPK) perception and signaling pathways, are involved in all abiotic stresses which
cause the decrease of turgor pressure and water loss [48].

The ethylene pathway, together with ERFs, are involved in a wide range of stress
responses. Although it has been suggested that the detection of an ethylene response in
spaceflight experiments was an effect of the ethylene accumulated from the previous exper-
iments, any ethylene accumulation during this experiment would have been erased from
the hardware by a flushing procedure performed before the initiation of the experiment as
well as by constant air flow by a connected gas removal module [20,21,120].

In summary, the dysregulation of different hormonal routes in our samples suggests
that, in microgravity, the seedlings do not address the external stress and take the option
of growing by activating growth and proliferation promoting auxin and cytokinin routes.
On the other hand, in the Mars g samples, the growth-promoting routes are inhibited and
ABA, ethylene and salicylic acid routes, known for their crucial role in response to osmotic,
drought and biotic stresses, are activated.

4. Materials and Methods
4.1. Spaceflight Experiment and Procedures

The SG experiments were a series of spaceflight experiments aimed at investigating
the response of young seedlings of A. thaliana to the joint stimuli of different levels of
gravity and light. Here, we present results corresponding to part 2 and part 3 of the SG
series (SG2 and SG3 experiments).

Experimental containers (ECs), each containing 5 culture chambers (cassettes) with
28 seeds attached to gridded nitrocellulose membrane with guar gum (as described in [37,121])
were used. SG2 was sent to the International Space Station (ISS) during the SpaceX CRS-
4 (September 2014) and returned on CRS-5 (February 2015), and SG3 was sent to the
ISS during the SpaceX CRS-11 campaign (June 2017) and returned a month later, on the
same mission.
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The experiment did not start until the ECs were loaded into the EMCS and the cas-
settes were hydrated [20]. Experimental conditions such as hydration, environmental
humidity (>80%), gas exchange (O2 levels kept at 10%; CO2 at 0.45%) and temperature
(22.5 ◦C ± 2 ◦C), were monitored and controlled remotely from the Norwegian User Sup-
port and Operation Centre (N-USOC, Trondheim, Norway). The GRR was performed at
this site in the identical hardware using the same experimental conditions a few months
later. During the experiment, seedlings were grown for four days in a long day photoperiod
(16 h white light, 30–40 µmol/m2s and 8 h darkness) at two nominal g-levels on board the
ISS (microgravity and Mars gravity level nominally 0.3 g (0.34 ± 0.05 g), as provided by
the EMCS centrifuge) and the Ground Reference Run 1g control. In the last two days of
the timeline of the experiment, a change in the light conditions was introduced, half of the
material was photostimulated with red light-emitting diodes (LEDs) on one lateral of the
ECs, and the rest of the material was grown in darkness.

The timeline of the experiment is shown in Figure 6. The three gravity levels were
constant for each EC throughout the duration of the experiment. Before the experiment
began, flushing of the EMCS was performed to erase any possible traces of ethylene
and other gases from previous experiments. When the six days of seedling growth were
completed, the ISS astronauts then removed each EC from the EMCS and froze the samples
at −80 ◦C in orbit (in the MELFI) or used the FixBox to fix the samples with aldehydes
for morphological studies (as described in [37]). Germination rate was calculated as the
percentage of germinated seeds.

4.2. Confocal Microscopy

The details of the spaceflight device (termed the FixBox) used for fixation of the sam-
ples in 5% (w/v) formaldehyde and the procedure are described in [122]. Briefly, seedlings
were fixed in 5% (w/v) FA for 3 h at room temperature (RT) and then kept at 4 ◦C until
return to Earth (µg and Mars g-level) or directly processed in the GRR. Fixative was rinsed
three times in PBS and then seedlings were digested with digestion solution, containing:
2% (w/v) cellulase, 1% (w/v) pectinase, 0.05% (w/v) macerozyme, 0.4% (w/v) mannitol,
10% (v/v) glycerol and 0.2% (v/v) Triton x-100 in PBS for immunofluorescence with an
anti-fibrillarin antibody (Abcam, Cambridge, UK, ab4566 [38F3]). For cell wall staining, the
tissues were digested with enzymes not containing cellulose and with 0.5% macerozyme
(w/v) and stained with SCRI 2200 a cellulose specific stain (Renaissance Chemicals, North
Duffield, UK) [123,124]. Fibrillarin area and meristem size were measured with ImageJ
v1.53c. Statistical analyses of the measurements were made using SPSS v25 software.

4.3. Electron Microscopy

The FixBox [122] was also used for fixation of the samples with 4.5% (v/v) glutaralde-
hyde (Sigma-Aldrich, St. Louis, MO, USA, #G5882) and 1.5% (w/v) formaldehyde (Electron
Microscopy Sciences, Hatfield, PA, USA, #15710) in PBS for electron microscopy analysis.
Following aldehyde fixation, samples were post-fixed in 1% (w/v) osmium tetroxide in
PBS for 1 h and dehydrated in ethanol. Root tips were embedded in epoxy resin and
then sectioned. Ultrathin sections were mounted on nickel grids coated with a 0.5% (w/v)
Formvar film (Sigma-Aldrich, St. Louis, MO, USA, #09823) and stained with 5% (w/v)
uranyl acetate (Electron Microscopy Sciences, Hatfield, PA, USA, #22400) and 0.3% (w/v)
lead citrate (Electron Microscopy Sciences, Hatfield, PA, USA, #17800). Next, the samples
were examined in a JEOL 1230 transmission electron microscope (TEM) at 80 kV.

4.4. RNA Extraction and Sequencing

Details of RNA extraction and sequencing are described in [37]. Briefly, the RNA
extraction kit MACHEREY-NAGEL (Macherey-Nagel (MN), Düren, Germany, #740949)
was used to extract RNA for pools of 8–10 seedlings. The RNA extraction kit includes
DNAse treatment for 15 min. RNA quality was analyzed with the Bioanalyzer 2100 expert
Plant RNA nano with Agilent RNA 6000 Nano Kit (Agilent Technologies, Santa Clara,
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CA, USA, #5067-1511). Sequencing was performed on the Illumina HiSeq2500 sequencer
(Center for Genomic Regulation, Barcelona, Spain) with stranded RNA read type and 50 bp
read length. Seventeen total RNA samples were used to generate sequencing libraries
using the Illumina TruSeq RNA Library Preparation Kit (Illumina, San Diego, CA, USA,
#RS-122-2001). Samples were individually indexed. The samples then were combined at
equimolar proportions into two pools. Each pool was loaded onto two lanes of a flow cell.
Sequencing was performed until the 25 million reads per sample objective were reached
(27.5± 1 millions of sequences obtained). Results from these studies have been deposited as
the GLDS-314 and are available at NASA’s GENELAB repository (DOI:10.26030/z5yf-jx91,
https://genelab-data.ndc.nasa.gov/genelab/accession/GLDS-314, [40]).

4.5. Functional Analysis

Differential expression analysis was done using Deseq2 [125]. PCA was made using
iDEP.91 [126]. Gene Ontology analysis of the DEGs was done using ShinyGO [53] with
default settings and Metascape [127] with custom analysis adding molecular function
and cellular component. ShinyGO was also used to analyze the distribution of query
genes across the genome. Venn diagrams were made using jvenn [128]. String v11.0 was
used for protein–protein interaction analysis [129]. Functional analysis of the dysregu-
lated genes involved in phytohormone signaling pathway was performed using KEGG
Pathway, the reference database for pathway mapping in KEGG MAPPER [130] available
at Kyoto Encyclopedia of Genes and Genomes (KEGG). For the analysis of enrichment
in a comparison of a specific gene family, a Chi-squared test was used using GraphPad
software v5 (San Diego, CA, USA). The list of the identifiers and Log2FC values of the
genes dysregulated in microgravity (Table S1) and Mars g-level (Table S2) are given in the
Supplementary Material.

5. Conclusions

We conclude that the response to reduced gravity does not show a gradual decrease
in the intensity of the effects observed at microgravity, but clearly differentiated effects on
plant growth and physiology are detected, as shown by anatomical and transcriptomic
changes. In microgravity, A. thaliana accelerates cell proliferation and growth in the root
meristem, even though some of the cellular processes, such as retrograde and anterograde
communication, appear to be disturbed. This strategy could be activated by applying
alternative directional cues, such as light (in particular, red light), and it could lead to
adverse effects on the long-term plant development, considering the high energetic cost that
it entails. On the other hand, at the Mars gravity level, the seedling perceives external stress
and activates responses cooperating with the acclimation of the plant to the environmental
conditions, such as upregulation of WRKY TFs. Red light increases cell proliferation at all
gravity levels, as shown by microscopic and transcriptional analyses and it is particularly
required to prime the adaptive stress response to the Mars g-level. In long-term applications,
the combination of partial gravity level and red-light photostimulation could be used in
space farming to avoid dysregulation of those pathways appearing affected in microgravity
and to promote robust seedling growth.

Supplementary Materials: This article contains supplementary materials. Supplementary materials
can be found at https://www.mdpi.com/1422-0067/22/2/899/s1. Figure S1. Extended Gene
Ontology clusters affected by microgravity or Mars gravity, Figure S2. Common microgravity
downregulated photosynthesis genes in GLDS-314 (µgrlgrrrl comparison, red photostimulated) and
GLDS-251 (blue photostimulated), Figure S3. Venn diagrams of DEGs in common GO categories to
the four comparisons, Figure S4. Hormone signal transduction changes in red light compared to
darkness, Figure S5. Plastid and mitochondrial genome expression, Figure S6. Extended heatmaps
of Gene Ontology analysis of the effect of red-light photostimulation across gravity levels, Table S1.
List of the genes and the Log2FC values of the dysregulated in microgravity, Table S2. List of the
genes and the Log2FC values of the dysregulated in Mars gravity, Table S3. Upregulated plastid and
mitochondrial genes. List of references from Table 1.
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GRR Ground Reference Run
EMCS European Modular Cultivation System
ISS International Space Station
SG Seedling Growth experiment
DAPI 2-(4-amidinophenyl)-1H -indole-6-carboxamidine
GO Gene Ontology
IAA Indole acetic acid
JA Jasmonic acid
SA Salicylic acid
N-USOC Norwegian User Support and Operation Center
PBS Phosphate-Buffered Saline
RT Room temperature
SED Standard Error of the Difference
TEM Transmission Electron Microscope
GC Granular Component of the nucleolus
DFC Dense Fibrillar Component of the nucleolus
FC Fibrillar Centers of the nucleolus

µgd-grrd
comparison of transcriptome of seedlings grown in microgravity
without photostimulation to the corresponding GRR

µgrl-grrrl
comparison of the transcriptome of seedlings photostimulated
with red light for the last two days grown in microgravity to the
corresponding GRR

Marsd-grrd
comparison of transcriptome of seedlings grown at Mars gravity
level without photostimulation to the corresponding GRR
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Marsrl-grrrl
comparison of the transcriptome of seedlings photostimulated
with red light for the last two days grown at Mars gravity level to
the corresponding GRR

µgrl-µgd, Marsrl-Marsd
grrrl-grrd

transcriptomic data comparisons between two light conditions
(red photostimulation and darkness) at each gravity level (µg,
Mars g-level and 1g GRR)
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Abstract: Plant cyclic nucleotide-gated channels (CNGCs) are tetrameric cation channels which may
be activated by the cyclic nucleotides (cNMPs) adenosine 3′,5′-cyclic monophosphate (cAMP) and
guanosine 3′,5′-cyclic monophosphate (cGMP). The genome of Arabidopsis thaliana encodes 20 CNGC
subunits associated with aspects of development, stress response and immunity. Recently, it has
been demonstrated that CNGC subunits form heterotetrameric complexes which behave differently
from the homotetramers produced by their constituent subunits. These findings have widespread
implications for future signalling research and may help explain how specificity can be achieved by
CNGCs that are known to act in disparate pathways. Regulation of complex formation may involve
cyclic nucleotide-gated channel-like proteins.

Keywords: calcium signalling; CaM; calmodulin; cAMP; cGMP; CNGC; cyclic nucleotide-gated
channel; CNGCL; cyclic nucleotide-gated channel like

1. Introduction

Plant cyclic nucleotide-gated channels (CNGCs) are held to be tetrameric cation chan-
nels formed by four subunits which may be activated by the cyclic nucleotide monophos-
phates (cNMPs) adenosine 3′,5′-cyclic monophosphate (cAMP) and guanosine 3′,5′-cyclic
monophosphate (cGMP) [1–10]. The ability of cNMPs to act as signalling molecules in
plants has been questioned. However, enhanced detection methods are revealing stimulus-
induced increases and the ability to lower cAMP in cellular compartments using a “cAMP
sponge” is now allowing the consequences of depletion to be investigated [11]. CNGCs
are integral not only to plant nutrition, but also to calcium (Ca2+) signalling in develop-
ment, abiotic stress and immunity [9,10,12–15]. Most research into CNGC contribution
to signalling has focused on the 20 cngc loss-of-function mutants in Arabidopsis thaliana
(summarised in Table 1) and on the functional characteristics of homotetrameric CNGCs
in heterologous expression systems such as Escherichia coli, yeast, Xenopus oocytes and
HEK293 cells. The 20 AtCNGC gene sequences [16] have been used to predict that Glycine
max has 39 [17], Hordeum vulgare has 9 [7], Nicotiana tabacum has 35 [18], Oryza sativa has
16 [19], Triticum aestivum has 47 [20], Zea mays has 12 [21], Brassica oleracea has 26 [22]
and Brassica rapa has 30 CNGCs [23]. Advances made with Arabidopsis may well have
implications for crop species.

Table 1. AtCNGCs are involved in diverse signalling pathways ranging from development to stress
responses. For each CNGC in Arabidopsis thaliana, the reported physiological or developmental roles
are presented, based on phenotyping loss-of-function mutants. Where the roles of two or more
CNGCs overlap, it may be postulated that a CNGC complex might form between these subunits if
they co-localise. Currently, complex formation has only been investigated in a few of these cases.

Gene Proposed Physiological or Developmental Process References

AtCNGC1 Negative regulation of Pb2+ tolerance; primary root growth;
gravitropism

[24–26]
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Table 1. Cont.

Gene Proposed Physiological or Developmental Process References

AtCNGC2

Pathogen defence; programmed cell death; nitric oxide
generation; suppression of leaf senescence; flowering time;
thermotolerance (heat and chill); Ca2+ transport in leaves
and Ca2+ sensitivity; jasmonic acid-induced Ca2+ entry

[27–39]

AtCNGC3 Germination; salt tolerance; Na+ and K+ uptake [40]

AtCNGC4 Pathogen defence; programmed cell death; flowering time;
thermotolerance (heat and chill); Ca2+ tolerance [27–29,32,38,41]

AtCNGC5 cGMP-activated Ca2+ entry in guard cells; salt tolerance;
root hair growth; auxin signalling

[4,42,43]

AtCNGC6 cGMP-activated Ca2+ entry in guard cells; thermotolerance
(heat); root hair growth; auxin signalling

[4,43–45]

AtCNGC7 Pollen tube growth [46,47]

AtCNGC8 Pollen tube growth [46,47]

AtCNGC9 Root hair growth; auxin signalling [43,44]

AtCNGC10

Negative regulation of salt tolerance; K+, Na+ and Pb2+

uptake; K+ homeostasis; negative regulation of Pb2+

tolerance; regulation of starch granule size; gravitropism;
flowering time; hypocotyl elongation

[25,48,49]

AtCNGC11
Pathogen defence; programmed cell death; Pb2+ and Cd2+

uptake; Pb2+ tolerance; negative regulation of Cd2+

tolerance
[15,25,50–53]

AtCNGC12 Pathogen defence; programmed cell death [15,50–53]

AtCNGC13 Pb2+ uptake; negative regulation of Pb2+ tolerance [25]

AtCNGC14 Root hair growth; gravitropism; auxin signalling [43,44,54–57]

AtCNGC15 Pb2+ and Cd2+ uptake; Pb2+ tolerance; root development [25,58]

AtCNGC16 Heat and drought tolerance in pollen; negative regulation of
Cd2+ tolerance [25,59]

AtCNGC17 Growth regulation; salt tolerance [42,60]

AtCNGC18 Pollen tube growth and guidance [6,46,61–63]

AtCNGC19
Response to salt; Pb2+ and Cd2+ uptake; negative regulation

of Pb2+ tolerance; herbivory response; pathogen defence;
endophyte response; regulating cell death

[25,64–67]

AtCNGC20 Response to salt; pathogen defence; regulating cell death [65,67]

There is increasing evidence to suggest that CNGCs form heterotetrameric com-
plexes which may have unique functional characteristics, compared to homotetrameric
channels [9,10,27–29,44,46]. These may help facilitate the generation of stimulus-specific
Ca2+ signatures (as monophasic, biphasic or oscillatory increases in this second messen-
ger in a given cellular compartment) that could be decoded by specific complements of
Ca2+-binding proteins to cause a stimulus-specific response [9,10]. These discoveries, in
combination with recent advances in the model of CNGC structure, have major implica-
tions for our understanding of CNGC function and generate new areas for future research.
Here, precedents for diverse channel subunit interactions are reviewed, with consideration
of in vivo factors that may determine the subunits of CNGC complexes. Additionally,
regulatory diversity of AtCNGC subunits is reviewed as a critical determinant of heterote-
trameric channel function, with the possibility that CNGC-like proteins (if present) may
restrict complex formation.
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2. Heteromeric Channel Complexes Also Occur in Plants

It has been known for some time that animal cyclic nucleotide-gated (CNG) channels
form heteromeric complexes and that the combinations of these subunits define the func-
tional characteristics of the channel [68–71]. In mammalian retinal phototransduction, CNG
channels in rod cells are formed by three subunits of CNGA1 and one CNGB1 subunit,
with the C-terminal leucine zipper region of the CNGA1 subunits interacting to set the
stoichiometry [70,71]. In contrast, in cone cells, the channel is formed by three subunits of
CNGA3 and one CNGB3 subunit. It is held that the CNGB subunits “fine tune” channel be-
haviour by regulating opening/closing kinetics, affinity for cyclic nucleotides and ability to
be regulated by Ca2+ [70]. Precedents for heterotetrameric channel assembly in plants have
come from members of the Shaker voltage-dependent K+ channel family, underpinning
K+ uptake and distribution. Interactions amongst Shaker channel subunits are dependent
on specific regions of the cytosolic C-terminal domain (CT) and specific subunits may
have inhibitory effects on the overall channel complex [72–76]. A breakthrough study on
Medicago truncatula nodulation nuclear signalling revealed an interaction between the K+

channel DMI1 (Does not Make Infections 1) and MtCNGC15s, probably to enable voltage
change mediated by DMI1 to promote MtCNGC15s opening and Ca2+ flux [77]. This opens
up the possibility of interaction between entirely different channel families. Although
there are no reports of interaction between K+ channels and CNGCs in Arabidopsis or other
plants, there is now a good body of evidence that Arabidopsis CNGC subunits (AtCNGCs)
also form heterotetrameric channels within the family. CNGC–CNGC interactions have
also been proposed in Zea mays and the moss Physcomitrella patens [21,28].

Bifluorescence complementation (BiFC) in Nicotiana benthamiana has shown interac-
tions occur in planta between AtCNGC2 and AtCNGC4 [27], between AtCNGC8 and
AtCNGC18 [46], between AtCNGC7 and AtCNGC18 [46], and between AtCNGC19 and
AtCNGC20 [67]. BiFC analyses also suggest that AtCNGC6, AtCNGC9 and AtCNGC14
interact with each other (AtCNGC6/9, AtCNGC6/14, AtCNGC9/14) [44]. To demonstrate
that BiFC signals are produced by heterotetrameric complexes, instead of clustered homote-
tramers, Pan et al. analysed single-molecule fluorescence to determine that co-expression of
AtCNGC7 or AtCNGC8 with AtCNGC18 resulted in heterotetrameric AtCNGC7/18 or AtC-
NGC8/18 complexes with a 2:2 stoichiometry [46]. This was an important breakthrough in
establishing tetramer formation. Prior to this, the need for four CNGC subunits to combine
to make a channel had been assumed by analogy with animal and bacterial channels, then
supported by molecular modelling [78] (see Section 4 on channel structure). The range of
subunit interactions found to date shows that they are not limited to co-members of the five
phylogenetic groups within the family (I, II, III, IV-A and IV-B; Figure 1 [16–19,21–23,79])
but can occur across groups. Therefore, CNGC–CNGC interactions are isoform specific
but are not restricted to closely related CNGC isoforms. In contrast, AtCNGC16 and AtC-
NGC18 interactions have not been observed [46], demonstrating that members of the same
group (in this case group III) may not work together and that phylogeny alone may not be
a useful tool in predicting interactions. Rather, a consideration of co-localisation is needed.
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3. Complex Formation Would Depend on the Co-Localisation and Relative Abundance
of CNGC Isoforms

Whether a CNGC is present in the plasma membrane or an endomembrane (as a
homotetramer or in a heterotetrameric complex) has consequences for the generation of
a signal-specific [Ca2+]cyt signature. It is envisaged that CNGC plasma membrane local-
isation would play a part in signature initiation driven by receptors in that membrane
whilst CNGCs in the tonoplast, for example, would be downstream and acting to amplify
the [Ca2+]cyt signal. Most CNGCs are believed to localise to the plasma membrane, and
this has been reported for many AtCNGCs, including AtCNGC2 [33], AtCNGC3 [40],
AtCNGC6 [44], AtCNGC7 [46], AtCNGC8 [46], AtCNGC9 [44], AtCNGC10 [48,80], AtC-
NGC11 [51], AtCNGC12 [51,81], AtCNGC14 [44], AtCNGC17 [60], AtCNGC18 [46,62,63],
AtCNGC19 [66] and AtCNGC20 [82]. AtCNGC5 is reported to localise in microdomains at
the periphery of N. benthamiana protoplasts when expressed heterologously [4]. It must
be noted, however, that in contradiction of the findings by Meena et al. [66] and Fischer
et al. [82], Yuen and Christopher reported that AtCNGC19 and AtCNGC20 localised to
the vacuolar membrane, not the plasma membrane [83]. Similarly, Chang et al. found

128



Int. J. Mol. Sci. 2021, 22, 874

AtCNGC7, AtCNGC8 and AtCNGC16 to localise to endomembrane in pollen tubes, as
opposed to the plasma membrane [61]. In silico predictions suggest that 11 of 12 Zea mays
CNGCs could localise to the plasma membrane [21]. The importance of localisation is
exemplified by the positioning of nuclear CNGCs to enable nuclear Ca2+ “spiking” in
symbiosis signalling [77]. MtCNGC15a, MtCNGC15b and MtCNGC15c of M. truncatula
localise to the nuclear envelope, with 14 of 21 MtCNGCs predicted to contain nuclear
localisation sequences [77]. Recently, AtCNGC15 was also found to localise to the nuclear
membrane and to be involved in root development [58]. From these results, it is clear that
many CNGCs could co-localise, which would facilitate extensive CNGC–CNGC subunit
interactions, including the formation of heterotetrameric complexes.

These interactions will necessarily be dependent on the co-expression of CNGCs within
individual cells. Transcriptomic data indicate that many CNGCs (23 of 35 in N. tabacum [18])
are expressed throughout the plant. Expression levels, however, vary greatly, suggesting
that many CNGCs have tissue-specific or cell-specific functions [4,18,21–23,44,47]. Ex-
pression of an individual CNGC can vary with development and growth conditions. For
example, leaf expression of AtCNGC3 increases with leaf age and lessens when the plant
is grown in soil rather than on an agar plate [40]. CNGC promotors have been found to
contain elements associated with responses to abscisic acid, auxin, ethylene, gibberellin, sal-
icylic acid and methyl-jasmonate [17–21], and CNGC transcript levels are highly sensitive
to abiotic and biotic stressors [17–20,22,23,79]. Notably, it has also been found that Ziziphus
jujube CNGC2 expression is rapidly induced by application of cAMP to callus [79], poten-
tially providing a mechanism for priming signalling pathways involving ZjCNGC2. In
silico analysis has also predicted that NtabCNGC expression may be regulated extensively
by micro-RNAs and cis-acting regulatory elements [18]. Consequently, the abundance of
different CNGC isoforms in each cell type is likely to be variable, and dependent on environ-
mental conditions, which may result in the formation of different CNGC heterotetramers
in different cell types.

A further consideration is that studies typically measure transcript levels from en-
tire organs and may lack sufficient spatial resolution to detect low, cell-specific expres-
sion [17–19,22,23,44]. AtCNGC5, AtCNGC6, AtCNGC9 and AtCNGC14 have been impli-
cated in root hair growth and their transcripts are abundant in roots [43,44,54–57]. However,
CNGCpromotor::GUS fusions of AtCNGC6, AtCNGC9 and AtCNGC14 also suggest that
these AtCNGCs are expressed throughout the plant [44]. AtCNGC6 expression is predicted
in root, shoot, leaf and guard cells [4,44,45]. AtCNGC9 expression is predicted in root
hairs and guard cells but not leaves or shoots, and AtCNGC14 expression is predicted in
roots, shoots and the leaf [44]. As stated earlier, BiFC suggests that AtCNGC6, AtCNGC9
and AtCNGC14 may form a range of heterotetrameric complexes with each other [44].
From these data, it may be predicted that different complexes form in different cell types
depending on the expression patterns of the interacting partners. Consequently, the sig-
nalling function of these AtCNGCs may be cell type specific. Notably, AtCNGC6 has
been implicated not only in root hair growth polarity but also in thermotolerance and
cGMP-induced Ca2+ influx in guard cells (in which it could partner AtCNGC5) [4,28,44].
Additionally, whilst AtCNGC9 has so far only been implicated in root hair growth polarity,
its expression in guard cells would suggest a specific activity there as part of a complex
with AtCNGC6. Both guard cell and mesophyll plasma membrane contain Ca2+ channels
that are activated by cyclic nucleotides [84]. It is, therefore, possible that the formation of
different CNGC complexes with unique functional characteristics in different cell types
helps permit stimulus-specific signalling in the diverse pathways that AtCNGC6 and other
AtCNGCs work in (Table 1).

The relative abundance of CNGC subunits is also likely to be a key determinant of
CNGC complex formation and function. Yoshioka et al. discovered that the phenotypes
associated with the cpr22 mutant (a gene fusion between AtCNGC11 and AtCNGC12) could
be supressed by overexpression of AtCNGC12, and it was proposed that this was due to
disruption of heterotetrameric complex formation [53]. Notably, AtCNGC6 transcripts
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are >4.5 times more abundant than AtCNGC9 transcripts in guard cells [4]. If these two
CNGCs were to form heterotetrameric complexes (as suggested) and transcript abundance
were proportional to protein abundance, then excess AtCNGC6 subunits must either form
homotetramers, be degraded, sequestered in the membrane, or interact with additional AtC-
NGC subunits. Following a study of AtCNGC2 homologues in P. patens by Finka et al., such
an interaction between AtCNGC2 and AtCNGC6 has been proposed for heat signalling [28].
In pollen tube growth, the ratio of AtCNGC18 to AtCNGC8 expression is expected to de-
termine the proportion of AtCNGC8/18 complexes relative to AtCNGC8 or AtCNGC18
homotetramers, leading to changes in cell permeability [46]. When expressed singly in
Xenopus oocytes, AtCNCG18 forms a constitutively voltage-dependent, Ca2+-permeable
channel but AtCNGC8 is electrically silent (as is AtCNGC7). Equimolar co-expression of
AtCNGC18 and AtCNGC8 (presumably with heterotetramer formation) resulted in greatly
reduced Ca2+ influx compared to AtCNGC18 expression alone [46]. Pan et al. proposed
that, by recruiting AtCNGC18 into heterotetrameric AtCNGC8/18 complexes, AtCNGC8
represses AtCNGC18 activity [46]. Consequently, whilst the overexpression of AtCNGC18
in A. thaliana disrupts Ca2+-dependent pollen tube growth, potentially by forming dereg-
ulated AtCNGC18 homotetramers, this phenotype can be rescued by overexpressing
AtCNGC8, presumably by recruiting AtCNGC18 subunits from homotetramers to generate
heterotetramers [46]. However, it should be noted that Gao et al. reported that expression
of AtCNGC8 or AtCNGC7 in HEK293T cells produced constitutively voltage-dependent,
Ca2+-permeable channels which were activated further by addition of 8Br-cNMPs [5]. This
contradiction may be caused by the different bathing solutions used in each study or the
use of different heterologous expression systems. Examples of key findings from transport
studies on heterologously expressed CNGC genes are shown in Table 2. This further shows
that the choice of expression system may have an effect on the outcome. For example, K+

selectivity over Na+ of AtCNGC2 was greater in HEK293 cells than in Xenopus oocytes [2].
Nevertheless, AtCNGC7/18, and AtCNGC8/18 complexes appear to form spontaneously
in a heterologous expression system, yielding different transport characteristics to the
homomeric forms [46]. If single-molecule fluorescence were to confirm the existence of
an AtCNGC2/4 complex, as well as complexes amongst the AtCNGC6, AtCNGC9 and
AtCNGC14 triad and AtCNGC19/20 couple as predicted by BiFC [27,44,67], then it is likely
that CNGC complexes could be widespread if co-localisation permits.

Table 2. Examples of transport characteristics and response to cNMPs of CNGCs when either heterologously expressed or
present in native membrane. Most studies have focused on the CNGCs of Arabidopsis thaliana (AtCNGC). However, there
are also studies reporting the activity of CNGCs in Physcomitrella patens (PpCNGC), Hordeum vulgare (HvCNGC), Oryza
sativa (OsCNGC) and Medicago truncatula (MtCNGC) as detailed below. “Whole cell” refers to the recording configuration
in which channel activity is captured from effectively the entire plasma membrane. “Inside-out patch” refers to the
configuration in which the cytosolic face of a membrane patch (held in the electrode tip) faces the bathing medium. “Cell
attached” refers to the configuration in which the membrane patch (held in the electrode tip) remains undetached from the
remaining membrane.

CNGCs System Tested Cations Tested with cNMPs? Results References

AtCNGC1 HEK293—
whole cell

Tested K+ and
Na+ conductance Yes

Application of 100 µM
db-cAMP stimulated

AtCNGC1 K+ and Na+

conductance. No K+ or Na+

conductance was observed in
the absence of db-cAMP.

[85]
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Table 2. Cont.

CNGCs System Tested Cations Tested with cNMPs? Results References

AtCNGC1 Yeast Tested Ca2+

uptake
No

In the presence of yeast
pheromone α factor,
AtCNGC1 in a Ca2+

uptake-deficient yeast mutant
increased colony growth,

indirectly demonstrating Ca2+

conduction.

[24]

AtCNGC1,
AtCNGC2,
AtCNGC4

Yeast Tested K+ uptake Yes

Addition of 100 µM db-cAMP
stimulated growth of a K+

uptake-deficient yeast mutant
expressing AtCNGC1,

AtCNGC2, and AtCNGC4.

[86]

AtCNGC1,
AtCNGC2,
AtCNGC4

Yeast Tested K+ and
Ca2+ uptake Yes

AtCNGC1M2 (deletion in
C-terminal domain)

expression in a Ca2+ uptake
yeast mutant resulted in
growth, indicating Ca2+

permeability of AtCNGC1.
Expression of AtCNGC2 and

AtCNGC4 enhanced growth of
a K+ uptake-deficient yeast
mutant. Application of 100
µM db-cAMP increased
growth of yeast mutant

transformed with
AtCNGC1M2.

[87]

AtCNGC2 Yeast Tested K+ uptake Yes

In the presence of 10 µM
db-cAMP or db-cGMP,

transfection with AtCNGC2
enhanced growth of a K+

uptake-deficient yeast mutant.

[1]

AtCNGC2
Xenopus

oocytes—
whole cell

Tested K+

conductance Yes

Application of 10 µM
db-cAMP stimulated

AtCNGC2 K+ conductance.
No K+ conductance was

observed in the absence of
db-cNMPs.

[1]

AtCNGC2
Xenopus

oocytes—
whole cell

Tested K+, Na+,
Li+, Cs+ and Rb+

conductance
Yes

In the presence of 100 µM
db-cAMP, AtCNGC2

conducted K+, Li+, Cs+ and
Rb+. Na+ conductance was
significantly less. No data
were reported concerning

conductance in the absence of
db-cAMP.

[2]

AtCNGC2

Xenopus
oocytes—
inside-out

patch

Tested K+

conductance Yes

Application of 100 µM cAMP
stimulated AtCNGC2 K+

conductance. No K+

conductance was observed in
the absence of db-cAMP.

[2]

131



Int. J. Mol. Sci. 2021, 22, 874

Table 2. Cont.

CNGCs System Tested Cations Tested with cNMPs? Results References

AtCNGC2

Xenopus
oocytes—
inside-out

patch

Tested K+ and
Na+ conductance Yes

Application of 100 µM cAMP
stimulated AtCNGC2 K+

conductance, but not Na+

conductance. No K+ or Na+

conductance was observed in
the absence of cAMP.

Mutation of N416 and D417 in
the pore resulted in Na+

conductance similar to K+

conductance.

[85]

AtCNGC2

HEK293—
whole cell and

inside-out
patch

Tested K+ and
Na+ conductance Yes

Application of 100 µM
db-cAMP stimulated

AtCNGC2 K+ conductance,
but not Na+ conductance. No
K+ or Na+ conductance was
observed in the absence of

db-cAMP. Mutation of N416
and D417 in the pore region
resulted in Na+ conductance
similar to K+ conductance.

[2,85]

AtCNGC2
Guard cell

protoplasts—
whole cell

Tested Ba2+

conductance (as
a proxy for Ca2+)

Yes

Application of 1 mM
db-cAMP stimulated

AtCNGC2-dependent Ca2+

conductance.

[30]

AtCNGC2 HEK293T—
whole cell

Tested Ca2+

conductance
Yes

Application of 200 µM
8Br-cAMP stimulated

AtCNGC2 Ca2+ conductance.
No data were reported

concerning Ca2+ conductance
in the absence of db-cAMP.

[38]

AtCNGC2,
AtCNGC4

Mesophyll cell
protoplasts—

whole cell

Tested Ba2+

conductance (as
a proxy for Ca2+)

No

Wild-type mesophyll cell
protoplasts conducted Ca2+ in

response to H2O2 or flg22.
Ca2+ conductance was lost in

Atcngc2 or Atcngc4 loss-of
function mutants, as well as
the Atcngc2 Atcngc4 double

mutant.

[29]

AtCNGC2,
AtCNGC4

Xenopus
oocytes—
whole cell

Tested Ca2+,
Mg2+, Ba2+, Sr2+,

K+ and Na+

conductance

No

Independently, AtCNGC2 or
AtCNGC4 did not conduct

Ca2+ in the absence of cNMPs.
Co-expression of AtCNGC2

and AtCNGC4 produced Ca2+,
Sr2+, Ba2+ and K+-permeable
(Na+ and Mg2+-impermeable)

channels in the absence of
cNMPs.

[29]

AtCNGC3 Yeast Tested Na+ and
K+ uptake No

Yeast expressing CNGC3
accumulated more Na+ and

K+, suggesting a pathway for
Na+ and K+ transport.

[40]
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Table 2. Cont.

CNGCs System Tested Cations Tested with cNMPs? Results References

AtCNCG4

Xenopus
oocytes—
inside-out

patch

Tested K+, Na+

and Cs+

conductance
Yes

Application of 500 µM cAMP
or cGMP stimulated

AtCNGC4 K+, Na+ and Cs+

conductance. Compared to
K+, outward conductance of
Cs+ was significantly lower.

No conduction of K+, Na+ or
Cs+ was observed in the

absence of cNMPs.

[41]

AtCNGC5,
AtCNGC6

Guard cell
protoplasts—

whole cell

Tested Mg2+,
Ba2+ and Ca2+

conductance
Yes

Application of 500 µM
8Br-cGMP stimulated Mg2+,
Ca2+ and Ba2+ conductance.

Mg2+ conductance was lost in
Atcngc5 Atcngc6 double

mutants. AtCNGC1,
AtCNGC2 and AtCNGC20
did not appear to contribute

to these guard cell
8Br-cGMP-activated currents.

[4]

AtCNGC5,
AtCNGC6

HEK293T—
whole cell

Tested Ca2+ and
Na+ conductance

No

HEK293 cells expressing
CNGC5 or CNGC6 displayed
inward currents carried by

Ca2+, not Na+.

[43]

AtCNGC6
Root

protoplasts—
whole cell

Tested Ca2+

conductance
Yes

Application of 50 µM
db-cAMP stimulated

AtCNGC6-dependent Ca2+

conductance, application of a
phosphodiesterase inhibitor

also stimulated Ca2+

conductance.

[45]

AtCNGC7,
AtCNGC8

Xenopus
oocytes—
whole cell

Tested Ca2+

conductance
No

AtCNGC7 or AtCNGC8 Ca2+

conductivity was not
observed in the absence of

cNMPs.

[46]

AtCNGC7,
AtCNGC8,
AtCNGC9,

AtCNGC10,
AtCNGC16

and
AtCNGC18

HEK293T—
whole cell

Tested Ca2+ and
K+ conductance

Yes

Application of 100 µM
8Br-cAMP or 100 µM
8Br-cGMP stimulated
AtCNGC7, AtCNGC8,

AtCNGC9, AtCNGC10,
AtCNGC16 and AtCNGC18

Ca2+ conductance. Ca2+

conductance did not require
8Br-cNMP application. No
significant K+ conductance

reported.

[6]

AtCNGC10 E. coli and
yeast Tested K+ uptake Yes

AtCNGC10 complemented E.
coli and yeast K+ uptake

mutants. In E. coli,
co-expression of AtCNGC10

and CaM inhibited cell
growth, but cGMP overcame

this.

[88]
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Table 2. Cont.

CNGCs System Tested Cations Tested with cNMPs? Results References

AtCNGC10 HEK293—
whole cell

Tested K+

conductance Yes

In the presence of 100 µM
db-cGMP, AtCNGC10

conducted K+. No data were
reported concerning

conductance in the absence of
db-cAMP.

[80]

AtCNGC10 Yeast Tested K+ and
Na+ uptake No

AtCNGC10-transformed yeast
accumulated more Na+ in the

presence of 20 mM NaCl.
Expression rescued growth of

K+ uptake-deficient yeast.

[49]

AtCNGC11,
AtCNGC12 Yeast Tested K+ uptake Yes

Growth of K+

uptake-deficient yeast was
complemented by AtCNGC11,

AtCNGC12 or the chimeric
AtCNGC11/12. Growth was

enhanced by 100 µM
db-cAMP but not db-cGMP.

[53]

AtCNGC11,
AtCNGC12 Yeast Tested Ca2+

uptake
No

Expression of AtCNGC11,
AtCNGC12 or AtCNGC11/12

complemented growth of Ca2+

uptake-deficient yeast.

[51]

AtCNGC11,
AtCNGC12 Yeast Tested K+ uptake No

AtCNGC11/12 or AtCNGC12
restored growth of K+

uptake-deficient yeast.
[81]

AtCNGC11,
AtCNGC12

Xenopus
oocytes—
whole cell

Tested Ca2+

conductance
Yes

Expression of AtCNGC12
caused a Ca2+ conductance
that was not enhanced by

cNMPs. AtCNGC11
expression did not cause a

Ca2+ conductance, even with
cNMPs. Co-expression did

not affect the
AtCNGC12-dependent

conductance.

[8]

AtCNGC14
Xenopus

oocytes—
whole cell

Tested Ca2+

conductance
No

AtCNGC14 Ca2+ conductivity
was observed in the absence
of cNMPs. It was not tested

whether application of cNMPs
would increase Ca2+

conductance.

[57]

AtCNGC14
Xenopus

oocytes—
whole cell

Tested Ca2+

conductance
No

AtCNGC14 inward Ca2+

currents were observed in the
absence of cNMPs.

[56]

AtCNGC18 E. coli Tested Ca2+

uptake
No

Expression of AtCNGC18 in E.
coli caused Ca2+

accumulation.
[62]

AtCNGC18 HEK293T—
whole cell

Tested Ca2+

conductance
Yes

Application of 100 µM
8Br-cAMP or 100 µM

8Br-cGMP stimulated greater
AtCNGC18 Ca2+ conductance,
but not 20 µM 8Br-cNMP. Ca2+

conductance did not require
8Br-cNMP application.

[5]
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Table 2. Cont.

CNGCs System Tested Cations Tested with cNMPs? Results References

AtCNGC18
Xenopus

oocytes—
whole cell

Tested Ca2+

conductance
Yes

In the presence of 100 µM
db-cAMP, AtCNGC18

conducted Ca2+. No data
were reported concerning

conductance in the absence of
db-cAMP.

[63]

AtCNGC18
Pollen tube

protoplasts—
whole cell

Tested Ca2+

conductance
Yes

Application of 100 µM
8Br-cGMP stimulated

AtCNGC18-dependent Ca2+

conductance. Ca2+

conductance was not apparent
in the absence of 8Br-cGMP.

[6]

AtCNGC18
Xenopus

oocytes—
whole cell

Tested Ca2+

conductance
No

AtCNGC18 Ca2+ conductivity
was observed in the absence
of cNMPs. Co-expression of

AtCNGC18 with AtCNGC7 or
AtCNGC8 eliminated Ca2+

conductivity.

[46]

AtCNGC19
Xenopus

oocytes—
whole cell

Tested Ca2+, Na+

and K+

conductance
Yes

In the presence of 300 µM
db-cAMP, AtCNGC19 elicited
Ca2+ inward currents but not

K+ and Na+ currents.

[66]

AtCNGC19,
AtCNGC20

Xenopus
oocytes—
whole cell

Tested Ca2+

conductance
No

AtCNGC19 and AtCNGC20
conductivity was observed in
the absence of cNMPs. It was

not tested whether
application of cNMPs would
increase Ca2+ conductance.

Co-expression of AtCNGC19
and AtCNGC20 increased
conductance compared to
independently expressed

AtCNGC19 and AtCNGC20.

[67]

PpCNGCb
Moss

protoplasts
cell attached

Tested Ba2+

conductance (as
a proxy for Ca2+)

No

Ba2+ conductivity did not
require application of cNMPs,

but it is possible that there
were endogenous cNMPs.

Ba2+ conductivity was altered
in Ppcngcb mutants.

[28]

HvCNGC2-3
Xenopus

oocytes—
whole cell

Tested K+ and
Na+ conductance Yes

Application of 10 µM
8Br-cGMP stimulated

HvCNGC2-3 Na+ and K+

conductivity only in the
co-presence of both ions. No
Na+ or K+ conductance was
observed in the absence of
cGMP, or 10 µM 8Br-cAMP.
Ca2+ conductivity was not

observed.

[7]
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Table 2. Cont.

CNGCs System Tested Cations Tested with cNMPs? Results References

OsCNGC9 HEK293—
whole cell

Tested Ca2+ and
K+ conductance

No

OsCNGC9 Ca2+ conductivity
was observed in the absence

of cNMPs. Comparatively
little K+ conductivity was

observed. It was not tested
whether application of cNMPs

would increase Ca2+ or K+

conductance.

[89]

OsCNGC13 HEK293—
whole cell

Tested Ca2+ and
K+ conductance

No

OsCNGC13 mediated Ca2+

inward currents but not K+

currents. It was not tested
whether application of cNMPs

would increase Ca2+

conductance.

[90]

MtCNGC15
Xenopus

oocytes—
whole cell

Tested Ba2+ and
Ca2+

conductance
No

MtCNGC15 Ca2+ conductivity
did not require application of

cNMPs. It was not tested
whether application of cNMPs

would increase Ca2+

conductance.

[77]

4. CNGCs Are Extensively Regulated—Formation of CNGC Complexes Generates
Further Regulatory and Functional Complexity

Here we summarise the current understanding of CNGC structure and regulation,
discussing how the formation of CNGC complexes may further affect CNGC regulation
and function. The breakthrough studies on plant CNGCs used primary structures of
potassium channels and animal CNG subunits to assign domains [91–93]. The overall
model CNGC subunit has six transmembrane domains (S1–S6; Figure 2) with a pore region
(P loop) between S5 and S6 that permits ion transport [13]. Animal and bacterial cation
channel subunits that contain a single P loop form tetramers; this includes animal CNGs,
with clear evidence from cryo-electron microscopy showing tetramer formation in a lipid
environment [94]. Triplet amino acid residues in the P loop that could act as selectivity
filters (AGN, AND, GNL, GQG, GQN, GQS) vary between the Arabidopsis CNGCs [95],
with AND or GQs thought to confer some level of Ca2+ selectivity [4–6,30,35,45,78]. Recent
analysis of AtCNGCs has revealed the presence of a diacidic motif for Mg2+ binding close
to the pore region in the cytosolic CT in all but AtCNGC2. It has been proposed that this
could account for channel blocking by cytosolic Mg2+; the consequences for signalling
and nutrition have yet to be explored [96]. The CT contains a cyclic nucleotide-binding
domain (CNBD) which is believed to be formed of four α-helices (αA, αP, αB, αC) and
eight β-sheets (β1–β8). Overlapping with the C-terminal side of the CNBD is a calmodulin
(CaM)-binding domain (CaMBD) [97,98]. A CaM-binding IQ (isoleucine-glutamine) motif
is also present [18,21,23,82] and the CT can contain multiple phosphorylation sites [29,67,89].
The CT of AtCNGC8 appears necessary and sufficient for interactions between AtCNGC8
and AtCNGC18 subunits in Xenopus oocytes [46]. There is also a short, cytosolic N-terminal
domain (NT) that is predicted to harbour CNGC–CNGC interaction domains [99] and may
contain phosphorylation sites [29,67]. The NT of AtCNGC12 contains a CaMBD [50]. The
AtCNGC19 and AtCNGC20 NTs are predicted to have cysteine residues that could form
an Fe/Cu-binding site to act as a Fenton catalyst in the production of hydroxyl radicals
regulate plant Ca2+ channel activity in growth and stress responses [99,100].
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Figure 2. Cyclic nucleotide-gated channel (CNGC) subunit structure. Plant CNGCs consist of six transmembrane domains
(S1–S6) with a pore region between S5 and S6. Both N- and C-terminal domains are cytosolic. In the C-terminal domain is a
cyclic nucleotide-binding domain (CNBD), which is believed to be formed of four α-helices (αA, αP, αB, αC) and eight
β-sheets (β1–β8). Overlapping with the C-terminal side of the CNBD is a calmodulin (CaM)-binding domain (CaMBD).
CNGCs also contain a CaM-binding IQ (isoleucine-glutamine) motif. From the data presented by Pan et al. 2019 [46]
and Chiasson et al. 2017 [99], the N- and C-terminal regions are predicted to contain CNGC–CNGC interaction domains.
Lemtiri-Chlieh et al. 2020 [96] predict the presence of a Mg2+-binding domain downstream of the CNGC pore. Demidchik
et al. 2014 [99] predict a transition metal-binding domain in the N-terminus of AtCNGC19 and AtCNGC20. CNGC
phosphorylation is likely for AtCNGC4 [29], AtCNGC18 [63], AtCNGC19 [67], AtCNGC20 [67] and OsCNGC9 [89]. An
N-terminal CaMBD has been identified in AtCNGC12 [50]. Not all plant CNGCs contain all the structures displayed on this
image. Structure was adapted from Chin et al. 2009 [12] and Kaplan et al. 2007 [101]. Figure created with BioRender.com.

4.1. CNGCs Are Regulated by cNMPs That May Be Generated by Soluble or Membrane Proteins

cAMP and cGMP are secondary messengers which are synthesised by adenylyl cy-
clases (ACs) and guanylyl cyclases (GCs), respectively. cNMP gating of CNGCs is well
documented and is summarised in Table 2, but historically the physiological importance
of cNMPs has been controversial [11,102–104]. cNMP levels in plants are significantly
lower than in animals and, until the development of more sensitive assays, it was doubted
whether cNMPs were present at all [102]. To date, cAMP has been implicated in seed
germination and cell cycle progression, pollen tube growth and orientation, stomatal ki-
netics, photosynthesis and photorespiration, abiotic stress responses (heat and chill stress,
salinity, drought, aluminium, nutrient deficiency), wounding and immunity [11]. A range
of soluble and membrane proteins has now been identified with potential AC or GC activ-
ity, in their cytosolic domains for the membrane proteins. For ACs, these include the K+

uptake transporters AtKUP5 and AtKUP7 (K+ uptake permease) [105,106], and AtLRRAC1
(leucine-rich repeat adenylyl cyclase1) [107]. For GCs, AtGC1 (guanylyl cyclase1) [108],
AtNOGC1 (nitric oxide-dependent guanylate cyclase1) [109], AtPSKR1 (phytosulfokine
receptor1) [110], AtPepR1 (plant elicitor peptide receptor1) [3], AtBRI1 (brassinosteroid in-
senstive1) [111] and AtWAKL10 (wall-associated kinase (WAK)-like10) [112] have all been
identified and studied in vitro. Two homologues of AtPepR1 have now been identified
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in tomato (Solanum lycopersicum L.; SlGC17, SlGC18) and have been reported to have GC
activity that is required for [Ca2+]cyt increase in response to flg22, chitin and AtPep1 [113].
Analysis of recombinant protein activity suggests that AC and GC activity in plants is
typically much lower than in animal counterparts, with pmol or fmol cNMP µg−1 protein
min−1 values reported [3,107–109,111]. However, the membrane-bound AtWAKL10 and
AtPSKR1 have a Vmax of approximately 2 µmol mg−1 min−1 [110,112]. It is possible that,
in planta, CNGC cNMP sensitivity is increased by CaM, phosphorylation, or formation of
heterotetrameric complexes, and so lower cNMP concentrations are required than those
used in heterologous expression systems or native membranes in transport studies.

It may be that the low activity of plant ACs and GCs is central to signal specificity. If
the domains were in close proximity to specific CNGCs, generating cNMP concentrations
sufficient to activate those channels [3], then crosstalk between separate CNGC-dependent
signalling pathways could be eliminated—only CNGCs co-localising with the AC or GC
would be activated. How close is close enough? At the plasma membrane, both AtC-
NGC17 and AtPSKR1 have been found to interact with AtBAK1 (BRI-associated receptor
kinase1) and although AtCNGC17 does not interact with the PSKR1 receptor that gen-
erates cGMP, this channel is essential for phytosulfokine/PSKR1-dependent protoplast
expansion involving the H+-ATPases AtAHA1 and AtAHA2 and is thought to form part
of this multi-protein complex [60]. Increased [Ca2+]cyt promotes PSKR1’s GC activity but
inhibits its kinase activity [114], raising the possibility that AtCNGC17-mediated [Ca2+]cyt
elevation not only generates a positive feedback loop for the cGMP pathway but could
also curtail any phosphorylation-dependent pathway to ensure signalling specificity. A
positive feedback loop may also explain the jasmonic acid-induced rise in cAMP in leaf
epidermal cells that requires AtCNGC2 [35]. It is possible that AtCNGC2-mediated Ca2+

influx activates ACs either directly or via intermediates such as calcium-dependent protein
kinases and CaMs.

The recent finding that Arabidopsis root hair K+ influx precedes increased growth rate
and can cause [Ca2+]cyt increase [115] begs the question of whether AC activity of AtKUP5
and AtKUP7 is involved. Both these K+ transporters are expressed in root hairs [116], and
AtKUP7 is in the plasma membrane [117]. When expressed in yeast, AtKUP5-mediated K+

influx causes cAMP accumulation [106]. This suggests a model in which KUP-mediated
K+ influx to the root hair causes cAMP increase to activate the CNGCs (AtCNGC5,6,9,14)
implicated in Ca2+ influx and polar growth [43,44,55–57]. As AtCNGC5, AtCNGC6 and
AtCNGC9 appear to transport Ca2+ rather than monovalent cations [4,6,43] (Table 2), it
seems likely these subunits are relevant to Ca2+ signalling. The spatial localisation of the
KUPs relative to the CNGCs is worthy of attention. Activation of CNGCs with strong K+

permeation could conceivably contribute to K+ uptake in root hairs and other cells, indeed
AtCNGC3 and AtCNGC10 are held to be important for root K+ acquisition [48,101].

Salt stress causes cGMP accumulation within seconds in Arabidopsis seedlings [118]
and CNGCs have been proposed to be part of the salt-induced [Ca2+]cyt signalling re-
sponse [119]. In Arabidopsis, cNMPs can restrict Na+ influx rather than promote it, ostensi-
bly by reducing the open probability of root plasma membrane Na+-permeable channels
(an effect observed in approximately half of the patch clamp trials) [120]. This would
imply negative regulation by cNMPs of a putative CNGC channel. Notably, AtCNGC3 and
AtCNGC10 appear to contribute to Na+ uptake [40,49]. Patch clamp electrophysiological
analysis of Arabidopsis root epidermal plasma membrane has also revealed a Na+ influx
channel that could not discriminate against K+ [121] (a “non-selective” cation channel [122])
and this was proposed to be Ca2+ permeable in a later study [123]. It is not known whether
the channel is regulated by cNMPs and could account for the negative effects of cNMPs on
Na+ influx reported by Maathuis and Sanders, 2001 [120]. The roles of cNMPs and CNGCs
in salt stress urgently require further elucidation. Understanding which CNGC subunits
and potential heteromeric complexes are expressed in different root cells (which vary in
their salt-induced [Ca2+]cyt response [124]), what their functional permeability is to Na+

and Ca2+ and how they are regulated by cNMPs is likely to be of great importance.
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4.2. CNGCs Are Positively and Negatively Regulated by CaM, Potentially Affording Ca2+ Sensing
and Feedback

Calmodulins are Ca2+-binding proteins with a major role in Ca2+ signal transduction
in plants [10,29,46]. In former models of CNGC activity, CaM was believed to have an
exclusively inhibitory effect where the Ca2+-bound form of CaM (Ca2+/CaM) inhibited
CNGCs by perturbing cNMP gating, competing for a binding site internal to the CNBD [98].
Subsequently, multiple CaMBDs have been identified, with structural divergence amongst
CNGC isoforms. For example, AtCNGC12 contains an N-terminal CaMBD which interacts
with Ca2+/CaM and could result in channel closure [50]. In addition, an IQ domain has
been identified which is C-terminal to the CNBD and conserved in the majority of plant
CNGCs [18,21,23,85]. Yeast 2-hybrid assays suggest that interactions between CNGC
CTs and CaM isoforms are specific, with the IQ domain contributing to many of these
interactions [33]. Indeed, CaM isoform-specific effects are now being documented [10], for
example root hair AtCNGC14 is negatively regulated by AtCaM7 binding to its CT but not
by AtCaM2 [56]. Additionally, AtCNGC6 is inhibited by AtCaM2,3,5,7 at the IQ domain in
heat shock signalling but not by AtCaM1,4 or 6 [125].

It has been proposed that apo-CaM (CaM without Ca2+ ligands) constitutively binds to
the IQ domain in a Ca2+-independent manner to act as a Ca2+ sensor [10,33,50]. The model
arising from studies on AtCNGC12 has the channel’s opening causing local Ca2+ elevation,
hence permitting Ca2+ binding to apo-CaM [50]. That initial channel opening could be
triggered by membrane hyperpolarisation because when expressed in Xenopus, AtCNGC12
presents as a hyperpolarisation-activated Ca2+ channel that does not require cNMPs [8].
Ca2+-CaM interaction at the IQ domains of adjacent subunits and Ca2+-CaM recruitment
to CaMBDs could modulate channel activity [50]. Evidence from Xenopus expression
points to AtCaM1 as an activating ligand [8]. As Ca2+ increases, Ca2+-CaM binding to
the NT CaMBD effects channel closure [10,50]. Much, therefore, depends on which CaM
isoforms are locally available and their affinities for Ca2+ and the CaMBDs. A further
model built on AtCNGC8/18 activity in Xenopus coupled with analysis of CT binding has
apo-CaM2 binding to the IQ domains to counter the inhibitory effect of AtCNGC8 and
so promote channel opening. As Ca2+ increases as a consequence, Ca2+-CaM2 forms but
then dissociates to promote channel closure [46]. Expressing AtCNGC8 and AtCNGC18
with AtCaM2 in HEK293 cells leads to [Ca2+]cyt oscillations [46], which has implications for
pollen tube apical [Ca2+]cyt oscillations during growth. It remains to be seen how cNMPs
fit into this regulatory complex, given activation of AtCNGC18 by cGMP in native pollen
plasma membrane [6] and by cNMPs in heterologous expression [5,63].

CaM regulation of CNGCs may be important in immune signalling. BIK1 is a receptor-
like cytoplasmic kinase which acts downstream of FLS2 (Flagellin Sensitive2) [126], an LRR
receptor-like kinase which binds to the bacterial flg22 peptide and is required for [Ca2+]cyt
elevation [127]. Although at the whole-plant level (which may lack sufficient resolution)
AtCNGC2 was reported to have no involvement in flg22-induced [Ca2+]cyt increase [128],
a genetic analysis of AtCNGC2 and AtCNGC4 concluded that both genes act in the flg22
pathway [27]. At the leaf disc level, use of loss-of-function mutants indicated that both AtC-
NGC2 and AtCNGC4 are involved in flg22-induced [Ca2+]cyt increase, given a permissive
apoplastic Ca2+ level [29]. Similarly, patch clamping of mesophyll protoplasts showed that
both were needed for flg22-induced plasma membrane Ca2+ influx currents [29]. It should
be noted, however, that flg22-induced plasma membrane depolarisation of individual mes-
ophyll cells (which involves Ca2+ influx) was found to be independent of AtCNGC2 [129].
Following the results of heterologous co-expression in Xenopus oocytes [29], it is likely the
subunits form a AtCNGC2/4 complex. Although single expression of either AtCNGC2 or
AtCNGC4 in Xenopus oocytes failed to cause channel activity, their co-expression produced
a hyperpolarisation-activated Ca2+-permeable channel that did not require cNMPs [29].
This channel activity could be supressed by the co-expression of AtCAM7 and this suppres-
sion could be overcome by the additional expression of AtBIK1 [29]. It was subsequently
found that application of flg22 induces AtBIK1-mediated phosphorylation of the AtCNGC4-
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CT in planta, which is believed to overcome AtCaM7-mediated repression [9,29]. More
recently, a split luciferase complementation assay using nano-luciferase suggests that the
CT and NT of homomeric AtCNGC2 and AtCNGC4 may move apart when challenged
with flg22 in planta [130]. It may be postulated that this change is linked to the disassembly
of homomeric complexes and the formation of heterotetrameric complexes. Facultative
complex formation may contribute to the ability for CNGC subunits to carry out multiple
signalling roles.

Again, it remains to be seen what role, if any, cNMPs play in this pathway. Electro-
physiological analyses support cNMP activation of AtCNGC2 either in native membrane
or when heterologously expressed (Table 2; [30,38]) and with an apparent ability to dis-
criminate between cAMP and cGMP in guard cells [4,30]. As flg22 can induce guard cell
[Ca2+]cyt oscillations [131] and as CNGCs could be involved in [Ca2+]cyt oscillations [46],
further consideration of guard cell AtCNGC2 in this immune pathway is warranted. The
recent discovery that BIK1 phosphorylates the guard cell plasma membrane Ca2+ chan-
nel AtOSCA1.3 (hyperOsmolality-induced [Ca2+]i increase 1.3) as part of the stomatal
flg22 response [132] still leaves room for other Ca2+ influx pathways. Moving away from
Arabidopsis, SlCNGC1 and SlCNGC14 are required for the tomato flg22-induced [Ca2+]cyt
increase but it is not yet clear whether these subunits can form a complex [133]. Overall, the
study of CNGC regulation by CaM is complicated by the abundance of CaM and CNGC
isoforms and the multitude of CaMBDs. It is likely that this complexity contributes to the
specificity of signal transduction by CNGCs.

4.3. CNGCs Are Regulated by Phosphorylation

CNGC phosphorylation is emerging as an important regulator of activity. AtCNGC4
contains nine phosphorylation sites within and around the CT CNBD and, as described in
Section 4.2, phosphorylation by BIK1 relieves CaM7-mediated inhibition of the putative
AtCNGC2/4 complex in flg22 signalling [29]. Similarly, the rice receptor-like cytoplasmic
kinase OsRLCK185 (receptor-like cytoplasmic kinase 185) is responsible for activation of Os-
CNGC9 by phosphorylation, triggering defence responses [89]. AtCNGC19 and AtCNGC20
have also been found to play a role in plant defence downstream of BAK1/SERK4 (somatic
embryogenesis receptor kinase 4). However, in this case, the authors proposed that the sig-
nalling cascade progressed through BAK1-mediated phosphorylation of the AtCNGC20-CT,
leading to proteasome-dependent degradation, as opposed to phosphorylation-mediated
channel activation [67]. Mutation of Thr560/Ser617/Ser618/Thr619 in the AtCNGC20-CT
reduced BAK1-mediated phosphorylation, and additional phosphorylation sites were pre-
dicted in the C- and N-terminals [67]. It was not reported, however, whether AtCNGC20-CT
phosphorylation might also be an activating signal, which may subsequently be followed
by signal termination via protein degradation. It is possible, therefore, that AtCNGC20-CT
phosphorylation may overcome CaM-mediated inhibition, as found with AtCNGC2/4
in the flg22 pathway. It is also possible that AtCNGC2/4 phosphorylation may promote
proteasome-mediated degradation and, as such, CNGC phosphorylation may have dual
function in planta.

The role of CNGC phosphorylation is not restricted to defence signalling. Calcium-
dependent protein kinase 32 (CPK32) appears to interact with AtCNGC18 in planta,
increases the conductance of AtCNGC18 homotetramers when co-expressed in Xeno-
pus oocytes and, following overexpression in pollen tubes, leads to increased apical
[Ca2+]cyt [63]. Following the identification of AtCNGC8/18 heterotetramers, it would be
interesting to test how CPK32 affects AtCNGC8/18 activity. In silico analysis also predicts
numerous phosphorylation sites in CNGCs from N. tabacum [18] and Brassica oleracea [22],
suggesting that kinase/phosphatase regulation of CNGC activity is widespread.

4.4. CNGC Complexes Generate Further Functional and Regulatory Complexity

As discussed, the functional characteristics of heterologously expressed AtCNGC8/18
and the putative AtCNGC2/4 complex can be different from the homotetrameric channels
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of their constituent subunits, including changes to cNMP gating [29,46]. It also appears
that CNGC complexes display changes in ion selectivity. AtCNGC2 can conduct K+, Cs+,
Rb+ and Li+ but has a very low permeability to Na+ which correlates with a change in
pore region amino acid sequence, from GQN to AND [85]. It would appear, therefore,
that AtCNGC2 has a role in mineral nutrition where Na+ permeability is particularly
deleterious. AtCNGC2 has been implicated in uptake of Ca2+ into leaves [38] and it may be
that Na+ exclusion is important in this function. Unlike AtCNGC2, AtCNGC4 appears to
be permeable to both K+ and Na+ [41]. However, co-expression of AtCNGC2 and AtCNGC4
forms channels which are permeable to K+ but impermeable to Na+ [29]. This supports
the hypothesis that AtCNGC2 and AtCNGC4 do form complexes and suggests that these
complexes have unique functional characteristics, including permeability. It is important
for future studies of CNGC permeability, therefore, to consider whether the CNGCs being
tested exist as complexes in planta. For example, Zhang et al. reported that expression
of AtCNGC14 in Xenopus oocytes produced channels which were permeable to Mg2+ but
effectively impermeable to K+, Na+ and Ba2+, under the conditions tested [57]. It should be
investigated whether AtCNGC complexes containing AtCNGC14 also display selectivity
against these ions.

CNGC complexes will also make allosteric regulation of CNGC activity more intricate.
For example, since CNGC complexes will be composed of multiple CNGC isoforms,
with non-identical CTs and NTs (Figure 3A), the CNGC complex may interact with new
combinations of allosteric regulators, including different CaM isoforms or different protein
kinases. Each combination is likely to be unique to each CNGC complex and could result
in unique feedback loops. Consequently, CNGC complexes may produce characteristic
Ca2+ signatures which would enable CNGC complexes, even those that share a CNGC
subunit, to participate in different signalling pathways. In addition, it is possible that the
selectivity of some CNGCs, such as HvCNGC2-3 [7], for one of cAMP or cGMP may lead
to specificity in heterotetrameric complexes.

An additional consideration is how CNGC subunits may compete for interactions
with other CNGC isoforms. For example, it is apparent that AtCNGC7 and AtCNGC8
preferentially interact with AtCNGC18 in Xenopus to form AtCNGC7/18 or AtCNGC8/18
heterotetrameric complexes, instead of forming homotetrameric complexes [46]. It is also
likely that AtCNGC2 and AtCNGC4 also preferentially interact to form AtCNGC2/4 het-
erotetramers, as opposed to homotetramers. Therefore, in a situation where two or more
possible CNGC complexes may be formed, it is likely that particular CNGC complexes
will form preferentially over others. Understanding these interaction dynamics may be key
to understanding CNGC activity. The brush mutation in Lotus japonicus is an exemplar of
how small changes in CNGC structure can significantly alter CNGC complex function in
planta [99]. BRUSH is an LjCNGC homologous to AtCNGC19 and AtCNGC20 [99]. The
brush mutation is found within the CNGC N-terminus and leads to a quantitative gain-of-
function phenotype associated with the constitutive, voltage-dependent Ca2+ permeability
of the brush homotetramer [99]. Competition between alternative CNGC subunits is be-
lieved to restrict formation of this homotetramer except in those plants strongly expressing
brush [99].

There also remain a number of avenues which have remained unexplored in the study
of plant CNGC complexes. For example, it remains unknown whether plant CNGCs form
complexes with three or four different subunits (Figure 3B). Furthermore, whilst it has
been assumed in models of CNGC complexes that the stoichiometry of CNGC subunits is
2:2 [10,67], there is only evidence supporting that assumption in the case of AtCNGC8/18
and AtCNGC7/18 [46]. It is also possible that CNGC function may be altered by the order
in which CNGC subunits are ordered around the channel pore. In their analysis of animal
CNG channels, Liu et al. discovered that the order of CNG subunits could alter channel
conductance by up to 50% [69]. Two CNGC complexes, therefore, whilst having the same
stoichiometry of CNGC subunits, may display different functional characteristics. Perhaps
the formation of CNGC complexes, and the order of CNGC subunits, in planta is influenced
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by allosteric regulators such as CaM, which may promote stronger interactions between
different CNGC subunits, and help dictate their order. Alternatively, it is possible that
where the order of CNGC subunits differs, the conductance, ion selectivity and interactions
with allosteric regulators are all altered, leading to divergent functional outcomes between
otherwise similar CNGC complexes.
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In silico analysis of CNGC sequences have identified several uncharacterised motifs
which may further enhance CNGC regulation and function. Nawaz et al. identified three
uncharacterised NtabCNGC motifs that are approximately 50 amino acids long [18], as well
as a raffinose synthase motif in all 35 NtabCNGCs [18]. Furthermore, three uncharacterised
motifs in Brassica rapa CNGCs are found in a number of closely related BraCNGCs, suggest-
ing that these BraCNGCs have additional functionality [23]. It is possible that some of these
uncharacterised motifs contribute to CNGC subunit interactions and, if heterotetrameric
complexes were confirmed to be widespread amongst CNGCs, these complexes would
significantly increase the complexity of CNGC regulation.

5. Could CNGCLs Modulate Complex Formation?

Angiosperm evolution has seen the loss of several types of Ca2+ channel that are still
found in animals and an apparent overall reduction in diversity of Ca2+ influx mechanisms
compared to animals [134]. This suggests a greater reliance on the channels that were
retained over evolution such as CNGCs. By comparison, many plant species harbour more
cyclic nucleotide-gated channel subunits than animals. Vertebrates (including mammals)
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and invertebrates have only six CNGs [94,98,135]. Subunits of the hyperpolarisation
activated cyclic nucleotide-gated (HCN) cation channels (that operate in cardiac cells) are
also present in low numbers (three in invertebrates, four in mammals and four to six in other
vertebrates) [136]. An ability to form diverse CNGC complexes from a greater number of
subunits could compensate for the reduction in diversity of Ca2+ influx mechanism evident
in plant genomes and fit each cell to respond appropriately to the diverse and coincident
stimuli experienced during their sessile lives. Additionally, a range of homomeric or
heteromeric CNGC channels could permit function beyond Ca2+ signalling and help
explain the role of CNGCs in mineral nutrition. Truncated, CNGC-like (CNGCL) proteins
may also provide a further layer of regulation by modulating CNGC complex formation
(Figure 4). Pan et al. demonstrated that the AtCNGC8 CT inhibits AtCNGC18 activity [46].
This is likely due to the formation of AtCNGC8/18 heterotetramer-like interactions which
prevent formation of the AtCNGC18 homotetramer. In principle, therefore, any CNGC CT
could disrupt CNGC–CNGC interactions. Likewise, since the data presented by Chiasson
et al. suggest that the CNGC NT also contains CNGC–CNGC interaction domains [137], it
is possible that any CNGC NT could also disrupt CNGC–CNGC interactions. Genome-
wide analysis of CNGC sequences has identified a number of truncated CNGC genes in
B. rapa, B. oleracea and N. tabacum which were not analysed further in the original studies
since they lack key CNGC domains [18,21,22].
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We examined some of these CNGCL sequences in silico to determine whether they
may have the potential to disrupt CNGC–CNGC interactions. Six CNGCL genes (Bra024083,
Bo3g005110, Bo8g027170, Bo5g104990, Bo3g052670 and Bo6g074480) were identified from
genome-wide analyses of B. rapa and B. oleracea and located in the EnsemblPlants database
(https://plants.ensembl.org/index.html) [22,23]. For the five B. oleracea genes, the protein
sequences were extracted from their UniProtKB identifiers. For Bra024083, the annotation
in EnsemblPlants predicts a 78 amino acid sequence, whereas the NCBI reference sequence
for Bra024083, XP_009137913.1, predicts a 100 amino acid protein. Both sequences were
used in the subsequent analysis. The seven protein sequences were used as queries to
search for homologous sequences in the genomes of B. rapa and B. oleracea using the NCBI
BLAST protein program with default parameters (https://blast.ncbi.nlm.nih.gov/Blast.
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cgi?PAGE=Proteins). Following this, protein sequences of CNGCLs and the most similar
CNGC identified in the BLAST search were submitted to pairwise local sequence using
the EMBOSS Water program with default parameters (https://www.ebi.ac.uk/Tools/psa/
emboss_water/). These alignments are presented in Figure A1 in Appendix A.

Bra024083 (NCBI reference sequence XP_009137913.1) was initially identified for its
homology with AtCNGC17 [23]. In our analysis, the 78 amino acid prediction aligns to
a region in the CT of BraCNGC17 (NCBI reference sequence XP_009127879.2, positions
640–728) with 76.4% identity. The 100 amino acid prediction aligns to an overlapping
region of BraCNGC17 (positions 629–728) with 75% identity. In B. oleracea, Bo3g005110
(UniProtKB_A0A0D3DKM8) and Bo8g027170 (UniProtKB_A0A0D3DKM8) are predicted
to encode identical 99 amino acid peptides which align to a 70 amino acid stretch in the
CT of BoCNGC7 (NCBI reference sequence XP_013585954.1, positions 579–648) with 80.0%
identity. Similarly, Bo5g104990 (UniProtKB_A0A0D3CHU3) is predicted to encode a 113
amino acid peptide which aligns to a 76 amino acid stretch in the CT of BoCNGC7 (positions
572–648) with 83.1% identity. Bo3g052670 (UniProtKB_A0A0D3B8V0) is predicted to encode
a 412 amino acid peptide which aligns to the NT sequence of BoCNGC12 (NCBI reference
sequence XP_013631017.1, positions 1–425) with 68.2% identity and Bo6g074480 is predicted
to encode a 480 amino acid peptide which aligns with BoCNGC12 (positions 103–648) with
60.9% identity. In silico observations may be misleading but these putative CNGCL proteins
may warrant further attention to determine whether they are functional in planta and
interact with CNGCs.

6. Conclusions

Research into plant CNGCs has historically focused on the role of individual CNGC
genes. There is increasing evidence, however, to suggest that plant CNGCs function as
heterotetrameric complexes.

To understand the role of CNGCs (whether in Ca2+ signalling or nutrition), it is
necessary to determine which subunits interact and determine whether they form heterote-
trameric complexes. If CNGC complexes were common, it will be important to determine
which CNGC interactions occur preferentially and to study CNGC expression patterns to
help predict the composition of CNGC complexes in different cell types. Consequently, a
systematic study of CNGC interactions through BiFC and single-molecule fluorescence
is needed to understand which complexes may be present in planta. In common with
animal studies, cryo-electron microscopy should be able to resolve tetrameric structures.
The advent of fluorophore-labelled cyclic nucleotides is now enabling the effect of cNMP
binding on channel kinetics to be elucidated for animal homomeric and heterotetrameric
CNGs [138] and could be applied to heterologously expressed plant CNGCs to further
understand differences between complexes. It will subsequently be important to test the
activities of these CNGCs in physiologically relevant conditions and determine how their
behaviour is different from homotetrameric channels.

Recent studies, therefore, have significant implications for the future of CNGC research
and may herald a major shift in our understanding of CNGC function. The role of CNGCs
in plants may, truly, be complex.
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Abbreviations

AC Adenylyl cyclase
AGN Alanine-glycine-asparagine
AHA Arabidopsis H+-ATPase
AND Alanine-asparagine-aspartic acid
Apo-CaM Calmodulin without Ca2+ ligands
At Arabidopsis thaliana
BAK1 BRI-associated receptor kinase1
BiFC Bifluorescence complementation
Bo Brassica oleracea
Bra Brassica rapa
BRI1 Brassinosteroid insensitive1
Ca2+/CaM Calmodulin with Ca2+ ligands
CaM Calmodulin
CaMBD Calmodulin-binding domain
cAMP Cyclic adenosine monophosphate
cGMP Cyclic guanosine monophosphate
CNDB Cyclic nucleotide-binding domain
CNGC Cyclic nucleotide-gated channel
CNGCL A gene or protein which contains some,

but not all the domains associated with cyclic nucleotide-gated channels
cNMP Cyclic nucleotide monophosphate
CPK32 Calcium-dependent protein kinase 32
CT Carboxy-terminal domain
db-cAMP Dibutyryl-cyclic adenosine monophosphate
db-cGMP Dibutyryl-cyclic guanosine monophosphate
DMI1 Does not make infections 1
flg22 Flagellin 22 peptide
FLS2 Flagellin Sensitive 2
GC Guanylyl cyclase
GNL Glycine-asparagine-leucine
GQG Glycine-glutamine-glycine
GQN Glycine-glutamine-asparagine
GQS Glycine-glutamine-serine
GUS β-glucuronidase
HEK293 Human embryonic kidney cell line 293
Hv Hordeum vulgare
IQ Isoleucine-glutamine
KUP K+ uptake permease
Lj Lotus japonicus
LRRAC1 Leucine-rich repeat adenylyl cyclase1
Mt Medicago truncatula
Ntab Nicotiana tabacum
NOGC1 Nitric oxide-dependent guanylate cyclase1
NT N-terminal domain
Os Oryza sativa
OSCA1.3 hyperOsmolality-induced [Ca2+]i increase 1.3
PepR1 Plant elicitor peptide recptor1
Pp Physcomitrella patens
PSKR1 Phytosulfokine receptor1
RLCK185 Receptor-like cytoplasmic kinase 185
SERK4 Somatic embryogenesis receptor kinase 4
Sl Solanum lycopersicum
WAKL10 Wall-associated kinase (WAK)-like 1
Zj Ziziphus jujube
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Abstract: 14-3-3 proteins (14-3-3s) are among the most important phosphorylated molecules playing
crucial roles in regulating plant development and defense responses to environmental constraints.
No report thus far has documented the gene family of 14-3-3s in Citrus sinensis and their roles in
response to stresses. In this study, nine 14-3-3 genes, designated as CitGF14s (CitGF14a through
CitGF14i) were identified from the latest C. sinensis genome. Phylogenetic analysis classified them
into ε-like and non-ε groups, which were supported by gene structure analysis. The nine CitGF14s
were located on five chromosomes, and none had duplication. Publicly available RNA-Seq raw data
and microarray databases were mined for 14-3-3 expression profiles in different organs of citrus
and in response to biotic and abiotic stresses. RT-qPCR was used for further examining spatial
expression patterns of CitGF14s in citrus and their temporal expressions in one-year-old C. sinensis
“Xuegan” plants after being exposed to different biotic and abiotic stresses. The nine CitGF14s
were expressed in eight different organs with some isoforms displayed tissue-specific expression
patterns. Six of the CitGF14s positively responded to citrus canker infection (Xanthomonas axonopodis
pv. citri). The CitGF14s showed expressional divergence after phytohormone application and abiotic
stress treatments, suggesting that 14-3-3 proteins are ubiquitous regulators in C. sinensis. Using the
yeast two-hybrid assay, CitGF14a, b, c, d, g, and h were found to interact with CitGF14i proteins to
form a heterodimer, while CitGF14i interacted with itself to form a homodimer. Further analysis of
CitGF14s co-expression and potential interactors established a 14-3-3s protein interaction network.
The established network identified 14-3-3 genes and several candidate clients which may play an
important role in developmental regulation and stress responses in this important fruit crop. This is
the first study of 14-3-3s in citrus, and the established network may help further investigation of the
roles of 14-3-3s in response to abiotic and biotic constraints.

Keywords: abiotic stress; CitGF14s; citrus canker; Citrus sinensis; sweet orange; 14-3-3s

1. Introduction

Plants are constantly exposed to different abiotic and biotic stresses, including drought,
extreme temperatures, high salinity, and various pathogens. Due to their sessile nature,
plants have evolved a series of mechanisms to cope with the environmental challenges.
Plant 14-3-3s, encoded by genes called general regulatory factors [1,2], regulate critical
biochemical processes and sophisticated signaling networks in plants though protein–
protein interactions by binding to phosphorylated protein clients [3]. 14-3-3 proteins
were originally isolated from mammalian brain tissue and were named according to
their elution and migration pattern on DEAD-cellulose chromatography and starch-gel
electrophoresis [4]. The 14-3-3s are highly conserved proteins and exist in all eukaryotes
with multiple isoforms. Yeast has two genes encoding 14-3-3s [5], animals typically have
seven [6], and plants have more 14-3-3 genes: 13 in Arabidopsis [6], 17 in tobacco (Nicotiana
tabacum) [7], 12 in tomato (Solanum lycopersicum) [8], and eight in rice (Oryza sativa) [9].
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The protein sequence of 14-3-3s can be divided into three regions: A variable N-
terminus, a conserved core region, and a variable C-terminus. Based on the gene structure,
plant 14-3-3 proteins are divided into two distinct groups, namely epsilon (ε) and non-
epsilon, and the latter is plant-specific [2,10,11]. Crystal structure studies show that 14-3-3
dimers consist of a typical clamp shape structure containing alpha helical amphipathic
grooves formed by a monomer [12,13]. The monomer can interact with phosphorylated
proteins; thus, the groove is the main target binding site [14]. Large-scale interactomics and
mass-spectrometry-based studies have identified more than 300 potential 14-3-3 targets in
plant [3]. There are about a dozen 14-3-3 proteins forming homodimers and heterodimers
that function to reverse phosphorylation of proteins in plants [15,16]. Three canonical
phosphorylation-dependent 14-3-3 binding motifs can be recognized by all isoforms: RSX-
pSXP (mode-I), RXXXpSXP (mode-II), and pS/pTX1–2-COOH (mode-III) (where R, S,
and P represents arginine, serine, and proline, X is any amino acid, pS is phosphoser-
ine) [12,17,18]. Phosphorylation is an essential posttranslational modification, which is
fast and reversible and affects thousands of proteins and regulates a plethora of different
processes in plants [19]. Protein phosphorylation occurs mainly on serine (pS), threonine
(pT), and tyrosine (pY) residues. The 14-3-3 proteins can also bind non-phosphorylated
targets, such as WLDLE [20] and GHSL [20,21].

A growing body of evidence indicates that the 14-3-3s can regulate plant responses
to abiotic and biotic stresses [16,19,22–24]. 14-3-3s play important roles in plant tolerance
to salinity and drought. Arabidopsis 14-3-3s κ and λ have been reported to inhibit the
SOS (salt overly sensitive) pathway by repressing SOS2 kinase activity in the absence of
salt stress [25]. Rice 14-3-3 family genes were named as GF14a through GF14h, and four
members (GF14b, GF14c, GF14e, and GF14f ) were all induced by PEG6000 (drought-mimic)
treatments [26]. The 14-3-3s have been reported to regulate plant cold tolerance. RARE
COLD INDUCIBLE 1A (RCI1A) and RCI1B were the first two 14-3-3 proteins that were
demonstrated to be induced by cold stress in Arabidopsis [27]. The kinetics of RCI1A
and RCI1B mRNA accumulation induced by cold stress is correlated with the increased
freezing tolerance that occurs during the cold acclimation process in Arabidopsis, implying
that these genes play pivotal roles in this adaptive process [27,28]. The 14-3-3 proteins
are also involved in regulation of nutrient stress, such as low phosphorus stress [29],
iron deficiency [30], wounding [28], and ABA signal [31]. 14-3-3 proteins respond to
pathogen infection by changing transcript levels or, in some instances, protein abundance
or properties, or both [19]. Tomato TFT1, TFT4, and TFT6 genes were upregulated in the
Cf-9-mediated hypersensitive response (HR) [32]. Similarly, 14-3-3 genes are expressed
during a race-specific HR of soybean inoculated with Pseudomonas syringae [33] and upon a
resistant reaction to the soybean cyst nematode [34]. Tobacco 14-3-3 isoform h is induced
after inoculation with tobacco mosaic virus (TMV) [7]. A Gossypium hirsutum 14-3-3 is
rapidly expressed in response to Verticillium dahliae [35] in a cultivar with enhanced wilt
resistance, which may suggest a specific role for 14-3-3 in resistance to the pathogen.

Citrus fruits are among the highest value fruit crops in terms of nutritional components
and international trade. Citrus crop production constantly encounters both abiotic and
biotic stresses, such as drought, salinity, cold, and pathogens, which have significantly
affected citrus production worldwide. A better understanding of citrus responses to
these constraints will improve breeding strategies and production practices for increased
resistance or tolerance to stresses. Plant 14-3-3s as general regulatory factors may play
important roles in citrus responses to these stresses. The genome-wide analysis of 14-3-3
family genes has been identified from various plants, including Arabidopsis [6], soybean
(Glycine max) [36], common bean (Phaseolus vulgaris) [37], rice [26], black cottonwood
(Populus trichocarpa) [38], and foxtail millet (Setaria italica) [39]. Up to now, there have been
no reports on 14-3-3 family genes in citrus.

In this study, we report a comprehensive genomic identification and phylogenetic
analysis of nine members of the 14-3-3 gene family in sweet orange (Citrus sinensis) and
document their expression profiles in different organs and their responses to abiotic and
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biotic stresses as well as hormone signal. Our results for the first time provide fundamental
information about 14-3-3 genes and their responses to stresses in this citrus species.

2. Results
2.1. 14-3-3 Identification, Phylogenetic Analysis, and Function Prediction

A total of 13 putative 14-3-3 genes were identified from the whole genome of C. sinensis
using the 14-3-3 genes from Arabidopsis, soybean, and black cottonwood as queries. After
removing incomplete and redundant sequences, nine 14-3-3 genes were confirmed. They
were designated as CitGF14 (CitGF14a through CitGF14i) (Table 1). Their open reading
frames ranged from 741 to 798 bp encoding 247 to 266 amino acids with putative MW
varying from 27.9 to 30.2 kDa. The theoretical isoelectric points ranged from 4.69 to 5.14.
Corresponding proteins were predicted to localize in the cytoplasm (cyto), chloroplast
(chlo), nucleus plasma (nucl plas), and plasma membrane (plas) depending on individual
proteins (Table 1)

Table 1. Identified nine CitGF14 (14-3-3) genes from the whole genome of Citrus sinensis.

Name Gene ID Arabidopsis
Orthologue Chr. No. Chr.

Location
ORF
(bp)

Length
(aa) PI MW

(kDa)
Subcellular
Localization

CitGF14a Cs2g04850.1 AT2G42590.1 Chr 2 2,529,656–
2,533,444 774 258 4.69 29.433 Cyto

CitGF14b Cs2g15550.4 AT2G42590.2 Chr 2 12,364,752–
12,368,242 798 266 4.72 29.951 Chlo

CitGF14c Cs3g18200.1 AT1G34760.1 Chr 3 21,756,849–
21,761,115 759 253 4.92 28.861 Cyto

CitGF14d Cs7g11330.1 AT1G26480.1 Chr 7 7,462,893–
7,465,189 795 265 5.14 30.227 Cyto

CitGF14e Cs1g20220.2 AT5G65430.2 Chr 1 23,332,994–
23,337,303 741 247 4.83 27.946 Nucl_plas

CitGF14f Cs3g17470.1 AT5G65430.1 Chr 3 21,178,807–
21,181,787 756 252 4.76 28.536 Nucl_plas

CitGF14g Cs3g17990.1 AT1G78300.1 Chr 3 21,561,464–
21,564,313 795 265 4.69 29.742 Nucl_plas

CitGF14h Cs6g18830.1 AT5G38480.1 Chr 6 18,853,688–
18,857,047 789 263 4.75 29.740 Nucl_plas

CitGF14i Or1.1t01991.1 AT1G78300.1 chrUn 31,516,661–
31,519,401 783 261 4.84 29.442 Plas

The evolutionary relationships of 44 14-3-3s from Arabidopsis, rice, black cottonwood,
and C. sinensis were phylogenetically analyzed. Eighteen of them were clustered into ε-like
groups, and 26 were clustered into non-ε groups (Figure 1). Four CitGF14s (CitGF14a, b, c,
and d) were grouped into ε-like isoforms, and the remaining five CitGF14s were grouped
into non-ε isoforms. None of the CitGF14s were duplicated.
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cates. The green and blue shade separates the ε and non-ε groups. 

 
Figure 2. Genomic distribution of 14-3-3 (CitGF14s) genes across nine Citrus sinensis chromosomes. The chromosome num-
ber is indicated at the top of each chromosome. The scale is in megabases (Mb). Chromosomal locations of CitGF14s were 
indicated based on the physical position of each gene. 

Figure 1. Phylogenetic trees of 14-3-3 family genes in Citrus sinensis (CitGF14s, indicated by the star
symbol), Arabidopsis (AtGRF), Populus trichocarpa (PtGRF), and Oryza sativa (OsGRF) constructed
using the MEGA6.0 program with neighbor-joining method within 1000 bootstrap replicates. The
green and blue shade separates the ε and non-ε groups.

2.2. Localization in Chromosomes and Gene Structure

Eight 14-3-3 genes (CitGF14a through CitGF14h) were located on five chromosomes
(Chr 1, 2, 3, 6, and 7) of C. sinensis (Figure 2), yet CitGF14i could not be mapped on a chro-
mosome and remained as unanchored scaffolds. Both CitGF14a and CitGF14b were situated
on chromosome 2; CitGF14e, CitGF14h, and CitGF14d were located on chromosomes 1, 6,
and 7, respectively; while CitGF14c, CitGF14f, and CitGF14g were linked on chromosome 3.

Gene structure analysis showed that CitGR14s contained 3 to 6 exons, interspersed
by highly distinct introns (Figure 3). Four ε-like CitGF14s showed six conserved exons
interrupted by intron and UTR in different lengths. Non-ε CitGF14 genes were also
interrupted by introns. CitGF14e, CitGF14g, and CitGF14i carried three introns, CitGF14f
and CitGF14h possessed four introns, the remaining had six introns.
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Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 5 of 21 
 

 

 
Figure 3. Structure analysis of CitGF14s genes in Citrus sinensis. The graphic representation is displayed using GSDS 
(http://gsds.cbi.pku.edu.cn/). The unrooted phylogenetic tree was constructed using the amino sequences of CitGF14s 
genes by the Neighbor-Joining method with 1000 bootstrap replicates. Exons consisted of CDS shown as orange boxes, 
introns are shown as thin lines, and UTRs are shown as blue boxes. 

2.3. CitGF14s Sequence Alignment 
Amino acid sequence alignment showed that the deduced CitGF14s from C. sinensis 

were highly conserved with the exception of the N-terminal and C-terminal regions. Nine 
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motif. Moreover, other cis-acting elements associated with biotic and abiotic stress re-
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genes by the Neighbor-Joining method with 1000 bootstrap replicates. Exons consisted of CDS shown as orange boxes,
introns are shown as thin lines, and UTRs are shown as blue boxes.

2.3. CitGF14s Sequence Alignment

Amino acid sequence alignment showed that the deduced CitGF14s from C. sinensis
were highly conserved with the exception of the N-terminal and C-terminal regions. Nine
α-helices were shown in green rectangular boxes (Additional file 1: Figure S1A). Two
conserved signature motifs RNL(L/V)SV(G/A)YKNV and YKDSTLIMQLLRDNLTLWTS
were found in α-helix 3 and α-helix 9, respectively.

Protein CitGF14b, CitGF14d, CitGF14e, CitGF14f, CitGF14g, CitGF14h, and CitGF14i
had rather similar three-dimensional structures based on the Swiss-model prediction
(Additional file 1: Figure S1B). All these similar proteins contained two potassium channel
KAT1 ligands except for CitGF14b. The remaining two proteins (CitGF14a and CitGF14c)
had relatively simple structures with no ligands.

2.4. Cis-Regulatory Elements

Different cis-acting elements related to plant growth, development, and stress re-
sponses were identified in CitGR14s (Additional file 2: Table S1). The circadian element
was presented in all CitGF14 promoters except for CitGF14d. The Skn-1 motif required
for endosperm expression was highly conserved in six CitGF14 promoters. The ABA
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responsive element ABRE was presented in CitGF14b, CitGF14c, CitGF14e, and CitGF14g.
Box-W1, a fungal elicitor responsive element, was a highly conserved stress-related element
which was found in five of nine CitGF14s. The upstream flanking regions of CitGF14g
contained 11 stress-responsive promoters, including ABRE, ARE, CGTCA-motif, ERE, GC-
motif, HSE, MBS, P-box, TC-rich repeats, TCA-element, TGA-element, and GACG-motif.
Moreover, other cis-acting elements associated with biotic and abiotic stress responses,
such as WUN-motif, GARE-motif, AuxRR-core, and SARE were also identified.

2.5. Tissue-Specific Expression Patterns of CitGF14s

The expression of CitGF14s in callus, leaf, flower, and fruit, which were mined from
the RNA-Seq raw data of C. sinensis genome database (http://citrus.hzau.edu.cn/orange/)
is presented in Figure 4A. CitGF14a and CitGF14i were strongly expressed in flowers and
leaves. The expression of CitGF14e in flower was higher than in callus and then further
increased in leaves and fruit. CitGF14b expression was induced in callus and flower,
slightly decreased in leaves, and then increased in fruit. CitGF14h was highly induced and
constantly expressed in all four tissues or organs. On the other hand, CitGF14d was down
regulated in callus, leaves, and fruit. Other CitGF14s were either slightly or moderately
induced depending on tissue or organ.

The spatial expressions of CitGF14s were further analyzed by RT-qPCR in C. sinensis
“Xuegan” when plants were not exposed to any stresses (Figure 4B). CitGF14s were not
highly induced in roots and stems except for CitGF14e and CitGF14h in stems that had over
a 1.5-fold increase. The expression of CitGF14a, c, d, h, and i in shoots and CitGF14c, e, and
h in leaves was highly induced, which was largely similar to those mentioned in above
RNA-Seq data with the exception of CitGF14d that was primarily down regulated in callus,
leaves, and fruit based on the RNA-Seq data (Figure 4A), but it was highly upregulated
in flower as well as shoots in the RT-qPCR analysis. Furthermore, the expression of all
CitGF14s was low in peel, juice, and seeds.

2.6. Responses to Infection of Citrus Canker and Citrus Greening Pathogens

Affymetrix microarrays data were mined in this study for potential roles of CitGF14
genes in response to citrus canker. Results showed that all citrus probe sets contained
less than 10,000 genes, indicating the not all citrus CitGF14s had been covered by the
microarray data. For example, the probe signal for CitGF14d was not detected in the
microarray. Based on eight CitGF14s from the microarray data, their responses to citrus
canker infection are presented in Figure 5A (first four columns). CitGF14g was induced
by Xanthomonas axonopodis pv. citri (Xaa) 6 to 48 h after infection and by Xanthomonas
axonopodis pv. Aurantifolii (Xac) 48 h after infection (Figure 5A). The inoculation of Xaa
and Xac respectively induced CitGF14i expression only 48 h after infection. CitGF14h was
slightly induced by Xaa and Xac 48 h after infection. The other CitGF14s did not respond to
the infection of the two pathogens.

The infection of Xac to C. sinensis “Xuegan” caused downregulation of CitGF14a in 2 to
6 h and then variable expression thereafter till 192 h (Figure 5B). CitGF14b was induced 6 h
after inoculation, and its expression was then reduced from 12 to 96 h but highly increased
at 192 h. CitGF14d was highly induced from 48 h to 192 h. CitGF14g responded quickly,
2 h after the inoculation, and reached the highest expression level from 48 h to 96 h. There
was a downregulation of CitGF14i initially, its expression increased from 6 h to 24 h, and
attained the highest expression level from 48 h to 192 h. The active responses of CitGF14g
and CitGF14i largely concurred with the above microarray results. The other CitGF14s
showed varied levels of down or upregulation over the 192-h evaluation period.

Microarray data were also explored for potential roles of CitGF14s in response to the
infection of citrus greening: Candidatus Liberibacter asiaticus (Ca. Las) (Figure 5A, five
columns from the right). Compared to healthy organs, there was slight increase in the
expressions of CitGF14c and CitGF14f in leaves and CitGF14e in peel. The other genes
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showed little response to the infection except for CitGF14a that was down regulated in
leaves and stem and CitGF14g and CitGF14i that were down regulated in peel.
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Figure 4. Expression analysis of CitGF14s in different tissue and organs of Citrus sinensis plants. (A) Expression profiles of
CitGF14s derived from RNA-Seq data where RPKM expression values were log-transformed for normalization. Log2 based
RPKM values were used for creating the heat map with clustering by HemI. The scale represents the relative intensity of
RPKM values. (B) RT-qPCR analysis of the expression patterns of CitGF14s in different organs of C. sinensis. The relative
expression was normalized using the ACTIN and GAPDH genes as references. Each bar represented the mean of four
biological replications with standard error. Different letters on the top of bars indicate significant differences analyzed by
Tukey’s HSD test at p < 0.05 level.
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Figure 5. Expression profiles of CitGF14s in response to different stresses. (A) The microarray data was downloaded from
NCBI database. Heatmap shows hierarchical clustering of CitGF14 expression after plants were inoculated with citrus
canker pathogens: Xanthomonas axonopodis pv. citri (Xaa) and Xanthomonas axonopodis pv. Aurantifolii (Xac) and citrus
greening pathogen: Candidatus Liberibacter asiaticus (Ca. Las). Gene expression values were calculated based on the
ratios between the infection and the mock (control). Heatmap was generated based on log2 (infection expression/mock
expression) values by using HemI. The color scale represents the relative intensity level of transcript abundance. (B)
RT-qPCR analysis of CitGF14s expression after C. sinensis “Xuegan” was inoculated with Xac. The relative expression was
normalized using the ACTIN and GAPDH genes as references using 2−∆∆Ct method. The values were based on the means
of four biological replications.

2.7. Responses to Plant Hormone Treatments

Foliar application of jasmonate (JA) on “Xuegan” caused more downregulation
of CitGF14 genes than upregulation (Figure 6A). The upregulation only occurred with
CitGF14a, c, and f 12 h after JA application and CitGF14h from 6 h to 12 h. Genes with the
most pronounced down regulation were CitGF14a at 2 h and 48 h; CitGF14d from 6 h to
24 h; CitGF14e from 6 h to 12 h; and CitGF14g and i at 24 h. CitGF14b and CitGF14d showed
noticeable responses to ABA (Figure 6A). The former was primarily down regulated from
2 h to 48 h after application, whereas the latter was completely upregulated from 2 h to 48 h
after application. ABA application also induced the expression of all the other CitGF14s at
different time periods except for CitGF14i that was largely down regulated.
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Figure 6. RT-qPCR analysis of CitGF14 expressions after C. sinensis “Xuegan” plants were sprayed with jasmonate (JA),
abscisic acid (ABA), ethephon (ETH), and salicylic acid (SA) (A), exposed to low (4 ◦C) and high (42 ◦C) temperatures
as well as wounding (B), and treated with NaCl (200 mM) and polyethylene glycol (PEG) (20% PEG6000), a simulated
drought stress (C). The relative expression was normalized using the ACTIN and F-box gene as references by 2−∆∆Ct
method. Heatmaps were generated based on log2 (treatment expression/control expression) with HemI. The values were
based on the means of four biological replications.
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The application of ethephon (ETH) induced variable expressions of CitGF14a, b, c, f,
and h (Figure 6A). These genes were upregulated from 6 h to 12 h after application with
exception of CitGF14b and c whose expression reduced at 24 h but increased at 48 h. The
other genes were primarily down regulated after ETH application. Foliar spraying of
salicylic acid (SA) also induced variable expressions of CitGF14a, b, c, f, and h (Figure 6A).
CitGF14a was upregulated after 12 h of application, and CitGF14b, c, f, and h were induced
from 6 h to 12 h. The other CitGF14s were downregulated or remained unchanged.

2.8. Responses to Low and High Temperatures and Wounding

The exposure of C. sinensis “Xuegan” plants to 42 ◦C led to the upregulations of five
CitGF14 genes at different times during the treatment (Figure 6B). CitGF14a, e, and h were
either uninduced or downregulated from 0 h to 24 h but highly induced at 48 h. On the
other hand, the expression levels of CitGF14d and g were higher at 2 h, decreased thereafter,
and then highly increased at 48 h. CitGF14i had similar expression pattern as CitGF14d
and g, but its increase started 24 h and sustained to 48 h. The other CitGF14s were either
downregulated or showed little change.

Chilling treatment of “Xuegan” resulted in CitGF14 responses opposite to the high
temperature treatment. CitGF14b, c, and f, which were not upregulated at high temperature
were strongly induced (Figure 6B). CitGF14b was induced at 2 h, and its expression reached
the highest at 6 h, and then decreased at 12 h. CitGF14c was induced at 2 h, attained the
highest from 6 h to 24, but decreased at 48 h. The expression of CitGF14f was high at 2 h
and peaked at 6 h, and then gradually reduced. Additionally, CitGF14h and CitGF14i were
also highly induced at 6 h. The expression of the other CitGF14s were variable, and largely
downregulated.

Wounding of “Xuegan” plants induced the upregulation of CitGF14a at 12 to 48 h and
CitGF14i from 2 h to 6 h (Figure 6B). Wounding treatment also moderately induced the
expression of CitGF14b at 48 h and CitGF14c, f, and h at 6 h as well as CitGF14g from 2 h to 12
h, and CitGF14i at 12 h. The other CitGF14s either remained unchanged or downregulated.

2.9. Responses to Salinity and Drought Stresses

All CitGF14 genes responded to the salt treatment (Figure 6C). CitGF14a was highly
induced from 0 h to 48 h. The expressions of CitGF14b, e, and f were higher starting from
2 h to 144 h. The other CitGF14s were upregulated varying from moderate to high except
for CitGF14d that fluctuated up and down and then remained downregulation from 24 h to
144 h.

The simulated drought stress by polyethylene glycol (PEG) treatment showed a rather
similar expression pattern of CitGF14s as NaCl treatment (Figure 6C). All genes were
upregulated except for CitGF14d that was initially upregulated, then slightly decreased,
and finally downregulated from 24 h to 144 h. CitGF14a and b were highly induced from
2 h to 12 h, and both became moderately induced in 24 h. The expression of CitGF14a
was higher again at 48 h and then decreased thereafter, but CitGF14b maintained a high
expression level from 48 h to 144 h. CitGF14c and e were highly upregulated at 2 h, remained
moderate in expression from 6 h to 24 h and 6 h to 12 h, respectively, and finally highly
induced thereafter. CitGF14f was consistently highly expressed from 2 h to 144 h.

2.10. Interactions among CitGFs

To determine whether 14-3-3 proteins could interact with each other or with other
proteins, we systematically assessed the interactions among all the 14-3-3 proteins using
yeast two hybrid (Y2H) assay. GAL4 DNA-binding domain (BD) was fused to prey protein
(CitGF14a through CitGF14i), GAL4 transcriptional activating domain (AD) was fused
to bait protein (CitGF14a through CitGF14i and pGADT7 empty vector), and they were
co-transformed into yeast cells. As shown in Figure 7, CitGF14a, b, c, d, g, and h interacted
with CitGF14i proteins to form a heterodimer while CitGF14i interacted with itself to form
a homodimer in yeast. Interactions were also found in other 14-3-3 protein pairs, CitGF14g
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interacted with b and c as prey or bait. CitGF14d showed strong interaction with a and c as
prey, while when CitGF14d was bait, the interaction became weak. CitGF14h interacted
with CitGF14c as bait protein, but CitGF14h weakly interacted with all target and empty
vector. Thus, CitGF14h showed auto-activation as prey vector.
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3. Discussion

Plant 14-3-3 proteins play important roles in regulation of plant responses to abiotic
and biotic stresses. Different number of 14-3-3 proteins have been identified and analyzed
in a number of land plant species, but such information is not available in citrus. The
present study for the first time documented 14-3-3 proteins in C. sinensis and evaluated
14-3-3 genes in response to various stresses.

3.1. Nine 14-3-3 Genes and Their Characteristics in C. sinensis

A total of nine CitGF14 genes were identified in C. sinensis by a genome-wide search
based on conserved domains and sequence similarities from known 14-3-3s. They were
divided into ε-like and non-ε groups (Figure 1), and eight of the nine were located on five
chromosomes (Figure 2). Phylogenetic results were consistent with the clustering of 14-3-3
proteins in Arabidopsis [6], rice [40], and wheat [41]. The ε group, also known as “living
fossil” 14-3-3 isoforms, is considered essential to eukaryotic biology, while the proteins
in the non-ε group generally play organism-specific regulatory roles [42]. Gene structure
analysis also supported this classification (Figure 3). Each of ε group genes (CitGF14a
through CitGF14d) has six exons, while each of non-ε group genes (CitGF14e through
CitGF14i) has three exons.

The relatively small number of CitGF14 genes along with no duplicated ones were
not surprising because there was no recent whole-genome duplication in C. sinensis evo-
lution except γ event which was shared by all core eudicots [43]. Phylogentic analysis
suggest that C. sinensis 14-3-3s are evolutionally close to Populus since they belonged
to the same clade and they are all ancient. Amino acid sequence alignment indicated
that all C. sinensis 14-3-3s showed a high level of amino-acid similarity except for the N-
terminal and C-terminal regions (Additional file 1: Figure S1), which are similar to all
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other 14-3-3s [44]. These highly conserved 30-kDa acidic proteins are, each composed
of approximately 250 amino acids, nine α-helices, and two conserved signature motifs
RNL(L/V)SV(G/A)YKNV and YKDSTLIMQLLRDNLTLWTS [14,44].

The online tool predicted that C. sinensis 14-3-3 isoforms were localized in cytoplasm,
chloroplast, nucleus plasma, and plasma membrane (Table 1), suggesting distinct and
differential patterns of subcellular distribution. These isoforms exhibited a high cell-
type specificity. The specificity of cellular and subcellular localization may contribute to
their diverse interactions with targets as well as differential functions in cellular activities.
Arabidopsis 14-3-3/GFP fusions experiment indicated that 14-3-3 localization is both isoform
specific and highly dependent upon interaction with cellular clients [45]. Additionally, this
interaction can alter the subcellular localization of target proteins [46]. In soybean, SGF14
proteins can regulate the nuclear-cytoplasmic movement of GmMYB176, which can alter
the expression of CHS8, a gene in isoflavonoid biosynthesis [47].

3.2. CitGF14s Were Differentially Expressed in Various Organs of Citrus

The tissue-specific pattern of gene expression can provide important clues about
gene function [48]. The expression of CitGF14s in different organs (Figure 4) may suggest
that they are involved in various aspects of physiological and developmental processes.
CitGF14a, e, h, and i were highly upregulated in different organs based on RNA-Seq raw
data (Figure 4A). RT-qPCR analysis also showed the highly upregulation of CitGF14a, c,
d, h, and i in shoots and CitGF14c, e, and h in leaves, which were principally similar to
those from the RNA-Seq analysis. A discrepancy occurred in CitGF14d between RNA-Seq
(Figure 4A) and RT-qPCR (Figure 4B) data. RNA-Seq data showed its down regulation in
almost all tested tissue and organs, but it was dramatically unregulated in flower and also
in shoot in RT-qPCR analysis. Such a disagreement could be attributed to the differences in
cultivars and plant growth conditions, which needs further investigation. Nevertheless,
the high level of CitGF14d transcript in flowers and shoot in contrast to the minimal levels
in the other organs (Figure 4B) may suggest the specificity of CitGF14d in flower and
leaf development. A similar expression pattern also occurred in another woody plant
mulberry tree [49] where some MaGF14s were specifically expressed in certain organs.
Additionally, soybean 14-3-3 isoforms also showed ubiquitous expression in all tissues, and
different expression of SGF14 genes in embryos during seed development indicated that
14-3-3s may be involved in soybean seed development [36]. In cotton, Northern blotting
and RT-qPCR analysis showed that Gh14-3-3 genes were developmentally regulated in
fiber development [50,51]. In an early report, a high level of Arabidopsis 14-3-3ω mRNA
occurred in flowers. On the other hand, 14-3-3κ and 14-3-3λ expression did not show much
difference across tissues [52]. The expression of different CitGF14s in different organs or
in the same organs of citrus may indicate the versality of CitGF14 involvement in citrus
growth and development, which deserve further investigation.

3.3. CitGF14s Were Induced by Citrus Canker and Greening Infections

Citrus canker and citrus greening are two notorious bacterial pathogens and have
significantly affected citrus production worldwide. In this study, both microarray and RT-
qPCR data clearly showed that CitGF14s are involved in citrus responses to canker (Figure
5). Microarray data indicated that both CitGF14g and CitGF14i were highly upregulated
upon the infection of both Xaa and Xac (Figure 5A). RT-qPCR analysis further confirmed
the upregulation of both CitGF14g and CitGF14i (Figure 5B) and found that CitGF14b, d, and
f were also involved in the later period of Xac infection. These results indicate that 14-3-3
proteins may involve in the regulation of citrus canker resistance as well as functional
redundancy in stress tolerance.

The responses of CitGF14s to citrus greening pathogen were not pronounced as those
to citrus canker based on the microarray results (Figure 5A). There was a slight increase
in the expressions of CitGF14c and f in leaves and CitGF14e in peel, whereas CitGF14a, g,
and i were downregulated in leaves, stems or fruit peel. How such up or down regulations
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affects the pathogen development is unknown. Considering the severity of citrus greening
in the citrus industry and the role of 14-3-3 in regulation of plant responses to biotic stresses,
further research on CitGF14s in regulation of citrus response to greening is warranted.

Pathogen infection triggered differential expressions of 14-3-3 genes has been doc-
umented in other plants. In tomato, at least 10 14-3-3 genes are differentially expressed
in response to fungal toxin fusicoccin [32]. The tomato 14-3-3 protein TFT7 can bind
with MAPKKKα and SIMKK2, resulting in programmed cell death associated with immu-
nity [53]. TFT4 is another member of tomato 14-3-3 proteins that can bind with the effector
XopQ from Xanthomonas euvesicatoria (Xcv) to suppress the effector-triggered immunity [54].

3.4. CitGF14s Differentially Responded to Abiotic Stresses

Phytohormones play a central role in plant defense responses to environmental stress.
RT-qPCR analysis showed that all CitGF14 genes responded to JA, ABA, ETH, and SA
applications by either down or up regulation at different times (Figure 6A). Such variable
responses may suggest that 14-3-3s could function as a multiple regulator in plant hormone
signaling. Four rice GF14 genes were induced by benzothiadiazole, JA, ETH, and H2O2
during pathogen attach [26]. Quantification of the 20R/16R promoter-driven GUS expres-
sion in different transgenic potato plants revealed that 14-3-3 isoforms can be induced
by various stimuli, such as ABA, SA, NaCl, and metal ions [55]. The Arabidopsis 14-3-3 λ
isoform was reported to specifically bind the C-terminal domain of RPW8.2, resulting in the
enhanced resistance to powdery mildew fungus via the SA signaling pathway [56]. In the
present study, CitGF14b was highly downregulated, but CitGF14d was strongly upregulated
by ABA treatment. This may suggest that citrus 14-3-3s could link to ABA in mediation of
different stress responses. A study with barley 14-3-3 proteins as baits in yeast two-hybrid
(Y2H) library resulted in the identification of 132 new molecular targets, including three
ABA signal transduction related proteins (AREB/ABF/ABI5-like proteins) [57].

High and low temperatures as well as wounding induced variable expressions of all
nine CitGF14s (Figure 6B). CitGF14a, d, e, and g that were upregulated at high temperature
became down regulated in low temperature treatment. The reverse is true for CitGF14b, c,
and f. Only CitGF14h and i had both up and down regulations in high and low temperature
treatments. These results may indicate that different isoforms of CitGF14s were involved
in response to two opposite temperature stresses. A study with Arabidopsis showed that
overexpression of 14-3-3ε was ineffective in cold tolerance, but overexpression of bothω
and ε produced more cold tolerant plants [58]. Wounding also induced all CitGF14s gene
expression including the upregulation of CitGF14a and i but downregulation of CitGF14d
at variable times. These results concurred with a report by Lapointe et al. [59] that 14-3-3
mRNA was upregulated in poplar plants after wounding treatment.

CitGF14s exhibited similar expression patterns in response to both NaCl and PEG-
simulated drought stresses (Figure 6C). All CitGF14s genes were highly upregulated except
CitGF14d that was downregulated, suggesting that all CitGF14s participated in citrus
responses to NaCl and drought. These results are consistent with 14-3-3 responses to salinity
and drought stresses in other plants [3,22,60]. An Arabidopsis GF14λ was introduced into
cotton plants, resulting in improved drought tolerance with a “stay-green” phenotype. The
stomata of the transgenic plants might be regulated by GF14λ through some transporters,
such as H+-ATPase whose activities are controlled by their interaction with 14-3-3 proteins.
In the present study, we noticed that CitGF14d, which was highly induced by ABA signal
(Figure 6A), were downregulated under salinity and drought stresses (Figure 6C). This
result may indicate that CitGF14d acted as a negative regulator. The overexpression
of GsGF14o from Glycine soja in Arabidopsis resulted in down-regulation of a drought-
responsive marker gene, the transgenic line showed reduction of stomatal development
under drought treatment. Thus, the Glycine soja 14-3-3 gene GsGF14o functioned as a
negative regulator of drought tolerance [61].
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3.5. Prediction of Interactions among CitGF14 Proteins

Different genes with similar expression patterns, commonly known as co-expressed
genes were believed to be functionally related [62]. To improve our understanding of
CitGF14s’ functions in C. sinensis, CitGF14s were integrated into the Network Inference
for Citrus Co-Expression (NICCE) (http://citrus.adelaide.edu.au/nicce/home.aspx). A
detailed 14-3-3 gene information and tabs were presented in Additional file 3: Table S2,
which contained top 100 expressed genes in C. sinensis based on HRR (highest reciprocal
ranks). HRR highlighted in black (bold), black, and grey colors signified statistical signifi-
cance of HRR at p < 0.01, p < 0.05, and p > 0.05 levels, respectively. As described previously,
the microarray data did not cover all the CitGF14 genes, we only obtained co-expressed
genes from six member of CitGF14 genes in C. sinensis datasets. We found a number of
genes co-expressed with three citrus canker responsible CitGF14s (CitGF14g, CitGF14h, and
CitGF14i). They are leucine-rich repeat family proteins, zinc finger (C3HC4-type RING
finger) family proteins, and zinc finger (DHHC type) family proteins, WD-40 repeat family
proteins, lesion inducing protein-related, and peroxidase 63. These proteins are involved
in a variety of functions ranging from signal transduction and transcription regulation
to defense responses. For example, the leucine-rich repeat family proteins are associated
with innate immunity in plants, serving as the first line of defense against pathogens. Our
results may indicate that CitGF14g, CitGF14h, and CitGF14i are involved in regulation of
defense response to the infection of citrus canker pathogens.

The interaction among 14-3-3 isoforms or individual isoforms with other proteins is
important for understanding the biological functions of 14-3-3s. Y2H assay is a powerful
tool widely used for identifying novel protein–protein interaction [63]. In the present
study, CitGF14i was found to be able to interact with CitGF14a, b, c, d, g, or h to form a
heterodimer and interact with itself to form a homodimer in yeast (Figure 7). Interactions
were also found in other 14-3-3 protein pairs, including CitGF14g with b or c and CitGF14d
with a or c. Among the isoforms, CitGF14i appears to be the most active and important one
due to its interaction with six isoforms and also with itself. It is known that 14-3-3 isoforms
have different affinities to individual targets; thereby, there is a possibility that regulation
of specific processes could be accomplished by single 14-3-3 isoforms [16]. In this study,
CitGF14i was highly up-regulated in flower and leaves or shoots in general (Figure 4),
strongly induced by the infection of Xac (Figure 5B), largely down-regulated in response
to the application of growth regulators, and variably expressed in abiotic treatments
(Figure 6). Intriguingly, CitGF14i is the only one localized in plasma membrane. Whether
its subcellular location contributes to such active interactions is unknown. Although the
function of all CitGF14s deserve further investigation, specific attention should be given
to CitGF14i for its interactions with other proteins. Y2H screens complemented with
14-3-3 protein affinity purification and tandem mass spectrometry are another powerful
tool for identifying protein interactions. This method identified five 14-3-3 isoforms in
7-day-old barley. Some of proteins were identified as 14-3-3 targets in both Y2H and
affinity purification including 14-3-3 proteins themselves [64]. In order to uncover the
14-3-3 signaling pathway in healthy and disease, a high-throughput data in VisANT graphs
(http://visant.bu.edu) was used to graph and validate 14-3-3 protein interactions [65].

Two public citrus databases provided a genome-wide approach to predict 14-3-3
protein–protein interactions (PPI) or gene co-expression. Thus, a 14-3-3s protein interaction
network was generated by CitrusNet (Figure 8). Among them, CitGF14a, e, and i play
much greater roles than CitGF14g and h, which are more important than the remaining
four CitGF14s. CitGF14d, CitGF14g, and CitGF14i contribute to their resistance to Xac
infection, and CitGF14d could be a negative regulator in response to drought stress. With
more than 150 nodes in the network, most nodes had different degrees of connection.
Detailed connection among each CitGF14 and target was provided in Additional file 4:
Table S3. More than 70 citrus 14-3-3 targets were identified, which participate in many
molecular processes, including those involved in development, hormone, redox, signaling,
stress, and transport. Polyubiquitin-A, clathrin heavy chain 1, heat shock protein 81-3,
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and heat shock protein 83 were protein nodes with the highest degree in CitrusNet [66],
and these proteins also were found in 14-3-3 PPI network. Furthermore, casein kinase I,
vesicle-fusing ATPase, serine/threonine-protein kinase TOR (TARGET OF RAPAMYCIN),
histone deacetylase 6, leucine rich repeat-type serine/threonine receptor-like kinase were
predicted to interact with several members of CitGF14s. TOR kinase is a client of CitGF14s.
In Arabidopsis, TOR kinase was important in controlling plant growth, responding to
environmental cues, and regulating cell processes [67]. In genome-wide PPI network, TOR
kinase was a central part of citrus hormone cross-talk, which potentially interacted with
proteins related to hormone signaling and hormone receptors [66]. Therefore, all these
proteins play critical roles in CitGF14s regulating of various aspects of cellular processes.
Furthermore, different members of CitGF14 interactions were found in both co-expression
network and PPI network. Protein BRASSINOSTEROID INSENSITIVE 1 and leucine rich
repeat-type serine/threonine receptor-like kinase appeared in PPI network, and they were
also predicted as 14-3-3s co-expression genes.
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4. Materials and Methods
4.1. Identification of 14-3-3 Genes in Citrus sinensis

The 14-3-3 genes from Arabidopsis [6], soybean [36], and Populus [38] were employed
as queries to perform a local BLASTP against the database: Orange Genome Annota-
tion Project (http://citrus.hzau.edu.cn/orange/), which were retrieved from previous
studies and database respectively [40]. Proteins with e-value belonging to a significant
match (e-value < 10−5) in the blast analysis were considered as potential 14-3-3 mem-
bers. The resulting protein sequences were examined with Pfam (http://pfam.sanger.ac.
uk/search) and SMART (http://smart.embl-heidelberg.de/) to ensure the presence of
14-3-3-specific domains.
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4.2. Chromosome Location of 14-3-3 Genes and Their Protein Properties and Sequence Analyses

The chromosome locations of 14-3-3s genes were searched in the database of Orange
Genome Annotation Project (http://citrus.hzau.edu.cn/cgi-bin/gb2/gbrowse/orange/)
[43]. The molecular weight (MW) and isoelectric point (PI) of non-redundant genes were
calculated by the online tool ExPASy (http://www.expasy.org/tools/). Subcellular localiza-
tion was performed using WoLF PSORT at the website http://www.genscript.com/wolf-
psort.html. All 14-3-3 amino acid sequences were used for identifying three-dimensional
structure of 14-3-3 proteins using the SWISS-MODEL (https://swissmodel.expasy.org).
To identify cis-regulatory elements, the 1.5 kb upstream regions to the translation start
codon were selected from the Orange Genome Annotation Project and analyzed with
PlantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) databases.
The Gene Structure Display Server (http://gsds.cbi.pku.edu.cn) [68] was used to display
gene structure models.

4.3. Sequence Alignment and Phylogenetic Analysis of 14-3-3 Proteins

The amino acid sequences of 14-3-3 genes from different plant species were aligned
using the software Clustal_X (version 1.83) with default parameters [69]. The unrooted phy-
logenetic trees were constructed based on alignments using MEGA 4.0 with the neighbor-
joining method [70]. The bootstrap test was carried out with 1000 replicates.

4.4. RNA-Seq and Microarray Data Analysis

After the identification and characterization of 14-3-3 genes in citrus, publicly available
RNA-Seq raw data and microarray database were mined for 14-3-3 expression profiles in
different organs of citrus and in response to abiotic and biotic stresses.

The expression of 14-3-3s in callus, leaf, flower, and fruit were analyzed using RNA-
Seq raw data available in C. sinensis genome database (http://citrus.hzau.edu.cn/orange/).
The expression level of 14-3-3 genes was calculated as Log2 based RPKM. The expression
data were hierarchically clustered with average linkage and displayed in HemI [71].

Affymetrix microarray data obtained from the NCBI Gene Expression Omnibus (GEO)
database under the series accession number GSE33003, GSE33004, and GSE10798 were
mined for citrus 14-3-3 response to biotic stresses. In experiments with Ca. Las infec-
tion (GSE33003 and GSE33004), young, healthy Valencia sweet orange plants were graft-
inoculated with budwood from Ca. Las-infected citrus plants. The leaf, stem, and root
samples were collected from three symptomatic and three healthy control trees for RNA
extraction and analyzed using microarrays [72,73]. For citrus canker (Xac) or (Xaa) infection
(GSE10798), adult leaves of sweet orange were infiltrated with the bacterial suspensions
or water (mock control). Leaves samples were collected after bacterial infiltration for
RNA extraction and hybridization on Affymetrix microarrays [74]. The microarray CEL
files were normalized using Robust Multi-array Average (RMA) in R/Bioconductor (ver
2.15), and normalized data was used for identifying differential expressed genes [75,76].
The heatmap for the 14-3-3 transcripts with their expression values were performed by
HemI [66].

4.5. Plant Materials and Treatments

To confirm the expression of 14-3-3 genes in different organs of C. sinensis, root, stem,
leaf, and shoot samples were taken from one-year old seedling of C. sinensis. Flower, fruit
peel, juice, and seed samples were collected from eight-year-old adult trees. Four biological
samples per organ were frozen in liquid N and stored in −80 ◦C.

Further analysis of 14-3-3 genes in response to various stresses were conducted using
C. sinensis “Xuegan”. Seeds of “Xuegan” were germinated in a plant growth chamber at
25 ◦C under a photoperiod of 16-h light/8-h dark with a relative humidity of 70%. The
light was provided by fluorescent white-light tubes. At the two-leaf stage, seedlings were
transplanted singly into pots (15 × 15 cm) filled with Fafard Professional Potting Mix
(Sun Gro Horticulture, Agawam, MA, USA). The following treatments were applied to the
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plants, each experiment was arranged as a complete randomized design with four replicate
per treatment.

Infection with citrus canker: The bacterial strain Xac 29-1 was cultured in NA nutrient
broth with 1.5% agar at 28 ◦C for 36 h. Cultured bacterial cells were washed twice with
sterile water and then resuspended in sterile water to a final concentration OD600 = 0.3.
The diluted cells were infiltrated into leaves with a needleless syringe, sterile water was
injected into leaves as the control treatment. Leaf samples were collected after 0, 2, 6, 12, 48,
96, and 192 h of inoculation, respectively.

Hormone treatments: Seedlings were sprayed with 1 mM SA, 100 µM JA, 100 µM
ABA, and 100 µM ETH solutions, respectively. Leaf samples were collected after 0, 2, 6, 12,
24, and 48 h of the application, respectively. Leaf samples collected from seedlings sprayed
with distilled water at the corresponding time were considered the control treatment.

Low or high temperature and wounding treatments: Seedlings were incubated in a
growth chamber with temperature of 4 ◦C or 42 ◦C for 48 h. For wounding treatment, each
fully expanded leaf was penetrated with a needleless syringe 10 times. Leaf samples were
collected at 0, 2, 6, 12, and 48 h, respectively. Seedlings grown in the chamber with the
temperature at 25 ◦C as the control, and leaf samples were collected at the same times as
those of treated seedlings.

Salt and drought treatments: Seedlings were grown in the potting mix were drenched
with 200 mM NaCl or 20% PEG6000 solution until leachate appeared from the bottom
of pots (about 250 mL solution was used for each treatment). Seedlings were irrigated
with 250 mL water as the control treatment. Leaf samples were collected from treated and
control seedlings after 0, 2, 6, 12, 48, 96, and 144 h of treatment, respectively.

All the collected leaf samples were immediately frozen in liquid N and stored at
−80 ◦C for RNA extraction.

4.6. RNA Isolation and Expression Analysis

Total RNA was extracted from the collected samples using the RNAprep pure Plant
Kit (Tiangen, Beijing, China) according to the manufacturer’s instructions. One thou-
sand nanograms of total RNA was used to synthesize first-strand cDNA with EasyScript
One-Step gDNA Removal and cDNA Synthesis SuperMix (Transgen, Beijing, China). Quan-
titative PCR was carried out using TransStart Tip Green qPCR SuperMix (Transgen, Beijing,
China) on a CFX96 Real-time System (Bio-Rad, Hercules, CA, USA) according to the man-
ufacturer’s protocol. GAPDH [77], Actin, and F-box [78] were used as reference genes to
normalize the expression of the investigated genes. Gene specific primers (Additional file 5:
Table S4) were designed with the Primer Premier 6 software (Premier Biosoft International,
San Francisco, CA, USA). The PCR reaction mixtures were incubated at 95 ◦C for 30 s,
followed by 40 cycles of 95 ◦C for 5 s and 60 ◦C for 30 s. The relative expression levels
were determined by 2−∆∆Ct method described by Livak and Schmittgen [79], data were
analyzed using SPSS 22.0 (IBM Corporation, Somers, NY, USA) statistics software, and
mean differences were separated by Tukey’s HSD test at p < 0.05 level with four biolog-
ical replicates. The heatmap for the 14-3-3 transcripts with their expression values were
generated using HemI tool [66].

4.7. Prediction of Cis-Regulatory Elements

The sequences of 1.5 kb upstream regions from the translation initiation codon of each
gene of 14-3-3s were selected and subjected to analysis by the online database PlantCare.
Putative developmental and stress-responsive cis-elements in citrus 14-3-3s were identified.

4.8. Gene Co-Expression Network and Protein–Protein Interaction Prediction

To predict gene interaction on a genome-wide scale, keyword 14-3-3s were searched
in publicly accessible tool NICCE (http://citrus.adelaide.edu.au/nicce/home.aspx) to
predict potential targets of 14-3-3s [80]. CitrusNet and PPI networks in C. sinensis were
constructed using ortholog-based and domain-based interaction methods, which contained
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8195 proteins and 124,491 interactions [65]. The nine citrus 14-3-3 proteins were used as
hub nodes to connect potential target proteins in CitrusNet (http://citrus.hzau.edu.cn/
orange/ppi/index.php). All 14-3-3s and client proteins were linked into an interconnected
sub-network which was visualized by Cytoscape.

4.9. Analysis of CitGRFs Interactions by Y2H Assay

The full-length coding sequences of 9 citrus 14-3-3 proteins were introduced into
the pGBKT7 fusion bait vector and pGADT7 fusion prey vector. The fused pGADT7-
CitGF14s and pGBT9-CitGF14s recombinant vectors were then co-transformed into yeast
strain Y2H gold by LiAc/SS carrier DNA/PEG method [81]. The transformants were first
selected in the SD/-Trp-Leu medium and PCR testing. After that the positive colonies were
transferred to the selection medium supplemented with X-α-gal but lacked Trp, Leu, His,
and adenine (SD/-Trp-Leu-His-Ade). Aureobasidin A (AbA) was added to the selection
plates to suppress the auto-activation of the prey vectors.

5. Conclusions

The present study identified nine 14-3-3 genes (CitGF14a through CitGF14i) in C. sinensis
through genome-wide analysis. All the CitGF14s genes were detected in different tissues
or organs but varied in abundance. Transcript levels of CitGF14s were also analyzed after
plants were treated with hormones, extreme temperatures, drought, salinity, wounding,
and infected with Xac 29-1 strains. Almost all CitGF14s responded to the treatments
by variable levels of expression during the experiments, suggesting that CitGF14s play
important roles in citrus responses to different exogenous and endogenous signals. This
study also showed that most gene family members had a functional divergence of 14-3-3
proteins. Y2H assay showed that CitGF14i was the most active and important isoform
due to its interaction with six other isoforms and also with itself. Additionally, CitGF14d,
CitGF14g, and CitGF14i contribute to their resistance to Xac infection, and CitGF14d could
be a negative regulator in response to drought stress. Finally, a citrus 14-3-3 interactome
network was constructed by PPI method and microarray gene co-expression. Our study for
the first time provides a comprehensive framework about 14-3-3 family genes in C. sinensis,
which may lead to further investigation of their roles in citrus growth and development as
well as in response to abiotic and biotic stresses.
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Abstract: Extracellular ATP (eATP) has long been established in animals as an important signalling
molecule but this is less understood in plants. The identification of Arabidopsis thaliana DORN1
(Does Not Respond to Nucleotides) as the first plant eATP receptor has shown that it is fundamental
to the elevation of cytosolic free Ca2+ ([Ca2+]cyt) as a possible second messenger. eATP causes
other downstream responses such as increase in reactive oxygen species (ROS) and nitric oxide,
plus changes in gene expression. The plasma membrane Ca2+ influx channels involved in eATP-
induced [Ca2+]cyt increase remain unknown at the genetic level. Arabidopsis thaliana Annexin 1 has
been found to mediate ROS-activated Ca2+ influx in root epidermis, consistent with its operating
as a transport pathway. In this study, the loss of function Annexin 1 mutant was found to have
impaired [Ca2+]cyt elevation in roots in response to eATP or eADP. Additionally, this annexin was
implicated in modulating eATP-induced intracellular ROS accumulation in roots as well as expression
of eATP-responsive genes.

Keywords: extracellular ATP; ADP; root; Arabidopsis; annexin 1; calcium; calcium channel; reactive
oxygen species

1. Introduction

Extracellular ATP (eATP) is implicated as an apoplastic signal molecule in the abiotic
and biotic stress responses of plants, their cellular viability, growth and stomatal regula-
tion [1–6]. In Arabidopsis thaliana, eATP can act as a damage-associated molecular pattern
(DAMP) and activates immunity signalling through the plasma membrane purinorecep-
tor AtDORN1 (Does Not Respond to Nucleotides1, also known as P2K1) [7]. A plasma
membrane co-receptor P2K2 has recently been identified and both DORN1/P2K1 and
P2K2 are lectin receptor kinases [8]. eATP-dependent but AtDORN1-independent effects
have also been reported [9,10], pointing to the presence of other perception mechanisms.
eATP perception triggers increase in root and leaf free cytosolic Ca2+ ([Ca2+]cyt) [5] that
can lead to the production of reactive oxygen species (ROS) as further putative signalling
agents [11–14]. Nitric oxide (NO) production can also be increased [2,15,16]. Eventually,
signalling causes changes in gene expression [7,10,12,17–19]. Many eATP-responsive genes
contain the CAM-box motif, which suggests that CAMTAs (Calmodulin-binding Transcrip-
tion Activators) are important components [18]. Indeed, gene regulation could run through
CAMTA3 [18], potentially connecting Ca2+ as a second messenger to changes in transcrip-
tion due to eATP. It may be that the nuclear Ca2+ increase that follows eATP-induced
[Ca2+]cyt increase [20] activates CAMTA3 through Ca2+-CAM interaction. Understanding
how eATP causes [Ca2+]cyt increase is, therefore, relevant to downstream responses.

Int. J. Mol. Sci. 2021, 22, 494. https://doi.org/10.3390/ijms22020494 https://www.mdpi.com/journal/ijms
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It is known that eATP-induced [Ca2+]cyt increase in Arabidopsis roots requires plasma
membrane Ca2+ influx channels but the molecular identities of these channels remain un-
known, as is also the case for other organs [9,11,14,21–23]. It has been hypothesized that the
Arabidopsis annexin 1 protein (AtANN1) could be involved in mediating plasma membrane
Ca2+ influx [5,24] and recently AtANN4 was found to mediate eATP-induced [Ca2+]cyt
increase when expressed in Xenopus oocytes [25]. AtANN1 is thought to act as a plasma
membrane Ca2+ channel in the root [Ca2+]cyt response to salinity stress, hyperosmotic stress,
and oxidative stress [26–28]. In this study, the possible involvement of AtANN1 in the root
and leaf eATP-[Ca2+]cyt signalling pathway has been tested using an Atann1 loss of func-
tion mutant constitutively expressing cytosolic (apo)aequorin as a luminescent [Ca2+]cyt
reporter [26–28]. As eADP has also been shown to increase [Ca2+]cyt [7,11,12,14,21], this
nucleotide was also tested. The consequences for eATP-induced root intracellular ROS
elevation and gene transcription were also investigated. The results show that AtANN1
is required for the normal [Ca2+]cyt response towards both eATP and eADP in roots. It
affects the spatial extent of intracellular ROS accumulation in roots and influences their
eATP-induced transcriptional response.

2. Results

2.1. AtANN1 Mediates Root [Ca2+]cyt Elevation In Response To eATP and eADP

Previously, eATP-dependent root [Ca2+]cyt elevation was found to be wholly reliant
on the AtDORN1 receptor [5]. To assess the role of AtANN1 in this response, seven-
day-old whole roots of Atann1 (loss of function mutant) and Col-0 (expressing cytosolic
(apo)aequorin under the 35S CaMV promoter) were excised and assayed individually to
measure [Ca2+]cyt in the presence of eATP. Addition of control solution after 35 s of mea-
surement evoked a monophasic [Ca2+]cyt increase in response to mechanical stimulation
(“touch response”) before returning to the basal level (Figure 1a). The touch response of
Atann1 roots was similar to Col-0 in terms of the amplitude (“touch peak”) and the total
accumulation of [Ca2+]cyt (estimated as the area under the curve, AUC) (p > 0.05; Figure 1b).
Measurement of [Ca2+]cyt in response to 1 mM eATP revealed a biphasic increase compris-
ing a first peak and second peak after the initial touch response (Figure 1c). A biphasic
response in roots was also observed previously [5,11]. The touch response was similar be-
tween genotypes (p > 0.5) and although the first eATP peak was lower in Atann1 it was not
significantly different to Col-0 (p > 0.05) (Figure 1d). The second eATP-induced [Ca2+]cyt
peak response of Atann1 was significantly lower than Col-0 (p < 0.0001) (Figure 1e). The
total [Ca2+]cyt accumulated was also significantly lower in Atann1 (p < 0.0001; Figure 1e).

eADP also evokes a biphasic [Ca2+]cyt increase in roots [5,11] that is entirely dependent
on AtDORN1 [5]. To assess whether AtANN1 is also required, a similar test with eADP on
seven-day-old excised roots was carried out for Col-0 and Atann1. As shown in Figure 2a,
control treatment elicited a monophasic touch response in both genotypes. No significant
differences were evident for either the touch peak (p > 0.05) or the overall [Ca2+]cyt (p > 0.05)
between Col-0 and Atann1 (Figure 2b). In the presence of 1 mM eADP as shown in Figure 2c,
both Col-0 and Atann1 produced a biphasic [Ca2+]cyt increase following the touch response.
No significant difference was found between Col-0 and Atann1 in the touch peak response
(p > 0.05) (Figure 2d). Unlike eATP treatment however, Atann1 showed a significantly
impaired ability to produce both a normal first peak in response to 1 mM eADP (p < 0.0001)
(Figure 2d) and a normal second peak (p < 0.0001) (Figure 2e). Overall, the loss of functional
AtANN1 protein led to a reduced total accumulation of [Ca2+]cyt compared to Col-0
(p < 0.0001) (Figure 2e). Lowered AtDORN1 expression cannot explain the impairments in
Atann1′s response to extracellular nucleotides as no significant difference in the receptor’s
expression between Col-0 and Atann1 roots was found in either control conditions (p > 0.5)
or in the presence of 1 mM ATP (p > 0.5) (Figure 2f). Therefore, the defects in [Ca2+]cyt
elevation appear to rest with the lack of AtANN1.
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Figure 1. Arabidopsis annexin 1 (AtANN1) is needed for normal [Ca2+]cyt elevation in a root by eATP. 
(a) Time course of [Ca2+]cyt elevation produced by control treatment in three experiments (mean (± 
SEM): Col-0 in red, n = 14 roots in total; Atann1 loss of function mutant in blue, n = 14). (b) The 
[Ca2+]cyt touch peak values and area under the curve (AUC) extracted from the control time course 
(± SEM). Middle line of the boxplot represents the median whereas the inverted triangle represents 
the mean. (c) Time course of [Ca2+]cyt elevation with 1 mM eATP treatment in 3 experiments (Col-0 
in green, n = 16; Atann1 in orange, n = 16). (d) The touch peak and the first peak [Ca2+]cyt values 
extracted from the 1 mM eATP time course. (e) Second peak and the AUC [Ca2+]cyt values. (f) Sche-
matic diagram of different time course sections. Each section was calculated with the average base-
line value (indicated by (i)) subtracted. Touch peak (ii) was the highest [Ca2+]cyt value of the touch 
response between 35 and 40 s due to mechanical stimulus from solution addition at the 35th second. 
First peak (iii) and second peak (iv) were the highest [Ca2+]cyt value between 40 s and 60 s and 60 s 
and 155 s, respectively. Total [Ca2+]cyt accumulation was obtained from the AUC (v; 35 s–155 s). p-
values were obtained from analysis of variance (ANOVA) with Tukey’s post-hoc test or Kruskal–
Wallis test for non-parametric approaches. Different lower-case letters indicate a significant differ-
ence between means (p < 0.05). 
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Figure 1. Arabidopsis annexin 1 (AtANN1) is needed for normal [Ca2+]cyt elevation in a root by eATP.
(a) Time course of [Ca2+]cyt elevation produced by control treatment in three experiments (mean
(± SEM): Col-0 in red, n = 14 roots in total; Atann1 loss of function mutant in blue, n = 14). (b) The
[Ca2+]cyt touch peak values and area under the curve (AUC) extracted from the control time course
(± SEM). Middle line of the boxplot represents the median whereas the inverted triangle represents
the mean. (c) Time course of [Ca2+]cyt elevation with 1 mM eATP treatment in 3 experiments
(Col-0 in green, n = 16; Atann1 in orange, n = 16). (d) The touch peak and the first peak [Ca2+]cyt

values extracted from the 1 mM eATP time course. (e) Second peak and the AUC [Ca2+]cyt values.
(f) Schematic diagram of different time course sections. Each section was calculated with the average
baseline value (indicated by (i)) subtracted. Touch peak (ii) was the highest [Ca2+]cyt value of the
touch response between 35 and 40 s due to mechanical stimulus from solution addition at the 35th
second. First peak (iii) and second peak (iv) were the highest [Ca2+]cyt value between 40 s and
60 s and 60 s and 155 s, respectively. Total [Ca2+]cyt accumulation was obtained from the AUC (v;
35 s–155 s). p-values were obtained from analysis of variance (ANOVA) with Tukey’s post-hoc test or
Kruskal–Wallis test for non-parametric approaches. Different lower-case letters indicate a significant
difference between means (p < 0.05).
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Figure 2. AtANN1 is involved in eADP-induced [Ca2+]cyt elevation in the root. (a) Mean (± SEM)
time course of [Ca2+]cyt increase by control treatment in three experiments (Col-0 in red, n = 19;
Atann1 in blue, n = 18). (b) [Ca2+]cyt touch peak values and AUC extracted from the control time
course. Middle line of the boxplot represents the median whereas the inverted triangle represents
the mean. (c) Mean (± SEM) time course of [Ca2+]cyt increase by 1 mM eADP treatment obtained
from three experiments (Col-0 in brown, n = 14; Atann1 in light blue, n = 14). (d) The touch peak and
the first peak [Ca2+]cyt values from the 1 mM eADP time course. (e) Second peak and the total AUC
[Ca2+]cyt values. (f) Quantification of AtDORN1 gene expression in Col-0 and Atann1 roots after
seven days of growth on control medium or 1 mM eATP-containing medium (Col-0 in black, Atann1
in grey with n = 11 for each genotype and treatment) obtained from three experiments. p-values were
obtained from ANOVA with Tukey’s post-hoc test. Different lower-case letters indicate a significant
difference between means (p < 0.05).

2.2. AtANN1’s Involvement in the eATP-Generated First Peak Response Is Concentration-Dependent

A non-hydrolysable ATP analogue (ATPγS; Adenosine 5′-[γ-thio] triphosphate) and
ADP analogue (ADPβS; Adenosine 5′-[β-thio] diphosphate) were then used to confirm that
the agonists acted as signal molecules rather than as energy sources that drive the [Ca2+]cyt
increase. The ATPγS used was a tetralithium salt whereas the ADPβS was a trilithium salt.
A LiCl treatment (4 mM for ATPγS and 3 mM for ADPβS) was carried out alongside the
non-hydrolysable analogues as a lithium control. Seven-day-old individual whole roots
responded with the biphasic [Ca2+]cyt increase when tested with different concentrations
of eATPγS, or the eATP/LiCl salt control (Figure 3a). As seen in Figure 3b, the touch
peak responses were not significantly different between genotypes (p > 0.5). The Col-0
first [Ca2+]cyt peak did not require eATP hydrolysis (no significant difference between
1 mM eATPγS and 1 mM eATP/LiCl) and indeed was already “saturated” at 0.1 mM
eATPγS (no significant difference, p > 0.05, between 0.1 and 1 mM eATPγS) (Figure 3c).
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The first peak responses of Atann1 also appeared saturated at 0.1 mM eATPγS (Figure 3c).
As in the response to 1 mM eATP in Figure 1d, the first peak of Atann1 in response
to 1 mM eATPγS was lower than Col-0 but was not significant (Figure 3c). However,
when 1 mM eATP was tested with LiCl as a control for Li+ addition, the difference did
become significant. This may be due to the range of Col-0 values in the 1 mM eATPγS
test. Importantly, within each genotype there was no evidence for eATP’s acting as an
energy source at 1 mM. Atann1 showed a significantly lower first peak [Ca2+]cyt response
compared to Col-0 in response to 0.1 mM eATPγS (p < 0.001) and 0.2 mM eATPγS (p < 0.001)
(Figure 3c). These results suggest that the role of AtANN1 in the first peak response
relies on the concentration of agonist used. The second [Ca2+]cyt peak of Col-0 showed a
significant dependence on the concentration of eATPγS, as did Atann1 between 0.1 and
1 mM (Figure 3d). AtANN1 proved to be important in generating the second peak as the
Atann1 mutant failed to respond in similar magnitude as the Col-0 over the concentration
range (p < 0.001) (Figure 3d). This was also evident in the total [Ca2+]cyt accumulated
where there were significant differences between Col-0 and Atann1 (p < 0.0001) in the AUC
for every concentration tested (Figure 3e).
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Figure 3. AtANN1 is crucial for the first peak [Ca2+]cyt response at lower eATP concentration.
(a) Mean (± SEM) [Ca2+]cyt time course in response to different concentrations of eATPγS or eATP
with LiCl control from 3 experiments with n = 14–15 per genotype and treatment. (b) The [Ca2+]cyt

touch peak values (± SEM), (c) first peak [Ca2+]cyt values (± SEM), (d) second peak [Ca2+]cyt values
(± SEM) and (e) the total [Ca2+]cyt accumulated obtained from AUC (± SEM) for each concentration
tested in both Col-0 and Atann1 extracted from the time course. p-values were obtained from ANOVA
with Tukey’s post-hoc test or Kruskal-Wallis test for non-parametric approach. Different lower case
letters indicate significant difference between means (p < 0.05).
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Both Col-0 and Atann1 generated the transient biphasic [Ca2+]cyt elevation after the
touch peak response when challenged with different concentrations of eADPβS or 1 mM
eADP with 3 mM LiCl (Figure 4a). Both Col-0 and Atann1 produced the same level of touch
peak response for each treatment (p > 0.5) (Figure 4b). Just like the first peak response
to eATPγS, the response of both genotypes to eADPβS appeared saturated at 0.1 mM
(Figure 4c). In contrast to the eATPyS test, there were significant differences between Col-0
and Atann1 in the first peak [Ca2+]cyt response regardless of the concentration of eADPβS
tested (p < 0.001) (Figure 4c). Consistent with the results in the hydrolysable eADP test,
Atann1 was found to produce lower [Ca2+]cyt responses than the Col-0 in the second peak
(p < 0.001) (Figure 4d) and in the AUC (p < 0.001) (Figure 4e) for all the concentrations tested.
There was no evidence for eADP’s acting as an energy source. Overall, these results suggest
that the involvement of AtANN1 in generating the first peak response is specific to lower
concentrations of eATP, with the likelihood of other components participating at higher
concentration. AtANN1 is still needed for the first peak response to high concentration of
eADP and for the second peak regardless of agonist concentration.
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Figure 4. AtANN1 is involved in the eADPβS-induced [Ca2+]cyt response at all concentrations tested.
(a) Mean (± SEM) [Ca2+]cyt time course in response to different concentrations of eADPβS or ADP
with LiCl control from 3 experiments (n = 13—15 per genotype and treatment). (b) The [Ca2+]cyt

touch peak values (± SEM), (c) first peak [Ca2+]cyt values (± SEM), (d) second peak [Ca2+]cyt values
(± SEM) and (e) the total [Ca2+]cyt accumulated obtained from AUC (± SEM) for each concentration
tested in both Col-0 and Atann1 extracted from the time courses. p-values were obtained from
ANOVA with Tukey’s post-hoc test or Kruskal-Wallis test for non-parametric approach. Different
lower case letters indicate a significant difference between means (p < 0.05).
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2.3. AtANN1 Sets the Spatial Extent of Intracellular ROS in Roots in Response to eATP

Addition of eATP (but not eADP) causes rapid intracellular accumulation of ROS in Ara-
bidopsis roots that requires Ca2+ influx and is largely dependent on AtRBOHC activity [14,21].
Whether AtANN1 is involved in the production of intracellular ROS was tested here with
ester-loaded CM-H2DCFDA (5-(and-6-)-chloromethyl-2′,7′-dichlorodihydrofluorscein diac-
etate) [14]. Figure 5a shows the baseline ROS detected in control conditions. In the presence
of 1 mM eATP (Figure 5b), ROS increase was detectable within 20 s, as reported previ-
ously [14]. Signal intensity was higher than the baseline in both Col-0 and Atann1 with the
latter supporting a greater length of ROS production that clearly extended into the mature
zone supporting root hairs (Figure 5b). Further statistical analysis carried out confirmed
this significant difference between Atann1 and Col-0 (Figure 5c). In line with previous
studies [14,21], 1 mM eADP failed to induce any intracellular ROS accumulation in either
genotype (Figure 5d).
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Figure 5. Atann1 supports a longer zone of intracellular ROS accumulation than Col-0 in response
to eATP. (a) CM-H2DCFDA fluorescence from a Col-0 or Atann1 root under control conditions.
Corresponding bright field images are also shown. (b) Roots after exposure to 1 mM eATP. (c) Mean
(± SEM) length of root from the tip fluorescing after exposure to eATP (Col-0 n = 48; Atann1 n = 68;
p = 0.0026, Student’s t-test). (d) Roots after exposure to 1 mM eADP. Scale bar = 4 mm. Different
lower-case letters indicate a significant difference between means (p < 0.05).

The focus of the analysis was then shifted to the root apex to distinguish any differ-
ences in signal intensity between Col-0 and Atann1 (Figure 6a). Based on the mean signal
intensity, there was no significant difference in ROS production between genotypes under
control conditions. Both Col-0 and Atann1 treated with 1 mM eATP produced significantly
higher ROS than under control conditions but although Atann1 supported a greater spatial
extent of ROS accumulation, the mean signal intensity at the root apex was similar to Col-0
in the presence of eATP. Once again, 1 mM eADP treatment failed to increase ROS in either
genotype (Figure 6b). Overall, these data suggest that AtANN1 is involved in controlling
the spatial extent of ROS accumulation evoked by 1 mM eATP.

181



Int. J. Mol. Sci. 2021, 22, 494
Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 9 of 21 
 

 

 
Figure 6. eATP-induced intracellular ROS accumulation at the root apex at higher resolution. (a) 
CM-H2DCFDA fluorescence from (i) a representative Atann1 root exposed to 1 mM eATP and (ii) 
corresponding bright field image. (iii) A representative Col-0 root after exposure to 1 mM eATP and 
(iv) corresponding bright field image. (b) Mean (± SEM) of fluorescence pixel intensity at root apices 
under control conditions and after 30 s exposure to 1 mM eATP (Col-0 n = 48; Atann1 n = 68) or 1 
mM ADP (Col-0 n = 32; Atann1 n = 38). Both genotypes responded significantly to eATP but not 
eADP (p < 0.001; ANOVA with Dunnett’s post-hoc test). Scale bar = 2 mm. Different lower-case 
letters indicate a significant difference between means (p < 0.05). 

2.4. AtANN1 Is Required For eATP-Induced Changes in the Expression of ACS6 and WRKY40 
eATP has been shown previously to be able to induce transcription of genes involved 

in stress responses [7,10,12,18,29–31]. eATP-induced genes AtRBOHD (NADPH/Respira-
tory Burst Oxidase Protein D), AtWRKY40 (WRKY DNA-Binding Protein 40) and AtACS6 
(1-Aminocyclopropane-1-carboxylic Acid Synthase 6) [7,12,18] were tested for regulation 
by 1 mM eATP in roots and the possibility of AtANN1′s affecting their regulation (Figure 
7). Ionic composition of the control solution was identical to that used in the aequorin tests 
(10 mM CaCl2, 0.1 mM KCl). AtANN1 transcript was almost completely knocked-down in 
Atann1 compared to the Col-0 in control conditions (p < 0.05) and after eATP treatment (p 
< 0.01). Transcript level did not increase in Col-0 after eATP treatment (Figure 7a). AtR-
BOHD gene was not up-regulated by either 10 min or 30 min of eATP treatment when 
compared with the control for both Col-0 (p > 0.05) and Atann1 (p > 0.05) (Figure 7b). In 
contrast, AtACS6 was significantly upregulated in Col-0 when treated for 10 min with 
eATP compared to the control treatment (p < 0.01) but fell back to control levels after 30 
min (p > 0.05; Figure 7c). Expression was not significantly upregulated in Atann1 after 10 
min of eATP treatment (p > 0.5) and it remained significantly lower than Col-0 at this time 
point (p < 0.05). No significant difference was evident in AtACS6 expression between 30 

d.

(a)

(i) (ii)

(iii) (iv)

Col-0 Col-0 

 ATP Col-0 

 ADP Ata
nn1

Ata
nn1

  ATP Ata
nn1

 ADP

(b)

Figure 6. eATP-induced intracellular ROS accumulation at the root apex at higher resolution. (a)
CM-H2DCFDA fluorescence from (i) a representative Atann1 root exposed to 1 mM eATP and (ii)
corresponding bright field image. (iii) A representative Col-0 root after exposure to 1 mM eATP and
(iv) corresponding bright field image. (b) Mean (± SEM) of fluorescence pixel intensity at root apices
under control conditions and after 30 s exposure to 1 mM eATP (Col-0 n = 48; Atann1 n = 68) or 1 mM
ADP (Col-0 n = 32; Atann1 n = 38). Both genotypes responded significantly to eATP but not eADP
(p < 0.001; ANOVA with Dunnett’s post-hoc test). Scale bar = 2 mm. Different lower-case letters
indicate a significant difference between means (p < 0.05).

2.4. AtANN1 Is Required For eATP-Induced Changes in the Expression of ACS6 and WRKY40

eATP has been shown previously to be able to induce transcription of genes involved in
stress responses [7,10,12,18,29–31]. eATP-induced genes AtRBOHD (NADPH/Respiratory
Burst Oxidase Protein D), AtWRKY40 (WRKY DNA-Binding Protein 40) and AtACS6 (1-
Aminocyclopropane-1-carboxylic Acid Synthase 6) [7,12,18] were tested for regulation by
1 mM eATP in roots and the possibility of AtANN1′s affecting their regulation (Figure 7).
Ionic composition of the control solution was identical to that used in the aequorin tests
(10 mM CaCl2, 0.1 mM KCl). AtANN1 transcript was almost completely knocked-down
in Atann1 compared to the Col-0 in control conditions (p < 0.05) and after eATP treatment
(p < 0.01). Transcript level did not increase in Col-0 after eATP treatment (Figure 7a).
AtRBOHD gene was not up-regulated by either 10 min or 30 min of eATP treatment when
compared with the control for both Col-0 (p > 0.05) and Atann1 (p > 0.05) (Figure 7b). In
contrast, AtACS6 was significantly upregulated in Col-0 when treated for 10 min with eATP
compared to the control treatment (p < 0.01) but fell back to control levels after 30 min
(p > 0.05; Figure 7c). Expression was not significantly upregulated in Atann1 after 10 min
of eATP treatment (p > 0.5) and it remained significantly lower than Col-0 at this time point
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(p < 0.05). No significant difference was evident in AtACS6 expression between 30 min
control treatment and eATP treatment for Atann1 (p > 0.05; Figure 7c). These findings
suggest a temporal regulation of AtACS6 by AtANN1 in the presence of eATP.
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Figure 7. Transcriptional regulation of stress responsive genes by AtANN1. Col-0 and Atann1 whole
roots were treated with control solution or 1 mM eATP for 10 or 30 min. Transcript abundance of
(a) AtANN1, (b) AtRBOHD, (c) AtACS6 and (d) AtWRKY40 normalised to two housekeeping genes;
AtUBQ10 and AtTUB4. Data were from the means (± SEM) of four independent trials. Student’s
t-test and Welch’s t-test were used to test parametric data whereas Wilcoxon rank sum test was used
for non-parametric data. Different lower-case letters indicate a significant difference between means
(p < 0.05).

Transcript abundance of AtWRKY40 was upregulated by eATP exposure (Figure 7d).
Col-0 and Atann1 samples treated with eATP for 10 and 30 min had significantly higher
AtWRKY40 transcript abundance compared to their controls (Col-0, p < 0.05; Atann1,
p < 0.05). Notably, Atann1 supported a significantly higher increase in AtWRKY40 transcript
than Col-0 after 10 min of eATP treatment (p < 0.05) but over time, no significant difference
in transcript abundance between genotypes was found after 30 min of eATP treatment
(p > 0.5) (Figure 7c), suggesting a temporal effect on the response. Overall, AtANN1
appears important in regulating the eATP-induced changes in the transcription of AtACS6
and AtWRKY40.

2.5. eATP-Induced [Ca2+]cyt Elevation Is Not Mediated by AtANN1 in Cotyledons

Whole seedlings of A. thaliana were found previously to elevate [Ca2+]cyt in response to
eATP [7]. To assess whether AtANN1 is involved in mediating this response in aerial organs
as well as roots, the [Ca2+]cyt elevation by 1 mM eATP of seven-day-old cotyledons of Col-0
and Atann1 was compared. Consistent with previous results on Col-0 true leaves [5], control
treatment of cotyledons caused a monophasic touch response in both Col-0 and Atann1
(Figure 8a) that was not significantly different between genotypes (p > 0.05; Figure 8b).
Also in common with previous results on Col-0 true leaves [5], 1 mM eATP treatment of
cotyledons caused a prolonged monophasic [Ca2+]cyt increase after the touch response
(Figure 8c). No significant differences were found between Col-0 and Atann1 in either
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the touch peak (p > 0.05), the first peak (p > 0.05) or in the total [Ca2+]cyt accumulated
(p > 0.05; Figure 8d,e). Based on these observations, it is certain that AtANN1′s role in
eATP signalling does not extend to the cotyledon and that the [Ca2+]cyt signature caused
by eATP treatment differs with the type of tissues or organs tested.
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Figure 8. AtANN1 is not needed for eATP-induced [Ca2+]cyt increase in cotyledons. (a) Mean (± SEM)
time course of [Ca2+]cyt increase due to control treatment of seven-day-old individual cotyledons.
(b) The [Ca2+]cyt touch peak (± SEM) and the total [Ca2+]cyt accumulation by the AUC (± SEM).
Middle line of the boxplot represents the median whereas the inverted triangle represents the mean.
(c) Mean (± SEM) time course of [Ca2+]cyt increase due to 1 mM eATP treatment. (d) The [Ca2+]cyt

touch peak values (± SEM) and the first peak values (± SEM). (e) Total [Ca2+]cyt accumulated values
(± SEM) from the AUC. Data were obtained from four experiments with n = 21–39 cotyledons per
genotype and treatment. p-values obtained from ANOVA with Tukey’s post-hoc test. Identical
lower-case letters indicate an insignificant difference between means (p > 0.05).

2.6. AtANN1 Is Less Important in the [Ca2+]cyt Response of True Leaves to Extracellular ATP or ADP

AtANN1 expression is evident in true leaves as well as cotyledons [32–34]. To as-
sess whether AtANN1′s participation in [Ca2+]cyt elevation is limited to roots, individual
14-days-old leaves were tested with varying concentrations of eATP and eADP. All the
eATP concentrations used (0.1 mM, Figure 9a; 0.5 mM, Figure 9b; 1 mM, Figure 9c) gener-
ated a prolonged monophasic [Ca2+]cyt response after the touch peak that was similar to
both the seven-day-old cotyledon [Ca2+]cyt pattern in the previous test and 14-day-old Col-0
leaves studied previously [5]. Although Atann1 produced a lower peak response than Col-0,
differences between the genotypes were not significant except for 1 mM eATP’s causing
Col-0 to produce a significantly higher total [Ca2+]cyt than Atann1 (p < 0.05) (Figure 9d).
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Figure 9. AtANN1 is required for leaf [Ca2+]cyt elevation at higher concentrations of eATP. Mean
(± SEM) [Ca2+]cyt time course (t = 36 s–155 s) of 14-day-old individual true leaves treated with
(a) 0.1 mM eATP, (b) 0.5 mM eATP or (c) 1 mM eATP. (d) The total [Ca2+]cyt accumulated over
the period of measurement for each concentration given as AUC. Data were obtained from four
experiments with n = 17–22 per genotype and treatment. Middle line of the boxplot represents the
median whereas the inverted triangle represents the mean. p-values were obtained from ANOVA
with Tukey’s post-hoc test. Different lower-case letters indicate a significant difference between
means (p < 0.05).

A similar pattern was found in tests of eADP, which evoked a monophasic [Ca2+]cyt
response at 0.1 mM (Figure 10a), 0.5 mM (Figure 10b) and 1 mM ADP (Figure 10c). Al-
though Atann1 leaf samples had lower peak [Ca2+]cyt responses than Col-0, these were not
significantly different and no significant differences were found between Col-0 and Atann1
for the total [Ca2+]cyt accumulated at each concentration (in all cases p > 0.05) (Figure 10d).
Thus, at this level of resolution, AtANN1 appears only to have an impact in leaves at
1 mM eATP.
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Figure 10. AtANN1 is not involved in mediating eADP-induced [Ca2+]cyt increase in leaves. Mean
(± SEM) time course of [Ca2+]cyt increase (t = 36s–155s) when 14-day-old individual leaves were
treated with (a) 0.1 mM eADP, (b) 0.5 mM eADP or (c) 1 mM eADP agonist. (d) The total [Ca2+]cyt

accumulated over the period of measurement for each concentration by calculating the AUC. Data
were obtained from four experiments (Col-0 n = 16–23; Atann1 n = 17–24). The middle line of the
boxplot represents the median whereas the inverted triangle represents the mean. p-values were
obtained from ANOVA with Tukey’s post-hoc test. Different lower-case letters indicate a significant
difference between means (p < 0.05).

3. Discussion

Few components of eATP (or eADP) signalling pathways have been identified at
the genetic level. In this study, the evidence suggests that AtANN1 is a component of
both eATP- and eADP-induced [Ca2+]cyt elevation in roots, with consequences for eATP-
induced ROS accumulation and gene expression. Mechanical or “touch” stimulus can
cause accumulation of extracellular ATP by Arabidopsis root tips but much less so in older
regions of the root [35]. Here, the addition of control solution alone caused a touch-induced
monophasic increase in [Ca2+]cyt (Figure 1a) but it is not known whether it also caused
accumulation of extracellular ATP to trigger all or part of that [Ca2+]cyt increase. There
was no significant difference between the touch response of Col-0 and Atann1, which may
indicate that AtANN1 does not contribute to any [Ca2+]cyt increase that is downstream of
any touch-induced eATP increase. There were no indications of further [Ca2+]cyt elevations
in response to addition of control solution, suggesting that any extracellular ATP produced
by that mechanical stimulus was insufficient to trigger the biphasic [Ca2+]cyt increase
seen when ATP is added experimentally. However, it cannot be ruled out that it could
affect the root’s subsequent response to experimental addition of nucleotides. Previous
analysis of the Col-0 root’s biphasic [Ca2+]cyt response to experimental additions of eATP
or eADP demonstrated that this biphasic pattern is wholly reliant on AtDORN1 as an eATP
receptor [5]. For eATP, the first peak originates at the root apex whereas the second peak
originates sub-apically in more mature cells, possibly as part of a [Ca2+]cyt “wave” that
travels from the apex [5,20,36–38]. Mature regions can also respond to eATP when it is
added there specifically rather than to the whole root [5], showing a level of autonomy
from the apex. It is assumed that the biphasic eADP response maps to the same areas.
AtANN1 is present at the root apex and in more mature cells such as trichoblasts [32,34]
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so it could contribute to both phases. The near normal first peak [Ca2+]cyt in the Atann1
mutant with 1 mM eATP (Figure 1d, Figure 3c) but not with 0.2 mM or 0.1 mM eATPγS
(Figure 3c) suggests that at high concentration, other components can compensate for
the loss of AtANN1 especially in the root apex. No such redundancy was observed with
eADP. A far clearer need for AtANN1 was seen in the second eATP- and eADP-induced
[Ca2+]cyt increase across the concentration range tested and this could map to mature
cells. A study of Atann1 using a [Ca2+]cyt reporter affording spatial resolution such as
YC3.6 (Yellow Cameleon 3.6) or root cell-specific GCaMP3 [20,36–39] is now needed to
determine which cells and regions AtANN1 operates in. Challenging specific regions of
the root with agonist could also help determine whether an impaired apical/first peak
response leads to an impaired sub-apical/second peak response (which could help explain
the patterns observed here) and the extent to which the lesion in the Atann1 second peak is
a consequence of a local response to agonist independent of the apex.

In Arabidopsis roots, eATP (but not eADP) causes intracellular ROS accumulation,
which relies on Ca2+ influx and the AtRBOHC NADPH oxidase [14,21]. Another source of
ROS production is AtRBOHD, which is a phosphorylation target of AtDORN1 in guard
cells [7,40]. It is envisaged that Ca2+ influx acts downstream of AtDORN1 and upstream of
AtRBOHC/AtRBOHD. It is not known why eADP is ineffective. The pharmacological block
that effectively eliminates eATP-activated Ca2+ influx across the plasma membrane only
inhibits half of the intracellular ROS in roots caused by eATP [14]. The residual [Ca2+]cyt
elevation in Atann1 roots in response to eATP could therefore have been sufficient to
cause the observed normal level of ROS accumulation, particularly at the apex (Figure 6b).
However, the results show that AtANN1 plays a role in limiting the spatial extent of the
ROS increase, limiting its distal spread (Figure 5). AtANN1 can be a cytosolic protein in
root cells [34] as well as being a plasma membrane protein. Recombinant AtANN1 has
a very low level peroxidase activity in vitro [41], which suggests that loss of its activity
would act to increase cytosolic ROS. However, this in vitro activity could have arisen from
a co-purified protein [41]. Peroxide treatment of roots suppresses AtANN1 expression [28],
which is inconsistent with a role as a protective peroxidase. Annexin overexpression can
protect against oxidative stress by elevating peroxidase, catalase and superoxide dismutase
activities [42–44]. One possibility is that the AtANN1-dependent pathway spatially fine-
tunes the expression or activity of one or more of the five peroxidases that are regulated by
extracellular ATP [45]. Therefore, the Atann1 mutant would exhibit the observed loss of
spatial control of eATP-induced ROS accumulation.

Changes in gene expression were also examined to investigate the effect of Atann1 in
the downstream responses to eATP. eATP induction of AtRBOHD expression is AtDORN1-
dependent in seedlings, suggesting [Ca2+]cyt dependence [7], but here no effect of eATP on
its expression was found in Col-0 or Atann1 roots (Figure 7b). It could be that the effect of
eATP treatment on AtRBOHD gene expression is more pronounced in leaves compared to
the roots. Figure 7c reveals the potential importance of eATP signal regulation on ethylene
production. AtACS6 is one of the many isoforms of 1-aminocyclopropane-1-carboxylix
acid synthase (ACS) that is an important enzyme in the biosynthesis of ethylene. Its eATP-
induced expression is AtDORN1-dependent [18]. Here, AtACS6 expression was transiently
upregulated in Col-0 whole roots. Transient up-regulation was also observed in previous
studies over a similar time course [12,46]. The Atann1 mutant failed to upregulate AtACS6
expression compared to Col-0, indicating an important requirement for AtANN1 in this
part of the eATP signalling pathway. A recent study showed that eATP-dependent ethylene
production alleviates salinity stress by regulating Na+ and K+ homeostasis [47]. Salt stress
itself promotes eATP accumulation by Arabidopsis roots [48] and Atann1 is impaired in both
the root’s transcriptional response to NaCl and the adaptive growth response [26,27]. It
is possible, therefore, that a component of the salt stress response involves eATP’s acting
through AtANN1 to up-regulate ACS6 expression and ethylene production. Salt stress
also up-regulates expression of AtWRKY40 [49] and its up-regulation by eATP in roots
is AtDORN1-dependent [7]. Both Col-0 and Atann1 showed up-regulation of AtWRKY40
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expression by eATP, with Atann1′s exhibiting greater expression at 10 min than Col-0
(Figure 7d). This difference in the time course could relate more readily to the higher ROS in
the mutant than the lesion in [Ca2+]cyt response. With the demonstration that eATP-induced
transcriptional responses can be affected by AtANN1, further studies should expand to the
level of RNAseq analysis to determine the extent to which this annexin is involved.

Although expressed in cotyledons and true leaves [32], no evidence was found here for
the involvement of AtANN1 in the cotyledon eATP-induced [Ca2+]cyt increase (Figure 8).
For true leaves tested with eATP or eADP, only 1 mM eATP supported a significant
difference between Atann1 and Col-0 (Figures 9 and 10). This is might be due to the
temporal regulation of AtANN1 function and it seems that, in contrast to the root first
[Ca2+]cyt peak, AtANN1 is recruited to the pathway only at higher agonist concentration.
It would be worthwhile to repeat these studies with another [Ca2+]cyt reporter to afford
spatial resolution and resolve any cell- or tissue-specific involvement of AtANN1.

AtANN1 is now known to be involved in [Ca2+]cyt elevation in response to chitin,
salinity stress, heat stress, extracellular hydroxyl radicals and H2O2 [26–28,50–53]. Here,
in roots, it most likely operates downstream of AtDORN1, given the dependency of
the root eATP- and eADP-induced [Ca2+]cyt response on this receptor [5]. Studies on
the root epidermal plasma membrane have indicated that AtANN1 can operate as an
extracellular ROS-activated Ca2+-permeable channel and it is likely to act as such in salt
stress signalling [26,27]. While AtANN1 function in eATP signalling may well differ from
cell type to cell type, we propose that this is the most likely mode of action for eATP
signalling in the root epidermis (Figure 11), especially given AtDORN1′s ability to activate
the AtRBOHD plasma membrane NADPH oxidase that would generate extracellular ROS.
This now requires testing. As eATP-and eADP-induced root [Ca2+]cyt increase still occurred
in Atann1, there remain Ca2+ channels downstream of AtDORN1 (and probably upstream
of NADPH oxidases) to be discovered.
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Figure 11. eATP perception by AtDORN1 at the root epidermal plasma membrane could be upstream
of AtANN1 via production of extracellular ROS. Perception of eATP by AtDORN1 activates as yet
unknown Ca2+ influx channels. AtDORN1 could phosphorylate an NADPH oxidase (AtRBOHC and
AtRBOHD being the most likely candidates) with its kinase domain (KD) and the NADPH oxidase
could also be activated by [Ca2+]cyt at its EF hands. This would result in production of extracellular
hydroxyl radicals that could readily be converted to peroxide (H2O2) or hydroxyl radicals [26,27].
These could promote AtANN1-mediated Ca2+ influx. Peroxide could enter the cytosol through
aquaporins (AQP) [54], which could account for eATP-induced intracellular ROS accumulation.
The latter is the clearest point for the divergence between eATP and eADP pathways. Decoding of
[Ca2+]cyt as a second messenger leads ultimately to a nuclear transcriptional response that can be
impaired in Atann1. The position of AtP2K2 in such a pathway has yet to be tested. This original
figure was created with BioRender.com.
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4. Materials and Methods
4.1. Plant Materials and Growth Conditions

The annexin 1 loss of function mutant (Atann1) was in the Columbia (Col-0) wild
type background with a T-DNA insertion in the third exon [26]. The Atann1 line ex-
pressing the (apo)aequorin protein cytosolically under the 35S promoter was as described
in [26]. Surface-sterilised seeds were sown on half-strength Murashige-Skoog (MS; Duchefa
Biochemie, Haarlem, The Netherlands) medium (0.8% w/v) Bactoagar (BD Diagnostics
VWR, Sparks, MD, USA); pH 5.6 with 0.1 M KOH +/− 1 mM ATP) in square petri dishes
(12 cm × 12 cm, Greiner Bio-One, Frickenhausen, Germany) and incubated in the dark
at 4 ◦C. After two days of stratification, plates were transferred into a growth chamber
(PERCIVAL, CLF Plant Climatics, Emersacker, Germany) at 23 ◦C with a 16 h photope-
riod (80 µmol m−2 s−1). Plants were grown vertically for excised root experiments or
horizontally for leaf experiments.

4.2. Measurement of [Ca2+]cyt

A. thaliana (apo)aequorin-expressing samples were incubated in 100 µL of control solu-
tion (2 mM Bis-Tris Propane; 10 mM CaCl2; 0.1 mM KCl, pH 5.8 adjusted using 1 M Bis-Tris
Propane and 0.5 M MES) containing 10 µL coelanterazine (10 µM; Nanolight Technology,
Pinetop, AZ, USA) overnight in the dark at room temperature in a 96-well plate (Greiner
Bio-One, Frickenhausen, Germany). All samples were washed with coelanterazine-free
control solution before any luminescence measurement was taken and then placed (as
individual samples) into a 96-well plate containing 100 µL fresh control solution. Lumi-
nescence (as an output of free cytosolic calcium ion, [Ca2+]cyt) upon different treatments
was measured using a FLUOstar OPTIMA (BMG Labtech, Ortenberg, Germany) plate
reader. All the treatment solutions were prepared as additions to the control solution and
adjusted to pH 5.8 (1 M Bis-Tris Propane and 0.5 M MES) prior to measurement. After 35 s
of initial background measurement, 100 µL of control or treatment solution was added
and the luminescence measured every second for 155s. At the end of each measurement,
100 µL discharge solution (10% (v/v) ethanol; 1 M CaCl2) was added to quench the total
(apo)aequorin luminescence in each sample. [Ca2+]cyt was determined according to the
calibration formula given in [55]. ATP (adenosine-5′-triphosphate, disodium salt trihy-
drate) and ADP (adenosine-5′-diphosphate, disodium salt dihydrate) were purchased from
Melford Laboratories Ltd. (Ipswich, UK) whereas non-hydrolysable analogues ATPγS
(adenosine 5′-[γ-thio] triphosphate tetralithium salt and ADPβS (Adenosine 5′-[β-thio]
diphosphate trilithium salt) were purchased from Sigma-Aldrich (St. Louis, MO, USA).

4.3. Determination of Intracellular ROS

Accumulation of intracellular reactive oxygen species in individual roots was deter-
mined using 50 µM CM-H2DCFDA (5-(and-6-)-chloromethyl-2′,7′-dichlorodihydrofluorscein
diacetate, acetyl ester; Molecular Probes/Invitrogen, Waltham, MA, USA), as described
previously [14]. The assay medium comprised LSM medium [56]; when eATP was added,
medium was supplemented with CaCl2 to counteract chelation. Images of roots were
acquired with a Nikon SMZ 1500 microscope and a QImaging Retiga cooled 12-bit camera
(www.qimaging.com).

4.4. Quantification of eATP-Induced Gene Expression

Seven-days-old Col-0 and Atann1 were acclimatised for 1 h at room temperature in the
light in 8 mL control solution (2 mM Bis-Tris Propane; 10 mM CaCl2; 0.1 mM KCl) pH 5.8 in
separate small petri dishes (Thermo Scientific, Waltham, MA, USA). Either 8 mL of control
solution or 2 mM ATP solution (prepared in control solution to give a final concentration of
1 mM) was added. After 10 or 30 min, seedlings were placed in 10 mL RNAlater solution
(25 mM sodium citrate, 10 mM EDTA, 70 g ammonium sulphate/100 mL solution, pH 5.2).
The root from each seedling was excised (in the RNAlater solution), dried briefly on filter
paper and then frozen in liquid nitrogen. RNA extraction was carried out by using the
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RNEasy Plant Mini Kit (QIAGEN, Hilden, Germany) with a DNAse treatment additional
step (RNAse free DNAse kit, QIAGEN, Hilden, Germany) and LiCl purification. Com-
plementary DNA (cDNA) was synthesised by using the Quantitect Reverse Transcription
kit (QIAGEN, Hilden, Germany) following the manufacturer’s protocol. Quantitative
Polymerase Chain Reaction (qPCR) was done with a Rotor-Gene 3000 thermocycler with
the Rotor-GeneTM SYBR® Green PCR Kit (QIAGEN, Hilden, Germany) according to the
manufacturer’s protocol. cDNA final concentration was 5 ng with 0.25 µM final primer
concentration. The qPCR programme was: Initial stage 95 ◦C for 5 min, 40 cycles of 95 ◦C
for 5 s, 60 ◦C for 10 s. Melting curves were used to check for specific amplification (ramping
from 55 ◦C to 95 ◦C with 1 ◦C rise each step and 5 s delay between steps). The primer pairs
used in the qPCR reaction were as shown in Appendix A (Table 1). Raw data were analysed
by using the ‘modlist’ and the ‘getPar’ function in R (qpcR package) [57]. Quantification (R
value) was performed by using the average of the selected Ct and efficiency values using the
formula Esample = Efficiency (−Ct). Data were normalised with two different housekeeping
genes UBQ10 and TUB4 using the formula Rsample = Esample/(sqrt(EUBQ10 × ETUB4)) [58].

4.5. Statistical Analysis

All the data collected were analysed with the R statistical programme (https://www.r-
project.org). ANOVA, Student’s t-test or Welch two sample t-test were used for parametric
tests whereas either Wilcoxon rank-sum test or Kruskal–Wallis test was used for non-
parametric tests. Further comparison was analysed with Tukey’s HSD or Dunnett’s post-
hoc test. A 95% confidence interval was used for all tests carried out.

5. Conclusions

This study has identified AtANN1 as a component in mediating the root increase
of [Ca2+]cyt in response to both eATP and eADP. It is postulated that AtANN1 might
operate as an ROS-activated plasma membrane Ca2+ channel, downstream of AtDORN1.
Since loss of AtANN1 does not completely abolish the [Ca2+]cyt increase, there are clearly
other channels in the pathway. AtANN1 appears to regulate the spatial extent of eATP-
induced intracellular ROS in the root. At the gene expression level, AtANN1 is involved in
eATP-induced up-regulation of AtACS6 and AtWRKY40, thus potentially directing eATP
signalling towards ethylene production and salt stress tolerance.
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Abbreviations
ACS 1-Aminocyclopropane-1-carboxylate synthase
ADPβS Adenosine 5′-[β-thio] diphosphate
ANN1 Annexin1
ANOVA Analysis of Variance
AQP Aquaporins
ATPγS Adenosine 5′-[γ-thio] triphosphate
AUC Area Under the Curve
[Ca2+]cyt Cytosolic free calcium ion
CAM Calmodulin
CAMTA Calmodulin-binding Transcription Activators
CAMV Cauliflower Mosaic Virus
cDNA Complementary DNA
CM-H2DCFDA 5-(and-6-)-Chloromethyl-2′,7′-dichlorodihydrofluorscein diacetate
DAMP Damage Associated Molecular Pattern
DORN1 Does not Respond to Nucleotides1
eATP Extracellular ATP
eADP Extracellular ADP
H2O2 Hydrogen peroxide
MES 2-(N-morpholino) ethanesulfonic
MS Murashige and Skoog nutrient medium
NADPH Nicotinamide adenine dinucleotide phosphate
NO Nitric oxide
PA Phosphatidic Acid
qRT-PCR Quantitative reverse transcription-polymerase chain reaction
RBOH Respiratory burst homologue
ROS Reactive oxygen species
RNAseq RNA sequencing
SEM Standard error of mean
T-DNA Transfer DNA
Tris Tris base, 2-amino-2-(hydroxymethyl)-1,3-propanediol
TUB4 Tubulin Beta Chain4
UBQ10 Polyubiquitin10
YC3.6 Yellow Cameleon 3.6

Appendix A

Table 1. The forward and reverse sequences of primers used for the gene expression tests.

Gene Forward (5′–3′) Reverse (3′–5′)

AtANN1 (AT1G35720.1) TGTTCTTCGTTCAGCAATCAAC GTACTCCTCTCCAATGACCTTC

AtDORN1 (AT5G60300) ATGGTCACATTGCCTGCAGAAG TCCCTCTTTACAGGCTGGACTCTC

AtRBOHD (AT5G47910) ATGATCAAGGTGGCTGTTTACCC ATCCTTGTGGCTTCGTCATGTG

AtACS6 (AT4G11280) TATCCAGGGTTTGATAGAGA TCCACCGTAATCTTGAACC

AtWRKY40 (AT1G80840) AGCTTCTGACACTACCCTCGTTG TTGACAGAACAGCTTGGAGCAC

AtUBQ10 (AT4G05320) CCGACTACAACATTCAGAAGGA TCAGAACTCTCCACCTCCAAA

AtTUB4 (AT5G44340) AGGGAAACGAAGACAGCAAG GCTCGCTAATCCTACCTTTGG

References
1. Chivasa, S.; Ndimba, B.K.; Simon, W.J.; Lindsey, K.; Slabas, A.R. Extracellular ATP functions as an endogenous external metabolite

regulating plant cell viability. Plant Cell 2005, 17, 3019–3034. [CrossRef] [PubMed]
2. Clark, G.; Torres, J.; Herz, N.; Wat, N.; Ogoti, J.; Aranda, G.; Blizard, M.; Wu, M.; Onyirimba, J.; Canales, A.A.; et al. Both the

stimulation and inhibition of root hair growth induced by extracellular nucleotides in Arabidopsis are mediated by nitric oxide
and reactive oxygen species. Plant Mol. Biol. 2010, 74, 423–435. [CrossRef] [PubMed]

191



Int. J. Mol. Sci. 2021, 22, 494

3. Sun, J.; Zhang, C.L.; Deng, S.R.; Lu, C.F.; Shen, X.; Zhou, X.Y.; Zheng, X.J.; Hu, Z.M.; Chen, S.L. An ATP signalling pathway
in plant cells: Extracellular ATP triggers programmed cell death in Populus euphratica. Plant Cell Environ. 2012, 35, 893–916.
[CrossRef] [PubMed]

4. Nizam, S.; Qiang, X.; Wawra, S.; Nostadt, R.; Getzke, F.; Schwanke, F.; Dreyer, I.; Langen, G.; Zuccaro, A. Serendipita indica E5′NT
modulates extracellular nucleotide levels in the plant apoplast and affects fungal colonization. EMBO Rep. 2019, 20, e47430.
[CrossRef] [PubMed]

5. Matthus, E.; Sun, J.; Wang, L.; Bhat, M.G.; Sidik, A.B.M.; Davies, J.M. DORN1/P2K1 and purino—Calcium signalling in plants;
making waves with extracellular ATP. Ann. Bot. 2019, 124, 1227–1242. [CrossRef]

6. Hou, Q.; Wang, Y.; Fan, B.; Sun, K.; Liang, J.; Feng, H.; Jia, L. Extracellular ATP affects cell viability, respiratory O2 uptake,
and intracellular ATP production of tobacco cell suspension culture in response to hydrogen peroxide-induced oxidative stress.
Biologia 2020, 75, 1437–1443. [CrossRef]

7. Choi, J.; Tanaka, K.; Cao, Y.; Qi, Y.; Qiu, J.; Liang, Y.; Lee, S.Y.; Stacey, G. Identification of a plant receptor for extracellular ATP.
Science 2014, 343, 290–294. [CrossRef]

8. Pham, A.Q.; Cho, S.-H.; Nguyen, C.T.; Stacey, G. Arabidopsis lectin receptor kinase P2K2 is a second plant receptor for extracellular
ATP and contributes to innate immunity. Plant Physiol. 2020, 183, 1364–1375. [CrossRef]

9. Zhu, R.; Dong, X.; Hao, W.; Gao, W.; Zhang, W.; Xia, S.; Liu, T.; Shang, Z. Heterotrimeric G protein-regulated Ca2+ influx and
PIN2 asymmetric distribution are involved in Arabidopsis thaliana roots’ avoidance response to extracellular ATP. Front. Plant Sci.
2017, 8, 1522. [CrossRef]

10. Zhu, R.; Dong, X.; Xue, Y.; Xu, J.; Zhang, A.; Feng, M.; Zhao, Q.; Xia, S.; Yin, Y.; He, S.; et al. Redox-Responsive Transcription
Factor 1 (RRFT1) is involved in extracellular ATP-regulated Arabidopsis thaliana seedling growth. Plant Cell Physiol. 2020, 61,
685–698. [CrossRef]

11. Demidchik, V.; Shabala, S.N.; Coutts, K.B.; Tester, M.A.; Davies, J.M. Free oxygen radicals regulate plasma membrane Ca2+-and
K+-permeable channels in plant root cells. J. Cell Sci. 2003, 116, 81–88. [CrossRef] [PubMed]

12. Jeter, C.R.; Tang, W.; Henaff, E.; Butterfield, T.; Roux, S.J. Evidence of a novel cell signaling role for extracellular adenosine
triphosphates and diphosphates in Arabidopsis. Plant Cell 2004, 16, 2652–2664. [CrossRef] [PubMed]

13. Kim, S.-Y.; Sivaguru, M.; Stacey, G. Extracellular ATP in plants. Visualization, localization, and analysis of physiological
significance in growth and signaling. Plant Physiol. 2006, 142, 984–992. [CrossRef] [PubMed]

14. Demidchik, V.; Shang, Z.; Shin, R.; Thompson, E.; Rubio, L.; Laohavisit, A.; Mortimer, J.C.; Chivasa, S.; Slabas, A.R.; Glover,
B.J.; et al. Plant extracellular ATP signalling by plasma membrane NADPH oxidase and Ca2+ channels. Plant J. 2009, 58, 903–913.
[CrossRef] [PubMed]

15. Foresi, N.P.; Laxalt, A.M.; Tonón, C.V.; Casalongué, C.A.; Lamattina, L. Extracellular ATP induces nitric oxide production in
tomato cell suspensions. Plant Physiol. 2007, 145, 589–592. [CrossRef] [PubMed]

16. Wu, S.J.; Wu, J.Y. Extracellular ATP-induced NO production and its dependence on membrane Ca2+ flux in Salvia miltiorrhiza
hairy roots. J. Exp. Bot. 2008, 59, 4007–4016. [CrossRef] [PubMed]

17. Tripathi, D.; Zhang, T.; Koo, A.J.; Stacey, G.; Tanaka, K. Extracellular ATP acts on jasmonate signaling to reinforce plant defense.
Plant Physiol. 2017, 176, 511–523. [CrossRef]

18. Jewell, J.B.; Sowders, J.M.; He, R.; Willis, M.A.; Gang, D.R.; Tanaka, K. Extracellular ATP shapes a defense-related transcriptome
both independently and along with other defense signaling pathways. Plant Physiol. 2019, 179, 1144–1158. [CrossRef]

19. Dong, X.; Zhu, R.; Kang, E.; Shang, Z. RRFT1 (Redox Responsive Transcription Factor 1) is involved in extracellular ATP-regulated
gene expression in Arabidopsis thaliana seedlings. Plant Signal. Behav. 2020, 15, 1748282. [CrossRef]

20. Loro, G.; Drago, I.; Pozzan, T.; Lo Schiavo, F.; Costa, A. Targeting of Cameleons to various subcellular compartments reveals a
strict cytoplasmic/mitochondrial Ca2+ handling relationships in plant cells. Plant J. 2012, 71, 1–13. [CrossRef]

21. Demidchik, V.; Shang, Z.; Shin, R.; Colaço, R.; Laohavisit, A.; Shabala, S.; Davies, J.M. Receptor-like activity evoked by extracellular
ADP in Arabidopsis root epidermal plasma membrane. Plant Physiol. 2011, 156, 1375–1385. [CrossRef] [PubMed]

22. Wang, L.; Wilkins, K.A.; Davies, J.M. Arabidopsis DORN1 extracellular ATP receptor; activation of plasma membrane K+-and
Ca2+-permeable conductances. New Phytol. 2018, 218, 1301–1304. [CrossRef] [PubMed]

23. Wang, L.; Stacey, G.; Leblanc-Fournier, N.; Legué, V.; Moulia, B.; Davies, J.M. Early extracellular ATP signaling in Arabidopsis
root epidermis: A multi-conductance process. Front. Plant Sci. 2019, 10, 1064. [CrossRef] [PubMed]

24. Clark, G.; Roux, S.J. Role of Ca2+ in mediating plant responses to extracellular ATP and ADP. Int. J. Mol. Sci. 2018, 19, 3590.
[CrossRef]

25. Ma, L.; Ye, J.; Yang, Y.; Lin, H.; Yue, L.; Luo, J.; Long, Y.; Fu, H.; Liu, X.; Zhang, Y.; et al. The SOS2-SCaBP8 complex generates and
fine-tunes an AtANN4-dependent calcium signature under salt stress. Dev. Cell 2019, 48, 697–709. [CrossRef]

26. Laohavisit, A.; Shang, Z.; Rubio, L.; Cuin, T.A.; Véry, A.A.; Wang, A.; Mortimer, J.C.; Macpherson, N.; Coxon, K.M.; Battey, N.H.;
et al. Arabidopsis annexin1 mediates the radical-activated plasma membrane Ca2+-and K+-permeable conductance in root cells.
Plant Cell 2012, 24, 1522–1533. [CrossRef]

27. Laohavisit, A.; Richards, S.L.; Shabala, L.; Chen, C.; Colaco, R.D.D.R.; Swarbreck, S.M.; Shaw, E.; Dark, A.; Shabala, S.; Shang,
Z.; et al. Salinity-induced calcium signaling and root adaptation in Arabidopsis require the calcium regulatory protein Annexin1.
Plant Physiol. 2013, 163, 253–262. [CrossRef]

192



Int. J. Mol. Sci. 2021, 22, 494

28. Richards, S.L.; Laohavisit, A.; Mortimer, J.C.; Shabala, L.; Swarbreck, S.M.; Shabala, S.; Davies, J.M. Annexin 1 regulates the
H2O2-induced calcium signature in Arabidopsis thaliana roots. Plant J. 2014, 77, 136–145. [CrossRef]

29. Chivasa, S.; Murphy, A.M.; Hamilton, J.M.; Lindsey, K.; Carr, J.P.; Slabas, A.R. Extracellular ATP is a regulator of pathogen defence
in plants. Plant J. 2009, 60, 436–448. [CrossRef]

30. Tanaka, K.; Choi, J.; Cao, Y.; Stacey, G. Extracellular ATP acts as a damage-associated molecular pattern (DAMP) signal in plants.
Front. Plant Sci. 2014, 5, 446. [CrossRef]

31. Choi, J.; Tanaka, K.; Liang, Y.; Cao, Y.; Lee, S.Y.; Stacey, G. Extracellular ATP, a danger signal, is recognized by DORN1 in
Arabidopsis. Biochem. J. 2014, 463, 429–437. [CrossRef] [PubMed]

32. Clark, G.B.; Sessions, A.; Eastburn, D.J.; Roux, S.J. Differential expression of members of the annexin multigene family in
Arabidopsis. Plant Physiol. 2001, 126, 1072–1084. [CrossRef] [PubMed]

33. Cantero, A.; Barthakur, S.; Bushart, T.J.; Chou, S.; Morgan, R.O.; Fernandez, M.P.; Clark, G.B.; Roux, S.J. Expression profiling of
the Arabidopsis annexin gene family during germination, de-etiolation and abiotic stress. Plant Physiol. Biochem. 2006, 44, 13–24.
[CrossRef] [PubMed]
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Abstract: Clade A Type 2C protein phosphatases (PP2CAs) negatively regulate abscisic acid (ABA)
signaling and have diverse functions in plant development and in response to various stresses. In
this study, we showed that overexpression of the rice ABA receptor OsPYL/RCAR3 reduces the
growth retardation observed in plants exposed to osmotic stress. By contrast, overexpression of
the OsPYL/RCAR3-interacting protein OsPP2C09 rendered plant growth more sensitive to osmotic
stress. We tested whether OsPP2CAs activate an ABA-independent signaling cascade by transfecting
rice protoplasts with luciferase reporters containing the drought-responsive element (DRE) or ABA-
responsive element (ABRE). We observed that OsPP2CAs activated gene expression via the cis-
acting drought-responsive element. In agreement with this observation, transcriptome analysis of
plants overexpressing OsPP2C09 indicated that OsPP2C09 induces the expression of genes whose
promoters contain DREs. Further analysis showed that OsPP2C09 interacts with DRE-binding
(DREB) transcription factors and activates reporters containing DRE. We conclude that, through
activating DRE-containing promoters, OsPP2C09 positively regulates the drought response regulon
and activates an ABA-independent signaling pathway.

Keywords: PP2CAS bifunction; dreb regulation; aba-dependent/independent pathway

1. Introduction

As plants inevitably face adverse environmental conditions such as drought, high salt,
and extreme temperatures, they have evolved complex signaling networks that respond to
environmental cues and balance their resources between promoting growth and mounting
tolerance to inauspicious conditions. Abscisic acid (ABA) plays a central role during abiotic
stress responses, in addition to influencing various aspects of plant development and
growth, such as seed dormancy, leaf abscission, growth inhibition and fruit ripening [1–3].

ABA signal transduction starts with the formation of a complex between the ABA
receptor PYRABACTIN RESISTANCE1/PYR-like/REGULATORY COMPONENT OF ABA
RECEPTOR (PYR/PYL/RCAR) and Clade A Type 2C protein phosphatases (PP2CAs),
resulting in the inactivation of PP2CAs and the activation of SNF1-related protein Kinase
2 (SnRK2). Activated SnRK2s in turn activate ABA-responsive element (ABRE)-binding
factors (ABFs). ABA-induced gene expression is mediated through the binding of ABFs to
the ABRE in target promoter regions and subsequent transcriptional activation [4–6].

Yamaguchi-Shinozaki et al., (1992) cloned nine genes responsive to desiccation stress
in Arabidopsis (Arabidopsis thaliana). RD29A and RD29B are two closely related genes that
respond to drought and high salt conditions. The RD29A promoter region contains multiple
cis-acting elements such as the dehydration-responsive element/C-repeat (DRE/CRT) and
ABRE. RD29A expression can therefore respond to both ABA-dependent and -independent
signaling pathways through the ABRE or DRE/CRT cis-element, respectively. By contrast,
the RD29B promoter region lacks a DRE/CRT sequence and is activated only by the
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ABA-dependent signaling cascade [7]. Dehydration-responsive element binding factor
(DREB) transcription factors have been determined to regulate the gene expression in
ABA-independent signaling pathways such as cold and drought [8,9].

ABA-dependent signaling is mainly regulated by phosphorylation and dephosphory-
lation of the signaling components such as SnRK2s and ABFs. However, several studies
have shown that DREB degradation is a key regulatory step during ABA-independent
signaling. For example, DREB2A, which plays an important role in the ABA-independent
pathway in response to drought stress, is marked for degradation by the 26S proteasome
via the E3 ubiquitin ligase DREB2A-INTERACTING PROTEIN1 (DRIP1) [10]. In addition,
DREB2A expression is regulated by GROWTH-REGULATING FACTOR7 (GRF7), which
binds to the DREB2A promoter and represses transcription [6,11]. The expression of an-
other DREB factor, Arabidopsis DREB1A, is influenced by the Myc transcription factor,
INDUCER OF CBF EXPRESSION1 (ICE1), which is sumoylated by the SUMO E3 ligase
SIZ1, and marked for degradation by the E3 ubiquitin ligase, high expression of osmoti-
cally responsive gene1 (HOS1) [8,12,13]. How phosphorylation and dephosphorylation
of DREB contributed to its activation was unclear [9] until the recent report that showed
phosphorylation at the negative regulatory domain (NRD) destabilizes DREB2A [14].

In this study, we elucidate a new biological role for OsPP2CAs in the ABA-independent
pathway and show that they act as a bifunctional regulator of the crosstalk between the
ABA-independent and dependent pathways.

2. Results
2.1. Transgenic Rice Overexpressing OsPYL/RCAR3 Are Insensitive to Osmotic Stress

In previous studies, plants overexpressing the cytosolic ABA receptors OsPYL/RCARs
showed increased tolerance to abiotic stress and hypersensitivity to ABA and osmotic
stress [3,15–18]. We generated transgenic rice lines overexpressing a monomeric ABA
receptor, OsPYL/RCAR3, and named the line A30 (Figure S1A,B). As expected for an
ABA receptor, the A30 transgenic line exhibited increased tolerance to abiotic stress and
hypersensitivity to ABA in terms of young seedling growth compared to the control (empty
vector control, named A8). In addition, A30 plants were smaller than A8 control plants
even in the absence of exogenous ABA application (Figure S1C–F). A30 seedlings did
not show hypersensitivity to an increase in NaCl concentrations (Figure 1C) as measured
by seedling growth. However, A30 plants demonstrate hyposensitive phenotypes when
mannitol was applied in concentrations over 200 mM (Figure 1A–D).

To characterize the effects of OsPYL/RCAR3 overexpression, we introduced OsPYL/
RCAR3-HA into rice protoplasts by transient transfection together with a reporter con-
struct bearing the rice Rab16A promoter driving the expression of firefly luciferase (pRab
16A::fLUC), which is normally induced by ABA and osmotic stress. We then treated
protoplasts with ABA or polyethylene glycol (PEG) to mimic osmotic stress conditions
(Figure 1E). Normalized firefly luciferase signal clearly increased in protoplasts overexpress-
ing OsPYL/RCAR3 (4.9-fold increase over mock transfection). Treating OsPYL/RCAR3-
overexpressing protoplasts with ABA had no effect on the luciferase signal, as it rose
4.7-fold over the mock sample. However, treating OsPYL/RCAR3-overexpressing pro-
toplasts with with 25% PEG resulted in a 53% reduction in luciferase activity relative to
mock-treated overexpressing protoplasts (Figure 1E). These results thus raise the possibility
that OsPYL/RCAR3 may inhibit ABA-independent osmotic stress signaling.

2.2. Stress-Inducible OsPP2CAs Interact with OsPYL/RCAR3 to Activate Abiotic Stress Responses

OsPP2CAs activate ABA signaling through their ABA-mediated interaction with
ABA receptors. OsPYL/RCAR3 belongs to a group of monomeric ABA receptors (Figure
S2A). As a first step toward identifying OsPP2CAs that are candidates that interact with
OsPYL/RCAR3 under osmotic stress conditions, we profiled OsPP2CA expression levels
in response to ABA treatment or high concentrations (200 mM) of mannitol. OsPP2C06,
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OsPP2C09 and OsPP2C30 showed the highest induction out of all other OsPP2CA genes by
mannitol and ABA treatment (Figure 2A,B).

Figure 1. A30 plants, overexpressing OsPYL/RCAR3, have reduced sensitivity to mannitol-imposed
osmotic stress. (A–C), Seedling growth test. A8 and A30 seedlings were grown in growth medium
alone (A) or containing mannitol (B) or NaCl (C). Scale bar: 2 cm. (D) Measurement of relative
shoot length compared to each mock (0 mM). X axis indicates mannitol or NaCl concentrations, and
growth period, (in d), in brackets. Two-way ANOVA was performed with A8 plants as controls.
****: p < 0.0001, -: not significant. (E) Effect of OsPYL/RCAR3 overexpression on luciferase activity
from the OsRab16a promoter in rice protoplasts. Control: pRab16a: LUC alone. Data presented as
mean ± standard deviation (SD), n = 3. Two-way ANOVA was performed, comparing with control.
****: p < 0.0001, -: not significant. OsPYL/RCAR3-HA expression was confirmed by immunoblot
analysis with anti-hemagglutinin (HA) rat antibody.

We then determined the subcellular localization of these three OsPP2CAs by fusing
their coding sequences to the green fluorescent protein (GFP) gene. OsPP2C06 localized to the
cytosol, whereas OsPP2C09 and OsPP2C30 localized to the nucleus (Figure S3A). The inter-
action between OsPYL/RCAR3 and OsPP2C06, OsPP2C09, or OsPP2C30 was confirmed by
yeast two-hybrid assays, even in the absence of ABA in the growth medium (Figure S3B).
Bimolecular fluorescence complementation (BiFC) and co-immuno-precipitation assays
further corroborated the interaction between the ABA receptor OsPYL/RCAR3 and the
three OsPP2C proteins (Figure S3C,D).

197



Int. J. Mol. Sci. 2021, 22, 393

Figure 2. Highly expressed PP2CAs in the A30 line activate transcription from the Rab16A promoter.
(A,B), relative transcript levels of 9 PP2CA genes after exposure of A30 seedlings to 200 mM Mannitol
or 10 µM ABA for 0, 6, or 24 h. All values were determined by RT-qPCR and normalized to
UBIQUTIN5 levels. Error bars are means ± SD (n = 3). Similar results were obtained in three
iterations. (C), Effects associated with overexpression of selected OsPP2C genes on Rab16 promoter
activity (pRab16A:fLUC and pUbi:rLUC) introduced into rice protoplasts by PEG transfection. After a
15 h incubation, luciferase activities were detected. All values were normalized to luciferase activity
with 0 µg of OsPP2C overexpression vector. Error bars are means ± SD (n = 3). One-way ANOVAs
were performed with comparing to each 0 µg (****: p < 0.0001, ***: p < 0.001, **: p < 0.01, *: p < 0.05,
-: not significant).

To examine the effects of OsPP2CA overexpression, we introduced the abiotic stress
reporter (pRab16A::fLUC) together with increasing concentrations of plasmid DNA for
the effectors OsPYL/RCAR3, OsPP2C06, OsPP2C09, or OsPP2C30 into rice protoplasts by
transient transfection (Figure 2C). As expected, fLUC activity, reflecting Rab16A promoter
activation, increased with the amount of OsPYL/RCAR3 plasmid DNA used during trans-
fection. Unexpectedly, OsPP2Cs also activated transcription from the Rab16A promoter in
a dose-dependent manner, although measured fLUC activity levels were much lower than
with OsPYL/RCAR3. We thus conclude that the three OsPP2Cs OsPP2C06, OsPP2C09, or
OsPP2C30 can act as positive regulators of stress signaling.

2.3. OsPP2CAs Induce Gene Expression through the DRE Cis-Element

Rab16A is responsive to both ABA and osmotic stress because its promoter contains
both DRE and ABRE elements. To establish whether OsPP2CAs activate Rab16A expression
through the ABA-dependent or ABA-independent signaling pathway, we constructed two
new reporter constructs, in which firefly luciferase was driven by promoter fragments that
bore only the DRE (pDRE::fLUC) or both the DRE and ABRE elements (pABRE-DRE::fLUC);
both constructs also contained a minimal promoter consisting a TATA box transcription start
site (Figure 3A). DNA for both reporters was introduced into rice protoplasts together with
empty vector or with effector plasmid DNA for OsPYL/RCAR3, OsPP2C09, or OsPP2C30.
We then examined the level of reporter activation for each effector with and without ABA.
The pABRE-DRE::fLUC clearly responded to ABA, and fLUC activity rose further when
OsPYL/RCAR3 was overexpressed (Figure 3B). By contrast, overexpression of OsPP2C09
or OsPP2C30 suppressed the induction of luciferase activity resulting from ABA treatment.
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These results demonstrate that OsPYL/RCAR functions as a positive regulator whereas
OsPP2C09 and OsPP2C30 are negative regulators of ABA signaling, as previously reported.

Figure 3. OsPP2Cs activate Rab16a transcription via cis-DRE. (A), Schematics of generated re-
porter plasmids, pABRE-DRE::fLUC and pDRE::fLUC. (B), Activation test of pABRE-DRE::fLUC
or pDRE::fLUC with effector only or ABA in rice protoplasts. (C), Activation of the pDRE::fLUC
reporter with increasing amounts of the indicated effector DNA during transfection. (D), Effects
of OsPYL/RCAR3 overexpression on OsPP2C-mediated induction of luciferase activity from the
pDRE::fLUC reporter. The indicated effector and marker DNAs were introduced into rice proto-
plasts by PEG-mediated transfection and then incubated for 15 h. Induced luciferase activity was
detected with a dual-luciferase reporter assay system. All values are means ± SD (n = 3). S is the
slope of the trend line. Two-way ANOVAs (main column effect) were performed, comparing to
OsPYL/RCAR3-HA values (****: p < 0.0001, **: p < 0.01, -: not significant).

In contrast to the pABRE-DRE::fLUC reporter, the pDRE::fLUC construct did not
respond to ABA. Overexpression of OsPP2C09 or OsPP2C30 increased fLUC activity in
an ABA-independent manner, but OsPYL/RCAR3 overexpression did not induce fLUC
activity (Figure 3B). To validate this result, we examined fLUC activity derived from the
pDRE::fLUC reporter as a function of increasing effector DNA amounts during transfection.
We used OsPYL/RCAR3 as a control, with a characteristic weakly positive slope between
detectable fLUC activity and transfected OsPYL/RCAR3 DNA amounts (S = 0.098). By
contrast, transfecting rice protoplasts with increasing amounts of the OsPP2C09 effector
resulted in a 14-fold rise in fLUC activity over background, with a steep slope (S = 1.70). The
gradual overexpression of either OsPP2C06 or OsPP2C30 also induced fLUC activity more
than OsPYL/RCAR3, with moderately strong slopes (S = 0.20 and S = 0.39, respectively)
(Figure 3C). These results show that overexpression of OsPP2CAs can activate signaling
mediated by the cis-acting DRE.

In addition, we examined the possible relationship between OsPYL/RCAR3 and
OsPP2CAs in the activation of transcription through the cis-acting DRE. We measured
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fLUC activity from the pDRE::fLUC reporter when one OsPP2CA and increasing amounts
of OsPYL/RCAR3 plasmid effector DNA were co-transfected into rice protoplasts. Os-
PYL/RCAR3 overexpression counteracted the increase in fLUC activity normally associated
with OsPP2CA overexpression and did so in a dose-dependent manner (Figure 3D). We
obtained the same result when we used pOsRab16A::fLUC albeit the responses were weaker
than with pDRE::fLUC (Figure S6). Thus, we conclude that overexpression of OsPYL/RCAR3
inhibited the action of OsPP2Cs through the ABA-independent cis-acting DRE.

2.4. Transgenic Rice Plants Overexpressing OsPP2C09 Are Hypersensitive to Osmotic Stress

To determine the function of OsPP2CAs under osmotic stress, we examined transgenic
rice lines (named C18) overexpressing OsPP2C09 (Figure 4A–C). Growth of C18 seedlings
was more sensitive to osmotic stress than the control A8 line, when properly normalized
to the mock treatment. Indeed, in the absence of mannitol, C18 seedlings were 10% taller
than A8 seedlings. However, C18 seedlings appeared slightly smaller than A8 seedlings
when grown in the presence or 150 mM or 200 mM mannitol (Figure 4A), although this
difference was not significant. We therefore converted shoot growth to relative lengths
by normalizing each value to the 0 mM control growth values in Figure 4C. The two
independent transgenic lines C18-1 and C18-2 seedlings thus exhibited a growth deficit
of 12.3% p (C18-1) or 24.2% p (C18-2) in the presence of 150 mM mannitol and 13.6% p
(C18-1) or 20.5% p (C18-2) in the presence of 200 mM mannitol when compared to the A8
control line. These results suggest that C18 seedlings are more sensitive than A30 seedlings
(overexpressing OsPYL/RCAR3) to osmotic stress.

Figure 4. C18 plants, overexpressing OsPP2C09, are hypersensitive to osmotic stress. (A), A8 and
C18 plants transferred after the two-leaf stage to half-strength MS medium containing the indicated
mannitol concentrations for 8 d. (B), Shoot lengths were measured, with six or more seedlings
per replicate. Relative shoot length for A8 and C18 seedlings, normalized to mock control (0 mM
mannitol). The values are means ± SD (n = 3). The experiment was repeated three times with similar
results. Two-way ANOVA was performed comparing with A8 plants (****: p < 0.0001, **: p < 0.01,
*: p < 0.05, -: not significant). (C), Relative transcript levels of OsPP2C09 in C18 seedlings. All
values were determined by RT-qPCR and normalized to UBIQUTIN5 before normalization to relative
transcript levels in Dong-Jin (DJ), shown as mean of relative quantity and SD. One-way ANOVA was
performed (****: p < 0.0001).
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2.5. Transcriptomic Analysis of Rice Overexpressing OsPP2CA09 during Osmotic Stress and
ABA Treatment

OsPP2CAs can regulate gene expression through activation of cis-DREs in promoters
but also repress gene expression resulting from ABA signaling. To identify genes regulated
by OsPP2C09, we dissected the transcriptome of rice seedlings (C18-2-1) overexpressing
OsPP2CA09 and the control rice cultivar Dongjin (DJ) treated with 200 mM mannitol or
10 µM ABA for 24 h using deep sequencing of the transcriptome (RNAseq). Read numbers
were normalized to FPKM (fragments per kb of transcripts per million mapped reads)
and then compared with those of non-treated control seedlings. We detected 1631 and
1598 genes that were upregulated more than two-fold in response to 200 mM mannitol or
5 µM ABA treatment, respectively (Figure 5A). Of these, 828 genes were upregulated in
both conditions, and are given in Table S1.

Figure 5. Transcriptome and promoter motif analysis in response to mannitol or ABA treatment.
(A), Venn diagram of upregulated genes after treatment with 200 mM mannitol or 10 µM ABA. The
genes were selected with the indicated criteria (fold-change > 2, p-value and padj < 0.05). (B), Venn
diagrams of genes whose promoters contain DRE and/or ABRE cis-acting elements. We performed
an AME analysis on the MEME website. Venn diagrams were generated with InteractiVenn (http://
interactivenn.net). (C), Heatmap of FPKM values for 276 genes containing cis-DRE. (D), Comparison
of FPKMs for the indicated genes between wild-type (DJ) and C18 seedlings treated with 200 mM
mannitol. Dotted line: slope of 1. The values are FPKM ± SD (n = 3).
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Next, we searched for DRE (A/GCCGAC) and ABRE (ACGTGT/GC) cis-elements
in the 1-kb upstream promoter regions of these upregulated genes using AME (Analysis
of Motif Enrichment) on the MEME website (Multiple EM for Motif Elicitation, http:
//meme-suite.org/index.html) [19]. Among the 1631 genes upregulated by mannitol,
453 genes contained the DRE alone (276 genes) or both the ABRE and the DRE (177 genes)
in their promoters. None of the 1631 promoter sequences contained only the ABRE element.
By contrast, among the 1598 genes upregulated by ABA, 458 promoter sequences contained
cis-ABRE element alone (354 genes) or both cis-ABRE element and cis-DRE (104 genes).
DRE was detected alone in 141 promoters (Figure 5B). The selected genes are listed in
Table S2. These results showed that low osmotic stress imposed by mannitol upregulated a
limited set of genes, but the cis-ABRE element that activates transcription in response to
ABA signaling is lacking in their promoters.

Next, we compared the expression levels of the 276 genes whose promoters only
contained the cis-DRE in C18-2-1 and DJ control seedlings. If one of the functions of
OsPP2C09 is to activate gene expression via the cis-DRE, we would expect most of the
276 genes to exhibit higher expression in DJ seedlings treated with 200 mM mannitol
relative to C18 seedlings grown under the same conditions. For visualization, we generated
a heatmap of expression values (in FPKMs) for these 276 genes. Most genes were more
strongly expressed in C18-2-1 than in DJ (Figure 5C).

We next compared FPKM values for all genes and all upregulated genes in C18 and
DJ treated with mannitol (Figure 5D). The linear regression slope was 0.78, indicating that
most genes were generally more highly expressed in the DJ control seedlings than in C18.
However, the regression slope between FPKM values of genes upregulated by mannitol
was 1.22, in agreement with our heatmap result. Moreover, focusing on FPKM values
of genes whose promoters contained either cis-DRE and cis-ABRE or cis-DRE alone, the
corresponding regression slopes were 2.11 and 2.18, respectively. These results showed that
the presence of cis-DREs was associated with higher expression in C18 seedlings overex-
pressing OsPP2C09 relative to its wild-type parental line. Thus, OsPP2C09 may participate
in the activation of gene expression through cis-DREs in response to low osmotic stress.

In addition, we examined the expression of several genes in control DJ, A30, or C18
seedlings by RT-qPCR. As previously mentioned, the Rab16A promoter contains both a
cis-DRE and a cis-ABRE, whereas the LIP9 and OsDREB1C promoters bear only cis-DREs.
Rab16A transcript levels were highly induced in DJ and C18 seedlings grown in the presence
of 250 mM mannitol. Rab16A transcript reached higher levels in C18 seedlings subjected
to mannitol stress for 24 h compared to that in DJ. By contrast, Rab16A transcript levels
were greatly induced in A30 seedlings following treatment with 10 µM ABA, and showed
a slight and delayed rise in C18, possibly caused by OsPP2C09 (Figure 6A). LIP9 and
OsDREB1C expression levels increased to a greater extent in C18 seedlings exposed to
250 mM mannitol than in the DJ control, whereas their transcript levels decreased in A30
following this treatment, likely due to OsPYL/RCAR3-mediated inhibition of OsPP2C.
Finally, LIP9 and OsDREB1C transcripts were weakly induced by 10 µM ABA in C18
(Figure 6B,C). Together, these results corroborated our transcriptome analysis above.

2.6. OsPP2CAs Regulate the Transcriptional Activity of OsDREBs

Our combined results thus far have revealed that OsPP2CAs activate transcription via
the cis-DRE in response to osmotic stress. Thus, we inferred that OsPP2CAs might regulate
the activity of DREB transcription factors directly or indirectly. To test this possibility,
we examined the interaction potential between OsPP2CAs and OsDREBs. We selected
three OsDREBs (OsDREB1A, OsDREB1B, and OsDREB1C), based on their expression
in rice leaf blades in microarray datasets (Figure S4). Due to the demonstrated auto-
activity of OsDREB and OsPP2Cs, we did not perform a yeast two-hybrid first, but rather
conducted a BiFC with OsDREBs and OsPP2Cs. We used OsPYL/RCAR3 as a negative
control because it shared the same subcellular localization (nucleus) as OsDREBs, but
is known not to interact with these transcription factors (Figure S5). The N-terminus of
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the fluorescent protein Venus (VN) was fused with OsPP2Cs and OsPYL/RCAR3; the
C-terminus of Venus (VC) was fused with OsDREBs. The resulting constructs were then
introduced into rice protoplasts in chosen combinations. We also co-transformed a mCherry
marker as control for transfection, when no fluorescence signal from Venus was detectable,
and normalized Venus fluorescence signal to mCherry fluorescence (Figure 7A,B). All
three OsDREBs interacted with OsPP2C09 and OsPP2C30. However, OsPP2C06 failed to
complement Venus fluorescence, indicating a lack of interaction between OsDREBs and
OsPP2C06. We confirmed the interaction of OsPP2C09 and OsPP2C30 with OsDREBs by
a co-immunoprecipitation assay. OsDREB1A showed the strongest interaction, whereas
OsDREB1B showed the weakest interaction with OsPPC09 and OsPP2C30 (Figure 7C).

Figure 6. RT-qPCR analysis of three marker genes Rab16A, LIP9, and OsDREB1C in DJ, A30 or
C18 seedlings after exposure to 250 mM mannitol or 10 µM ABA. Relative transcript levels of
Rab16A (A), LIP9 (B) or OsDREB1C (C), determined by RT-qPCR and normalized to UBIQUITIN5
as internal control. Two-way ANOVAs were performed (****: p < 0.0001, ***: p < 0.001, **: p < 0.01,
*: p < 0.05, -: not significant). Values are means ± SD (n = 3). Similar results were obtained in three
replicate experiments.
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Figure 7. OsPP2CAs interact with OsDREBs. (A), Venus C-terminus (VC)-tagged OsDREB1A,
OsDREB1B and OsDREB1C were examined with Venus N-terminus (VN)-tagged OsPYL/RCAR3,
OsPP2C06, OsPP2C09, and OsPP2C30 by BiFC analysis. Scale bars: 10 µm. (B), BiFC signal intensities
normalized to internal control (ER-mCherry). Values are means ±SD (n > 20 cells) and normalized to
BiFC signal for OsPYL/RCAR3-VN and each OsDREBs-VC. One-way ANOVAs were performed
with comparing to signals interacted with OsPYL/RCAR3-VN (****: p < 0.0001, **: p < 0.01, -: not
significant). (C), Co-immunoprecipitation analysis. Indicated constructs were introduced into rice
protoplasts and GFP-tagged proteins were pull-downed with GFP-trap beads. An immunoblot
analysis was performed with anti-GFP rabbit antibodies or anti-HA rat antibodies.

To test whether OsPP2CAs activate OsDREBs, we focused on OsPP2C09 because it
showed the strongest interaction with OsDREBs. We tested OsPP2C09-mediated activation
of OsDREB1A, OsDREB1B, or OsDREB1C using the pDRE::fLUC reporter in transiently-
transfected rice protoplasts. First, we established that fLUC activity (as a proxy for ac-
tivation mediated by the cis-DRE) increased when OsDREBs-HA effector plasmid DNA
was co-introduced into the protoplasts in a dose-dependent manner (Figure 8A). Next,
we generated an OsPP2C09 interference line (OsPP2C09-i) in which Gly-139 was replaced
by Asn. This point mutant was reported to interfere with ABA signaling as it abrogates
phosphatase activity (Sheen et al., 1998). The OsPP2C09-i point mutant also interrupted
ABA signaling in our rice protoplast luciferase assay (Figure 8B).
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Figure 8. Activation of pDRE::fLUC by overexpression of OsDREB1s. (A), Activation of pDRE::fLUC
depends on OsDREB1s effector plasmid DNA amounts. One-way ANOVAs were performed with
comparing to 0 µg of effector DNAs. (B), Confirmation of the lack of activation of the pABRE-
DRE::fLUC reporter by OsPP2C09-i. One-way ANOVAs were performed, comparing to the control.
(C), Effects of OsDREB1-mediated activation by OsPP2C09 or OsPP2C09-i. Two-way ANOVAs
were performed with comparing to WT (OsPP2C09). (D), Effects of OsPP2C09 on the activity of
OsDREB1A at two time points. Two-way ANOVA was performed, comparing to non-OsDREB1A.
The indicated effector and marker DNAs were introduced into rice protoplasts by the PEG-mediated
transfection method and then incubated for 15 h or 20 h. Induced LUC activity was detected with a
dual-luciferase reporter assay system. All values of panels are means ± SD (n = 3). ****: p < 0.0001,
**: p < 0.01, *: p < 0.05, -: not significant.

We next monitored the transcriptional activity of OsDREB1s co-transfected with
OsPP2C09-i or OsPP2C09. OsDREB1A-mediated activity clearly increased as a function
of OsPP2C09 plasmid effector DNA dosage, compared to other OsDREB1s (Figure 8C).
However, OsPP2C09i did not show severe effects on luciferase activity (Figure 8C,D). When
transfected cells were incubated for up to 20 h, the luciferase activity induced by OsPP2C09
increased sharply, indicating a synergistic response between OsPP2C09 and OsDREB1A.
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However, OsPP2C09i did not increase DREB activity under the same conditions (Figure 8D).
Instead, OsPP2C09 showed a synergistic effect on the activation of cis-DRE by OsDREB1s,
especially with OsDREB1A. The OsPP2C09i point mutant, lacking phosphatase activity,
did not show activation of cis-DRE.

3. Discussion

ABA plays central roles in tolerance to abiotic stress such as drought, cold, high temper-
atures, and salinity. Other signaling pathways, such as the DREB-mediated pathway, also
participate in plant abiotic stress responses. Thus, abiotic stress responses may be largely
classified into two groups: ABA-independent and ABA-dependent signaling cascades [6].

PP2CAs are well-known negative regulators of ABA signaling. However, their ex-
pression is induced significantly not only during treatment with exogenous ABA, but
also during osmotic stress [20]. This phenomenon puzzled scientists for a long time and
was just explained as a feedback regulation between ABA signaling and osmotic stress
(Figure 2A,B) [21]. However, in this study we suggest that PP2CAs, induced by osmotic
stress, can activate drought-responsive regulons from the ABA-independent signaling
branch and act as positive regulators of signaling.

3.1. Nucleus-Localized PP2CAs Regulate Diverse Abiotic Stress-Related Transcription Factors

ABA-dependent signal transduction relies heavily on phosphorylation/dephosphory-
lation mechanisms of the regulatory proteins [22]. Plant genomes harbor several thousands
of kinase genes; whose products are responsible for the phosphorylation of very specific
substrates [23]. By contrast, plant genomes contain genes encoding only a few hundred
phosphatases, which might have broader substrates than kinases. PP2CAs are major
negative regulators of the ABA signaling pathway that function by dephosphorylating
SnRK2-type kinases [24].

In total, nine rice PP2CAs can be clearly divided into two groups, based on their sub-
cellular localization (nucleus and cytosol) [25]. Cytosol- or membrane-localized OsPP2CAs
might regulate the activity of several second messengers and transporters and play diverse
functions. Such PP2Cs, as for example Arabidopsis ABA INSENSITIVE1 (ABI1) and ABI2,
are the main regulators and initial signal transducers of the ABA signal [26]. However, the
six nucleus-localized PP2CAs potentially can modulate transcription factors, directly or
indirectly. Bhatnagar et al., 2017 have reported that PP2CAs can interact with OsbZIP and
directly regulate this transcription factor independently of SnRKs, suggesting that PP2CAs
can directly regulate transcription factors [27]. In addition, Mizoi et al., 2019 reported that
phosphorylation of the NRD region makes DREB2A unstable; this result raised the possi-
bility that phosphatases like OsPP2C09 may affect the stability or activity of DREBs [14].
We therefore investigated the abiotic stress responsive transcription factors DREBs during
ABA-independent signaling, although their phosphorylation status during such treatment
was obscure in this report. We propose here that one of the nucleus-localized PP2CA,
OsPP2C09, might regulate DREB1 activity. Thus, OsPP2C09 can modulate ABA-dependent
signaling as well as ABA-independent signaling reversibly.

3.2. PP2CAs Might Act as Hubs in ABA-Dependent and -Independent Signaling Crosstalk

ABA, drought, osmotic and cold stress signals all sense environmental cues via differ-
ent receptors [28]. Thereafter, the receptors transduce these signals to downstream signaling
components such as kinases, phosphatases and so on [29]. Transcriptional regulation is
finally enacted by transcription factors binding to cis-regulatory elements in the promoters
of target genes [30]. The receptor(s) for osmotic stress is not known yet, but might initiate a
faster response than the ABA signaling cascade. Even though the two signaling pathways
have largely distinct signaling components, both rely on PP2CAs, which may target sev-
eral common substrates and regulate their phosphorylation/dephosphorylation status in
response to both signals.
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In this and previous studies, PP2CAs are induced quickly by abiotic stresses and can
then activate DREBs regulons, which include ABA biosynthesis and growth regulators.
Thus, PP2CAs might act as one of the early regulators of abiotic stress responses.

After recognition of the initial osmotic stress, ABA content increases in the cell.
This rise in ABA levels may amplify the responses necessary for adaptation to abiotic
stresses, and PP2Cs may provide feedback regulation to balance stress tolerance responses
(which limit growth) and sustained growth (which limits stress responses) [6,21]. Abi-
otic stress signaling components are shared by both ABA-independent and -dependent
signaling pathways.

We hypothesize that OsPP2CAs might have several substrates in both ABA-dependent
and ABA-independent signaling, and antagonistically regulate the two signaling path-
ways. Thus, PP2CAs might function as a central signaling hub in both abiotic stress-
signaling pathways.

4. Materials and Methods
4.1. Plant Materials and Generation of Transgenic Rice

We surface-sterilized rice seed (Oryza sativa cv. Dongjin) with 70% ethanol for 30 s
and 50% bleach for 40 min, respectively. After 5 washes with distilled water, seeds were
sown on half-strength Murashige and Skoog [31] medium pH 5.8 (supplemented with 0.4%
phytagel) for 7 days under long-day conditions (16 h light and 8 h darkness) at 28 ◦C. To
generate transgenic rice, we amplified the coding sequence of OsPYL/RCAR3 (locus number
Os02g15640) or OsPP2C09 (locus number Os01g62760) via PCR from first-strand cDNAs
with specific primers (5-topo-RCAR3 and 3-RCAR3, or 5-topo-PP2C09 and 3-PP2C09, listed
in Table S2) and AccPrime TM Pfx DNA polymerase using the provided protocol. The
PCR conditions were 2 min denaturing and 35 cycles (denaturing 95 ◦C for 30, annealing
at 55 ◦C for 30 s, and extending at 68 ◦C for 40 s). The PCR products were inserted into
pENTR/D-Topo (Invitrogen, Carlsbad, CA, USA) and then transferred to the pGA2897
vector via Gateway LR recombination. The resulting pUbi:OsPYL/RCAR3 or pUbi:OsPP2C09
constructs, in which OsPYL/RCAR3 or OsPP2C09 was placed under the control of the con-
stitutive maize UBIQUITIN promoter, was transformed into Agrobacterium (Agrobacterium
tumefaciens) strain LBA4404 via electroporation. We generated transgenic rice plants using
the Agrobacterium-mediated co-cultivation method and selected the transformants based
on hygromycin resistance and before transferring them to the greenhouse (Toki et al., 2006).

4.2. Post-Germination Assays and Stress Treatment

We plated surface-sterilized dehulled seeds on half-strength MS medium supple-
mented with hygromycin (40 mg/L). Then, 3 days later, we transferred the seedlings to
half-strength MS medium supplemented with 5 µM ABA, 200 mM NaCl, 200 mM Mannitol
in square Petri dishes (125 × 125 × 20 mm). Seedling growth was measured 10 days after
transfer. This experiment was repeated three times independently.

4.3. RT-PCR and Quantitative PCR

For RT-qPCR analysis, we synthesized first-strand cDNAs from 5 µg total RNA using
SuperScript III reverse transcriptase (Invitrogen, Carlsbad, CA, USA) using the provided
protocol. A 1:40 dilution of the cDNAs was used for RT-qPCR. The amplification parameters
were as follows: 15 min of denaturation and enzyme activation at 95 ◦C; followed by
40 cycles of 95 ◦C for 5 s, 60 ◦C for 15 s, and 72 ◦C for 30 s; with a final step performed at
65–95 ◦C (1 ◦C/s) for melting curve analysis. The amplified signals were detected using a
MyiQ real-time PCR system (Bio-Rad Laboratories, Hercules, CA, USA) using SYBR Premix
Ex TaqTM (TOPrealTM qPCR 2X PreMix, www.enzynomics.com, Yuseong-gu, Daejeon,
Korea). The data were normalized based on the expression of rice UBIQUITIN5, and the
relative gene expression was analyzed using the 2−∆∆Ct method or the 2−∆Ct method.
Primer sequences used for RT-qPCR analysis are listed in Table S2.
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4.4. Luciferase Assay Using Rice Protoplasts

We isolated rice protoplasts using the protocol described by Kim et al., (2015). For the
luciferase assay, firefly luciferase (fLUC) and renilla luciferase (rLUC) plasmids and effector
plasmids were introduced into purified rice protoplasts as previously described [32]. We in-
troduced all plasmid DNAs (5 µg of pRab16a:fLUC, pABRE-DRE:fLUC, or pDRE:fLUC with
0.5 µg of pUbi:rLUC (transformation control) and indicated effector plasmids) into rice pro-
toplasts by the PEG transfection method. After 15–20 h incubation, fLUC and rLUC activity
was detected using a dual-luciferase assay kit (Promega, Madison, WI, USA) and a GloMax
96 Microplate Luminometer (Promega, USA), according to the manufacturer’s‘instructions.

4.5. Subcellular Localization and BiFC

To observe interactions between proteins using bimolecular fluorescence complemen-
tation (BiFC), we introduced gene fragments into pENTR-D-TOPO vectors (Invitrogen,
Carlsbad, CA, USA) and then transferred them to their destination vectors by LR recom-
bination (Promega, Madison, WI, USA) [25]. pGEM-gw-VC vector was used for fusion
of Venus Carboxyl-terminus (VC) with OsDREB1A, OsDREB1B, and OsDREB1C, pGEM-
gw-VN vector used for fusion of Venus Amino-terminus (VN) with OsPP2C06, OsPP2C09,
osPP2c30, and OsPYL/RCAR3. Generated plasmids were introduced into rice protoplasts
as indicated pairs using the PEG-mediated method [32]. The ER-mCherry reporter was
used as internal control. Fluorescence signals were captured using a Leica TCS SP8 laser
scanning confocal microscope (Leica Microsystems, Wetzlar, Germany). The combination
of excitation wavelength/detection range of emission for Venus signals was 488 nm (solid
state laser)/ with a bandpass of 505–561. Signal intensities on captured images were ana-
lyzed using Leica Application SuiteX provided by the manufacturer (Leica Microsystems,
Wetzlar, Germany) with default settings (threshold 30%, background 20%).

4.6. Co-Immunoprecipitation

To perform co-immunoprecipitation experiments, we used GFP-trap (Chromotek,
Planegg, Germany) precipitate GFP-fusion proteins. All used genes were PCR-amplified
with specific primers (Table S2) and inserted into pENTR/D-topo vectors (Invitrogen, Carls-
bad, CA, USA). We then recombined these entry clones with the vectors pGEM-gw-GFP
for GFP fusions and pGEM-gw-3xHA for HA tagging [25], using LR recombination (Invit-
rogen, Carlsbad, CA, USA). The indicated constructs were introduced into rice protoplasts
using the PEG-mediated method, and the transformed protoplasts were incubated at 28 ◦C
for 20 h. Cellular extracts from transformed protoplasts extracted in immunoprecipitation
buffer (150 mM NaCl, 50 mM Tris-HCl at pH 7.5, 1 mM EDTA, 2 mM EGTA, 2 mM MgCl2,
0.5% NP40, 0.5% Triton X-100, and 1x protease inhibitor cocktail (complete ULTRA tablet,
Roche, Indianapolis, IN, USA)) were incubated with pre-cleaned GFP-trap beads at 4 ◦C
for 2 h. After 5 washes with immunoprecipitation buffer, the precipitated proteins, together
with GFP-trap, were subjected to SDS-PAGE with mid-range protein marker (Elpis Biotech,
Daejeon, Korea) and immunoblot analysis. Precipitated GFP and HA-tagged proteins
were detected with anti-GFP rabbit antibody (Life Technologies, Carlsbad, CA, USA) and
anti-hemagglutinin (HA) rat antibody (Roche, Indianapolis, IN, USA), respectively.

4.7. Transcriptome Analysis

For the transcriptomic analysis, we prepared the total RNA from 14 day-old plants
grown on 1/2 MS medium. C18 (OsPP2C09-overexpressing plant) and its control Dongjin
plants were prepared with or without ABA or mannitol treatment for 24 h. Total RNA was
extracted from shoots and purified using the RNeasy Mini Kit (Qiagen, Hilden, Germany).
Quality control was conducted with the Agilent Technologies 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA). The libraries for sequencing were prepared using
a TruSeqRNA Sample Prep Kit v2 (Illumina, San Diego, CA, USA), following the manu-
facturer’s instructions. The sequencing of the libraries was performed using a HiSeq 4000
system (Illumina, San Diego, CA, USA) generating single-end 101-bp reads. The trimmed
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reads were mapped to IRGSP (v. 1.0) and assembled into transcripts. The read counts
were determined using the StringTig program, and then normalized with the DESeq2
program [33]. The promoter sequences of upregulated genes were obtained from The Rice
Annotation Project Database annotated data on OsNipponbare-Reference-IRGSP-1.0. The
motifs searches were performed in http://meme-suite.org/tools/ame with indicated con-
ditions [19]. The heatmap image was constructed with MeV program [34]. The graphs were
constructed using GraphPad Prism6 program (GraphPad Software, San Diego, CA, USA).
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-0067/22/1/393/s1. List of Supplemental Data: Table S1. List of 2fold upregulated genes. Table S2.
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Phylogenetic trees of ABA receptors and phosphatases. Figure S2. A30 plants (overexpressing
OsPYL/RCAR3) and their tolerance to abiotic stress. Figure S3. ABA-independent interaction of
OsPYL/RCAR3 and OsPP2Cs. Figure S4. Search for OsDREB expression in microarray data base.
Figure S5. Subcellular localization of OsPYL/RCAR3 and OsDREB1s.
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Abbreviations

Abfs Aba-responsive element (abre)-binding factors
Abi1 Aba insensitive1
Abre Aba-responsive element
Dre/crt Dehydration-responsive element/c-repeat
Dreb Dehydration-responsive element binding factor
Drip1 Dreb2a-interacting protein1
Fpkm Fragments per kilobase million
Gfp Green fluorescent protein
Grf7 Growth-regulating factor7
Hos1 High expression of osmotically responsive gene1
Ice1 Inducer of cbf expression1
Pp2cas Clade a type 2c protein phosphatases
Pyr/pyl/rcar Pyrabactin resistance1/pyr-like/regulatory component of aba receptor
Snrk Snf1-related serine/threonine-protein kinase
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Abstract: Environmental stresses have driven plants to develop various mechanisms to acclimate in
adverse conditions. Extensive studies have demonstrated that a significant reprogramming occurs in
the plant transcriptome in response to biotic and abiotic stresses. The highly conserved and large
multi-subunit transcriptional co-activator of eukaryotes, known as the Mediator, has been reported to
play a substantial role in the regulation of important genes that help plants respond to environmental
perturbances. CDK8 module is a relatively new component of the Mediator complex that has been
shown to contribute to plants’ defense, development, and stress responses. Previous studies reported
that CDK8 module predominantly acts as a transcriptional repressor in eukaryotic cells by reversibly
associating with core Mediator. However, growing evidence has demonstrated that depending on
the type of biotic and abiotic stress, the CDK8 module may perform a contrasting regulatory role.
This review will summarize the current knowledge of CDK8 module as well as other previously
documented Mediator subunits in plant cell signaling under stress conditions.

Keywords: CDK8 module; Mediator subunits; biotic stress; abiotic stress; cell signaling

1. Introduction

In order to perceive and respond effectively to environmental stresses, plants have
developed sophisticated signaling transduction pathways that induce gene expression
changes via a complex network of transcription factors (TFs). Phytohormones of abscisic
acid (ABA), jasmonic acid (JA), ethylene (ET), and salicylic acid (SA) are known to have
extensive crosstalk with other hormones of auxin, brassinosteroid (BR), cytokinins, and
gibberellic acid in plant stress response [1,2]. More than 1500 TFs in Arabidopsis have
been reported to orchestrate the transcriptional control of abiotic stress responses [3]. The
regulation of transcription in plant involves RNA polymerase II (RNA Pol II), general TFs,
transcriptional activators/repressors, as well as co-regulators such as Mediator. Mediator
was initially studied in yeast and subsequently identified to be critical for RNA Pol II-
regulated transcription in eukaryotes including mammalian cells and plants through
biochemical purification and comparative genomics [4,5].

The Mediator is an evolutionarily conserved large protein complex with multiple
components called subunits that transfers upstream regulatory information from activators
and repressors to the basal transcriptional machinery in the downstream pathway. A
number of Mediator subunits have been identified to play critical roles in plant defense,
adaptation, growth and development [6]. More subunits (25–35) are constituted in the
Mediator of plant and mammalian cells than in yeast [7]. Mediator subunits of plants have
been revealed to involve in various stress-response pathways through genetic analyses.
There is also a fourth regulatory kinase module consisting of two Mediator subunits
known as MED12 and MED13 as well as a separable kinase unit made up of CDK8 (cyclin-
dependent kinase 8) and a C-type cyclin (CycC). CDK8, as its full name implies is a
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cyclin-dependent kinase and it along with its associated cyclin, CycC, also referred to
as the kinase or CDK8-cyclin C module. The whole kinase module is an integral part of
the Mediator complex. Studies have indicated that the protein components of the CDK8
kinase module may act as a both positive and negative transcription regulator in cells
since CDK8 module was reported to act as a repressor to Mediator when bound to the
complex [8,9]. However, there were situations when the CDK8 module worked as an
activator on certain genes [10,11]. In plants, the kinase module was initially viewed as a
predominant transcriptional repressor in eukaryotic cells by reversibly associating with the
core Mediator. Later, evidence that supports the positive regulatory roles of CDK8 module
in plants’ transcription has also appeared. In fact, the subunits of MED12 and MED13 were
reported recently to serve as conditional positive gene regulators in Arabidopsis [12–14].
Likewise, the CDK8 subunit is capable of recruiting different TFs to RNA Pol II to regulate
multiple signaling pathways in yeast and eukaryotic cells including plant cells [15]. The
general working model for the signaling role of CDK8 and other Mediator subunits in
plants during biotic and abiotic stresses are illustrated in Figure 1.
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Figure 1. The regulatory functions of Mediator complex in biotic and abiotic stress responses. Biotic
and abiotic stresses trigger the plant hormones of ethylene (ET), jasmonic acid (JA), salicylic acid (SA)
and abscisic acid (ABA) to activate signaling transduction pathway. A number of transcription factors
(TFs) transmit these messages to the transcriptional machinery in the nucleus. Mediator complex
functions as a bridge between TFs and RNA polymerase II to precisely regulate the transcription of
stress responsive genes.

Arabidopsis CDK8, also named HUA ENHANCER3 (HEN3), was first reported for its
regulation of floral organ identity. Thus, it was suggested to contribute to cell differentiation
in a multicellular organism [16]. CDK8 was later found to interact with Arabidopsis LEUNIG,
a transcription co-repressor [17]. Another name for Arabidopsis CDK8 is CDKE1 (cyclin-
dependent kinase E1). Studies on the Arabidopsis regulator of alternative oxidase 1 (rao1)
mutant which carries a mutation in CDKE1 further documented that CDKE1 regulates
mitochondrial retrograde signaling under H2O2 and cold stress [18]. Moreover, CDK8
has been indicated to contribute in drought stress regulation recently. In terms of plant
immune responses, Arabidopsis CDK8 was reported to perform a contrasting regulatory
role [19]. Each subunit of the Mediator complex appears to specifically respond to various
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environmental conditions to different degrees. The significance of the reported subunits,
particularly in the CDK8 module, are being explored next for their signaling involvement
in biotic and abiotic stresses [20].

2. The Role of Mediator Subunits in Biotic Stress Regulation

When plants encounter biotic stress such as pathogen infection, they must either
activate and/or suppress many genes. It has been documented that more than 620 genes
were induced by common necrotrophic fungi such as Botrytis cinerea or Alternaria brassici-
cola [21,22]. Undeniably within minutes after infection, significant transcriptional repro-
gramming occurs [23,24]. In fact, an extensive number of genes such as lignin synthesis
for cell wall fortification, defense proteins that attenuate infection, as well as antimicrobial
secondary metabolite production, were induced in plants when a pathogen is sensed. TFs
including WRKY33, MYC2, ethylene response factor1 (ERF1), ethylene-insensitive3 (EIN3) along
with a few activators are important for defense gene induction as well as resistance to
pathogens [25,26].

Since Bäckström et al. isolated the plant Mediator from Arabidopsis back in 2007 [27],
Mediator has been established as an essential component of plant defense and development.
Its subunit of MED21 was determined by Dhawan et al. to have a role in necrotrophic
pathogen defense [28]. MED25, also called PHYTOCHROME AND FLOWERING TIME1,
along with MED8 were further uncovered by Kidd et al. for their involvement in plant
defense [29]. Moreover, MED25 was also identified to regulate JA and SA-induced gene
expression. In 2011, Ou et al. identified eight other TFs that have a direct interaction
with Arabidopsis MED25. Three of the identified eight genes directly recognize the GCC-
box of the promoter of Plant Defensin 1.2 (PDF1.2) gene, a gene that involves in plant
defense [30]. Other subunits including MED33a and MED33b, which correspond to the
known Arabidopsis mutants REDUCED EPIDERMAL FLUORESCENCE4 (REF4) and REF4-
RESEMBLING1 (RFR1), have been reported to regulate the phenylpropanoid pathway [31].
The phenylpropanoid pathway generates products of lignin and anthocyanin, which are
essential for plant defense as lignin fortification of cell walls curb pathogen growth [32,33]
and anthocyanins are plant pigments that possess antimicrobial activity along with free
radical scavenging properties. In fact, during pathogen infection, anthocyanins synthesis
incorporates compounds of jasmonates, ABA and sugars to support plant defense [34,35].
The accumulation of anthocyanins is affected by MED25 [29]. As can be seen from these
studies, the involvement of Mediator subunits in biotic stress is a sophisticated network of
highly interconnected systems. Mediator subunits interact with defense genes to regulate
various signaling transduction pathways that involve phytohormones as well as other
hormones that enable the strengthening of plants to fight off pathogen. At the time when
these subunits were reported for their roles in biotic stress, the involvement of CDK8
module in environmental disturbances was still unspecified, until recently when more
evidence began to emerge to show its importance [36].

3. Subunits of the CDK8 Module Play a Role in Regulating Biotic Stress

Along with the subunits of MED8, MED15, MED16, MED21, and MED25, recent
evidence about the substantial role of CDK8 module subunits in the resistance against
necrotrophic pathogens has appeared [28,37–39]. In response to pathogen infection, plants
produce different hormones such as ET, JA and SA [40]. These hormones further activate
the expression of defense-related genes. As mentioned previously, very few studies focused
on the transcriptional regulation of the CDK8 kinase module in biotic stress. In 2014, Zhu
et al. studied the roles of CDK8 subunit in immune responses of Arabidopsis [19]. Beside
CDK8, they further noted that the two other kinase module mutants, med12 and med13,
presented signs of disease responses and increased cuticle permeability that were similarly
observed in cdk8 mutant. They proposed that a shared function and structural conservation
exist among the kinase module subunits. Since their study was targeting the functional
role of CDK8 subunit in biotic stress, they did not mine into the mechanistic roles of med12
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and med13. Very recently, MED12 and MED13 have been reported for their roles in gene
regulation. MED12 and MED13 were indicated to participate in the beginning steps of
gene transcription and were identified as positive gene regulators under certain conditions.
Liu et al. performed mutations of MED12 and MED13 and discovered that they suppress
morc1-reactivated pSDC:GFP (SUPPRESSOR OF DRM1 DRM2 CMT3) [13] (Figure 2A).
Microrchidia (MORC) is a GHKL (gyrase, Hsp90, histidine kinase, MutL)-type ATPase-
containing protein that exists in both animal and plant species [41]. It was reported that
the silenced DNA methylated genes are reactivated by the mutations of MORC proteins in
Arabidopsis [42]. Apparently, MED12 and MED13 are necessary for the expression of genes
depleted in active chromatin marks, a chromatin signature shared with morc1 reactivated
loci [43].

As for the subunit of CDK8, Zhu et al. have elucidated the functions as well as the
underlying molecular and biochemical mechanisms of the Mediator subunit CDK8 in plant
defense. An extensive amount of work has been performed to unfold a contrasting defense
function of CDK8 to two necrotrophic fungi of A. brassicicola and B. cinerea. Both fungi
share similar mechanisms of pathogenesis, virulence, and modes of nutrition. In their
investigation of Arabidopsis’ biotic response to A. brassicicola, they pointed out that CDK8
regulates the expression of defensin genes including PDF1.2 and several Ethylene Response
Transcription Factors (ERFs) which are reported for disease resistance [19]. This finding
was consistent with the observation that ERF1- and OCTADECANOID RESPONSIVE
ARABIDOPSIS AP2/ERF59 (ORA59)-dependent activation of PDF1.2 expression requires
CDK8 [44] (Figure 2B). Since an interaction was found between CDK8 and MED25, it
was suggested that CDK8 regulates plant immunity through a JA-dependent pathway.
Simultaneously, CDK8 contributes to Arabidopsis’ resistance to A. brassicicola through direct
regulation of AGMATINE COUMAROYLTRANSFERASE (AACT1) transcription. AACT1
is involved in the biosynthesis of a class of secondary metabolites called hydroxycin-
namic acid amides (HCAAs) (Figure 2C), which are known for their functions in fungal
resistance [19]. Therefore, Arabidopsis would fail to induce critical defense responses
without CDK8.
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expression to downregulate cuticle biosynthesis through interacting with WIN1, which binds to the 
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Figure 2. The regulatory functions of CDK8 module in biotic stress response. (A) MED12 and MED13 reactivate the
expression of a silenced DNA methylated SDC gene regulated by MORC1. (B) CDK8, MED12 and MED13 subunits interact
with ERF1/ORA59 to regulate the expression of PDF1.2. (C) CDK8 is involved in the induced expression of AACT1 to
regulate the biosynthesis of HCAAs for biotic stress response. (D) CDK8 represses the (ECERIFERUM) CER1 and CER6 gene
expression to downregulate cuticle biosynthesis through interacting with WIN1, which binds to the GCC/DRE-box [45]. (E)
CDK8 subunit integrates SA signaling through activating the expression of ICS1 and EDS5. (F) CDK8, WRKY6, WRKY18, and
NPR1 form a complex to regulate the expression of pathogenesis-related (PR) genes. Light gray indicates the CDK8 kinase
module, yellow indicates the head module, green indicates the middle module, and dark gray indicates the tail module.
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Despite their discovery of the positive regulatory role of CDK8 in plant immunity,
they also uncovered another interesting finding that shows cdk8 mutant exhibits enhanced
resistance to B. cinerea. Changes in the cuticle structure and permeability of the cdk8 mutant
were noticed [19]. Therefore, they suggested that the increased cuticle permeability and
altered cuticle structure are factors that influenced the cdk8 mutant’s biotic resistance as
cuticles are related to plants’ improved resistance to B. cinerea [46,47]. To test this hypothesis,
they investigated if CDK8 could interact with WAX INDUCER1 (WIN1) which is an ERF
family protein known for cuticular wax biosynthesis regulation. In fact, they found that an
interaction occurs between CDK8 and WIN1, which indicates that CDK8 is also involved in
cuticle development (Figure 2D). Additionally, they observed that the expression of CDK8
that was defective in phosphorylation activity failed to rescue the susceptibility of the cdk8
mutant to A. brassicicola while the mutant’s resistance to B. cinerea was restored to the wild
type (WT); indicating two differential functions of CDK8 in response to different strains of
fungi. They also noted a strong interaction of CDK8 with two CycCs, thereby supporting
an evolutionarily conserved structure of the kinase module in plants [19]. Their overall
results from their study have revealed that the Mediator subunit CDK8 as well as the CDK8
module possess multiple regulatory roles in plant defense and development.

It has been revealed that CDK8 mutations diminished the plant’s resistance against the
necrotrophic fungus B. cinerea. CDK8 was also demonstrated to interact with MED25 to play
a role in the JA signaling [19]. In 2019, another piece of evidence about the subunit CDK8’s
role in biotic stress has emerged. Huang et al. discovered CDK8 through a suppressor
screen that used the triple mutant of camta1/2/3 (calmodulin-binding transcriptional activator).
Similar to the Mediator complex, CAMTAs are evolutionarily conserved in multicellular
eukaryotes in which their roles in transcriptional activity of plants are controversial [48].
They discovered that the mutation of cdk8 partially suppresses autoimmunity mediated by
camta1/2/3 which includes enhanced resistance against Hpa Noco2 and SA accumulation
levels. Hence, they suggested that CDK8 positively regulates SA accumulation and sys-
temic acquired resistance (SAR) in Arabidopsis. SA is a phytohormone that participates in
diverse immune responses including SAR, local defense, and effector-triggered immunity
(ETI) whereas SAR is a form of plants’ systemic immune response that becomes activated
in uninfected distal parts of plants when a local pathogen infection is detected [49]. SA
accumulation is reported to be triggered in both infected and distal tissues after an in-
fection occurs. The study further indicated that CDK8 subunit positively regulates these
roles through increasing the expression of SA biosynthesis genes of ICS1 (Isochorismate
Synthase 1) and EDS5 (Enhanced Disease Susceptibility 5) as the expression of these two genes
was compromised in cdk8 mutants, preventing the plants to perform immune defense
(Figure 2E) [50,51].

Chen et al. later showed that NONEXPRESSER OF PATHOGENESIS-RELATED
GENES (NPR1) interacts with CDK8 as well as with WRKY DNA-BINDING PROTEINs
such as WRKY18 to induce the expression of PATHOGENESIS-RELATED (PR) genes to pro-
mote defense responses in Arabidopsis [52]. Additionally, SA was indicated to substantially
promote the interactions of these proteins to trigger immune response. NPR1 has been
recognized as a master regulator of SA-mediated local and systemic plant immunity due
to its control of the expression of over 2000 genes [53,54]. SAR was found to be included
in the cdk8 and CDK8-associated Mediator mutants. The reduced expression of NPR1
and NPR1-dependent defense genes was observed as well in these mutants compared to
WT. CDK8 positively regulates the expression of NPR1 through the interaction with both
WRKY6 and WRKY18 and they are associated with the promoter of NPR1. Furthermore,
CDK8 interacts with TGACG-Binding (TGA) TFs of TGA5 and TGA7; both are associated
with the PR1 promoter to regulate PR1 gene expression. Another interesting finding about
CDK8 from their study is that CDK8 recruits RNA Pol II to the promoters and coding
regions of NPR1 and PR1 to promote their gene expression [52]. From their study, CDK8’s
contribution to plant immunity such as SAR is further established. In fact, the study
explained that CDK8 could essentially be the component that helps clarify the relationship
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between NPR1 and its activation of PR1 to initiate plant immune response (Figure 2F).
Overall, they have demonstrated that under SA influence, CDK8 links TGA TFs and NPR1
(through interacting with WRKYs) with RNA Pol II to facilitate PR1 gene expression.

4. Signaling Roles of Mediator Subunits in Abiotic Stress

ABA is a phytohormone that contributes significantly to various developmental pro-
cesses in the plant’s life cycle. The hormone plays a vital role in the plant’s response to
various abiotic stresses including drought, salt, and heat stresses. In addition to biotic
stress, Mediator complex, has also been found to serve important roles in the ABA signal-
ing transduction. MED25 was the first Mediator subunit that was documented to act in
response to ABA. MED25 was found to negatively regulate the ABA signaling pathway as
med25 mutants display an increased sensitivity to ABA during seed germination and early
seedling growth. Consistent with its negative role in ABA signaling, med25 mutant was
observed to have an increased expression of ABA-responsive genes in response to ABA
treatment compared to WT plants. The transcription of ABA-INSENSITIVE5 (ABI5), a key
TF regulating the ABA signaling during seed germination, is induced by ABA, and interest-
ingly, the ABA-induced transcription of ABI5 was suppressed in med25 mutants compared
to WT. ABI5 protein, however, accumulated at higher abundance in med25 mutants com-
pared to WT, indicating that MED25 may negatively regulate ABI5 at post-transcriptional
level. Chromatin immunoprecipitation (ChIP) experiments further indicated that MED25
was highly enriched at the promoters of ABI5 downstream genes but this enrichment
was decreased upon ABA treatment. A direct interaction was noticed between MED25
and ABI5 and this interaction was attenuated by ABA, which was in accordance with the
negative impacts of MED25 on the ABI5-regulated ABA responses [38]. MED25 may act
as a critical regulator in hormones crosstalk between JA, ethylene and ABA signaling due
to its interaction with MYC2 and several TFs in plants. In addition to MED25, the head
module subunit MED18 has also been reported to have a role in ABA signaling. Opposite
to med25, med18 mutants are more insensitive to ABA at seed germination and early growth
stages, similar to abi4 and abi5 mutants. Interestingly, the ABA-induced expressions of
ABI4 and ABI5 are much lower in med18 mutants than those in WT, suggesting that the
transcription of ABI4 and ABI5 are positively regulated by MED18. ChIP-qPCR further
revealed that MED18 is recruited to the ABI4 binding site on the ABI5 promoter under
both mock and ABA treatments [55]. The physical interaction between MED18 and TF
ABI4 further reinforces that MED18 regulates ABA response and expression of ABI5 by
interacting with ABI4. MED12 of the CDK8 module was also found recently to contribute
to abiotic stress by blocking transient gene upregulation after light treatment as it has
interactions with genes that are responsive to environmental stimuli such as light and
radiation [13].

5. Signaling Roles of CDK8 Subunit in Abiotic Stress

In 2013, Ng et al. studied cyclin-dependent kinase E1/Regulator of AOX1a 1 (CDKE1/RAO1)
to understand how the induction of alternative oxidase (AOX) is integrated into the general
regulatory context of the cell. To their surprise, CDKE1/RAO1 did not interact directly
with any other cyclin components even though CDKE1 is a cyclin-dependent kinase. rao1
mutants in the study did not show an alternation in ABI4 gene expression under normal
conditions but its gene expression was changed in a complex aox1a knock-out mutant.
In fact, they noticed that only 119 transcripts genome-wide were significantly changed
by 2.5-fold greater than the pAOX1a:LUC under normal conditions in both rao1–1 and
rao1–2 [18]. Additionally, KIN10 was found to directly interact with CDK8 to coordinately
regulate overlapping target genes in response to mitochondrial stress (Figure 3A). They
suggested this change was due to the integrated network regulated by direct phosphoryla-
tion events associated with the Mediator complex and not any secondary effect caused by
stress responsive TF dysregulation.
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They also conducted global transcriptional analyses and found that transcripts relat-
ing to both growth and stress are affected in the rao1 mutant background but in opposite
ways. It appears that CDK8 plays a role in initiating cell wide stress responses, protein
metabolism and protein synthesis, which are the essential building blocks for cell division
and growth. Photosynthetic components, however, are switched off. Their study demon-
strated that CDKE1/RAO1 has a role as it can integrate cellular responses to environmental
signals for cell division or elongation. Furthermore, they have shown that CDKE1/RAO1
essentially serves as a sensitive relay between specific stress-induced TFs that are bound
to the promoter and RNA Pol II, therefore it can directly regulate transcription under
stress [18]. In general, the study has indicated that plants can utilize CDKE1/RAO1 as a
mechanism to switch between growth and stress responses when responding to different
environmental conditions.Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 8 of 12 
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Figure 3. The regulatory functions of CDK8 subunit in abiotic stress response. (A) CDK8 cooperates
with KIN10 to control the expression of AOX1 to regulate mitochondrial retrograde signaling. (B)
CDK8 along with phosphorylated proteins of RAP2.6 and SnRK2.6 bind to the GCC/DRE-box to
initiate the transcription of ABA responsive genes in response to ABA and drought stress. Light gray
indicates the CDK8 kinase module, yellow indicates the head module, green indicates the middle
module and dark gray indicates the tail module.

Drought and cold stresses are some of the environmental challenges that prevent plant
growth and development. In order to overcome stress, plants utilize various strategies
including regulating signaling transduction pathways to respond to adverse environmental
conditions. MED16, MED25, MED14, and MED2 are notable for their roles in cold stress
regulation. At the time when these subunits were known for their involvement in abiotic
stress responses, the function of CDK8 in abiotic stress was unidentified. It was not
until 2020 that Zhu et al. reported that CDK8 positively modulates drought response
in Arabidopsis. Since CDK8 is known for possessing kinase activity, they thought that
it would be interesting to explore its potential in the ABA signaling pathway in which
phosphorylation is involved. Through utilizing genetic, transcriptomic, and biochemical
approaches, it was solidified that CDK8 associates with RAP2.6 and SnRK2.6 to positively
regulate the transcription of ABA-responsive genes (Figure 3B). From their study, they have
discovered that CDK8 mutation in Arabidopsis results in higher stomata density, impaired
stomatal aperture as well as reduced tolerance to drought. Consistently, over-expression
of CDK8 in Arabidopsis enhances drought tolerance. They have also observed improved
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cuticle permeability and thinner cutin in cdk8 mutants and, thus, they suggested that CDK8
may possibly regulate drought response through multiple mechanisms [56]. CDK8 was
revealed to have a direct interaction with ERF/AP2 type TFs WIN1 (WAX INDUCER1)
and RAP2.6 [19,56]. As mentioned previously, WIN1 is a key regulator of cuticle wax
biosynthesis and RAP2.6 is an abiotic stress responsive gene. It was very likely that CDK8
upregulates cutin biosynthesis and wax accumulation through interacting with WIN1.
Interestingly, WIN1 may also participate in abiotic stress response as its expression is
significantly induced by various abiotic stresses. Their study suggested that WIN1 can bind
to the GCC-box and DRE element sequences to activate several stress-responsive genes,
suggesting a potential function of CDK8-WIN1 interaction in drought response. Their
findings also uncovered another strategy which Arabidopsis utilizes CDK8 to cooperate
with RAP2.6-SnRK2.6 complex to facilitate the immediate transcription of stress-responsive
genes in drought.

6. Conclusions and Perspectives

When plants encounter biotic stress, they tackle the challenges using their built-in
defense mechanisms and/or triggering defense-related signaling pathways. Activation
of these responses often leads to the altered expression of various defense genes. Some of
these defense genes are responsible for cuticle formation as well as for the biosynthesis and
modification of cell wall [53,57]. Other defense genes are related to pathogenesis. Moreover,
genes involved in various hormone signaling pathways have also been reported to change
when plants respond to biotic stress [58,59]. As an essential player in the transcriptional
regulation of gene expression, it was no surprise to find that the subunits of Mediator have
connections with stress mitigation. The current reports of the core Mediator subunits along
with the CDK8 module in plant cell signaling has revealed that Mediator has contrary roles
in gene regulation when responding to stress.

The CDK8 module, consisting of CDK8, MED12, MED13 and C-type cyclins, is an
important part of the Mediator complex. This kinase module is dissociable during transcrip-
tion and thus initially considered to be a negative regulator of transcription [60]. Increasing
evidence, however, indicated that the module can also stimulate transcription [61,62],
thereby suggesting that CDK8 can both positively and negatively regulate transcription as
indicated in Table 1. It is believed that the positive regulatory roles of CDK8 in transcription
are either performed through the phosphorylation of TFs which would lead to protein
degradation in some reported cases or through the promotion of RNA Pol II elongation [63].
CDK8 was revealed to regulate plant immunity through kinase dependent and independent
functions in Arabidopsis. It is worth investigating if CDK8 may potentially interact with
Arabidopsis signal responsive1 (AtSR1)/CAMTA3 to regulate plant growth during plant
defense against pathogens as AtSR1 has been indicated to involve in the regulation of auxin-
and BRs-related pathways as well as in the suppression of genes elicited by pathogen attack
through binding to the “CGCG” containing CG-box in target gene promoters (51). Aside
from serving a role in plant immunity, Arabidopsis CDK8 module also has been shown to
play a role in abiotic stresses. Other subunits such as MED12 and MED13 in the CDK8
module are reportedly served as conditional positive regulators in biotic stress. Subunits
in the Mediator complex including MED25 contributes to drought and salt tolerance in
Arabidopsis by physically interacting with dehydration-responsive element-binding protein
2a (DREB2a), zinc-finger homeodomain protein 1 (ZFHD1), and a MYB TF through the
ACID domain [64].
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Table 1. Genes regulated by the CDK8 module in Arabidopsis.

Subunit Genes Regulation Functions Reference

CDK8 ICS1, EDS5 positive SA biosynthesis [12]
MED12, MED13 SDC positive unknown [13]

CDK8 PDF1.2, ERF positive JA-mediated plant immunity [19]
CDK8 NPR1, PR1 positive SA-mediated plant immunity [52]
CDK8 AACT1 positive Biosynthesis of defense metabolites HCAAs [19]
CDK8 CER1, CER6 negative Cuticle development [19]
CDK8 AOX1 positive Mitochondrial retrograde signaling [18]
CDK8 COR15A, RD29B, DREB2A positive ABA and drought responses [56]

More evidence is emerging regarding the signaling roles of Mediator subunits in
biotic and abiotic stresses. The involvement of these subunits in plant defense indicates
the capability of the Mediator to accommodate new pathogen resistances in plants. Not
only that, recent reports about these subunits in abiotic stresses also indicate the ability
of Mediator to assist plants in acclimating in harsh environment [64,65]. The diverse
roles depicted about the Mediator, especially its potential with various TFs interaction
in regulating abiotic and biotic stress signaling, suggested a unique capacity of plants
to recognize new factors to generate effective responses to adverse conditions. Since the
subunit(s) of Mediator can interact with various TFs, it is comprehensible to see it serving
as a hub for cross-linking many hormones and other signaling pathways to regulate stress
responses. It is very possible that the subunits within the Mediator will cooperate with
each other when the plants face new environmental challenges. Moreover, the function of
Mediator subunits that respond to biotic and abiotic stresses may also be expanded with
the possibility of them acquiring other new subunit(s) to recognize new regulatory proteins
in plant survival against unfavorable circumstances.
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61. Nemet, J.; Jeličić, B.; Rubelj, I.; Sopta, M. The two faces of Cdk8, a positive/negative regulator of transcription. Biochimie 2014,
97, 22–27. [CrossRef] [PubMed]

62. Conaway, R.C.; Conaway, J.W. Function and regulation of the Mediator complex. Curr. Opin. Genet. Dev. 2011, 21, 225–230.
[CrossRef] [PubMed]

63. Allen, B.L.; Taatjes, D.J. The Mediator complex: A central integrator of transcription. Nat. Rev. Mol. Cell Biol. 2015, 16, 155–166.
[CrossRef] [PubMed]

64. Elfving, N.; Davoine, C.; Benlloch, R.; Blomberg, J.; Brännström, K.; Müller, D.; Nilsson, A.; Ulfstedt, M.; Ronne, H.; Wingsle, G.;
et al. The Arabidopsis thaliana Med25 mediator subunit integrates environmental cues to control plant development. Proc. Natl.
Acad. Sci. USA 2011, 108, 8245–8250. [CrossRef]

65. Crawford, T.; Karamat, F.; Lehotai, N.; Rentoft, M.; Blomberg, J.; Strand, Å.; Björklund, S. Specific functions for Mediator complex
subunits from different modules in the transcriptional response of Arabidopsis thaliana to abiotic stress. Sci. Rep. 2020, 10, 1–18.
[CrossRef]

224



 International Journal of 

Molecular Sciences

Review

ROS and Ions in Cell Signaling during Sexual
Plant Reproduction

Maria Breygina * and Ekaterina Klimenko

Department of Plant Physiology, Biological Faculty, Lomonosov Moscow State University,
119991 Moscow, Russia; kleo80@yandex.ru
* Correspondence: breygina@mail.bio.msu.ru; Tel.: +7-499-939-1209

Received: 25 November 2020; Accepted: 10 December 2020; Published: 13 December 2020

Abstract: Pollen grain is a unique haploid organism characterized by two key physiological processes:
activation of metabolism upon exiting dormancy and polar tube growth. In gymnosperms and
flowering plants, these processes occur in different time frames and exhibit important features;
identification of similarities and differences is still in the active phase. In angiosperms, the growth
of male gametophyte is directed and controlled by its microenvironment, while in gymnosperms it
is relatively autonomous. Recent reviews have detailed aspects of interaction between angiosperm
female tissues and pollen such as interactions between peptides and their receptors; however,
accumulated evidence suggests low-molecular communication, in particular, through ion exchange
and ROS production, equally important for polar growth as well as for pollen germination. Recently,
it became clear that ROS and ionic currents form a single regulatory module, since ROS production
and the activity of ion transport systems are closely interrelated and form a feedback loop.

Keywords: pollen germination; pollen tube growth; ROS; ions; plant reproduction

1. Introduction

Reactive oxygen species (ROS) in plant tissues are a universal regulatory element associated
with various signaling systems, such as phospholipids, calcium, and ROP (Rho of plants) GTPases.
The participation of ROS in intercellular cross-talk and morphogenesis at the cellular level, for example,
during stomatal movements, zygote polarization, and root hair growth, has been convincingly
shown [1–4].

Sexual reproduction in plants has been extensively studied since this area has both fundamental
and practical significance. Most of the data on male gametophyte germination was obtained in vitro,
since pollen cultivation is an accessible and convenient technique that allows one to simplify the
experimental system. However, recently, many studies have focused on the interaction (1) between
gametophytes and (2) of male gametophyte with female tissues of sporophyte [5–7]. In this case,
regulatory factors found in vitro are tested for in vivo efficacy, mainly using genetic approach and
improved fluorescence techniques. A lot of attention is paid to the interactions of peptides with
their receptors which provide the control of pollen tube growth by female tissues [8]. However,
the accumulated evidence suggests also low-molecular communication between sporophyte tissues
and pollen, in particular, through ion exchange and production of ROS [6,7]. The ability of pollen
grains to respond to changes in ionic environment was discovered around 45 years ago [9], and recently,
it became clear that ROS and ionic currents form a single regulatory system, since ROS production and
the activity of ion transporters are tightly interrelated [10,11].
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2. Pollen Germination

2.1. ROS Production as an Early Event during Germination

When a dry, dormant pollen grain lands on a stigma or on the scales of a female cone, it rehydrates
and gradually switches to active metabolism [12]. One of the first physiological changes, apparently,
is ROS production, since NBT staining reveals ROS in the aperture area already after 5 minutes
of in vitro pollen incubation in kiwi [13]; staining of non-germinated tobacco pollen grains with
ROS-sensitive dyes displays their apoplastic and mitochondrial localization [14]. ROS production
has also been described in non-germinated pollen grains of Arizona cypress [15]. Mitochondrial
ROS production must be tightly controlled, as its excess, for example, in defective pollen leads to
cell death and, as a consequence, to cytoplasmic male sterility (CMS) [16]. The involvement of ROS
in pollen abortion has been reported for many cytoplasm male sterile crop varieties, for example,
cotton [17], pepper [18], and rice [19]. In these cases, excessive ROS production was associated
with reduced abundance of superoxide dismutase (SOD), ascorbate peroxidase (APX), catalase [19],
and peroxisomal-like protein [17] in mitochondria.

Besides their generation in mitochondria, ROS in pollen are produced on the plasma membrane
of vegetative cell and can be accumulated in the apoplast. ROS release from pollen grains in vitro was
recorded after 20 minutes in tobacco and kiwi [13,14] and after 10 min in spruce [20]. In these cases,
ROS production was associated with NADPH oxidase, since its inhibitor DPI (diphenyl iodonium)
suppressed ROS accumulation in the germination medium [14,20] and ROS synthesis in pollen
grains [13,15]. In Arabidopsis pollen, two isoforms of plasma membrane NADPH oxidase are involved
in ROS synthesis: RbohH and RbohJ (respiratory burst oxidase protein homolog) [21]. Cytochemical
analysis of pollen grains germinating on stigma showed that double mutants rbohH,J lack H2O2

accumulation in the apoplast, which is typical for wild-type pollen [22]. SOD and MnTMPP (ROS
quencher that mimics the activity of SOD and catalase) severely reduce pollen germination efficiency in
blue spruce [20]. A negative effect has been also reported for cypress [15]. In angiosperms, the situation
is, apparently, more complicated than in conifers since the balance of ROS production/elimination
largely depends on pistil tissues. Thus, in tobacco, low concentrations of ascorbic acid and DPI reduce
ROS content in pollen, but stimulated germination as well as MnTMPP [23]. This data indicates that
the level of ROS produced by tobacco pollen is excessive relative to optimal. However, no such effect
was observed in kiwi; all investigated concentrations of antioxidants blocked pollen germination [13].
Taken together, the facts described indicate the importance of endogenous ROS and, in particular,
NADPH oxidase-derived ROS during initial germination stages in both angiosperms and conifers.

During in vivo germination in Arabidopsis, ROS synthesis is very important already at the stage of
pollen grain hydration [24]. Snf1(sucrose nonfermenting 1)-related kinase1 protein kinase complex
belongs to a family of highly conserved serine/threonine kinases and is involved in pollen, embryo,
seedling and organ development regulation as well as in sugar, stress and hormonal signaling. It turned
out that the mutant lacking subunit KINβγ of SnRK1 protein complex simultaneously exhibit a reduced
level of endogenous ROS and hydration disorders, which did not appear in vitro (when water was in
excess), as well as when water was added on the stigma. The same disturbances were observed upon
overexpression of catalase, which drastically reduced the level of endogenous H2O2 in pollen [24].
Thus, a relationship was revealed between ROS production at the early germination stage and water
flow into dry pollen grains.

2.2. Changes of Ionic Status during Early Germination Stages

In parallel with ROS production, the exact time of which has not been established, since it
may differ for different species, active protein synthesis begins, and pollen starts the preparation for
polar growth, which includes significant changes in ionic homeostasis. One of the earliest events
is the release of anions from pollen grains [25]; in tobacco it begins within 2 minutes of incubation.
Other early changes include cytoplasmic pH shift towards alkaline values and hyperpolarization
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of the plasmalemma [26,27], in tobacco they occur simultaneously. Experiments with proton pump
inhibitor and activator demonstrate significance of this enzyme in triggering the early germination
stages, apparently due to the cytoplasm alkalization [27–30]. The H+-ATPase can also take part in
plasma membrane hyperpolarization, together with anion channels: suppression of their activity
blocks membrane potential (MP) shift in tobacco pollen [25].

When metabolism activation is completed, pollen grain undergoes polarization and segregation of
the germination pole (cytoplasmic zone where a pollen tube will form). This domain differs from other
zones in the arrangement of organelles: clusters of vesicles and mitochondria, which will provide the
delivery of membrane material and energy for pollen tube growth, are accumulated at the germination
pole [31]. However, some time before the polar growth is launched and cytoplasm protrusion becomes
noticeable, physiological segregation of the pole occurs, for which ionic currents are essential. In early
studies, electric currents crossing lily pollen grain were recorded, which, apparently, set the polarity
for future germination [9,32]. On Arabidopsis pollen, it was shown that 9–15 minutes after in vivo
pollination, a local increase in the intracellular calcium concentration begins in the germination pole [33];
it apparently causes NADPH oxidase activation and subsequent local ROS synthesis [21].

2.3. ROS Production on Stigma

ROS synthesis and ion currents at the early germination stage are interrelated and can stimulate
each other forming a regulatory feedback loop; however, this system may involve not only endogenous
ROS (synthesized by pollen) but also exogenous ROS coming from the sporophyte tissues. A current
hypothesis states that ROS synthesis should be considered, inter alia, as a way of activating and/or
supporting pollen germination by female tissues.

ROS are synthesized on stigmas of various (if not all) flowering plants; in total, more than
20 species from different families have been studied to date, and this property is common for all
studied species [5,34–36]. According to inhibitory experiments, the main ROS on stigma is hydrogen
peroxide [35,36]. The presence of various ROS-regulating enzymes, in particular, peroxidases [37,38],
on stigma and in stigma exudate has been widely accepted. On the other hand, in vitro pollen grain
diffusates caused the inhibition of peroxidase activity [39]. Thus, the final balance between ROS
production and elimination during in vivo germination in flowering plants is the result of a complex
interaction between sporophyte and male gametophyte, which includes both low molecular weight
components and antioxidant enzymes.

2.4. Perception of Exogenous ROS Signal by Pollen

Moderate H2O2 concentrations activate pollen germination in tobacco, while high concentrations
inhibit [23]; for kiwi, high peroxide concentrations also have an inhibitory effect [13]. In spruce,
the latter effect did not appear - the presence of ROS in a wide concentration range (0.1–2 mM) does
not reduce the germination efficiency [20]; So far, it can be assumed that during pollen germination
in gymnosperms, female tissues (cones) do not produce noticeable amounts of superoxide radical or
peroxide, and only endogenous ROS are used to activate ion currents and other physiological effects in
pollen. To confirm or disprove this hypothesis, one needs to find out if there are ROS in female cones
before and during pollination.

One of the functions performed by ROS in plant cell is the control of cell wall cytomechanics.
Moreover, while some ROS loosen the extracellular matrix, others, on the contrary, promote cross-linking
of polymers [40]. Wall loosening can occur by non-protein-mediated scission of polysaccharides
through •OH attack [41], while H2O2 can strengthen polymers via peroxidase-mediated cross-linking
of hydroxycinnamates [42]. As shown in tobacco, this function is critical for pollen grains: a shift in
ROS balance leads to impaired pollen germination. Hence, pollen grains treated with an excess of
•OH were unstable to hypotonic stress and burst, and those treated with high concentrations of H2O2

became too hard and could not launch polar growth although remained viable [23]. For gymnosperms,
ROS-mediated regulation of cell wall stiffness determines not only the germination efficiency, but also
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the pattern of pollen tubes appearance: in many species of the Pinaceae family, two tubes can appear
from one pollen grain [43,44], which, as it turned out, depends not on the availability of nutrients,
but mainly on the properties of the pollen wall regulated by ROS [43].

However, ROS functions are not limited to the cell wall. Exogenous ROS, affecting pollen
in flowering plants, can specifically activate ion channels: in protoplasts from lily pollen grains,
calcium and potassium currents are stimulated by H2O2 (100 µM) [45]; in pear pollen protoplasts
10 mM H2O2 activates the calcium current [46]. For tobacco, similar results were obtained in different
concentration range: intracellular [Ca2+] was assessed by a fluorescent method, and it clearly reacted
to peroxide already at 10 µM. The effect was abolished by calcium channel inhibitor nifedipine [47].
Another important effect was the plasma membrane hyperpolarization in H2O2-treated protoplasts
(10 µM) [47].

Thus, for angiosperms (although we can speak with confidence only of a few species), ROS, and in
particular H2O2, are an important product of female sporophyte tissues enhancing germination, causing
membrane hyperpolarization, activation of calcium currents, and, possibly, other more delayed effects.

3. Pollen Tube Growth

The pollen tube of angiosperms is characterized by an extremely rapid growth, which is supported
by physiological and structural zoning of the cytoplasm [48]. It is generally accepted to distinguish
apical, subapical, and distal domains in the pollen tube; the distal, in turn, has its own subdivisions,
based on the presence of certain organelles in it. The segregation of cytoplasmic zones is maintained due
to a set of regulatory mechanisms, including small GTPases and signaling phospholipids, which are
highlighted in a recent review [49]; here, we focus on those that have become the subject of the
present review.

Endogenous mechanisms maintaining the polar growth are conveniently studied in vitro,
but female sporophyte tissues produce a number of their own molecules that can influence tube growth
by enhancing, directing, or blocking it. In particular, the direction of tube growth can be affected by
[Ca2+], NO, and ROS in pistil tissues, and the latter can both support growth and stop it if fertilization
is undesirable [7,50,51].

3.1. Ionic Homeostasis and ROS Production in Growing Pollen Tube

The uneven distribution and activity of ion transporters cells with polar growth results in gradients
of ion concentrations and membrane potential (MP) corresponding to different cell domains (Figure 1).
Thus, [Ca2+] is highest in the apical domain [52]; pH—in subapical; concentration of anions—20 to
50 µm from the tip (Arabidopsis thaliana) [53]. MP has the lowest (relatively depolarized) value at the tip;
further along the tube length, hyperpolarization is observed [20,54,55]. At the moment, the gradient
has already been described in pollen tubes of both flowering plants (tobacco, lily) and conifers (spruce).
According to inhibitory analysis, at least H+-ATPase and anion channels take part in its maintenance,
and for spruce potassium and calcium channels are also involved. Some of these systems are sensitive
to endogenous and exogenous ROS, since the gradient changes shape in the presence of both H2O2,
antioxidants, and DPI [20,55]. Interestingly, the sensitivity of pollen tubes to hydrogen peroxide is
higher in spruce than that in lily: in spruce, depolarization in subapical region was observed already at
100 µM H2O2, while in lily the effect was observed at 500 µM, and it was hyperpolarizing. A decrease
in the endogenous ROS level in both cases led to hyperpolarization and dissipation of the gradient.
Considering these data together with the results obtained on protoplasts from tobacco pollen tubes [47],
we can conclude that MP is an indicator with high sensitivity to H2O2, which means that systems
responsible for maintaining the MP gradient can respond to both endogenous ROS, at least partially
generated by NADPH oxidase, and ROS produced by female sporophyte tissues.
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Figure 1. ROS and ion homeostasis in the regulation of pollen tube growth (simplified diagram).
Three sources of apoplastic ROS during pollen tube growth are shown: NOX in the plasma membrane
produces superoxide radical, SOD dismutates it to hydrogen peroxide; PAO produces H2O2 during
polyamine oxidation; female tissues of the sporophyte produce ROS that control pollen tube growth
in vivo. Hydrogen peroxide enters the pollen tube through aquaporins and forms apical ROS
accumulation (yellow stars). The main targets for apoplastic ROS are shown: Ca2+permeable ion
channels and K+-permeable ion channels are activated by H2O2, lateral membrane potential is
affected (apex is red (depolarized), shank is blue (hyperpolarized)). Apical calcium gradient in
the cytoplasm is shown in blue color. High [Ca2+] reduces the proton pump activity, which forms
the alkaline band (protons shown as circles). NOX—NADPH-oxidase, SOD—superoxidedismutase,
PAO—polyamineoxidase, Pas—polyamines.

In growing pollen tubes, pH gradient is maintained: pH at the tip is acidic, in the subapical zone it
rises to alkaline values due to H+-ATPase activity, and along the tube shank, pH is close to neutral [55–57]
(Figure 1). pH gradient is affected by significant alterations in ROS production/elimination balance:
in MnTMPP-treated in lily pollen tubes pH shifts towards more alkaline values, wherein the difference
between apical and subapical zones is leveled [55]; during short-term exposure to 1 mM H2O2 the
alkaline band disappears, the gradient is also leveled; lower concentrations do not affect pH [55].
The authors suggest that the observed effect in H2O2-treated tubes can be explained by the suppression
of H+-ATPase activity by high [Ca2+], since peroxide stimulates calcium channels [45] (Figure 1).
Thus, ROS directly or indirectly regulate the proton pump activity in lily pollen tubes and maintain
gradient pH distribution in the cytoplasm.

In all studied pollen tubes, there is a gradient of intracellular calcium concentration: in flowering
plants, apical [Ca2+] is two orders of magnitude higher than that in the shank [52,58]; gymnosperms
have a flatter gradient [59]. ROS production is important for maintaining normal calcium homeostasis:
in lily tubes, MnTMPP, even at low concentrations, caused a decrease in calcium concentration and
dissipation of [Ca2+] gradient [55].

Downstream of [Ca2+] and pH is the structure and dynamics of actin cytoskeleton controlled
by numerous proteins [60]. Among Ca2+-dependent actin-binding proteins, for example, profilin,
LIM domain-containing proteins, ROP-interactive and CRIB motif-containing protein1 (RIC1),
and villins should be mentioned [61]. High [Ca2+] in the tube tip supports actin remodeling and
ensures its existence in the form of sparse short filaments while low [Ca2+] in the shank area correlates
with rather thick and stable actin cables; the main mediators in this relationship are proteins from
villin/gelsolin/fragmin superfamily [60,61]; subapical actin fringe is tightly associated with the alkaline
band, presumably, via actin depolimerizing factor (ADF) and actin-interacting protein 1 (AIP1) [62,63].
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Thus, by provoking Ca2+ influx in the pollen tube tip and regulating intracellular pH, ROS can thereby
affect the actin cytoskeleton.

Since, as has been revealed in protoplasts, calcium transport is closely related to ROS production,
one might assume that ROS are also unevenly distributed in the pollen tube. This has been shown
by different methods for Arabidopsis [64,65], Pyrus [66], cypress [15], and two Picea species [20,67].
For spruce, it was shown that H2O2 accumulates in the tube apex, apparently coming from the apoplast
(where NADPH oxidase and SOD work) (Figure 1), and in amyloplasts, while most of the O•2

− is
produced in mitochondria, and the localization of the two ROS does not coincide [20].

ROS are produced in pollen tubes by RbohH and RbohJ. Both proteins located on the pollen tube
plasma membrane have EF-hands in their structure and are activated upon binding of calcium ion [21].
In tobacco, transfection with NOX-specific antisense oligodeoxynucleotides (ODNs) resulted in pollen
tube growth inhibition, which was rescued by exogenous H2O2 [68]. In Arabidopsis, rbohH,J mutants
have severe reproductive disorders. The mutant’s pollen has inhibited tube growth and impaired
calcium homeostasis [21,69]. Interestingly, mutants for calcium channel genes cngc7,8 (cyclic nucleotide
gated, non-selective, Ca2+-permeable ion channels) have phenotypes almost identical to rbohH,J,
which indicates the feedback regulation of these systems [7]. The features of the rbohH,J mutants were
revealed in vivo: in wild-type Arabidopsis plants, apoplastic ROS production in the area between the
pollen tube surface and stigma papilla was detected by histochemistry [22]. In mutants, ROS did not
accumulate; growth was impaired. Thus, endogenous ROS produced by NADPH oxidase are essential
for pollen tube growth in vitro and in vivo.

However, this enzyme is not the only source of ROS in the male gametophyte: polyamine oxidase
(PAO) in pollen can synthesize H2O2 from polyamines [70] (Figure 1). In Oryza sativa seven PAO
isoforms have been identified, and one of these, OsPAO7, is specifically expressed in anthers; OsPAO7
produces H2O2 about 100 times more efficiently than other PAO isoforms [71]. In a recent study the
relationship between polyamines and H2O2 in Arabidopsis pollen tubes was reported [65]. Such a
relationship had been previously shown for pear: the gradients of total ROS and spermidine in these
tubes coincided, and in spermidine-treated tubes (100 µM) cytoplasmic level of these substances
increased consistently [66]. It is to be noted that the same exogenously applied polyamines had
different effects on the NO/ROS levels pollen grains and tubes. Furthermore, recent studies indicate
that PAs regulate pollen germination primarily via regulating the ROS level, while tube elongation
primarily influencing the NO level [72].

Polyamines can affect ion homeostasis in plant cells, in many cases, in an indirect manner, with ROS
formation as an intermediate stage [70,72,73]. For example, upon treatment with 100 µM spermidine,
pear pollen tubes responded with a rapid [Ca2+]cyt increase, pH gradient alterations, and switch of
growth pattern [74]. The data on polyamine-induced changes in ion transport in root cells is much
more plentiful: H+-ATPase pumping activity was affected in several species, including both activation
(in rice and wheat) and inhibition (in maize) [73]. In some cases, polyamines can cause pollen damage
through excessive ROS formation, followed by activation of the antioxidant machinery, degradation of
nuclear DNA, and finally, cell death [66].

An ABC transporter carrying polyamines is involved in forming the ROS gradient early during
polar growth: short tubes of atabcg28 (ATP-binding cassette G28) mutant lack the gradient of both total
ROS and hydrogen peroxide with maximum at the tip, typical for wild type tubes [65]. It should be
noted, however, that total ROS level in this pollen is high, and normal tubes are not formed.

According to colocalization experiments with both fluorescence microscopy and TEM,
mitochondria in the pollen tube are also a source of ROS [20,75,76]; however, the role of mitochondria-
derived ROS in the regulation of polar growth is still questionable. To date, their reduced production
has been associated with loss of mitochondrial function in self-incompatible pear pollen tubes [76].
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3.2. ROS Are Involved in Signal Perception and Mediate Pollen Tube Rupture

Signals that determine pollen tube growth direction include sporophyte-derived ROS, NO,
polyamines, and peptides [6,77,78]; in many of these cases, ROS are also involved in signal
perception [50].

In tobacco pollen tubes, polyamines applied at a low concentration (10 µM) affected pollen
elongation differentially [72]: putrescine negatively regulated pollen tube elongation; spermidine
enhanced it, spermine had no effect on pollen tube growth. This influence of polyamines correlated
well with their effect on ROS and/or NO levels in pollen tube tip: high NO and low ROS levels in the
tip region of treated pollen tubes promoted while the opposite inhibited growth [72].

Recently, ROS was found to be involved in a signaling cascade triggered in response to a peptide
signal (RALF4—RAPID ALKALINIZATION FACTOR 4), which is the pistil-side control of pollen
tube growth. Exposure of tubes growing in vitro to this peptide caused a sharp increase in ROS level,
growth stimulation and prevented tube rupture [79]. On the contrary, H2O2 quenchers potassium
iodide and sodium pyruvate inhibited pollen tube growth and caused rupture. In plant lines that do
not produce LORELEI-LIKE GPI-ANCHORED PROTEINS 2/3, involved in the perception of RALF
signal, ROS level was significantly reduced, and growth was impaired. The addition of exogenous
H2O2 partially restored these disturbances [79]. One of the proposed mechanisms was the regulation
of the cell wall mechanical properties [7], since the deposition of callose and pectins in pollen tube wall
of llg2,3 mutant was disrupted [79].

Pollen tube rupture upon reaching the embryo sac is a necessary condition for sperm release
and, accordingly, for fertilization. This process is tightly controlled: recognition of the pollen tube by
synergids and subsequent perception of "permitting" signal by the tube is required [8,80]. Signal peptides
(for example, cysteine-rich peptides) and small molecules (for example, ROS), which allow synergid
cells to recognize the pollen tube, are accumulated in the filiform apparatus (FA) area. FA is a highly
thickened structure of synergids’ cell wall at the micropylar end. Pollen tube recognition at this stage
is an important barrier to interspecies crossing, since “unrecognized” pollen tube does not stop growth
and does not release sperms [5]. Recognition involves receptor kinase FERONIA (FER), a member of
the CrRLK1L (Catharanthus roseus receptor-like kinase 1-like) subfamily. It regulates NORTIA (NTA)
membrane anchoring and interacts with the GPI-anchored protein LORELEI (LRI) on the synergid
surface [7]. Lack of recognition and of the following rupture (“overgrowth phenotype”) was found in
Arabidopsis pistils with reduced ROS levels. In the FA area of the synergid, wild-type plants exhibit a
ROS production peak, which is absent in fer and lre mutants, as well as in DPI-treated pistils. In all
these cases tubes form the overgrowth phenotype and do not take part in fertilization [81]. Thus,
receptor kinase FER, as well as the LRI interacting with it, are responsible for the local ROS production,
which provokes tube rupture and sperm release. abstinence by mutual consent, amc, also has a phenotype
similar to fer, but this mutant is self-sterile, that is, the phenotype is observed only when both male
and female gamtophytes carry the amc allele. AMC encodes a peroxine involved in protein import in
peroxisomes, potentially important for ROS production during pollen tube-synergid signaling [82].

4. Conclusions

Thus, ROS are involved in the life of the male gametophyte at all stages, from hydration to the
release of sperms. On the one hand, ROS are produced endogenously, on the other, they act as a signal
from female tissues. One of the main mechanisms of ROS action is the activation of ionic currents
through the plasma membrane. Various ion transport systems exhibit sensitivity to ROS, but the
specific pattern of their activity in each of the redox states, through which the male gametophyte
passes, remains to be studied.
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Abstract: Parasitic plants have a unique heterotrophic lifestyle based on the extraction of water
and nutrients from host plants. Some parasitic plant species, particularly those of the family
Orobanchaceae, attack crops and cause substantial yield losses. The breeding of resistant crop
varieties is an inexpensive way to control parasitic weeds, but often does not provide a long-lasting
solution because the parasites rapidly evolve to overcome resistance. Understanding mechanisms
underlying naturally occurring parasitic plant resistance is of great interest and could help to
develop methods to control parasitic plants. In this review, we describe the virulence mechanisms
of parasitic plants and resistance mechanisms in their hosts, focusing on obligate root parasites of
the genera Orobanche and Striga. We noticed that the resistance (R) genes in the host genome often
encode proteins with nucleotide-binding and leucine-rich repeat domains (NLR proteins), hence we
proposed a mechanism by which host plants use NLR proteins to activate downstream resistance
gene expression. We speculated how parasitic plants and their hosts co-evolved and discussed what
drives the evolution of virulence effectors in parasitic plants by considering concepts from similar
studies of plant–microbe interaction. Most previous studies have focused on the host rather than the
parasite, so we also provided an updated summary of genomic resources for parasitic plants and
parasitic genes for further research to test our hypotheses. Finally, we discussed new approaches
such as CRISPR/Cas9-mediated genome editing and RNAi silencing that can provide deeper insight
into the intriguing life cycle of parasitic plants and could potentially contribute to the development
of novel strategies for controlling parasitic weeds, thereby enhancing crop productivity and food
security globally.

Keywords: parasitic plant; host; virulence; race; resistance mechanism; pathogen effector; evolution;
NLR; Orobanche; Striga; interaction model

1. Introduction

Parasitic plants have a unique heterotrophic lifestyle in which they obtain water and nutrients
from their hosts via an invasive root-like organ known as haustorium [1]. Parasitic plants occur in
all terrestrial plant communities and ~4500 species have been described, distributed over 28 families,
representing 1% of all dicotyledonous angiosperm species [2]. These parasites have independently
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evolved at least 12 or 13 times [3] and unprecedented horizontal gene transfer (HGT) [4] has contributed
to their taxonomic and morphological diversity [1]. Some parasitic plant species attack crops and
cause severe damage and yield losses, particularly in the Mediterranean, central and eastern Europe,
Africa, and Asia [5,6]. Most research has focused on the genera Orobanche, Striga, Cuscuta, and Viscum
(Figure 1).
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are called germination stimulants [9]. Accordingly, the inhibition of parasite seed germination is a 
primary target for parasitic weed control [10]. Almost all germination stimulants discovered thus far 
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Figure 1. Some representative parasitic plant species. (a) Triphysaria versicolor, a hemiparasite,
a photosynthetically competent species that, facultatively, parasitizes roots of neighboring plants;
(b) Orobanche cumana, holoparasite, with absolute nutritional dependence on a host, mainly parasitizes
roots of sunflower; (c) Cuscuta pentagona, holoparasite, also known as dodder, that parasitizes
aboveground tissues of both monocot and dicot hosts; (d) Striga gesnerioides, an obligate hemiparasite
that mainly parasitizes roots of cowpea.

Striga and Orobanche species are especially difficult to control in the field due to their large seed
banks and special parasitism traits [6], as well as the economic limitations in developing countries,
where these parasites are most prevalent [3]. The life cycles of Striga and Orobanche species are
similar because they coordinate with the life cycle of the host. The essential steps are germination,
radicle growth to the host root, haustorium formation and attachment to the host root, establishment of
a xylem–xylem connection, and the production of seeds [7,8]. The host–parasite interaction begins with
the secretion of chemical signals by the host roots that induce the germination of parasite seeds and are
called germination stimulants [9]. Accordingly, the inhibition of parasite seed germination is a primary
target for parasitic weed control [10]. Almost all germination stimulants discovered thus far belong to
the carotenoid-derived strigolactone (SL) family [11]. Recent studies have shown that the breeding of
crops showing limited exudation of SLs from the root is an effective strategy to achieve resistance to
Orobanche and Striga [12–14]. We, therefore, discussed low SL levels as a natural resistance mechanism
in host plants as well as biotechnological strategies to induce this trait. Other practical methods to
control parasitic plants have been extensively reviewed but are often unsuccessful in the long term
because the parasite evolves faster than the resistant host, leading to the emergence of distinct races or
pathotypes with renewed virulence [6,10,15–18].

The existence of host-specific races suggests that parasites have evolved complex mechanisms
to overcome potential host resistance, but most reviews overlook this aspect and focus on the host’s
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resistance mechanisms. Here, we considered recent examples of virulence and race evolution in
parasitic plants before looking at host resistance mechanisms in the context of canonical resistance
genes (R genes) encoding proteins with nucleotide-binding and leucine-rich repeat (LRR) domains,
often termed “NLR proteins”. We used these to develop a plausible model explaining the molecular
basis of host–parasite interactions. We also summarized current genomic resources for parasitic plants
and discussed the functions of known virulence genes and their roles in the evolution of host-specific
races of parasitic plants.

2. Virulence Evolution in the Family Orobanchaceae

2.1. Definition of Race in Parasitic Plants

In biological taxonomy, race is an informal rank below the level of subspecies that may be defined
according to any identifiable characteristic (e.g., chromosomal race, geographical race, or physiological
race), but the differences are relative rather than absolute. When we talk about race in the context of
parasitic plants it usually refers to physiological race, which means a group of individuals that do
not necessarily differ in morphology from other members of the species but have distinct physiology
or behavior. In parasitic plants, a race signifies a genotype that has the capacity to parasitize on
a certain genotype of host plant. For example, Orobanche cumana (O. cumana) races are classified
according to the resistance/susceptibility of a set of sunflower lines carrying different resistances’
genes. A new nomenclature, similar to the one used for downy mildew pathogens, was proposed [19].
A physiological race may be an ecotype (subgroup of a species that has adapted to a different local
habitat), perhaps defined by a specific food source. Parasitic plant species tied to no geographic
location often have races that are adapted to different hosts, but these are, so far, at least difficult to
distinguish genetically.

2.2. History of Race in Parasitic Plants

The family Orobanchaceae is part of the order Lamiales, which comprises annual herbs as well as
perennial herbs and shrubs. With the exception of the nonparasitic genera Lindenbergia, Rehmannia,
and Triaenophora, members of the Orobanchaceae parasitize the roots of other plants and display
all known types of plant parasitism: facultative parasitism, obligate parasitism, hemiparasitism,
and holoparasitism. Striga and Orobanche are widely studied because of their impact on agriculture.
For example, O. cumana (sunflower broomrape) causes yield losses of up to 80% [20–22]. In sub-Saharan
Africa, up to 60% of the arable land used to cultivate cereals and grain legumes is infested with one or
more Striga species [23]. Within parasitic plant species, races can be distinguished. For example, seven
races of Striga gesnerioides parasitizing cowpea (Vigna unguiculata) have been identified [24] and eight
races of O. cumana parasitizing sunflower (Helianthus annus) [25].

The race evolution history of O. cumana has been studied on sunflower and wild species of the
Asteraceae, mainly Artemisia maritime (sea wormwood) [26]. A mature O. cumana plant can produce
50,000–500,000 dust-like seeds, which remain viable in soil for up to a decade [15]. The long viability
of O. cumana seeds limits sunflower production in contaminated fields, mainly in Eastern Europe
and Asia, and is found in Spain, France, Turkey, Russia, Ukraine, Israel, Kazakhstan, and China.
The virulence or pathogenicity of O. cumana has evolved rapidly with the increasing global production
of sunflower, especially in Russia, eastern Europe, and Asia since the 1920s [19]. O. cumana races were
first discussed by local sunflower breeders in Russia in 1920 [27]: race A in the Saratov and Voronezh
regions did not attack local sunflower crops, whereas race B in the Rostov and Krasnodar regions was
highly virulent against the same sunflower variety. Since then, O. cumana has evolved quickly from
race A to race H and has parasitized local sunflower varieties for 100 years [19,27].

The dispersion of O. cumana races has been systematically reviewed [19]. However, there is no
worldwide consensus on the sunflower lines used to identify O. cumana races because different countries
and regions favor distinct sunflower lines or hybrids in local breeding practices for identification
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purposes. Therefore, it is difficult to compare results from experiments carried out in different parts of
the world for the characterization of O. cumana race structure. Race identification is usually carried out
by counting emerged shoots of O. cumana on distinct sunflower lines or hybrids.

Figure 2 represents the worldwide occurrence of race structure of O. cumana. The races E, F, and G
are formerly the most commonly reported all over the world, but races F, G, and H are now the most
prevalent in Spain and in several countries around the Black Sea, whereas races A, D, E, F, and G are
the most prevalent in China [28,29]. A new race (GKE) responsible for ~80% yield losses was identified
in Morocco in 2016 [30]. In 2017, race G was found for the first time in Portugal [31] (Figure 2).
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range of O. cumana in the worldwide regions updated to December 2019. Although different levels
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fast with the increasing production of sunflower. Letters in the figure refer to distinct virulence levels.
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3. The Mechanisms of Virulence-Specific Resistance in Host Plants

3.1. Phenotypic Aspects

The race or pathotype of parasitic plants is often determined by quantification of the infection
level. The sunflower lines 2603 and P-96 are typically used as controls because the first is susceptible
and the last is resistant to O. cumana race F [20]. Rhizotrons, pots, and field experiments were used
to characterize all sunflower recombinant inbred lines for resistance to O. cumana race F at three life
stages: (1) early attachment of the parasite to the sunflower roots, (2) young tubercle, and (3) shoot
emergence [20]. This showed that the number of healthy tubercles at stage 3 is the trait best correlating
with the number of emerged broomrape shoots in the field. Other researchers have counted the necrotic
tubercles (post-haustorial/secondary resistances) in the resistant line or the number of successfully
established radicles allowing the development of root tubercles on the susceptible line [32–34].
Another strategy to determine the successful infection by parasitic plants is to measure host plant
parameters such as height, weight/biomass, photosynthesis, leaf CO2 assimilation rates, transpiration
rate, stomatal conductance, vapor pressure deficit, and leaf carbon, nitrogen, potassium, phosphorus,
and magnesium levels [35–37]. For example, the effects of Striga on susceptible rice (Oryza sativa)
genotypes included 30–65% stunting of the main stem and the inhibition of photosynthesis and CO2

assimilation in 30-day-old plants (and even more profoundly in 45-day-old plants), whereas these effects
were not evident in resistant genotypes, resulting in high grain yields in the field [35]. Interestingly,
the comparison of susceptible and resistant sunflower varieties in response to O. cumana revealed
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no physiological differences between the infected and non-infected cohorts of the resistant cultivar
(cv) after 23–51 days of planting, including photosynthesis, transpiration rate, stomatal conductance,
vapor pressure deficit, nonphotochemical quenching, and chlorophyll levels [36]. However, significant
differences were found in the levels of the macro-elements potassium, phosphorus, magnesium,
and sulfur between the infected and non-infected plants during the early stage of parasite development.
The mineral and carbon content were higher in the broomrape infected sunflower, as compared to the
non-infected ones after 31 days of planting [35]. Sunflower leaf nitrogen content, however, was 42%
lower in broomrape-infected plants after 56 days of planting, which can be explained by the reduction
in mesophyll cells per area leaf and a delay in leaf senescence [36].

Resistance that occurs in multiple layers is often associated with the accumulation of compounds
such as H2O2, peroxidases, β-glucanase, and callose in the case of Orobanchecrenata vs. pea
(Pisum sativum), or 7-hydroxylated simple coumarins in the case of Orobanche cernua vs. sunflower [38].
To reinforce the cell wall, resistant plants deposit lignin in the endodermis and pericycle cells at the
penetration site, as seen in the cases of O. crenata vs. vetch (Vicia spp.), faba bean (Vicia faba), pea,
chickpea (Cicer arietinum) and lentil (Lens esculenta), O. cumana vs. sunflower, and Striga hermonthica
vs. rice [39–41]. Genetic analysis has also confirmed that lignification and secondary wall formation
promote resistance during incompatible interactions between cowpea and S. gesnerioides [42] and
between rice and S. hermonthica [41].

3.2. Histological Aspects

To ward off infection by parasitic plants, host plants can deploy several defense mechanisms.
The first line of defense is a physical barrier (the cuticle and cell wall) supported by the constitutive
production of metabolites that deter the invader. Successful penetration of the root cell layers and the
establishment of host–parasite vascular connections are necessary for Orobanche and Striga to survive [8].
The host can, therefore, block parasite development at the epidermis, in the cortex, at the endodermis,
and inside the central cylinder [23,43,44] (Figure 3). In rice cultivar Nipponbare, which shows strong
resistance to S. hermonthica, parasite development is inhibited at the cortex, suggesting that the host
blocks signaling pathways required for the parasite to penetrate between endodermal cells [44,45]
(Figure 4). In sunflower, the major resistance gene HaOr7 prevents the connection of O. cumana to the
sunflower root vascular system [46]
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Figure 3. Schematic illustration of the different root cell layers where resistances cans occur.
Four layers of incompatibility described in the text are presented. (I) Incompatibility expressed
after vascular connection, which was observed in Arabidopsis, cowpea, and in rice cultivar Nipponbare.
(II) Endodermis blockage, which is observed in rice cultivar Nipponbare as well as in cultivar
Koshihikari. (III) Mechanical barrier in the root cortex, observed in interaction with Lotus japonicus and
occasionally with Phtheirospermum japonicum. (IV) Incompatibility preventing attachment, observed in
interaction with P. japonicum. Parasite plant (right) and host plants (left, shown as a transverse section
of a root). Adapted from Yoshida et al. [44].
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[12]. Early studies identified host germplasm that produces lower levels of Orobanche germination 
stimulants in root exudates, yielding resistant varieties of pea, chickpea and Lathyrus spp. [32,48–51], 
faba bean [52], and sunflower [53–55]. Similarly, host germplasm that produces lower levels of Striga 
germination stimulants were identified in sorghum (Sorghum bicolor) [11] and maize (Zea mays) [56], 
and such traits have already been used to breed resistant sorghum varieties [57].  

Initially, the nature of the stimulant was unclear. To collect sunflower root exudates, seedlings 
were transferred to sterile distilled water for 1–5 weeks after germination and cultivated for three 
days before preconditioned O. cumana seeds were incubated in the root exudate solution [54,55]. In 
these experiments, the germination of O. cumana seeds was stimulated using one ppm GR24, an 
artificial SL analog. The exudates of different sunflower genotypes had different effects on the 
broomrape seedlings, indicating that chemicals in the exudates have an effect on O. cumana. The 
development of high-performance liquid chromatography connected to tandem mass spectrometry 
allows the identification of specific compounds that act as germination stimulants, revealing that the 
abundance of SLs in pea root exudate correlates with resistance [14]. Most germination stimulants 
discovered thus far are SLs, and this suggests that resistance may involve the reduced secretion of 
SLs in root exudates [58].  

Figure 4. Host resistance to parasite establishment. Transverse sections of embedded tissue of
susceptible (cv. Kasalath) and resistant (cv. Nipponbare) rice roots 3 and 21 days after inoculation with
Striga hermonthica. In the susceptible interaction, the parasite penetrates the cortex and endodermis and
connects to the xylem vessels of the host, allowing the haustorium to differentiate. In contrast, in the
resistant interaction, although the parasite penetrates the cortex, it is unable to breach the endodermal
barrier and grows around the host vascular cylinder. The parasite is unable to access host water and
nutrients and the haustorium does not differentiate and the parasite dies. The scale bar represents
0.1 mm. En, endophyte (internal part of haustorium); Hc, host root cortex; He, host endodermis; Hx,
host xylem; Hx–Px, host–parasite xylem continuity; Hy, hyaline body; P, parasite haustorium; and Px,
parasite xylem vessels. Adapted from Gurney et al. [45].

3.3. Chemical Aspects

The life cycle of parasitic plants begins when seed germination is promoted by root exudates
from a presumptive host. The inhibition of seed germination is, therefore, a key target for parasitic
weed management [47] and this can be achieved by reducing the amount of SLs exuded by host
roots [12]. Early studies identified host germplasm that produces lower levels of Orobanche germination
stimulants in root exudates, yielding resistant varieties of pea, chickpea and Lathyrus spp. [32,48–51],
faba bean [52], and sunflower [53–55]. Similarly, host germplasm that produces lower levels of Striga
germination stimulants were identified in sorghum (Sorghum bicolor) [11] and maize (Zea mays) [56],
and such traits have already been used to breed resistant sorghum varieties [57].

Initially, the nature of the stimulant was unclear. To collect sunflower root exudates, seedlings
were transferred to sterile distilled water for 1–5 weeks after germination and cultivated for three days
before preconditioned O. cumana seeds were incubated in the root exudate solution [54,55]. In these
experiments, the germination of O. cumana seeds was stimulated using one ppm GR24, an artificial
SL analog. The exudates of different sunflower genotypes had different effects on the broomrape
seedlings, indicating that chemicals in the exudates have an effect on O. cumana. The development
of high-performance liquid chromatography connected to tandem mass spectrometry allows the
identification of specific compounds that act as germination stimulants, revealing that the abundance
of SLs in pea root exudate correlates with resistance [14]. Most germination stimulants discovered
thus far are SLs, and this suggests that resistance may involve the reduced secretion of SLs in root
exudates [58].

SLs were first found in cotton (Gossypium spp.) root exudates as a potent germination
stimulant of Striga lutea [59]. Subsequent research revealed that SLs stimulate hyphal branching
of arbuscular mycorrhizal fungi [60,61], but also function as endogenous hormones to inhibit shoot
branching or tillering [62,63]. SL biosynthesis begins with all-trans/9-cis β-carotene isomerase
(DWARF27 or D27), which converts all-trans-β-carotene to 9-cis-β-carotene [64,65]. In the next
step, carotenoid cleavage dioxygenase 7 (CCD7) cleaves 9-cis-β-carotene into the volatile β-ionone
and 9-cis-β-apo-10′-carotenal [64,66]. This cis-configured intermediate is the substrate for CCD8,
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which catalyzes a combination of reactions including repeated dioxygenation and intramolecular
rearrangements to yield carlactone and the C8-productω-OH-(4-CH3) heptanal [64,67].

Carlactone is the precursor of all SLs, although the later reaction steps are not completely
understood [68,69]. In Arabidopsis thaliana, carlactone is converted into carlactonoic acid by the
cytochrome P450 monooxygenase MORE AXILLARY GROWTH 1 (MAX1), followed by methylation by
an unknown enzyme and hydroxylation by lateral branching oxidoreductase into a yet unidentified
SL [70,71]. In rice, MAX1 homologs convert carlactone into 4-deoxyorobanchol and orobanchol [72,73].
The biosynthesis and transport of SLs was reviewed in detail [69].

It is currently unclear whether the germination of parasitic plants involves additive, synergistic,
and/or antagonistic effects in response to the usually multiple germination stimulants produced
by their hosts. There is evidence that germination stimulants are involved in species-dependent
and race-specific effects because the synthetic SL GR24 induces germination up to ~70–90% in
Orobanche ramosa, O. cumana, and O. minor, but only up to ~50% in S. hermonthica [74,75]. In vitro
bioassays with O. minor seeds revealed that the activity of 1 µM heliolactone is similar to that of GR24
after 24–72 h (75% germination) but only ~25% of O. cumana seeds germinated, suggesting additional
compounds may be required for the latter species [76–80]. Moreover, additive or antagonistic effects
were observed between two SLs [81]. For example, strigol and orobanchol together germinate 24% of
O. cumana seeds, while orobanchol alone induces 64% germination of O. cumana [81].

More evidence of host-dependent parasite germination comes from the analysis of SL biosynthesis
in different hosts. The first step, the formation of carlactone, is common to all hosts, but the next
steps are species-dependent. In many species carlactone is converted to carlactonoic acid, for example,
carlactonoic acid is converted into methyl carlactonoate and then converted into heliolactone in
sunflower [72], while in rice carlactonoic acid is converted to 4-deoxyorobanchol [73]. Carlactonoic acid
is the precursor for strigol in moonseed, for sorgomol in sorghum, and for strigol in cotton [72,82].

The analysis of SLs in autotrophic plants such as Arabidopsis has revealed that the receptor
for endogenous strigolactones in nonparasitic plants is encoded by DWARF 14 (D14), while the
strigolactone receptor in root parasitic plants, responsible for the detection of host strigolactones,
is encoded by HYPOSENSITIVE TO LIGHT/KARRIKIN INSENSITIVE2 (HTL/KAI2) [83–86]. Intriguingly,
genes encoding strigolactone biosynthetic enzymes as well as the receptor D14 have also been identified
in parasitic plants [87]. Several HTL/KAI2 strigolactone receptors from parasitic plants have been
functionally characterized [88–92]. For example, ShHTL7 (Striga hermonthica HTL protein) is found to
be a very sensitive SL receptor that binds with several natural strigolactones [88].

3.4. Genetic and Genomic Aspects

3.4.1. R Genes against Orobanche cumana

Genetic studies related to the virulence/race of O. cumana have been poorly described. However,
an avirulence gene interacting with Or5 resistance gene in sunflower (see below) was characterized [93]
and was mapped [94]. The O. cumana genome sequence will help to identify the avirulence genes [95].
The sunflower genes Or1, Or2, Or3, Or4, Or5, and Or6 confer resistance to O. cumana races A, B, C, D,
E, and F, respectively, and are inherited as single dominant alleles [96–98]. Resistance to race F has
also been associated with two recessive alleles [91], two partially dominant alleles [99], and multiple
quantitative trait loci (QTLs) [19]. Preliminary results suggest that resistance to race G may be conferred
by a single dominant allele [100] or a single recessive allele [101]. However, all these studies used
traditional crosses to determine whether the resistance gene is transmitted in a dominant or recessive
manner, with no indication of the candidate genes or their potential functions. The sequencing of the
sunflower genome should help to identify resistance genes [102].

The genomic location of an O. cumana resistance gene in sunflower was recently verified by bulk
segregant analysis combined with genotyping-by-sequencing technology. Two major QTLs associated
with resistance were resolved to sunflower chromosome 3 (or3.1 and or3.2) and the former maps to
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the same region as Or5 (conferring resistance to race E) whereas the latter is associated with markers
of resistance to race G. Exploration of the first region (31.9–38.48 Mb) revealed 123 candidate genes,
including a known disease resistance gene (HanXRQChr03g0065841) encoding an oxygen-dependent
choline dehydrogenase and FAD/NAD(P)-binding domain [103]. The second region (97.13–100.85 Mb)
contained 71 candidate genes, including one with an NLR domain (HanXRQChr03g0076321) that
is often found in resistance gene (R) products [104], such as the Arabidopsis R proteins RPM1 and
RPS5 [105]. The sunflower orthologs of PRM1 and PRS5 are both induced in the O. cumana-resistant
cultivar JY207 following inoculation with the parasite, but there is no change (or even a slight fall)
in the susceptible cultivar TK0409 compared to non-inoculated controls [40]. The HaOr7 resistance
gene to race F from Spain was identified by a map-based cloning approach and encodes a receptor-like
kinase [46].

3.4.2. R Genes against Striga gesnerioides

Another well-studied example of race evolution in parasitic plants is S. gesnerioides (Figure 1d),
which has multiple races that significantly affect cowpea production in sub-Saharan Africa [106].
Crossing and backcrossing experiments among resistant and susceptible cowpea cultivars indicated a
monogenic resistance locus with a dominant inheritance pattern [107–109]. This led to the proposed
designations of Rsg1, Rsg2, and Rsg3 for the genes present in cowpea cultivars B 301, IT82D 849,
and SUVITA-2, respectively [18]. Later studies in cowpea identified amplified fragment length
polymorphism markers tightly linked to different race-specific S. gesnerioides resistance genes [110]
and the microsatellite/simple sequence repeat marker SSR-1 co-segregating with S. gesnerioides race 3
(SG3) resistance [111], which was ultimately identified in a cowpea gene-space sequence read [112].
The gene was named RSG3-301 (resistance to S. gesnerioides race 3 in cowpea cultivar B301) and was
shown to encode an R protein with an NLR domain [113]. When RSG3-301 expression is knocked down
by virus-induced gene silencing (VIGS) in the multirace-resistant cowpea cultivar B301, S. gesnerioides
can invade the endodermis and establish xylem–xylem connections with the host vascular system [113],
suggesting that S. gesnerioides may interfere with the regulation of NLR proteins to overcome host
plant defenses.

Recently, a transcriptome study focusing directly on parasitic plants rather than their hosts has
revealed that candidate haustorium-specific genes in T. versicolor and S. hermonthica are significantly
enriched for aspartyl protease, peroxidase, and NLR protein domains [114]. Moreover, a novel decoy
effector SHR4z was recently identified from the haustorium of S. gesnerioides that can suppress the
hypersensitive response in host cowpea plants to boost parasite growth. SHR4z has significant
homology to the short LRR domain of somatic embryogenesis receptor kinase (SERK) proteins and
functions by binding to VuPOB1, a positive regulator of the hypersensitive response [115].

3.4.3. Virulence Genes in Parasitic Plants

Parasitic plants are more complex organisms than microbes and pathogens. Parasitic plants could
possess specific proteins involved in virulence and they must be considered as pests because they also
induce diseases in a host plant [116]. Insight into the distinction between virulence genes (pathogen
effectors) and host resistance genes could be gained by genome annotation, transcriptome sequencing,
and the functional classification of single nucleotide polymorphisms to determine the roles of specific
gene families. The O. cumana genome encodes 221 proteins with an LRR domain [102]. These genes
are also annotated according to the presence of other domains (e.g., L domain, FBD domain, or F-box
domain) and according to predicted molecular and cellular functions (e.g., ATP binding, cell wall
organization, or oxidoreductase activity). Combined with the S. gesnerioides transcriptome analysis
discussed above, showing that haustorium genes are also enriched for LRR domains [114], we can
begin to see the outline of a process in which parasitic plants overcome host resistance by targeting
components of signal transduction pathways activated by the R genes containing LRR domains to
block defense response cascades directly or indirectly. Beside, LRR domains, a secretome analysis of
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Striga hermonthica revealed a large number of cysteine-rich small proteins associated with protease
and cell wall modification activities was also involved in S. hermonthica–host plant interaction [117].
To counter the virulence of parasitic plants, hosts also detect and respond to molecular signals secreted
by parasitic plant. For example, a surface receptor Cuscuta Receptor 1 (CuRe1) was also identified in
tomato plants that responded to Cuscuta spp. peptide factor and activates immune response and
identify parasitic plants in a manner similar to perception of microbial pathogens [118].

Recently, a high-throughput silencing approach was developed to study NLR proteins in
Nicotiana benthamiana in which 257 VIGS constructs based on tobacco rattle virus were used to
target 386 of the 403 identified proteins, providing an efficient strategy to discover new immune
receptors [119]. Agrobacterium-mediated transformation, together with transcriptome analysis of
differentially expressed genes in S. gesnerioides, was used to dissect the involvement of resistance
cascades in cowpea that is being attacked by this parasite [115]. Transcriptome assembly to identify
genes in Striga and Orobanche was used to investigate the involvement of virulence proteins on a
genome-wide scale [120–122].

3.4.4. Genome and Transcriptome of Parasitic Plants

Genomics, transcriptomics, proteomics, bioinformatics, biochemistry, and cell biology have all
played major roles in the identification and functional characterization of pathogen and host proteins
involved in plant–pathogen interactions. One of the key challenges when applying such methods to
parasitic plants is the need to extract pure nucleic acids or proteins from the parasite during infection,
without contaminating host material. The distinction between host and parasite is complicated by the
extensive mutual HGT and high substitution rates in parasitic plant genomes, and this also makes
it more difficult to construct accurate phylogenetic trees [116,123,124]. New dating approaches have
been applied to solve the problem of long branch lengths in gene tree analysis, allowing the absolute
divergence time of parasitic plants to be determined more precisely [123]. For example, Kim et al. [125]
developed a protocol to study the movement of parasitic mRNA into the host plant.

Thus far, 25 parasitic plant genomes have been sequenced and assembled, including
nuclear, plastome, and mitochondriome sequences. Ten nuclear genome sequences have been
reported, namely, the holoparasite Cynomorium [126], Viscum scurruloideum [4], Viscum album [4],
Castilleja paramensis [126], Cuscuta campestris [127], Cuscuta australis [128], Hydnora visseri [129],
Aphyllon epigalium [130], Striga asisatica [131], and O. cumana [95]. These resources could promote the
analysis of candidate parasite-specific genes and provide evidence for host-to-parasite, parasite-to-host,
and bidirectional [116,124,132–134]. For example, Illumina sequencing of the Cynomorium plastid
and mitochondrial genomes revealed that the plastome contigs assembled into inverted repeat (IR)
regions and a large single copy region. All genes involved in photosynthesis (ndh, atp, pet, psa, psb,
and rbcL) have been lost as anticipated, but the predominant IR region contains genes encoding an
ATP-dependent Clp protease proteolytic subunit (clpP) and metal-resistance protein (YCF1) [130].
Evidence of HGT was presented showing the transfer of host mitochondrial genes into the Cynomorium
mitochondrial and nuclear genomes and the intracellular transfer of Cynomorium mitochondrial and
plastid genes into the nuclear genome [135].

Transcriptome sequencing allows the functional analysis of parasitic plant genomes, and the
Parasitic Plant Genome Project (Available online: http://ppgp.huck.psu.edu/) mainly focuses
on the identification of genes related to haustorium initiation and development by applying
comparative transcriptomics to multiple stages of parasite growth and development in three species
of Orobanchaceae: T. versicolor (a facultative hemiparasite) (Figure 1a), S. hermonthica (an obligate
hemiparasite), and P. aegyptiaca (an obligate holoparasite) [3,120]. A core set of “parasitism genes”
was identified that are enriched for proteases, cell wall-modifying enzymes, and proteins secreted
during haustorium development. Genes encoding transporters (cationic amino acid transporter,
major facilitator family protein, NOD26-like intrinsic protein, and an oligopeptide transporter) and
regulatory proteins (transcription factors and receptor protein kinases) are co-expressed during the
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parasitic stages and may be required for haustorium development and function [114]. NLR resistance
genes are found in all three species and are significantly enriched in T. versicolor and S. hermonthica,
suggesting an underlying important function that may facilitate the future analysis of race/virulence in
parasitic plants.

The expression levels of the parasitism genes differed between the hemiparasites and holoparasite
at the haustorium stage. The genes encoding cell wall-modifying enzymes (cellulase, Pectate Lyases,
glycosyl hydrolases, and pectin methylesterase) and peroxidases were strongly expressed in both
hemiparasites (T. versicolor and S. hermonthica) but not in P. aegyptiaca, although expression increased
at a later stage of the life cycle [114]. There were also differences in expression between the
facultative parasite (T. versicolor) and the obligate parasites. In T. versicolor, the haustorium initiation
genes were primarily Ca2+ATPases, including genes coding for proteins with functions such as
Ca2+-binding activity, Ca2+-transporting ATPase activity, Ca2+ transmembrane transporter activity,
and cation-transporting ATPase activity. In contrast, the S. hermonthica haustorium initiation genes were
enriched for a distinct set of gene ontology terms, including nucleotide binding and ATP-dependent
helicase activity, suggesting that facultative and obligate parasitic plants used different underlying
processes for haustorium initiation [114].

Transcriptomic studies have also shown that, once connections between the parasite and host plant
are established, the host–parasite relationship relies on the transfer of nutrients and solutes from host
to parasite via multiple transporters, including amino acid and sugar transporters [114]. For example,
the transcriptomic analysis of S. hermonthica infected leaves and flower buds during the parasitism of
maize and sorghum hosts identified transporters (primarily carbohydrate and amino acid transporters)
as the most common functional class of parasitism genes, followed by cell wall-modifying enzymes [136].
Similarly, the de novo assembly and characterization of the S. gesnerioides transcriptome during the
pre-haustorium and haustorium stages of infection (Figure 1c) revealed the strong induction of genes
encoding cell wall-modifying enzymes and transporters, including sugar transporters, amino acid
transporters, ATP-binding cassette-type transporters, ammonium transporters, phosphate transporters,
nitrate transporters, and potassium transporters [136].

All candidate haustorium genes are valuable resources for future functional and evolutionary
studies, which will help to determine whether they are secreted by the parasite and whether they
influence parasite–host interactions. For example, upregulated haustorium genes that encode
subtilisin-like serine proteases [114] are similar to those acting as virulence factors in bacterial
pathogens [137]. However, serine proteases are often involved in protein degradation and processing,
the hypersensitive response, and signal transduction in nonparasitic plants, so their specific role in the
parasitic life cycle has yet to be determined [138,139]. Indeed, numerous questions remain concerning
the functional role of core parasitism genes identified by genomic and transcriptomic studies. The three
species of Orobanchaceae considered by the Parasitic Plant Genome Project feature 84 orthologous
groups with no BLAST (basic local alignment search tool) hits against annotated genes in nonparasitic
species (178, 180, and 139 unique genes in T. versicolor, S. hermonthica, and P. aegyptiaca, respectively)
although a small number match predicted protein sequences in nonparasitic plants but the functions
are currently unknown (6, 18, and 13 sequences in T. versicolor, S. hermonthica, and P. aegyptiaca,
respectively) [108]. Three focal transcripts of S. hermonthica generate no BLASTx hits at all [136]. Genes
of unknown function are also found in the Cynomorium plastome [135].

4. Models of Interaction and Co-Evolution between Parasitic Plants and Their Hosts

R genes in plants play an important role in the recognition of pathogen virulence factors, which is
required to induce resistance. They typically show dominant phenotypes, but recessive resistance
genes have also been reported. As discussed above, most R gene products contain a nucleotide-binding
ATPase domain and an LRR domain (Figure 5) and are, thus, described as NLR proteins [104]. The LRR
domain includes individual repeats that recognize pathogen proteins [140]. Several NLR proteins have
been described, including MLA10, Sr50, RPP13, RPS4, RPS5, ZAR1, and L6 [141]. This has led to the
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definition of two subclasses, namely, the Toll and interleukin-1 receptor subclass (TNL) [142] and the
coiled coil subclass (CNL). Structural models of both have been constructed based on the Arabidopsis
proteins RPS4 (ribosomal protein s4) (TNL) and RPS5 (CNL) using self-consistent mean-field homology
modeling in the absence of ADP. This ligand was then added by inference from the APAF-1–ADP
complex without further refinement of the models to illustrate the position of the nucleotide relative
to the conserved motifs [143,144]. The Toll and interleukin-1 receptor, coiled coil, and LRR protein
interaction domains have the ability to swap functions, such as the recognition and recruitment of
transcription factors or other host proteins [104]. RPS5 is normally activated when a second host
protein (PBS1) is cleaved by the pathogen-secreted protease AvrPphB. The AvrPphB cleavage site within
PBS1 can be replaced with cleavage sites for other pathogen proteases, which then enables RPS5 to be
activated by these proteases, thereby conferring resistance against new pathogens [105].
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domain (NB-LLR). (A) The structures of the NBS domains (nucleotide-binding site domain and a
leucine-rich repeat domain) of TNL and RPS4. The protein structures are shown as ribbon diagrams
and ADP (adenosine diphosphate) is shown as a stick model. TIR-type and CC-type NBS domains
are made up of motifs: P-loop (or Walker A site, blue), RNBS-A (green), kinase-2 (or Walker B site,
magenta), RNBS-B (green), RNBS-C (green), GLPL (yellow), RNBS-D (green), and MHDV (orange) [131].
Structural models for the NBS domain of TNL RPS4 and CNL RPS5 of Arabidopsis were created by
self-consistent mean-field homology modeling technique [132]. (B) The structures of the NBS domains of
CNL RPS5; (C) major domains of NBL proteins. N, amino terminus; TIR, Toll/interleukin-1 receptor-like
domain; CC, coiled-coil domain; X, domain without obvious CC motif; NBS, nucleotide binding site;
L, linker; LRR, leucine-rich repeat domain; WRKY, zinc-finger transcription factor-related domain
containing the WRKY sequence; C, carboxyl terminus; (D) Diagram of NLR.

4.1. Model of Defense Activated by Host NLR Proteins Triggered by the Parasitic Plant

The induction of defense responses by NLR proteins proceeds in three stages, as shown in Figure 6.
The LRR region is an inhibitory domain, associating with the nucleotide-binding domain when there is
no infection. The N-terminal coiled coil domain associates with a protein kinase such as PBS1 [104,105]
(not shown in the model). In the first stage, the inactive NLR receptor (blue) perceives specific virulence
proteins (pathogen effectors, shown in brown) secreted from the parasitic plant and binds to them
(Figure 6, step 1). NLR proteins are highly specific, with each NLR protein capable of detecting only a
limited number of effectors [105]. In some cases, the kinase (also described as a host factor) takes part
in indirect recognition, enabling the NLR protein’s N-terminal domain to bind pathogen effectors via an
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intermediary kinase. In the second stage, the NLR receptor is activated by a conformation change and
ATP binding to the nucleotide-binding domain, relieving the latter from LRR repression. The exchange
of ADP for ATP at the nucleotide-binding domain may generate an activated, ATP-bound form of
NLR [133]. Recently, a highly conserved nucleotide-binding domain shared byAPAF-1, various R
proteins, and CED-4 (the NB-ARC domain) was proposed to act as a molecular switch, cycling between
ADP binding (repressed) and ATP binding (active) [145] (Figure 6, step 2). Finally, the activated
NLR protein translocates to the nucleus to induce defense-related gene expression and corresponding
signaling pathways (Figure 6, step 3). In the presence of the pathogen effector, the activated form of an
NLR accumulates in the nucleus to initiate defense signaling.
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Figure 6. Putative model for defense activation by NLRs in host plant triggered by parasitic plant.
Induction of defense responses by NB-LRRs (nucleotide-binding site domain and a leucine-rich repeat
domain) proceeds in three stages. In some cases, kinase will take part in indirect recognition. In the
first stage, the inactive NLR receptor (blue) perceives the presence of specific virulence proteins, called
pathogen effector (brown), secreted from parasitic plant, then binds with pathogen effector. In some
cases, kinase (also referred as host factor) will take part in indirect recognition. NB-LRR could indirectly
recognize pathogen effector through N-terminal domain (CC or TIR) by an intermediary kinase. In the
second stage, NB-LRR receptor is activated by a conformation change and ATP binding to NB domain.
A highly conserved nucleotide-binding domain that is shared with apoptotic protease activating
factor 1 (APAF-1), various R-proteins, and CED-4 (NB-ARC domain) is proposed to act as a molecular
switch, cycling between ADP (repressed) and ATP (active) bound forms [132]. In the third stage,
activated NB-LRR work in the nucleus to induce defense-related signaling and gene expression. NLR
negative regulators of defense such as (TIP49a) transcription factor (TF) is inhibited. Alternatively,
WRKY transcription factor (TF) may bind to NLR to positively regulate and induce defense expression.
Chimeric proteins comprise domains typical for both intracellular type-R proteins (NBS–LRR proteins)
and WRKY transcription factors [146], suggesting that WRKY TF binds to NLR closely. To cross the
nuclear pore, NLRs with a classical nuclear localization signal will require importin-α and importin-β
(light yellow) for import and export [104]. Last, specific defense-related mRNAs or proteins are
exported through nuclear pore. IMPα/β: importin-α/β; R genes: RPS5.

Defense responses include a localized hypersensitive response that serves to prevent spread
of infection by triggering cell death. NLR negative regulators of defense are inhibited during this
response, including the transcription factor RUVBL1 (TIP49a). Alternatively, WRKY transcription
factors may bind to NLR to induce defense gene expression. RUVBL1 (TIP49a) is a member of the
AAA+ ATPase family (ATPases associated with various cellular activities), and Arabidopsis TIP49a
(RUVBL1) can act as a negative regulator of some R gene functions [147]. WRKY transcription factors
contain a highly conserved, ∼60 amino acid domain featuring the consensus sequence WRKYGQK
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and a zinc-finger motif [148,149]. WRKY transcription factors recognize the cis-regulatory element
(T/A)TGAC(T/A), also known as the W-box, in the promoters of target genes [150,151]. Certain soybean
(Glycine max) WRKY genes (GmWRKY154, GmWRKY62, GmWRKY36, GmWRKY28, and GmWRKY5)
promote resistance to the soybean cyst nematode (Heterodera glycines) [152]. The presence of chimeric
proteins featuring the domains of both intracellular R proteins (NLR proteins) and WRKY transcription
factors suggests that these protein families work closely together [148]. To cross the nuclear pore, NLRs
with a classical nuclear localization signal require importin-α and importin-β (light yellow) for import
and export, respectively [104]. Finally, defense-related mRNAs or proteins are exported through the
nuclear pore.

4.2. Model of Antagonistic Host–Parasite Co-Evolution

A remarkable consensus has emerged concerning the genetic basis of virulence and resistance in
typical interactions between plants and microbial parasites, and we can build a similar hypothesis
for the interaction with parasitic plants based on a co-evolution model (Figure 7). When host plant
R proteins win a “match” against the race-specific effectors or virulence proteins of parasitic plants,
then the effectors become redefined as avirulence (Avr) proteins. The nature of R–Avr interactions is
now well understood [151]. Host plants have receptor proteins (including the NLR proteins discussed
above) that perceive parasite proteins and trigger responses that confer immunity [104,119] via the
activation of WRKY transcription factors [151]. To circumvent host immunity, parasitic plants evolve
new virulence proteins that disrupt the host defense pathways. To overcome these virulence effectors,
host plants adapt their R proteins to recognize the new virulence proteins [152–154], enabling the
reactivation of the downstream response, and so the cycle continues [155].
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containing the WRKY sequence.
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4.3. Drivers of Pathogen Effector Evolution

The evolution of pathogen effectors is driven by two forms of selection pressure, adaption to
targets in the host and adaption to evade detection by the host (Figure 8). The interplay between these
dynamic selection pressures creates an inherently unstable biotic environment for pathogen effectors,
accelerating effector evolution [156]. One perfect case to study what drives the evolution of virulence
effectors in parasitic plant is natural populations of parasitic plant parasitizing different host species
based on gene expression level. A number of differential S. hermonthica transcripts were identified
depending on whether it grew on maize or sorghum [136]. These differential transcripts including
genes are involved in defense mechanisms and pathogenesis, some of which might be parasite effectors
that subdue host defense [4]. Pathogen effectors show marked patterns of gene evolution following
host jumps, where there is extreme pressure to adapt to new host targets (Figure 8a). Parasitic plants
also suppress plant host defense by producing a battery of molecules (effectors), just like bacterial
and fungal pathogens [157,158]. Host specialization that leads to evolutionary divergence depends
on reciprocal single amino acid changes that tailor the pathogen effector to a specific host protein
that is disabled. Thus, small changes in either the host or the pathogen can allow pathogens to
jump to another host species [159]. For example, orthologous protease inhibitors from the oomycetes
Phytophthora infestans and Phytophthora mirabilis have adapted to target unique proteases in different
hosts, allowing the pathogens to specifically target potato (Solanum tuberosum) and the four o’clock
flower (Mirabilis jalapa), respectively [159].Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 15 of 27 
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adapt to new host targets. Natural variation in a host targets or changes in the biotic environment,
for example, a host jump, drive effector adaptation. This results in effectors binding or acting on
a variant of the original target or on a totally new host target. (B) Effectors evade host immune
receptors. Effectors also evolve to evade recognition by host immune receptors, for example, NLR.
This can occur through adaptive mutations that result in stealthy effectors, which avoid host recognition
but retain virulence activity. Alternatively, effector genes can also escape host immunity through
pseudogenization, deletion, or gene silencing. Figure adapted from Upson et al. [156].
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Avirulence effectors that are detected by plant receptors are prominent examples of rapid
evolutionary adaptations. Notably, parasite pathogen effector variants with an excess of
nonsynonymous polymorphisms (amino acid replacements) that escape detection by the host plant
while retaining virulence (Figure 8b) can carry extreme signatures of adaptive evolution [160]. In a
recent case, three avirulence effectors from the rice blast fungus Magnaporthe oryzae (AVR-Pik, AVR-Pia,
and AVR-Pii), matching three rice resistance genes (Pik, Pia, and Pii), have been validated by comparative
genomics. Among these effectors, AVR-Pik (in which allelic variants only carry nonsynonymous
polymorphisms) binds to an interface of the NLR receptor Pik-1 [161,162]. Effector genes can evolve
through a birth and death process via chromosomal rearrangements, resulting in significant levels of
presence/absence of polymorphisms within pathogen populations (Figure 8b) [163]. Effector genes
can escape host recognition through pseudogenization [164], deletion [165], or gene silencing [166].
Many effector gene loci segregate as presence/absence polymorphisms, leading to a mosaic of effector
genes within species such as Magnaporthe oryzae [156] and the cereal pathogen Zymoseptoria tritici [167].

Interestingly, the analysis of pathogen genomes has revealed that effector genes often arise in
highly repetitive but gene-sparse regions rich in transposable elements [164,166,168]. This genome
architecture has affected nearly every aspect of effector evolution, including transcriptional control,
mutation rates, loss of function, and deletions [151]. Interestingly, the recent availability of parasitic
plant genome sequences has shown that these, too, are rich in transposable elements, suggesting that
effector genes may evolve in a similar manner [4,113,133].

This arms race probably stands on the foundation of gene-for-gene interaction between plant
resistance and pathogen avirulence factors [141]. In theoretical models, the frequencies of resistance
and virulence alleles in a population progress in an infinite cycle, sometimes called the boom-and-bust
cycle, because of the frequent dramatic rise and fall in the effectiveness of resistance genes against
pathogen populations in agriculture. Researchers also offer mathematical models for the co-evolution
of host and parasites in terms of genetic diversity to test the gene-for-gene model, as discussed in a
comprehensive review [169].

5. The Effect on Parasitic Plants

Clustered regularly interspaced short palindromic repeats/CRISPR associated protein
9 (CRISPR/Cas9)-mediated mutagenesis and RNA interference (RNAi) silencing have both been
used to disrupt SL biosynthesis in host plants, aiming to suppress the germination and, thereby,
infection of parasitic weeds. CRISPR/Cas9 is a form of adaptive immunity found in bacteria and
archaea, which has been engineered as a powerful gene editing tool that has been applied in more than
20 crop species [170]. It has been applied in rice to disrupt the CCD7 gene, reducing SL biosynthesis
and inhibiting the germination of S. hermonthica [171] and similarly in tomato (Solanum lycopersicum)
to disrupt the CCD8 gene, inhibiting the germination of P. aegyptiaca [172]. In both cases, resistance
was transmitted as a transgene-free trait by segregating the Cas9 cassette from the induced mutation.
The tomato CCD8 gene has also been targeted by RNA interference (RNAi), in which the expression
of double-stranded RNA corresponding to the target gene causes post-transcriptional silencing [173].
Interestingly, targeting the tomato CCD8 gene by RNAi led to the faster development of parasite
tubercles when pregerminated O. ramosa seeds were used to infect the plant, suggesting that SLs inhibit
parasite development after attachment [173]. It is possible that auxin levels or transport efficiency
increased as a result of the decreased CCD8 expression in the RNAi lines, as previously reported for
the Arabidopsis SL-deficient mutant max4 [174].

Eukaryotes have evolved several gene-silencing pathways to defend against viruses, mediated by
small interfering RNA (siRNA) molecules 21–24 nt in length [175–177]. Although the natural purpose
of these pathways is to recognize and attack of viral nucleic acids invading the cell, the components
can be harnessed to recognize specific mRNA molecules, thus suppressing gene expression by either
destroying the mRNA or blocking protein synthesis [176,178]. This has been exploited to develop
host-induced gene silencing (HIGS) technology to control plant pathogens, in which the plant expresses
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siRNAs targeting gene expression in the attacking parasite [179]. RNAi or HIGS strategies have
been used to try to affect gene expression in parasitic plants such as Triphysaria versicolor [180,181],
Cuscuta pentagona [182], S. hermonthica [183], S. asiatica [184], O. aegyptiaca
mboxciteB181-ijms-934400,B185-ijms-934400,B186-ijms-934400, and Phelipanche ramosa [173,187].
A β-glucuronidase (GUS) silencing signal can move from the transgenic host to another host
and there silence GUS through the parasite Triphysaria versicolor as a physiological bridge [180].
Interspecific silencing of a SHOOT MERISTEMLESS-like (STM) gene in dodder driven by a vascular
promoter in transgenic host plants disrupts dodder growth, demonstrating the efficacy of interspecific
small RNA-mediated silencing of parasite genes [182]. Three O. aegyptiaca genes were suppressed
to induce parasite mortality by virus-induced gene silencing (VIGS) and hairpin silencing on host
tomato [186], which impaired expression of essential parasite virulent genes.

The Effect on Host Plants

Although the principal effect of suppressing the SL biosynthesis pathway is to inhibit the parasite,
SLs are also required for normal plant development by inhibiting shoot branching/tillering and
regulating the growth of primary and lateral roots [63,64,188]. Thus, the rice ccd7 mutants discussed
above exhibited stunting and a striking increase in tillering [171,189,190]. Similarly, tomato ccd8 mutants
were stunted, with increased shoot branching and adventitious root growth, and similar phenotypes
were observed in Arabidopsis, tobacco (Nicotiana tabacum), and kiwifruit (Actinidia deliciosa) [170,191,192].
In wild-type tomato plants, P. ramosa infection reduces the root biomass, whereas both root and shoot
biomass were affected when the same parasite infected tomato plants expressing the CCD8 RNAi
construct [173]. One way to avoid a dwarf phenotype is by grafting. Genome editing could be applied
to rootstock already resistant to fungal pathogens, viruses, and nematodes, and this could be grafted
to a wild-type scion in order to simultaneously achieve parasite resistance and normal growth [172].
Another solution is the application of the synthetic SL analog GR24, which can reduce the tiller number
to wild-type levels in rice ccd7 and ccd8 mutants [171,189].

For farmers, the benefits of mutant lines with increased parasite resistance must be balanced
against any trade-off against crop quality and yield. Mutation of the CCD8 gene in tobacco caused
a loss of shoot biomass [191] but mutating the same gene in tomato resulted in the production of
numerous additional fruits, although these were smaller than wild-type fruits [174]. The depletion of
SL in root exudates not only inhibits the germination of parasitic plants but also impairs symbiotic
relationships with arbuscular mycorrhizal fungi [71,193]. This is because CCD7 not only regulates
branching, but also arbuscular mycorrhizal symbiosis [194]. More research is required to determine
the possibilities to manipulate SLs in order to suppress the growth of parasitic plants while retaining
normal growth characteristics and beneficial relationships with symbionts.

6. Conclusions

The intensification of agriculture has led to a surge in the prevalence and dispersal of parasitic
plants that utilize crop species as their hosts, resulting in extensive yield losses. Although resistant
crop varieties can be engineered or bred, some parasitic plants rapidly evolve as new races to break the
resistance and establish infestations. Therefore, it is essential to understand the virulence mechanisms
of parasitic plants and the corresponding host plant defensive responses. Phenotypic quantification of
the infection level is the primary approach to identify the race or pathotype at the shoot emergence
stage. Host plants deploy multiple layers of defenses including physical barriers (the cuticle and cell
wall) and constitutively produced metabolites, but one of the major strategies to avoid parasitism is
reducing the exudation of germination stimulants, particularly SLs released by the roots. We illustrated
the history of parasitic plant race evolution and host resistance using O. cumana vs. sunflower and S.
gesnerioides vs. cowpea as model systems. Genetic, genomic, and transcriptomic studies have shown
that the major host resistance components are R genes encoding NLR domain proteins that play an
important role in host immunity by recognizing parasite virulence factors. The induction of host
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defense responses by NLR proteins’ model is proposed in three stages: recognition, activation, and
defense response. We also proposed a hypothesis for the virulence effector evolution of parasitic plants
based on genetic basis of typical interactions between plants and microbial parasites. The evolution of
pathogen effectors is driven by two forms of selection pressure: adaption to targets in the host and
adaption to evade detection by the host. Transcriptomic and genomic studies are also beginning to
identify the virulence effectors and corresponding signaling pathways in parasitic plants, building into
a rich information resource for future studies. Biotechnology-based approaches (CRISPR/Cas9 and
RNAi) has resulted in reduced host infection by parasitic plants, but it is important to ensure that the
endogenous functions of SLs are not disrupted, as well as preserving the crosstalk with other hormone
pathways. In the future, gene co-expression network analysis could be used to select parasite gene
candidates for targeted knockdown to develop parasitic weed-resistant crop varieties.
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HIGS Host-induced gene silencing
HGT Horizontal gene transfer
LRR Leucine-rich repeat
NLR Nucleotide-binding and leucine-rich repeat domain
PR Pathogen-related protein gene
QTL Quantitative trait loci
R Resistance gene
SiRNA Small interfering RNA
SL Strigolactone
HGT Horizontal gene transfer
GR24 Synthetic analog of strigolactones
WRKY Zinc-finger transcription factor-related domain containing the WRKY sequence
TF Transcription factor
Avr Avirulence
Vr Virulence
RNAi RNA interference
Crispr/Cas9 Clustered regularly interspaced short palindromic repeats/CRISPR associated protein 9
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Abstract: High temperature is a major environmental factor that adversely affects plant growth and
production. SlBRI1 is a critical receptor in brassinosteroid signalling, and its phosphorylation sites have
differential functions in plant growth and development. However, the roles of the phosphorylation
sites of SIBRI1 in stress tolerance are unknown. In this study, we investigated the biological functions
of the phosphorylation site serine 1040 (Ser-1040) of SlBRI1 in tomato. Phenotype analysis indicated
that transgenic tomato harbouring SlBRI1 dephosphorylated at Ser-1040 showed increased tolerance
to heat stress, exhibiting better plant growth and plant yield under high temperature than transgenic
lines expressing SlBRI1 or SlBRI1 phosphorylated at Ser-1040. Biochemical and physiological analyses
further showed that antioxidant activity, cell membrane integrity, osmo-protectant accumulation,
photosynthesis and transcript levels of heat stress defence genes were all elevated in tomato plants
harbouring SlBRI1 dephosphorylated at Ser-1040, and the autophosphorylation level of SlBRI1 was
inhibited when SlBRI1 dephosphorylated at Ser-1040. Taken together, our results demonstrate that the
phosphorylation site Ser-1040 of SlBRI1 affects heat tolerance, leading to improved plant growth and
yield under high-temperature conditions. Our results also indicate the promise of phosphorylation
site modification as an approach for protecting crop yields from high-temperature stress.

Keywords: tomato; SlBRI1; phosphorylation site; heating tolerance; yield

1. Introduction

Heat stress is a major abiotic stress that threatens crop production by affecting plant growth
processes such as seed germination, root growth, hypocotyl elongation, and fertilization [1].
Physiological and physiochemical analyses have further indicated that heat stress affects photosynthesis
and induces excessive reactive oxygen species (ROS) accumulation, which subsequently leads to
membrane lipid peroxidation and increased membrane permeability of plants [2]. To avoid heat-induced
damage, plants upregulate a series of processes involved in osmotic adjustment, ROS removal,
photosynthetic reactions, and saturation of membrane-associated lipids. The genes encoding superoxide
dismutase (SOD), peroxidase (POD), and catalase (CAT) participate in ROS scavenging. The major role
of heat shock proteins (HSPs) is to act as molecular chaperones regulating protein folding, accumulation,
location, and degradation to protect cells against damage due to high-temperature stress. Heat shock
factors (HSFs) specifically bind to the heat shock element (HSE) of high-temperature-regulated genes
and interact with HSPs to regulate the transcription of genes under high-temperature stress, while the
trans-acting WRKY factors are overexpressed to help plants respond to high-temperature stress [3–7].
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Brassinosteroids (BRs) are a group of steroid hormones that play a potential role in crop yield
boosting due to their positive roles in plant growth and tolerance to biotic and abiotic stresses [8–10].
BRASSINOSTEROID INSENSITIVE1 (BRI1) is the major BR signalling receptor, and intensive research
has confirmed the involvement of BRI1-mediated BR signalling in plant growth and stress responses.
In BR signal transduction, the BR first binds to BRI1 to promote its sequential transphosphorylation
and heterodimerization with its coreceptor BRI1-ASSOCIATED RECEPTOR KINASE1 (BAK1), which
results in the activation of the BR signal [11–13]. In Arabidopsis, over 30 mutant bri1 alleles were reported
with characteristic BR-insensitive phenotypes, including short hypocotyls in the dark, dwarf stature,
prolonged vegetative phase, and male sterility of varying strength; of these, only bri1-301 additionally
exhibited temperature sensitivity [14]. BRI1 orthologues in different crops, such as rice and tomato,
were also found to regulate plant growth and stress tolerance; either loss of function or suppression of
BRI1 usually resulted in shorter plant height, twisted leaves, compromised BR signalling, and altered
environmental stress tolerance in plants, while overexpression of BRI1 could enhance BR signalling to
promote plant germination, flowering, and yield [15–20]. All these results highlight the critical role
of BRI1 in plant growth and stress adaption, and further research on its molecular mechanisms is
necessary to realize its valuable potential in crop production.

As a receptor kinase, BRI1 activates BR signal transduction through phosphorylation [11]. Our
previous study identified the phosphorylation sites of BRI1 and further revealed their different effects
on the biological functions of BRI1 [13,21,22]. Phosphorylation sites in the kinase domain of BRI1
exhibited the strongest functions in BR signalling and plant growth, preventing phosphorylation, which
caused severe plant growth inhibition. Phosphorylation sites in the juxtamembrane and C-terminal
domains influenced BR signalling to varying degrees, indicating their diverse functions in plant
development. For example, dephosphorylation of Ser-1168 and Ser-1172 in the C-terminal domain of
BRI1 resulted in slight leaf growth inhibition and greatly reduced seed yields, while dephosphorylation
of Tyr-831 in the juxtamembrane domain influenced flowering time and leaf growth [22,23]. In tomato,
phosphorylation sites of SlBRI1 were also found to be critical for SlBRI1-mediated regulation of BR
signal transduction and plant biological development. Dephosphorylation of Thr-1054 in SlBRI1
severely attenuated BR signalling and disturbed plant growth in tomato [24]. Our previous study
further found that the tomato SlBRI1 phosphorylation site Thr-1050 could affect tomato yield by
regulating BR signalling [25]. These results suggest the potential value of phosphorylation sites of
BRI1 in crop agronomic trait improvement, given their precise modification of the biological function
of BRI1. However, functional analyses of the phosphorylation sites of SlBRI1 are limited and focus on
plant growth, while the functions of these sites in stress tolerance are still unknown.

In this work, we investigated the biological functions of the phosphorylation site serine 1040
(Ser-1040) of SlBRI1 in tomato. The weak SlBRI1 mutant cu3-abs1 (the result of a His-1012-Tyr
(H1012Y) missense mutation in SlBRI1), as well as cu3-abs1 transformed with SlBRI1 constitutively
phosphorylated at Ser-1040, SlBRI1 dephosphorylated at Ser-1040, or wild-type SlBRI1, was used for
phenotype comparison. Our results showed that transgenic plants harbouring dephosphorylated
Ser-1040 exhibited similar growth phenotypes under normal temperature conditions but better
growth and more efficient stress responses than plants harbouring phosphorylated Ser-1040 or SlBRI1
under high-temperature conditions. Furthermore, compared with wild-type SlBRI1 and SlBRI1
phosphorylated at Ser-1040, dephosphorylation of Ser-1040 resulted in a lower autophosphorylation
level of SlBRI1 in vitro but a similar BR signal strength in plants. These results suggest that Ser-1040 can
modulate BRI1 autophosphorylation to promote plant heat tolerance. Our results provide a theoretical
basis for revealing the molecular modulation mechanism of SlBRI1 in stress adaption, as well as
coordinating tomato yield with environmental changes through fine-tuning of the phosphorylation
site of SlBRI1.
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2. Results

2.1. SlBRI1 Ser-1040 Influences Autophosphorylation of SlBRI1

SlBRI1 is a receptor kinase that transmits BR signals through phosphorylation [24]. To determine
the function of SlBRI1 Ser-1040 in tomato, we first explored the conservation of Ser-1040. Protein
sequence alignment of BRI1 homologues revealed that Ser-1040 was a highly conserved phosphorylation
site among the distinct species. This high conservation indicated that Ser-1040 had a crucial role in the
biological function of SlBRI1 (Figure 1A).

Figure 1. SlBRI1 Ser-1040 influences autophosphorylation of SlBRI1. (A) Alignment of the partial kinase
domain sequences of BRI1 homologues. Conserved and similar residues were highlighted with black and
gray grounds, respectively. The set of Ser-1040 among BRI1 homologues was marked by the red arrow.
Each symbol with different colors at the bottom indicated the conservation of residue at each site. SlBRI1
(Solanum lycopersicum, NP_001296180.1), CsBRI1 (Camelina sativa, XP_010431911.1), CrBRI1 (Camelina
sativa, XP_010431911.1), AtBRI1 (Arabidopsis thaliana, NP_195650.1), EsBRI1 (Eutrema salsugineum,
XP_006411743.1), BraBRI1 (Brassica oleracea var. oleracea, XP_013597742.1), BnBRI1 (Brassica napus,
NP_001303105.1), BrBRI1 (Brassica rapa XP_009101880.2), TcBRI1 (Theobroma cacao, XP_017985424.1),
CclBRI1 (Citrus clementina, XP_006427932.1), StBRI1 (Solanum tuberosum, XP_006357355.1), TaBRI1
(Triticum aestivum, DQ_655711.1), ZmBRI1 (Zea mays, XP_008656807.1) and OsBRI1 (Oryza sativa,
NP_001044077.1). (B) Autophosphorylation level of SlBRI1 in vitro. Autophosphorylation analysis of
recombinant FLAG-SlBRI1, FLAG-K916E, FLAG-S1040A, and FLAG-S1040D proteins was detected
by anti-pThr antibodies, and anti-FLAG antibodies were used to show the loading levels for western
blotting. Intensities of bands were presented as relative values compared with the FLAG-SlBRI1.

Autophosphorylation of SlBRI1 is usually important for its functions in plants, and most of the
phosphorylation sites of SlBRI1 positively regulate the autophosphorylation. To determine whether
the phosphorylation site Ser-1040 could influence the autophosphorylation of SlBRI1, we compared
the autophosphorylation levels of SlBRI1, a kinase-inactive form of SlBRI1 (K916E, in which Lys-916
was replaced with glutamic acid), S1040A (in which Ser-1040 of SlBRI1 was replaced with alanine),
and S1040D (in which Ser-1040 was replaced with aspartic acid) in vitro. The results suggested a
positive role for Ser-1040 phosphorylation in SlBRI1 autophosphorylation, since the intensity of the
phosphorylation band of FLAG-S1040D was strongest, the phosphorylation level of which was 4.1- and
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2.1-fold that of FLAG-S1040A and FLAG-SlBRI1, respectively (Figure 1B). Thus, dephosphorylation of
Ser-1040 might attenuate kinase active of SlBRI1, and further disturb the biological functions.

2.2. SlBRI1 Ser-1040 Slightly Affects BR Signalling in Tomato

To investigate the biological function of SlBRI1 Ser-1040 in tomato, transgenic plants in the
cu3-abs1 background expressing SlBRI1, S1040A, or S1040D were generated for phenotype evaluation
(Figure 2A). The transgenic lines PSlBRI1::SlBRI1-GFP-1 and PSlBRI1::SlBRI1-GFP-3 (SlBRI1-1 and SlBRI1-3
for short) were selected as the positive controls, while the weak SlBRI1 mutant cu3-abs1 was considered
the negative control. Both protein level and transcription level analyses suggested that all transgenic
lines used in this study had a higher level of SlBRI1 than cu3-abs1 plants (Figure 2B,C).

Figure 2. SlBRI1 Ser-1040 slightly affects BR signalling in tomato. (A) Phenotypes of plants at the
maturation stage. The plants shown from left to right are as follows: cu3-abs1, SlBRI1-1, SlBRI1-3,
S1040A-8, S1040A-10, S1040D-1, and S1040D-2. (B) Western blot analysis of transgenic protein
expression using anti-green fluorescent protein (GFP) antibodies. Ponceau S (Solarbio, P8330, Beijing,
China) staining shows loading. (C) and (D) Relative transcript levels of SlBRI1 (C) and the BR
signalling marker gene SlCPD (D) in tomato. (E) and (F) Dose-response curves of relative hypocotyl
lengths of tomato seedlings grown in the dark for 10 days on the surface of media with increasing
concentrations of epi-BL (E) and BRZ (F). The data for (E) and (F) are the means ± SDs of 15 independent
biological samples.
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Previous studies have suggested that the BR biosynthesis gene SlCPD could be suppressed by
BR signalling feedback; thus, the expression of this gene could be considered to be a marker of
BR signal strength [26]. Consistent with this feedback regulation, the transcript levels of SlCPD in
PSlBRI1::SlBRI1-GFP and PSlBRI1::S1040D-GFP (S1040D-1 and S1040D-2 for short) plants were similar
and lower than those in cu3-abs1 plants, while in PSlBRI1::S1040A-GFP (S1040A-8 and S1040A-10 for
short) lines, the levels were between those in PSlBRI1::SlBRI1-GFP and cu3-abs1 plants, which suggested
that both wild-type SlBRI1 and SlBRI1 with phosphorylated Ser-1040 could rescue the BR signalling
defect in cu3-abs1 plants, and the BR signal strength in PSlBRI1::S1040A-GFP lines was slightly weaker
than that in PSlBRI1::SlBRI1-GFP and PSlBRI1::S1040D-GFP lines (Figure 2D).

The BR sensitivity of the seedlings was also analysed to further quantitatively evaluate the BR
signal strength among cu3-abs1, PSlBRI1::SlBRI1-GFP, PSlBRI1::S1040A-GFP, and PSlBRI1::S1040D-GFP
plants. The hypocotyl lengths of the transgenic lines and cu3-abs1 were measured, and their relative
hypocotyl lengths under five increasing concentrations of exogenous 24-epibrassinolide (epi-BL) or BR
inhibitor brassinazole (BRZ) were compared. As shown in Figure 2E and 2F, cu3-abs1 was insensitive to
epi-BL and sensitive to BRZ, since the hypocotyl length this plant was nearly unchanged when the
concentration of epi-BL was lower than 500 nM, while a 62.7% decrease was observed under 10 nM
BRZ. However, the change rates of the hypocotyl length among the transgenic plants were similar
regardless of treatment with epi-BL or BRZ. This result demonstrated that Ser-1040A could rescue BR
signal transduction in tomato.

2.3. Dephosphorylation of Ser-1040 Improves Tomato Yield under Heat Stress

To assess the effect of Ser-1040 on tomato yield under normal and heat stress conditions, plant
height and stem diameter at the mature stage; flower number, stamen length, pistil length, and flower
phenotype of the second and fifth inflorescences; fruit number and fruit setting rate of the second
and fifth clusters; single-fruit weight; and early yield and total yield per plant were compared. As
shown in Figures 3A and 3B, the flower numbers of the second inflorescences that grew at normal
temperature were similar; however, the fifth inflorescences that grew in the late-spring stage with
high temperature showed a significant difference among the transgenic lines. The flower numbers
of the fifth inflorescences of PSlBRI1::S1040A-GFP lines were the largest, approximately 12.9% and
25.3% larger than those of PSlBRI1::SlBRI1-GFP and PSlBRI1::S1040D-GFP lines, respectively. Fruit
numbers per second cluster were similar among the transgenic lines, whereas the fruit number per fifth
cluster of PSlBRI1::S1040A-GFP lines were 24.5% and 39.2% higher than those of PSlBRI1::SlBRI1-GFP
and PSlBRI1::S1040D-GFP lines (Figure 3C). In terms of fruit setting rate, the second clusters from all
transgenic lines were the same, while the fifth clusters were also constant for PSlBRI1::SlBRI1-GFP and
PSlBRI1::S1040D-GFP plants; however, PSlBRI1::S1040A-GFP lines showed higher fruit setting rates of the
fifth cluster, the values for which were 13.8% and 16.4% greater than those for PSlBRI1::SlBRI1-GFP and
PSlBRI1::S1040D-GFP lines (Figure 3D). Furthermore, the early yield per plant for each transgenic line
was similar, while PSlBRI1::S1040D-GFP lines exhibited 1.52-fold and 1.59-fold higher total yields per
plant than PSlBRI1::SlBRI1-GFP and PSlBRI1::S1040D-GFP lines, respectively (Figure 3A,E). Furthermore,
plant height, stem diameter, and single-fruit weight at the mature stage were similar among the
transgenic lines (Figures S1A–C). Phenotype analysis of the second and fifth inflorescences showed
that there were no significant differences in flower phenotype and stamen length among the transgenic
plants under either normal or high-temperature conditions. However, the pistils were nearly the same
under normal temperature conditions but showed different extension trends under high temperature,
and this extension was most obvious in PSlBRI1::S1040D-GFP lines compared with other transgenic
lines (Figures S1D–F). In conclusion, Ser-1040 appears to play an important role in tomato fruiting
under high temperature.

269



Int. J. Mol. Sci. 2020, 21, 7681

Figure 3. Dephosphorylation of Ser-1040 improves tomato yield under heat stress. (A) Phenotypes of
the second inflorescence (top), fifth inflorescence (middle) and total yield per plant (bottom). (B) Flower
numbers of the second and fifth inflorescences. (C) Fruit number and (D) fruit setting rate of the
second and fifth clusters. (E) Early yield and total yield per plant. The different letters indicate
significant differences at the 0.05 level. The data for (B) and (E) are the means ± SDs of 10 independent
biological samples.
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2.4. Dephosphorylation of Ser-1040 Promotes Germination and Seedling Growth under Heat Stress

To determine how Ser-1040 phosphorylation extensively affects seed germination under heat
stress, the seed germination phenotypes of transgenic lines and cu3-abs1 were analysed. The difference
in germination rates among transgenic lines was not obvious at 28 ◦C; however, the germination rates
of PSlBRI1::S1040A-GFP lines were 1.17-fold and 1.28-fold higher than those of PSlBRI1::SlBRI1-GFP
and PSlBRI1::S1040D-GFP lines when the temperature increased to 33 ◦C (Figure 4B). The germination
potential of PSlBRI1::SlBRI1-GFP lines decreased most dramatically, by approximately half, while the
decreases in germination potentials of PSlBRI1::S1040D-GFP and PSlBRI1::S1040A-GFP lines were 33.0%
and 23.4%, respectively, when the temperature increased from 28 ◦C to 33 ◦C (Figure 4C). The sensitivity
of root growth to heat stress was also analysed. PSlBRI1::S1040A-GFP plants were insensitive to heat
stress, and their root lengths decreased by 22.3% at 33 ◦C, while those of PSlBRI1::SlBRI1-GFP and
PSlBRI1::S1040D-GFP plants decreased by 44.5% and 44.1%, respectively (Figure 4D). At 28 ◦C, the
malondialdehyde (MDA) content in PSlBRI1::S1040A-GFP leaves was higher than that in other lines.
When the germination temperature was 33 ◦C, the MDA content in all plants increased to different
degrees, and the MDA content in PSlBRI1::S1040A-GFP plants increased slightly and was similar to that
in PSlBRI1::SlBRI1-GFP plants, while in PSlBRI1::S1040D-GFP plants, the MDA content increased rapidly
by more than 1.6-fold compared with that in other lines (Figure 4E).

Tomato seedlings of transgenic lines and cu3-abs1 at the four-leaf stage were exposed to 38 ◦C/28
◦C or 25 ◦C/25 ◦C for 9 days, and seedling phenotypes, shoot fresh weights, shoot dry weights,
seedling heights and seedling stem diameters were subsequently analysed to determine how Ser-1040
phosphorylation affects tomato seedling growth under heat stress. As shown in Figure 4A, the
values for all the transgenic plants were the same and were higher than those for cu3-abs1 plants
under normal conditions. When the seedlings were exposed to 38 ◦C/28 ◦C (day/night) for 9 days,
PSlBRI1::S1040D-GFP and PSlBRI1::SlBRI1-GFP plants showed more severe wilting phenotypes than
PSlBRI1::S1040A-GFP and cu3-abs1 plants. Shoot fresh weights among the transgenic lines were nearly
the same and higher than those of cu3-abs1 before heat stress. Following heat stress, the decreases
in shoot fresh weights of PSlBRI1::S1040A-GFP plants were 21.0% and 23.4% lower than those of
PSlBRI1::SlBRI1-GFP and PSlBRI1::S1040D-GFP plants (Figure 4F). The shoot dry weights showed similar
changes when the temperature increased (Figure S2A). The seedling heights of PSlBRI1::SlBRI1-GFP
and PSlBRI1::S1040D-GFP plants were similar and slightly higher than those of PSlBRI1::S1040A-GFP
plants when the temperature was 25 ◦C. However, PSlBRI1::S1040A-GFP lines showed the second-fastest
growth rates after cu3-abs1 at high temperature, approximately 38.5% and 43.6% faster than those of
PSlBRI1::SlBRI1-GFP and PSlBRI1::S1040D-GFP lines (Figure 4G). In addition, PSlBRI1::S1040A-GFP lines
also exhibited the lowest decline rates for the seedling stem diameter compared with PSlBRI1::SlBRI1-GFP
and PSlBRI1::S1040D-GFP plants (Figure S2B).

2.5. Dephosphorylation of Ser-1040 Promotes Heat Stress Tolerance of Seedlings

To determine whether Ser-1040 phosphorylation affects heat tolerance in tomato, the free proline
accumulation, electrolyte leakage and MDA content, which are indicators of cell membrane damage
caused by heat stress, were measured. As shown in Figure 5A, the MDA content increased in all of
the seedlings after heat stress and was highest in PSlBRI1::S1040D-GFP lines, approximately 1.8, 2.7
and 2.9 times that in PSlBRI1::SlBRI1-GFP, PSlBRI1::S1040A-GFP, and cu3-abs1 plants, respectively, on
the ninth day of heat stress. Similarly, the levels of electrolyte leakage in PSlBRI1::S1040D-GFP and
PSlBRI1::SlBRI1-GFP leaves were significantly higher than those in PSlBRI1::S1040A-GFP and cu3-abs1

plants after heat stress (Figure 5B). In contrast, the proline content was lowest in PSlBRI1::S1040D-GFP
lines, approximately 44.6%, 25.8% and 26.2% that in PSlBRI1::SlBRI1-GFP, PSlBRI1::S1040A-GFP, and
cu3-abs plants, under treatment with high temperature for nine days (Figure 5C).
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Figure 4. Dephosphorylation of Ser-1040 promotes germination and seedling growth under heat stress.
(A) Phenotypes of seedlings treated with or without heat stress for 9 days. (B) Germination rate of
plants on the fourteenth day after seeding at 33 ◦C or 28 ◦C. (C) Germination potential of plants on
the fourth day after seeding at 33 ◦C or 28 ◦C. (D) Root length and (E) MDA content of plants on the
fourteenth day after seeding at 33 ◦C or 28 ◦C. (F) Shoot fresh weights and (G) seedling heights of
plants at the four-leaf stage treated with or without heat stress (38 ◦C/28 ◦C, day/night) for 12 days.
The data for (B) and (E) are the means ± SDs of three replicates, and each replicate had 30 plants. The
data for (F) and (G) are the means ± SDs of three independent biological samples. The different letters
indicate significant differences at the 0.05 level.
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Figure 5. Dephosphorylation of Ser-1040 promotes the heat stress tolerance of seedlings. (A–C) Time
course of changes in MDA content (A), ion leakage (B), and proline content (C) in tomato seedlings in
response to heat stress. Tomato seedlings at the four-leaf stage were placed into a growth chamber
set at 38 ◦C/28 ◦C (day/night) for 9 days and then transferred to 25 ◦C for 3 days. The data are the
means ± SDs of at least three independent biological samples. The different letters indicate significant
differences at the 0.05 level.

2.6. Dephosphorylation of Ser-1040 Promotes ROS Detoxification of Seedlings under Heat Stress

The activity of antioxidants is important in the protection of plants from ROS-induced damage
under exposure to heat stress [27]. To investigate whether Ser-1040 phosphorylation affects heat stress
tolerance though altered redox status, H2O2 accumulation, and antioxidant enzyme activities, the
expression levels of antioxidant-related genes in cu3-abs1 and transgenic seedlings under normal and
high temperature were determined. As shown in Figure 6A, all of the plants accumulated nearly equal
amounts of basal H2O2 when grown under normal conditions. Under high temperature, the H2O2

content in these plants decreased in the following order: PSlBRI1::S1040D-GFP, PSlBRI1::SlBRI1-GFP,
PSlBRI1::S1040A-GFP and cu3-abs1. In the antioxidant enzyme activity analysis, CAT activity in all
plants showed similar peak values during heat stress; however, CAT activity peaked more quickly in
PSlBRI1::SlBRI1-GFP and PSlBRI1::S1040D-GFP lines, showing rapid spikes on the sixth day of heat stress,
three days earlier than those observed in PSlBRI1::S1040A-GFP and cu3-abs1 plants (Figure 6B). SOD
activity in PSlBRI1::SlBRI1-GFP and PSlBRI1::S1040D-GFP transgenic lines peaked on the third day of heat
stress and then declined rapidly. While SOD activity in PSlBRI1::S1040A-GFP and cu3-abs1 plants peaked
on the sixth day of heat stress and the decline was relatively slow, SOD activity in PSlBRI1::S1040A-GFP
plants was more than 2.5-fold that in PSlBRI1::SlBRI1-GFP and PSlBRI1::S1040D-GFP lines after heat
stress (Figure 6C). POD activity in PSlBRI1::SlBRI1-GFP and PSlBRI1::S1040D-GFP plants was higher until
the sixth day of heat stress but was then surpassed by that in PSlBRI1::S1040A-GFP and cu3-abs1 plants.
The peak value of POD activity in PSlBRI1::S1040A-GFP plants was at least 10% higher than those in
PSlBRI1::SlBRI1-GFP and PSlBRI1::S1040D-GFP lines (Figure 6D).
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Figure 6. Dephosphorylation of Ser-1040 promotes ROS detoxification in seedlings under heat stress.
(A) DAB staining for hydrogen peroxide (H2O2) in leaves from tomato seedlings during heat stress
treatment. (B–D) Time course of changes in CAT (B), SOD (C), and POD (D) activities in tomato
seedlings in response to heat stress. Tomato seedlings at the four-leaf stage were placed into a growth
chamber set at 38 ◦C/28 ◦C (day/night) for 9 days and then transferred to 25 ◦C for 3 days. The data for
(B) to (D) are the means ± SDs of at least three replicates, and each replicate had 10 plants. The different
letters indicate significant differences at the 0.05 level.

2.7. Dephosphorylation of Ser-1040 Promotes Photosynthesis in Seedlings under Heat Stress

Photosynthesis in plants is sensitive to high temperature and is usually inhibited under heat
stress [28]. To determine whether Ser-1040 phosphorylation affects tomato photosynthesis under heat
stress, the total chlorophyll content and CO2 assimilation rate (Pn) of cu3-abs1 and transgenic plants
under normal and high temperatures were determined. The total chlorophyll content in all the plants
decreased under heat stress; however, PSlBRI1::S1040D-GFP exhibited the greatest decline at 51.4%.
PSlBRI1::S1040A-GFP showed the slowest decline, with the value decreasing by 30.8% on the twelfth
day of heat stress (Figure 7A). The CO2 assimilation rates of all the transgenic plants were the same
at the flowering stage of the second inflorescence and decreased at the flowering stage of the fifth
inflorescence. The decline rates of PSlBRI1::S1040A-GFP lines were the lowest and only approximately
61.3% and 69.3% those of PSlBRI1::SlBRI1-GFP and PSlBRI1::S1040D-GFP lines, respectively (Figure 7B).
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Figure 7. Dephosphorylation of Ser-1040 promotes photosynthesis in seedlings under heat stress.
(A) Time course of changes in total chlorophyll content in tomato seedlings in response to heat stress.
(B) CO2 assimilation rate in tomato at the flowering stages of the second inflorescence (control) and
fourth inflorescence (heated). The data are the means ± SDs of at least 3 replicates, and each replicate
had 10 plants. The different letters indicate significant differences at the 0.05 level.

2.8. Dephosphorylation of Ser-1040 Enhances the Expression of Tomato Defence-Related Genes under
Heat Stress

To reveal the molecular mechanisms underlying the role of Ser-1040 phosphorylation in tomato
heat tolerance, the transcription levels of defence-related genes, such as CAT1, Cu/Zn-SOD, POD1,
HSPs, HSFs and WRKYs, were analysed at 0, 3, 6, 9, and 12 days under heat stress. The differences in
the transcripts of antioxidant-related genes, such as CAT1, Cu/Zn-SOD, and POD1, were nonsignificant
when the transgenic plants were grown under normal conditions, and heat stress markedly induced
the expression of all the analysed antioxidant-related genes. With prolonged heating, the increase in
expression of Cu/Zn-SOD, POD1, and RBOH in PSlBRI1::S1040A-GFP plants was significantly higher
than that in PSlBRI1::SlBRI1-GFP and PSlBRI1::S1040D-GFP plants (Figure 8A–D). The transcription levels
of HSFA2 in PSlBRI1::SlBRI1-GFP and PSlBRI1::S1040D-GFP transgenic lines were unchanged under heat
stress; however, in PSlBRI1::S1040A-GFP transgenic lines, the transcription increased rapidly and peaked
on the ninth day of heat stress (Figure 8E). The expression of HSFA3 in PSlBRI1::S1040D-GFP lines was
unchanged under heat stress; however, it increased in PSlBRI1::SlBRI1-GFP and PSlBRI1::S1040A-GFP
lines, and PSlBRI1::S1040A-GFP lines showed the greatest increase when exposed to high-temperature
conditions (Figure 8F). The expression of HSP70 and HSFA90 in all the plants increased and peaked on
the sixth day of heat stress, while PSlBRI1::S1040A-GFP lines showed the greatest increase compared
with PSlBRI1::SlBRI1-GFP and PSlBRI1::S1040D-GFP lines (Figure 8G,H). The expression of WRKY1
and WRKY72 in all the plants increased and peaked on the ninth day of heat stress, and again,
PSlBRI1::S1040A-GFP lines showed the greatest increase among all the plants, while PSlBRI1::S1040D-GFP
lines showed the lowest increase (Figure 8I,J).
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Figure 8. Dephosphorylation of Ser-1040 enhances the expression of tomato defence-related genes
under heat stress. (A–J) Transcription levels of CAT1 (A), Cu/Zn-SOD (B), POD1 (C), RBOH1 (D), HSFA2
(E), HSFA3 (F), HSP70 (G), HSP90 (H), WRKY1 (I), and WRKY72 (J) in tomato seedlings in response to
heat stress. Tomato seedlings at the four-leaf stage were placed into a growth chamber set at 38 ◦C/28
◦C (day/night) for 9 days and then transferred to 25 ◦C for 3 days. The data are the means ± SDs of
three biological replicates and technical replications.
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3. Discussion

High temperature is one of the most serious problems for agricultural production, and BRs are
endogenous plant hormones that are involved in the processes of plant growth and environmental stress
adaption [8]. As a BR receptor, the functions of BRI1 in plant growth are conserved and well established;
however, its functional mechanism for adjusting plant growth and development according to heat
stress remains largely unknown. Previous studies in Arabidopsis found that increased temperature
specifically impacts BRI1 expression to downregulate BR signalling and mediate root elongation [28].
The Arabidopsis bri1-301 mutant exhibited severe growth defects when the temperature increased from
22 ◦C to 29 ◦C [14]. In tomato, the SlBRI1 mutant cu3-abs1 seedlings showed high basal tolerance to
heat stress [29]. In this study, we first found that the phosphorylation site of SlBRI1 could influence its
functions on stress tolerance, and dephosphorylation of Ser-1040 significantly increased the capability
of tomato to maintain growth parameters and maintained a stable yield under heat stress. Compared
with the transgenic line with wild-type SlBRI1 and the line with SlBRI1 phosphorylated at Ser-1040,
plants harbouring dephosphorylated Ser-1040 exhibited a higher yield, more stable photosynthesis, a
more active ROS-scavenging system, and higher expression levels of stress defence genes. Previous
studies have suggested that Ser-1040 is located in the activation loop of SlBRI1, and dephosphorylation
of Ser-1040 almost completely abolishes the kinase activity of SlBRI1 in vitro [24]. Consistent with
this, our results showed that Ser-1040 acts as a positive regulator of SlBRI1 kinase activity, since
dephosphorylated and phosphorylated Ser-1040 showed decreased and increased phosphorylation
levels compared with that of wild-type SlBRI1 in vitro (Figure 1). However, the BR signal strengths
in PSlBRI1::S1040A-GFP, PSlBRI1::S1040D-GFP and PSlBRI1::SlBRI1-GFP were similar. This raises the
question of whether phosphorylation sites of BRI1 influence its functions only through classic BR signal
transduction. Previous studies conducted in Arabidopsis reported that dephosphorylation of Thr-872 of
BRI1 resulted in a dramatic increase in BRI1 phosphorylation levels in vitro; however, transgenic plants
with dephosphorylated Thr-872 did not show the strong performance exhibited by plants expressing
wild-type BRI1. In addition, phosphorylation sites in the C-terminal domain of BRI1 did not influence
BR signalling but could regulate the reproductive development of plants [22]. Thus, phosphorylation
sites might influence BRI1 function not only by influencing BR signalling but also by influencing other
BR-induced pathways through changing posttranslational modifications, such as protein interactions,
folding, localization, and degradation. Furthermore, the molecular mechanism of the tomato BR signal
transduction pathway remains unclear, and the relevant indicators are still limited. All these results
demonstrated that Ser-1040 regulated tomato heat tolerance mainly by affecting the kinase activity of
SlBRI1, and this pattern was distinct from the classic BR signal pathway.

High temperature triggers lipid peroxidation, which could be marked by ROS accumulation.
During this process, both respiratory burst oxidase homologue (RBOH) and antioxidant enzymes
such as CAT, SOD, and POD play pivotal roles in plants, helping them to adapt to environmental
stress by ROS production and scavenging, respectively [30,31]. Studies on BR signalling mutants of
Arabidopsis, tomato and other crops revealed that BRs play a protective role under high temperature,
as they promote antioxidant enzyme activities and elevate RBOH1 transcription [27,32]. In tomato,
overexpression of BZR1 enhanced the transcription of RBOH1 and subsequently elevated heat tolerance,
and seedling of the SlBRI1 mutant cu3-abs1 exhibited induction of thermotolerance, showing increased
signs of oxidative stress [29,33]. In this study, PSlBRI1::S1040A-GFP lines that were tolerant to heat stress
showed higher expression levels of RBOH1 but lower accumulation of H2O2 than PSlBRI1::S1040D-GFP
and PSlBRI1::SlBRI1-GFP plants after heat stress (Figures 6 and 8). The reduced accumulation of H2O2

in PSlBRI1::S1040A-GFP lines resulted from increases in activities and transcription of ROS-scavenging
enzymes, namely, CAT, SOD, and POD, and the increased activities of these ROS-scavenging enzymes
were caused by increased expression levels of Cu/Zn-SOD and POD1 (Figures 6 and 8). The cell
membrane is the major target of heat injury and is sensitive to lipid peroxidation. PSlBRI1::S1040A-GFP
lines, with the highest activities of the ROS-scavenging system, showed less membrane damage that
PSlBRI1::S1040D-GFP and PSlBRI1::SlBRI1-GFP plants after heat stress, as the MDA content and electrolyte
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leakage were lower in PSlBRI1::S1040A-GFP lines, while the proline content was higher (Figure 5).
Numerous studies have demonstrated that chlorophyll, which is the most important pigment for
photosynthesis, is inhibited by heat stress [34]. Under high-temperature conditions, PSlBRI1::S1040A-GFP
lines showed higher chlorophyll content and CO2 assimilation rates than PSlBRI1::S1040D-GFP and
PSlBRI1::SlBRI1-GFP plants (Figure 7). These results clearly suggested that dephosphorylation of SlBRI1
Ser-1040 could protect tomato plants from ROS-induced cellular injury and sustain their photosynthetic
capacity to enhance their heating tolerance.

High-temperature tolerance in plants has largely been achieved by elevating the expression of
HSP genes and of trans-acting factors such as HSFs and WRKYs. Previous studies demonstrated
that HSP70 and HSP90 are abundant in eukaryotic cells and responsible for cell protection under
high-temperature conditions [35–37]. The HvBRI1 mutant of barley was characterized by decreased
accumulation of HSPs under high temperature [38]. In tomato, overexpressing HSP21 could protect
the photosynthesis system from oxidative stress at high temperatures; however, the BR signalling
gene BZR1 could not influence HSP expression during heat stress [33,39]. In soybean and rice, HSFA2
and HSFA3 enhance heat tolerance by activating the expression of HSPs [40–42]. WRKY transcription
factors have been extensively utilized to enhance heat stress tolerance in crops. AtWRKY25 and
AtWRKY39 in Arabidopsis influence high-temperature stress tolerance by regulating the transcription
levels of HSFs and HSP100 [43,44]. Increased expression of WRKY11 in rice also resulted in enhanced
tolerance to heat [45]. Our study also examined the expression profiles of genes associated with
HSPs, HSFs, and WRKYs, and the result was basically consistent with those previous studies. All the
analysed genes were expressed equally when plants were grown under normal conditions, and the
expression increased in response to heat stratification. PSlBRI1::S1040A-GFP lines, which were most
resistant to high temperature, exhibited the highest accumulation of HSPs, HSFs, and WRKYs (Figure 8).
Furthermore, the expression of SlBRI1 and SlCPD showed no obvious regulation during heat stress
(data not shown). These data suggested that the modulatory effect of SlBRI1 Ser-1040 on tomato heat
tolerance was exerted mainly via changes in the expression levels of HSPs, HSFs, and WRKYs. Notably,
in contrast to PSlBRI1::S1040A-GFP, the heat-responsive modulatory mechanism in cu3-abs1 was mostly
associated with BR signal strength, since cu3-abs1 plants with high tolerance to heat stress showed
similar expression levels of HSPs, HSFs, and WRKYs as PSlBRI1::S1040D-GFP and PSlBRI1::SlBRI1-GFP
plants, and the expression of SlBRI1 and SlCPD increased and decreased, respectively, in response to
heat stress (Figure 8 and Figure S4).

Tomato is a major horticultural crop that is thermophilic but cannot withstand very high
temperatures; therefore, tomato plants cannot survive the high temperatures during the summer in
most tomato planting regions, which shortens the growing season. Thus, studies on the mechanism
of heat tolerance in tomato to improve yield under high temperature are very important in tomato
breeding. Previous studies have demonstrated that both plant growth and fertilization, which are
determinants of plant yield, are sensitive to ambient temperature and are usually inhibited when
the temperature increases [46]. The phytohormone BR is involved in plant promotion and stress
adaption, and BR-treated plants exhibit improved photosynthetic activity, total chlorophyll content,
and membrane integrity, which together promote tomato yield under heat stress [47]. The BR receptor
BRI1 has been found to play an important role in crop yield via regulation of plant architecture.
Several bri1-defective mutants of many species exhibit a semi-dwarf phenotype and decreased
stem-leaf angles, which are recognized as indispensable attributes for intensive agriculture [15,19,48].
We previously reported that SlBRI1-overexpressing plants exhibited increased tomato yields, and
dephosphorylated Thr-1050 of SlBRI1 could promote tomato yield by compacting plant architecture,
as well as increasing fruit number and fruit weight, under normal conditions [16,25]. In the present
investigation, the effects of Ser-1040 of SlBRI1 on tomato yield were distinct from those of Thr-1050.
Ser-1040 had no effects on plant development under normal conditions but could improve tomato
yield under heat stress. The early yield of individual PSlBRI1::S1040A-GFP plants was similar to that
of PSlBRI1::SlBRI1-GFP and PSlBRI1::S1040D-GFP plants; however, the yield of PSlBRI1::S1040A-GFP
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at the late-spring stage with high temperature was significantly higher than that of other lines,
mainly due to an increase in number of flowers and in the fruit setting rates (Figure 3). Further
investigation indicated that this increase in the fruit setting rate occurred regardless of plant fertilization,
since the flower phenotype was unchanged and similar (Figure 3 and Figure S1), and the pollen
viability, which is usually sensitive to high-temperature stress. was also the same among all of the
transgenic plants. Thus, we concluded that Ser-1040 could increase the yield at high temperatures
based on the following aspects. First, the increased yield of PSlBRI1::S1040A-GFP lines might be
related to their excellent photosynthetic capabilities under heat stress, as the decline rates of both
the total chlorophyll content and CO2 assimilation rates in PSlBRI1::S1040A-GFP lines were less than
those in PSlBRI1::SlBRI1-GFP and PSlBRI1::S1040D-GFP lines under heat stress (Figure 7). Second, the
increased activity of the ROS detoxification system under heat stress might increase the yield of
PSlBRI1::S1040A-GFP lines. The activities of several enzymes, such as SOD and POD, were higher in
PSlBRI1::S1040A-GFP lines than in other transgenic lines, and these increased activities were caused
by an increase in Cu/Zn-SOD and POD1 gene expression levels (Figure 6 and 8). Third, compared
with the levels in PSlBRI1::SlBRI1-GFP and PSlBRI1::S1040D-GFP lines, the high expression levels of
HSPs, HSFs, and WRKYs in PSlBRI1::S1040A-GFP also helped increase the yield of this line under heat
stress (Figure 8). Furthermore, to confirm that the higher yield at later stages in PSlBRI1::S1040A-GFP
lines was indeed due to their tolerance to high temperature rather than their phenotypes at different
developmental stages, we delayed the seeding times of all the plants for two months to ensure that
their seedling stages occurred entirely under high-temperature conditions. The results showed that
PSlBRI1::S1040A-GFP plants grew stronger and had more flowers in the first two inflorescences than
plants of PSlBRI1::SlBRI1-GFP and PSlBRI1::S1040D-GFP lines (Figure S3). Taken together, our results
clearly demonstrated that SlBRI1 Ser-1040 could influence the capacities of photosynthesis and ROS
detoxification, as well as elevate the expression of heat defense-related genes in tomato, all of which
functioned together to maintain stable high yields under high-temperature conditions.

4. Materials and Methods

4.1. Sequence Alignment and Phylogenetic Analysis

The multiple amino acid sequence alignment of BRI1 was performed in ClustalX2 (ftp://ftp.ebi.ac.
uk/pub/software/clustalw2/2.1/) with default parameters. The phylogenetic analysis was performed
using MEGA7 software (The Pennsylvania State University, State College, Pennsylvania, USA) and the
neighbour-joining method and Poisson substitution model with 1000 bootstrap replications. The motif
analysis was performed using MEME software (http://meme-suite.org/tools/meme) with the following
parameters: (1) the optimum motif width was between 6 wide and 30 wide; (2) the maximum number
of motifs was 30; and (3) the other parameters were set to the default values.

4.2. Generation of Transgenic Plants by Site-Directed Mutagenesis

Both the native promoter (2989 bp) of SlBRI1 (Solyc04g051510) and its coding sequence without
a stop codon were amplified from tomato (Solanum lycopersicum cv. Moneymaker). The amplified
fragments were then recombined into the plant expression vector pBI121 (CLONTECH, Palo Alto,
CA, USA) with a GFP tag followed by the CT region to construct the vector encoding wild-type
SlBRI1 (PSlBRI1::SlBRI1-GFP-pBI121). The S1040A or S1040D mutation of SlBRI1 was amplified from
PSlBRI1::SlBRI1-GFP-pBI121 using overlap PCR amplification to obtain the plant expression vector
PSlBRI1::S1040A-GFP-pBI121 or PSlBRI1::S1040D-GFP-pBI121, respectively. All the constructed vectors
were transformed into Agrobacterium tumefaciens GV3101 (WEIDI, AC1001S, Shanghai, China) for
tomato transformation. Primers designed for plant expression vector construction are listed in Table S1.

For tomato transformation, cu3-abs1 was used in accordance with the cotyledon transformation
method [49]. The transgenic plants were screened by kanamycin and PCR analysis, while quantitative
real-time PCR and western blot analysis were used to confirm that the transgenic proteins were
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stably expressed in these plants. The T2 generation of two independent homozygous lines from
PSlBRI1::S1040A-GFP-pBI121 (S1040A-8 and S1040A-10), PSlBRI1::S1040D-GFP-pBI121 (S1040D-1 and
S1040D-2), and PSlBRI1::SlBRI1-GFP-pBI121 (SlBRI1-1 and SlBRI1-3) were used in this study.

4.3. Agronomic Trait Characterization

For agronomic trait investigations, both transgenic lines and cu3-abs1 were planted in early spring
and grown in a glasshouse without additional temperature and light controlling equipment. The
plant height was measured as the distance from the cotyledon to the top of the plant, while the stem
diameter was measured as the diameter of the cotyledon node at the flowering stage of the fourth
inflorescence. Single-fruit weight was considered as the individual fruit weight at the RR stage. The
early yield was the total weight of the first to the third fruit nodes per plant, while the total yield was
the total weight of the first to the sixth fruit nodes per plant. Each agronomic trait was measured for at
least 10 independent biological replicates.

4.4. Growth Response of Hypocotyls to Exogenous BRZ and BL

To analyse the growth response of hypocotyls to BR signalling, sterilized seeds of both transgenic
lines and cu3-abs1 were inoculated in Petri dishes that contained solid 1/2 strength Murashige and Skoog
medium (1/2 MS medium) with BRZ (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) at 0 nM, 10
nM, 100 nM, 500 nM, and 1000 nM or with epi-BL (Shanghai Yuanye Biotechnology Co. Ltd., Shanghai,
China) at 0 nM, 10 nM, 100 nM, 500 nM, and 1000 nM. These seeds were maintained at 25 ◦C in the
dark for 10 days. Hypocotyl lengths were subsequently measured, and the relative hypocotyl length
represented the changes in the hypocotyl length at different concentrations of BRZ or epi-BL. Each
treatment was performed on at least 15 seedlings.

4.5. Germination Analysis of Plants under Heat Stress

For germination assays under heat stress, the seeds of both transgenic lines and cu3-abs1 were
inoculated in Petri dishes with wet filter paper under 33 ◦C or 28 ◦C (control), a 16 h light/8 h dark cycle,
and 250 µmol·m−2·s−1 photosynthetic photon flux density (PPFD) (BN058C LED11/WW L1200 GC
OL, Philips, Amsterdam, Holland) as previously reported [50]. The germination rate and germination
potential were calculated on the fourteenth day and fourth day, respectively. The root length and MDA
content of early-stage seedlings were both detected on the fourteenth day after seeding. There were
three replicates for each index, and each replicate had 30 plants.

4.6. Heat Treatment of Seedlings

To analyse the seedling tolerance to heat stress, tomato seeds of both transgenic lines and cu3-abs1

were sown in plastic pots (15 × 15 × 15 cm) containing peat (PH 6.0, Pindstrup Plus, Pindstrup
Rosebrug A/S Denmark) and vermiculite (8:2, v/v) under the following conditions: 16 h light/8 h dark
photoperiod, 25 ◦C, 70% relative humidity (RH), and 250 µmol·m−2·s−1 PPFD. For heat shock stress,
seedlings at the four-leaf stage were exposed to 38 ◦C/28 ◦C (day/night) for 9 days and then transferred
to 25 ◦C for 3 days, with other environmental conditions remaining unchanged. The control seedlings
were maintained at 25 ◦C during the same period. Each index was measured for at least 3 independent
biological replicates.

4.7. Growth Performances of Seedlings under Heat Stress

Both the fresh weight and dry weight of the shoots and roots, as well as the seedling height
and seedling stem diameter, were measured on the ninth day during heat stress. For seedling dry
weight measurement, the seedlings were dried at 105 ◦C for 15 min and then placed at 75 ◦C to achieve
constant weight. There were 3 replicates, and each replicate had 10 plants.
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4.8. Physiological Parameter Measurements

The third fully expanded leaves from the top of the control and stressed seedlings were harvested
for physiological parameter measurements at 0, 3, 6, 9, and 12 days during heat stress. The MDA
content, electrolyte leakage, and free proline accumulation were determined in accordance with the
methods described by Liu [51]. The chlorophyll content and CAT, SOD, and POD activities in leaves
were measured as described previously [17]. The CO2 assimilation rate of third fully expanded leaves
from the top was measured by using an infrared gas analyser-based portable photosynthesis system
(LI-6800; LI-COR, Lincoln, NE, USA), the measurements were carried out at 25◦C, 800 µmol·m−2·s−1

light intensity, 70% RH, and 400 µmol mol-1 CO2 concentration, respectively. The chlorophyll content
were measured according to the methods described by Kong [52]. Each index had at least 3 replicates,
and each replicate had 10 plants.

4.9. DAB Staining

The upper-third fully expanded leaves of the control and stressed seedlings were stained by a
solution containing 1 mg ml–1 3,3′-diaminobenzidine (DAB, D12384, Sigma-Aldrich, Saint Louis, MO,
USA), pH 5.5 to detect the accumulation of H2O2 in leaves. The histochemical analysis of H2O2 was
performed as described previously [33].

4.10. Autophosphorylation Analysis

For autophosphorylation analyses in vitro, the cytoplasmic domain (824 to 1207 aa) of SlBRI1,
S1040A, S1040D, or K916E was amplified from PSlBRI1::SlBRI1-GFP-pBI121, PSlBRI1::S1040A-GFP-pBI121,
PSlBRI1::S1040D-GFP-pBI121, or PSlBRI1::SlBRI1-GFP-pBI121 with the specific primers (SlBRI1-CD-F and
SlBRI1-CD-R) listed in Table S1. The amplified fragment was subcloned into the prokaryotic expression
vector pFLAG-MAC and then transformed into E. coli BL21 (DE3) pLysS (Transgene, CD901-02, Beijing,
China). SlBRI1-FLAG-MAC and K916E-FLAG-MAC were used as the positive and negative controls,
respectively, and subsequent protein purification and autophosphorylation analyses in vitro were
performed according to previously described methods [21,53]. Intensities of bands were quantified by
using ImageJ software (NIH, Bethesda, Maryland, USA) and presented as relative values compared
with the FLAG-SlBRI1.

4.11. Western Blot Analysis

Target proteins were extracted from 4-week-old transgenic tomato leaves (0.2 g) expressing SlBRI1,
S1040A, or S1040D, and the experiment was performed as previously described [21].

4.12. Quantitative Real-time PCR Analysis

The second leaves from the top of the seedlings were selected for transcription analysis at 0, 3, 6,
9, and 12 days during heat stress. Total RNA from the leaves of the seedlings was extracted with an
RNAiso Plus Kit (TaKaRa, 9109, Kusatsu, Japan) and transcribed to cDNA with a Transcriptor First
Strand cDNA Synthesis Kit (Roche, 4896866001, Mannheim, Germany). qRT-PCR was performed by
using a SYBR Green Master Mix Kit (Vazyme, Q121-02, Nanjing, China). The method was performed
according to the manufacturer’s protocol, and primers for target genes were designed based on
previously described methods [33,54]. The tomato housekeeping gene Actin was amplified as an
internal reference. Each data point had 3 biological replicates and technical replications.

4.13. Statistical Analysis

The data in this study were analysed using a one-way analysis of variance (ANOVA) via SPSS
17.0. (IBM, Armonk, New York, USA). The means and standard errors of each sample were calculated,
significant differences between means were examined by LSD test (p < 0.05) and represented by
different letters.

281



Int. J. Mol. Sci. 2020, 21, 7681

5. Conclusions

Heat stress is a major abiotic stress influencing agricultural production, and BRI1 is a BR
receptor that plays a critical role in plant growth and stress adaption. Previous studies of SlBRI1
phosphorylation sites have suggested that modifying SlBRI1 Thr-1050 in tomato could promote
yield through precise control of BR signal strength; however, this functional analysis was limited to
Thr-1050, and the associated agronomic traits of other phosphorylation sites, especially their functions
in stress tolerance, remained unclear. In this study, we revealed for the first time the biological role of
SlBRI1 phosphorylation sites in tomato stress adaption. SlBRI1 Ser-1040 was found to participate in
plant responses to heat stress by influencing the autophosphorylation of SlBRI1. Transgenic plants
harbouring S1040A exhibited better performance, including faster growth rates, better germination,
more active photosynthetic and ROS detoxification systems, and higher expression of heat defence
genes, under high temperature, which helped them adapt to and maintain high yields under heat
stress. Our results not only shed light on the molecular mechanisms of SlBRI1 in stress adaption
regulation but also provide a molecular basis for establishing high-yield tomato lines via fine-tuning of
phosphorylation sites of SlBRI1.
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growth under heat stress; Figure S3: Dephosphorylation of Ser-1040 improves tomato growth and flower number
under heat stress; Figure S4: BR signalling influences the heat tolerance of cu3-abs1; Table S1: Primers used in
this research.
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Abbreviations

BR Brassinosteroid
BRI1 Brassinosteroid Insensitive1
CPD Constitutive Photomorphogenesis and Dwarf
epi-BL 24-Epibrassinolide
BRZ Brassinazole
K916E Lysine-916-Glutamic acid
GFP Green fluorescent protein
Ser Serine
S1040A Serine-1040-alanine
S1040D Serine-1040-aspartic acid
Thr Threonine
Tyr Tyrosine
ROS Reactive oxygen species
DAB 3,3′-Diaminobenzidine
CAT Catalase
SOD Superoxide dismutase
RBOH1 RESPIRATORY BURST OXIDASE HOMOLOG1
HSF Heat shock transcription factor
HSP Heat shock protein
POD Peroxidase
MDA Malondialdehyde
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Pn Net photosynthetic rate
qRT-PCR Quantitative real-time PCR analysis
MS Murashige and Skoog medium
PPFD Photosynthetic photon flux density
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Abstract: Cytoplasmic calcium ([Ca2+]cyt) is a well-characterized second messenger in eukaryotic
cells. An elevation in [Ca2+]cyt levels is one of the earliest responses in plant cells after exposure to a
range of environmental stimuli. Advances in understanding the role of [Ca2+]cyt in plant development
has been facilitated by the use of genetically-encoded reporters such as GCaMP. Most of these studies
have relied on promoters such as Cauliflower Mosaic Virus (35S) and Ubiquitin10 (UBQ10) to drive
expression of GCaMP in all cell/tissue types. Plant organs such as roots consist of various cell types
that likely exhibit unique [Ca2+]cyt responses to exogenous and endogenous signals. However,
few studies have addressed this question. Here, we introduce a set of Arabidopsis thaliana lines
expressing GCaMP3 in five root cell types including the columella, endodermis, cortex, epidermis,
and trichoblasts. We found similarities and differences in the [Ca2+]cyt signature among these root
cell types when exposed to adenosine tri-phosphate (ATP), glutamate, aluminum, and salt, which are
known to trigger [Ca2+]cyt increases in root cells. These cell type-targeted GCaMP3 lines provide a
new resource that should enable more in depth studies that address how a particular environmental
stimulus is linked to specific root developmental pathways via [Ca2+]cyt.

Keywords: GCaMP3; Arabidopsis; cell type specificity; calcium response; [Ca2+]cyt

1. Introduction

Calcium (Ca2+) plays a vital role as a second messenger system in plant development and stress
response. Because Ca2+ acts as a stress signal, it is one of the first responses plants have to environmental
stimuli. This fast response is achieved through an influx of extracellular Ca2+ and an efflux of stored Ca2+

from the vacuole, endoplasmic reticulum (ER), and mitochondria that is achieved via a concentration
gradient between the intracellular Ca2+ stores and the cytoplasm [1]. In non-stimulated conditions,
the concentration of Ca2+ in the cytoplasm rests around 100 nM [1–3]. This low concentration is
maintained through H+/Ca2+ antiporters and Ca2+-ATPases that move Ca2+ into the apoplast or into
intracellular stores [3,4]. Once the response in the cell is initiated, the cell will return to homeostasis
by storing excess Ca2+ back in the vacuole, ER, or mitochondria through active transport [2], or by
pumping it out into extracellular space through gated-ion channels in the plasma membrane.

Once Ca2+ enters the cytoplasm in high concentrations, it binds with Ca2+-binding proteins
to initiate a second messenger cascade [4,5]. Part of this signaling cascade is the activation of
Ca2+-dependent protein kinases and the regulation of transcription factors to increase tolerance to
the stress that caused the initial Ca2+ response. Much of our understanding about Ca2+ as a second
messenger has come from the development of technologies that enable monitoring of free cytosolic
Ca2+ ([Ca2+]cyt) changes in living cells. Early on, these technologies consisted of indicator dyes that
had to be chemically or physically loaded into the cell, such as Calcium Green or Indo-1. When Ca2+

levels in the cell became elevated upon exposing the cell to a specific stimulus, these indicator dyes
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increased fluorescence [6]. However, use of these indicator dyes in plant cells were often met with
technical challenges including uneven dye loading, loss of cell viability after dye loading, and cells
failing to take up the dyes [6,7].

Problems with these early indicator dyes were mitigated with the discovery of a suite of
fluorescent proteins from jellyfish and other marine organisms [8,9]. Using molecular cloning
techniques, selected regions of Ca2+-binding proteins could be fused with these fluorescent proteins
to generate genetically-encoded Ca2+ sensors that change conformation upon Ca2+ binding [8].
Ca2+ binding induced changes in the conformation of fluorescent protein-based sensors result in
enhanced fluorescence emission. One example of a genetically-encoded Ca2+ sensor is GCaMP. GCaMP
consists of an enhanced green fluorescent protein (eGFP) fused to calmodulin (CaM) and myosin
light-chain kinase (M13) [1,10]. GCaMP3 is a modified form of GCaMP that features a circularly
permutated enhanced GFP (eGFP) flanked by CaM and M13 that gives low fluorescence in the absence
of Ca2+, which increases upon reversible binding of Ca2+ to the CaM domain [11].

To date, expression of CGaMP and other genetically-encoded Ca2+ sensors in plants are driven
by constitutive promoters such as Cauliflower Mosaic Virus 35S (35S) and Ubiquitin 10 (UBQ10) [12,13].
Although plant lines constitutively expressing genetically-encoded Ca2+ sensors enabled the functional
study of [Ca2+]cyt changes across entire plant organs [5,13,14], it is likely that each cell type within the
organ is characterized by a unique [Ca2+]cyt signature. While [Ca2+]cyt changes typically observed in
the entire plant organ likely originate from more than one cell type, we lack tools to monitor these
changes within specific tissues or cells [15]. To address this need, we generated a set of lines in the
model plant Arabidopsis thaliana, expressing GCaMP3 targeted to the columella, endodermis, epidermis,
cortex, and trichoblast using cell-type specific promoters [16]. We demonstrate the utility of these
new GCaMP3 lines in reporting cell-type [Ca2+]cyt changes in roots treated with chemicals previously
shown to induce [Ca2+]cyt increases in plants.

2. Results

2.1. Expression of GCaMP3 in Different Root Cell Types of A. thaliana

To the best of our knowledge, plant lines expressing genetically encoded [Ca2+]cyt sensors that are
available to the scientific community are driven by constitutive promoters. A. thaliana lines expressing
the UBQ10:GCaMP3 construct, which we generated and used previously to study [Ca2+]cyt oscillations
in root hairs [17], is one example. In addition to root hairs, GCaMP3 fluorescence was detected in
all cell-types of the primary root of A. thaliana expressing the UBQ10:GCaMP3 construct (Figure 1).
Using confocal microscopy, strong fluorescence was observed in cells located at the root surface, such as
the peripheral root cap and epidermis (Figure 1A,B,D). Moderate levels of fluorescence could also be
detected in the underlying cortex (Figure 1C). However, in cells located deeper within the root, such
as the columella and endodermis, fluorescence was obscured by the fluorescence from surface cells
(Figure 1A,B).

This prompted us to generate a set of constructs that drive GCaMP3 expression in specific root cell
types. For this purpose, we used promoters described in the SWELL promoter collection including
ATHB8 (columella), SCARECROW (SCR, endodermis), Pin-Formed 2 (PIN2, epidermis and cortex),
PEP (cortex), and Proline rich protein 3(PRP3, trichoblasts) [16]. For the five constructs, we found that
GCaMP3 signal was most prominent in the expected cell types (Figure 2). For example, ATHB8 and
SCR promoters drove strong GCaMP3 expression in the columella and endodermis, respectively
(Figure 2A,B). For ATHB8:GCaMP3-expressing lines, we also observed weak fluorescence in the
peripheral cap cells and the stele. For SCR:GCaMP3, fluorescence in the endodermis was observed in
all root developmental zones from the meristem and elongation zone, continuing into the maturation
zone. Roots of PEP:GCaMP3- and PRP3:GCaMP3-expressing seedlings also showed fluorescence in
the expected cell types (i.e., cortex and trichoblast, respectively) (Figure 2C,D). On the other hand,
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fluorescence was detected in the epidermis and cortex of PIN2:GCaMP3-expressing lines, consistent
with observations of Marques-Bueno et al. (2016) [16] (Figure 2E).

Figure 1. Confocal imaging of primary roots of 5-day-old A. thaliana seedlings expressing
UBQ10:GCaMP3. Representative bright-field and corresponding single-optical section confocal images
of the root tip with a focus on the root cap (A), meristem (B), and elongation zone (C,D). c = columella;
end = endodermis; epi = epidermis; cor = cortex. Scale bar: 50 µm.

Figure 2. Expression of GCaMP3 in specific root cell types. Representative bright-field and confocal
images of primary roots of 5-day-old A. thaliana seedlings expressing ATHB8:GCaMP3 (A), SCR:GCaMP3
(B), and PEP:GCaMP3 (C), respectively. ATHB8:GCaMP3 is expressed in the columella with some
fluorescence visible in the stele. SCR:GCaMP3 is expressed in the endodermis and PEP:GCaMP3 is
expressed in the cortex. Maximum projection images (top panel in (D)) and computer reconstructed
transverse section (lower panel in (D)) of the root maturation zone of seedlings expressing PRP3:GCaMP3
show fluorescence confined to the trichoblasts. A maximum projection image of the root elongation
zone of seedlings expressing PIN2:GCaMP3 (E). The small box on the upper right corner of panel E
shows a computer reconstructed cross-section of the primary root of a PIN2:GCaMP3-expressing line.
The image was generated from 50 optical sections taken at 0.50 µm intervals. Note that GCaMP3
is predominantly expressed in the epidermis and cortex. c = columella; ste = stele; epi = epidermis;
cor = cortex; end = endodermis; t = trichoblast; a = atrichoblasts. Scale bar: 50 µm.

2.2. Chemical Treatments of Cell-Type Specific GCaMP3 Constructs

Studies on Ca2+ signaling in plants over several years have revealed various stimuli that can
trigger a rapid elevation in [Ca2+]cyt including cold, touch, wounding, hormones, reactive oxygen
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species, cyclic nucleotides, amino acids and nutrient/ionic stress [5,18–23]. We used some of these
known [Ca2+]cyt triggers to test the responsiveness of our root cell-specific GCaMP3 lines.

We first analyzed the response of the GCaMP3 lines to adenosine tri-phosphate (ATP) (Figure 3).
In mammalian systems, ATP is a neurotransmitter that is perceived by plasma membrane bound
purinergic receptors, and its signaling role is facilitated through increases in [Ca2+]cyt [24]. While plants
do not have the canonical purinergic receptors found in mammals, they perceive ATP via lectin
receptor-like kinases and, similar to mammals, ATP elicits a rapid increase in [Ca2+]cyt [25–27].
Comparable to previous reports, application of ATP to the elongation zone of roots expressing
UBQ10:GCaMP3 elicited a rapid rise in [Ca2+]cyt-dependent fluorescence followed by a gradual decline
(Figure 3A) [5,25]. To determine if the increase in [Ca2+]cyt was due exclusively to ATP, we applied
the solvent control solution, which consisted of 0.5×Murashige Skoog (MS) solution without ATP to
roots. We found that applying MS solution triggered a rise in [Ca2+]cyt that was delayed and lower in
amplitude compared to the [Ca2+]cyt change caused by ATP (Figure 3A). This observation suggests
that under our growing conditions, adding a drop of solvent control solution to the root can induce
an increase in [Ca2+]cyt, which could be the result of a touch or hypoosmotic response [19,20,27,28].
Therefore, in testing the cell-type GCaMP3 lines, we included solvent control applications in all of the
experiments so we could tease apart [Ca2+]cyt changes due to the desired stimulus from those resulting
from a touch or hypoosmotic response.

Figure 3. Time course of [Ca2+]cyt changes in A. thaliana roots after 1 mM ATP application. The leftmost
panel shows an inverted fluorescence image of the terminal 300 µm of an A. thaliana primary root
to illustrate different cells in which GCaMP3 was expressed. Cell types are color coded with
green = epidermis; blue = cortex; orange = endodermis; purple = columella; and the pink cells
in the inset in panel C = trichoblast. (A–F) Quantification of [Ca2+]cyt -dependent fluorescence of
various lines expressing GCaMP3 after ATP and solvent control (0.5×MS) application. Black arrows
indicate the time of treatment. Plotted values represent the average normalized fluorescence intensity
from 3–6 regions of interest (ROI) per line with standard error bars every fifth time point. Fluorescence
values were normalized to the lowest fluorescence value.

Upon applying ATP to roots expressing cell-specific GCaMP3 lines, we found similarities
and differences in the resulting [Ca2+]cyt signatures. For example, the PIN2:GCaMP3 lines,
which expressed GCaMP3 in the epidermis and cortex (Figure 2), displayed similar [Ca2+]cyt signatures
as UBQ10:GCaMP3-expressing lines in response to ATP and the solvent control solution (Figure 3A,B).
This is not surprising given that GCaMP3 is strongly expressed in both the epidermis and cortex under
the control of the UBQ10 and PIN2 promoters (Figures 1 and 2). For lines expressing GCaMP3 in the
trichoblasts, application of both ATP and MS control solution triggered a small increase in [Ca2+]cyt that
had similar patterns (Figure 3C). For lines expressing GCaMP3 in cells located in the root interior such
as the cortex, endodermis, and columella (supplementary video 1), ATP-induced [Ca2+]cyt increases
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resembled the patterns of UBQ10:GCaMP3 and PIN2:GCaMP3-expressing lines. However, the [Ca2+]cyt

increases triggered by application of MS control solution were not as prominent in these lines when
compared to those lines in which GCaMP3 was expressed in the epidermis (Figure 3D–F).

The next chemical we used to test the cell-specific GCaMP3 lines was glutamic acid (Figure 4).
Like ATP, glutamic acid (glutamate) is a neurotransmitter in mammalian cells that can trigger a
[Ca2+]cyt increase [5,14]. Application of glutamate to the elongation zone of roots expressing the
UBQ10:GCaMP3 construct induced a strong initial [Ca2+]cyt increase with a quick return to equilibrium
(Figure 4A). The [Ca2+]cyt spikes induced by application of MS controls were also observed in this
dataset. Compared to glutamate, the onset of [Ca2+]cyt increase was delayed in roots treated with
MS solution. In this case, however, the [Ca2+]cyt spikes triggered by glutamate and the MS control
solution were similar in amplitude (Figure 4A). Like the ATP treatment, [Ca2+]cyt response of roots
expressing PIN2:GCaMP3 to glutamate was similar to roots expressing UBQ10:GCaMP3. Furthermore,
[Ca2+]cyt changes in the root elongation zone of PIN2:GCaMP3-expressing seedlings in response to
the MS control solution was delayed, but exhibited a lower amplitude (Figure 4B). Lines expressing
PRP3:GCaMP3 also had a strong initial [Ca2+]cyt peak after glutamate treatment with a rapid return
to equilibrium that resembled UBQ10:GCaMP3 and PIN2:GCaMP3 lines. Like UBQ10:GCaMP3 and
PIN2:GCaMP3 lines, application of MS control solution elicited a [Ca2+]cyt response that was delayed
when compared to glutamate exposure (Figure 4C). By contrast, PEP:GCaMP3-expressing lines showed
a dampened response to glutamate compared to lines in which GCaMP3 was expressed in the root
surface (Figure 4D). Close examination of the time course of [Ca2+]cyt signals in the cortex after
glutamate application revealed a triphasic response, with two larger peaks and a delayed smaller
peak. Surprisingly, the amplitude of glutamate-triggered [Ca2+]cyt increases in the cortex was less than
that of MS treated roots (Figure 4D). The lines expressing SCR:GCaMP3 and ATHB8:GCaMP3 showed
monophasic responses to glutamate with a gradual return to equilibrium, similar to lines in which
GCaMP3 was expressed in root surface cells. Furthermore, unlike lines with GCaMP expressed in the
cortex and root surface cells, the MS control solution response for endodermis- and columella- targeted
GCaMP3 had delayed responses and lower amplitudes (Figure 4E,F).

Figure 4. Time course of [Ca2+]cyt changes in A. thaliana roots after 1 mM glutamate (Glu) application.
The leftmost panel shows an inverted fluorescence image of the terminal 300 µm of an A. thaliana
primary root to illustrate different cell types in which GCaMP3 was expressed. Cell types are color
coded with green = epidermis; blue = cortex; orange = endodermis; purple = columella; and the pink
cells in the inset in panel C = trichoblast. (A–F) Quantification of [Ca2+]cyt-dependent fluorescence of
various lines expressing GCaMP3 after Glu and solvent control (0.5×MS) application. Black arrows
indicate the time of treatment. Plotted values represent the average normalized fluorescence intensity
from 3–4 regions of interest (ROI) per line with standard error bars every fifth time point. Fluorescence
values were normalized to the lowest fluorescence value.
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The third chemical we tested against the cell-type specific GCaMP3 lines was Al3+ in the form
of aluminum chloride (Figure 5). Al3+ is a toxic tri-valent cation that competes with both Mg2+ and
Ca2+ to increase the activity of Ca2+-ATPases while disrupting transport of Ca2+ through the plasma
membrane [5,29]. Similar to previous treatments, the root elongation zone of seedlings expressing
UBQ10:GCaMP3 showed a monophasic [Ca2+]cyt response to Al3+ (Figure 5A). The onset of the [Ca2+]cyt

increase after Al3+ treatment was delayed and lower in amplitude compared to ATP, glutamate and
solvent control application (Figure 3A, Figure 4A and Figure 5A) [5]. In roots expressing PIN2:GCaMP3,
Al3+ application elicited a biphasic [Ca2+]cyt response that consisted of an initial small peak that
was quickly followed by a second larger peak, which was broader than the first peak. The onset of
the [Ca2+]cyt response in PIN2:GCaMP3-expressing roots after Al3+ treatment occurred earlier than
the [Ca2+]cyt response triggered by solvent controls (Figure 5B). In roots expressing PRP3:GCaMP3,
Al3+-induced [Ca2+]cyt increase was larger in amplitude and had a broader peak compared to those
observed in UBQ10:GCaMP3- and PIN2:GCaMP3-expressing roots (Figure 5C). The [Ca2+]cyt increases
in roots expressing GCaMP3 in interior root tissues were less than roots expressing GCaMP3 in
the surface tissues. Among the three lines in which GCaMP3 was expressed in the interior cell
types, the columella-specific GCaMP3 line did not show an Al3+-induced [Ca2+]cyt peak (Figure 5F).
The PEP:GCaMP3-expressing lines showed a biphasic [Ca2+]cyt response with a distinct first peak
followed by a second peak with lower amplitude. Although the amplitude of the [Ca2+]cyt peak
induced by application of MS solution was similar to the amplitude of the first Al3+-triggered [Ca2+]cyt

peak, the onset of the latter was delayed (Figure 5D). SCR:GCaMP3-expressing roots exhibited an
Al3+-induced [Ca2+]cyt response characterized by a broad peak and with a lower amplitude than peaks
observed in the root surface- and cortex GCaMP3-expressing lines (Figure 5E).

Figure 5. Time course of [Ca2+]cyt changes in A. thaliana roots after 1 mM aluminum (Al3+) chloride
application. The leftmost panel shows an inverted fluorescence image of the terminal 300 µm of an A.
thaliana primary root to illustrate different cell types in which GCaMP3 was expressed. Cell types are
color coded with green = epidermis; blue = cortex; orange = endodermis; purple = columella; and the
pink cells in the inset in panel C = trichoblast. (A–F) Quantification of [Ca2+]cyt-dependent fluorescence
of various lines expressing GCaMP3 after Al3+ and solvent control (0.5×MS) application. Black arrows
indicate the time of treatment. Plotted values represent the average normalized fluorescence intensity
from 3–7 regions of interest (ROI) per line with standard error bars every fifth time point. Fluorescence
values were normalized to the lowest fluorescence value.

The final stimulus we used to test the cell-type specific GCaMP3 lines was salt in the form of NaCl.
Na+ is used to regulate the voltage equilibrium in cells, but also has direct effects on the efflux of K+ into
the cytosol [30]. Ca2+ is a regulator for the K+ efflux channels [30], so disruption of K+ into the cytosol
may cause variation in the resting concentration of Ca2+. In roots expressing the fluorescent-based
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[Ca2+]cyt sensor Yellow Cameleon 3.60 (YC3.60), NaCl treatment resulted in cell-specific [Ca2+]cyt

transients in the early elongation zone [31]. Consistent with the results of Feng et al. (2018) [31],
roots expressing UBQ10:GCaMP3 exhibited late-onset [Ca2+]cyt transients (i.e., >10 min) in cells of
the elongation zone (Figure 6A; supplementary video 2). These NaCl-triggered [Ca2+]cyt transients
were observed in the cell-targeted GCaMP3 lines except for the endodermis-localized GCaMP3 line
(Figure 6A–D). In certain lines, the onset of [Ca2+]cyt transients occurred much earlier after NaCl
application when compared to UBQ10:GCaMP3-expressing lines. The onset of NaCl-induced [Ca2+]cyt

transients was fastest in roots of PRP3:GCaMP3-expressing lines followed by PEP:GCaMP3-expressing
lines. The [Ca2+]cyt transients in the columella were only observed several minutes after NaCl
application (i.e., 12 min after NaCl application; Figure 6C).

Figure 6. NaCl-triggered [Ca2+]cyt transients in cell type-specific GCaMP3 lines. Time course (A)
and representative heat maps (B) of [Ca2+]cyt transients in roots expressing UBQ10:GCaMP3 and root
surface cell-targeted GCaMP3 lines. Time course (C) and representative heat maps (D) of [Ca2+]cyt

transients in roots where GCaMP3 is expressed in interior root cell types. Colors of the line graphs
in A and C correspond to the cell types shown in preceding figures. The grey line shows the time
course of UBQ10:GCaMP3-expressing lines. The arrows indicate time of application of sodium chloride.
Intensity bar in panel D correspond to high (red) and low (blue) fluorescence with red indicating
elevated [Ca2+]cyt.

2.3. Modification of Growth Conditions and Chemical Application Methods to Mitigate Solvent
Control-Induced [Ca2+]cyt Transients

As shown in the preceding sections, the 0.5X MS control solution induced [Ca2+]cyt changes in
UBQ10:GCaMP3 and lines in which GCaMP3 was expressed in cells on the root surface and cortex
(Figures 3–5). Although the MS-induced [Ca2+]cyt responses were clearly distinct from ATP, glutamate,
and Al3+ treatments, we were concerned that the growth conditions in which these first experiments
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were conducted made roots more sensitive to osmotic changes and/or mechanical perturbation due
to the process of adding the solutions. We argued that MS-induced [Ca2+]cyt transients could be
dampened relative to the chemical applications by: (1) using freshly prepared MS plates for planting
seeds and (2) pretreating roots two times with MS solution prior to application of the actual chemical
solution. These modifications in our treatment protocols were tested using ATP which typically
generated peaks with the highest amplitude.

Compared to the datasets shown in Figures 3–5, the [Ca2+]cyt transients triggered by the MS
solution were significantly dampened when fresh plates were used for the experiments (Figure 7).
The dampened MS-induced [Ca2+]cyt transients were observed in the two sequential MS applications.
Pretreatment with MS solution had the added benefit of allowing roots to adapt prior to ATP application
(adapted ATP = ATP:MS). Under these modified growth and pretreatment conditions, the ATP-induced
[Ca2+]cyt increases were lower in amplitude when compared to the [Ca2+]cyt increases shown in
Figure 3. Despite the lower ATP-induced [Ca2+]cyt transients, these [Ca2+]cyt responses were better
separated from the [Ca2+]cyt responses induced by MS solution, particularly in lines expressing
UBQ10:GCaMP3 and those in which GCaMP3 was expressed in root surface cell types and the cortex
(Figure 7). In addition to the dampened response, [Ca2+]cyt response to ATP:MS for UBQ10:GCaMP3
and PIN2:GCaMP3 lines had broader peaks than those shown in Figure 3. For PRP3:GCaMP3-expressing
lines, the [Ca2+]cyt response was markedly different from the initial ATP treatment (Figures 3C and 7C).
Application of ATP after 0.5X MS adaptation caused a strong, monophasic response earlier than
either UBQ10:GCaMP3 or PIN2:GCaMP3 lines. Lines expressing PEP:GCaMP3 showed a continued
elevated [Ca2+]cyt response that oscillated throughout the 10 min time course compared to either
UBQ10:GCaMP3 lines or the previous ATP treatment (Figures 3D and 7D). For lines expressing
SCR:GCaMP3 or ATHB8:GCaMP3, the response was similar to previous ATP treatments, but without
the strong transient peak (Figures 3E,F and 7E,F). After the cell-type specific lines were adapted to
the 0.5×MS control solution, the response time for ATP:MS was initiated later than the previous ATP
treatment (Table 1).

Figure 7. ATP-triggered [Ca2+]cyt responses in cell type-specific GCaMP3 lines planted on fresh MS
plates and pre-treated twice with MS. MS pretreatment 1 (MS1) time course (black) of [Ca2+]cyt in roots
show construct treatment with MS control solution. MS pretreatment 2 (MS2) time course (grey) shows
construct treatment with a second dose of MS control solution 15 min after first treatment. ATP:MS
time course of [Ca2+]cyt in roots show cell-type specific response 10 min after MS1 and MS2 treatment.
Colors of the line graphs in (A–F) correspond to the cell types shown in preceding figures with standard
error bars every fifth time point. Black arrows indicate the time of application of ATP.
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To further tease out the differences among GCaMP3-expressing lines, we obtained the time
elapsed from chemical application to maximum GCaMP3 fluorescence (referred to as reaction time),
and analyzed the relationship between chemicals using Analysis of Variance (ANOVA) with Tukey
Post-Hoc test (Table 1). Our analysis showed that reaction time was delayed in lines where GCaMP3
was expressed in inner cell types. When comparing the different chemical treatments, ATP, glutamate,
and Al3+ showed similar responses (except ATHB8:GCaMP3 to Al3+) while adapted ATP:MS showed
significantly slower reaction times to both ATP and glutamate (Table 1). However, with such a small
sample size, statistical significance may indicate a trend rather than actual significance. NaCl reaction
time was not included due to the large variation in responses across each line.

Table 1. Reaction time analysis of [Ca2+]cyt response where reaction time is the time elapsed from
chemical application to maximum GCaMP3 fluorescence (reaction time ± SE; n = sample size; reaction
time is in seconds). Statistical analysis using Analysis of Variance (ANOVA) with Tukey Post-Hoc test
(p ≤ 0.05 for reported significance) was performed for differences in chemical treatments only due to the
lack of comparable ROI sections between cell-type lines. Due to limited sample size, significance may
indicate a general trend rather than actual significance. ATP = adenosine tri-phosphate; Glu = glutamate;
Al3+ = aluminum; MS = control solution; ATP:MS = adapted ATP.

Treatment UBQ10:GCaMP3 PIN2:GCaMP3 PRP3:GCaMP3 PEP:GCaMP3 SCR:GCaMP3 ATHB8:GCaMP3

ATP ab 99.3 ± 4.67
(n = 3)

120.3 ± 4.3
(n = 3)

210.3 ± 26.5
(n = 3)

159.0 ± 16.3
(n = 6)

141.2 ± 22.6
(n = 5)

134.8 ± 8.0
(n = 4)

Glu ab 100.0 ± 7.1
(n = 3)

94.0 ± 4.9
(n = 3)

114.0 ± 16.4
(n = 3)

145.7 ± 28.0
(n = 3)

128.7 ± 17.1
(n = 3)

114.7 ± 3.3
(n = 3)

Al3+ ac 196.4 ± 16.5
(n = 5)

178.3 ± 37.8
(n = 7)

219.0 ± 27.0
(n = 6)

154.7 ± 8.0
(n = 3)

325.0 ± 94.4
(n = 3)

569.0 ± 12.8
(n = 3)

MS c 174.3 ± 5.6
(n = 8)

201.7 ± 33.5
(n = 6)

266.2 ± 27.5
(n = 5)

217.0 ± 46.6
(n = 6)

350.5 ± 77.7
(n = 6)

373.8 ± 88.2
(n = 6)

ATP:MS c 315.3 ± 40.4
(n = 3)

404.0 ± 33.7
(n = 3)

329.0 ± 95.9
(n = 3)

366.0 ± 18.9
(n = 3)

424.7 ± 32.9
(n = 3)

311.7 ± 9.3
(n = 3)

a,b,c indicates significant differences between chemical treatments.

2.4. Evaluation of [Ca2+]cyt Signatures from Similar Root Development Regions and Cell Types

In comparing UBQ10:GCaMP3 lines with the other cell-type specific GCaMP3 lines, a ROI was
selected and the average of normalized fluorescence intensity was plotted. For the most part, the ROI in
UBQ10:GCaMP3 lines was from the root epidermis and the average normalized fluorescence intensity
from this ROI was compared with that of individual or groups of cells from the cell-type specific
GCaMP3 lines. This process did not enable direct comparisons of [Ca2+]cyt signatures between the same
cell types or root developmental regions. To address this issue, we conducted another set of imaging
experiments using ATP-treated UBQ10:GCaMP3 and PIN2:GCaMP3 lines. For these experiments,
a more direct comparison was conducted by drawing ROIs in epidermal cells from similar positions
along the root longitudinal axis encompassing the meristem, distal elongation zone, and central
elongation zone (Figure 8A). In doing so, we found similarities and differences in [Ca2+]cyt signatures
between UBQ10:GCaMP3 and PIN2:GCaMP3 lines. For example, the ATP-induced [Ca2+]cyt signatures
of UBQ10:GCaMP3 in all root developmental regions were identical to those in the distal and central
elongation zone of PIN2:GCaMP3 lines. In PIN2:GCaMP3 lines, however, the ATP-induced [Ca2+]cyt

signature had a much greater amplitude in the meristem (Figure 8A,B).
We extended our analysis by drawing ROIs in presumptive columella or endodermis of

UBQ10:GCaMP3 and comparing the resulting [Ca2+]cyt signatures from these ROIs with those of
ATHB8:GCaMP3 and SCR:GCaMP3. For the columella, we found that ATHB8:GCaMP3 lines displayed
an ATP-triggered [Ca2+]cyt signature with a sustained peak throughout the 10 min time course.
On the other hand, the ATP-induced [Ca2+]cyt signature from the presumptive columella region of
UBQ10:GCaMP3 lines was transient (Figure 8C). For the endodermis, the peak of ATP-induced [Ca2+]cyt

increase was higher in UBQ10:GCaMP3 when compared to SCR:GCaMP3 (Figure 8D).
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Figure 8. Direct comparison of ATP-induced [Ca2+]cyt signatures in equivalent root developmental
regions between UBQ10:GCaMP3 and cell-type specific GCaMP3 lines. Regions of interest (ROIs)
were drawn in the meristem, distal elongation zone (DEZ), and central elongation zone (CEZ) in
UBQ10:GCaMP3 (A) and PIN2:GCaMP3 (B) roots (inset in A). Comparison of ATP-induced [Ca2+]cyt

signatures in presumptive columella and endodermis of UBQ10:GCaMP3 lines with ATHB8:GCaMP3
(C) and SCR:GCaMP3 (D). Black arrows indicate the time of treatment. Plotted values represent the
average normalized fluorescence intensity from 3-4 ROI per line with standard error bars every fifth
time point. Fluorescence values were normalized to the lowest fluorescence value.

3. Discussion

In this paper, we introduced a set of A. thaliana lines expressing the intensiometric [Ca2+]cyt

reporter GCaMP3 targeted to specific root cell types. Roots of these cell type specific GCaMP3 lines
responded to chemical treatments such as ATP, glutamate, Al3+, and NaCl by exhibiting increases in
[Ca2+]cyt-dependent CGaMP3 fluorescence. Imaging [Ca2+]cyt changes in cell types in response to
some of these chemicals using lines in which genetically-encoded [Ca2+]cyt reporters are expressed
ubiquitously have been attempted previously. This was done by drawing a region of interest
corresponding to a particular tissue/cell type. For example, it was shown that Al3+-induced biphasic
[Ca2+]cyt signatures in the root elongation zone occurred predominantly in the cortex when compared
with the epidermis [5]. While this has proven effective for marking developmental regions along the
longitudinal axis of the root [5,27], specifying a region of interest to designate root tissue/cell types
along the radial axis for fluorescence-based measurements of [Ca2+]cyt can be problematic because this
does not guarantee complete separation of signals from adjacent cell types. This problem becomes
even more challenging for cell types located in the innermost regions of the root such as the columella
and endodermis. Moreover, the ability to consistently draw a region of interest to outline the root
cortex requires that the root grew in a particular orientation during the imaging experiments [5].
Here, we documented some of the advantages of the cell type specific GCaMP3 lines by comparing
[Ca2+]cyt signatures from ROIs marking presumptive columella and endodermis in UBQ10:GCaMP3
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lines with those of ATHB8:GCaMP3 and SCR:GCaMP3. This analysis revealed stark differences in both
the amplitude and shape of [Ca2+]cyt signatures. Differences were also uncovered when equivalent
root developmental regions were compared, particularly with regard to the amplitude of [Ca2+]cyt

signatures in the meristem (Figure 8). The differences are likely due to contaminating signals from
other cell types in UBQ10:GCaMP3 lines. The use of cell type specific GCaMP3 lines described here
could potentially mitigate such problems.

The [Ca2+]cyt transients in the cell type specific lines induced by these various chemicals had
various patterns when compared with lines in which GCaMP3 was expressed ubiquitously. A similarity
in patterns occurred within the root surface cells’ responses to the different chemical treatments and
again within the root inner cell types. Lines in which GCaMP3 was expressed in innermost root cell
types such as the columella and endodermis generally had slower response times when compared to
lines with GCaMP3 expressed in root surface cells. The delayed response times in lines with GCaMP3
expressed in the columella and endodermis was observed in all chemical treatments (Table 1; Figure 6).
One could argue that because of the innermost location of the columella and endodermis, the delay
in the response times might be due to the longer time it takes for the chemical to make contact with
the target cells. The fact that columella and endodermis exhibit minimal or no [Ca2+]cyt increase
after application of 0.5X MS supports this possibility. An alternative hypothesis is that the delayed
[Ca2+]cyt response in the innermost cell types is due to an inward moving [Ca2+]cyt wave, which is
not easily revealed when GCaMP3 is expressed ubiquitously or on the root surface. From our data,
these inward-directed [Ca2+]cyt waves appear to be most prominent in ATP- and glutamate-treated
roots (Figures 3, 4 and 7). The GCaMP3 lines described here could present a significant tool for better
understanding the radial direction of [Ca2+]cyt waves in roots. A meaningful set of experiments with
GCaMP3 lines expressed in innermost cell types will be to locally apply a small volume of the chemical
stimulus to the root epidermis.

The line that was most similar to UBQ10:GCaMP3 with regard to chemical-induced [Ca2+]cyt

transients was PIN2:GCaMP3. This was not surprising given that the PIN2 promoter drives GCaMP3
expression in root epidermal cells, which is the cell type that is readily imaged in UBQ10:GCaMP3 lines
due to its location on the root surface. With the PEP:GCaMP3 lines described here, we were able observe
biphasic, triphasic and oscillatory [Ca2+]cyt signatures after Al3+ treatment that were reminiscent
of some of the observations made by Rincon-Zachary et al. (2010) [5] (Figure 5). The cortex- and
trichoblast-targeted GCaMP3 lines also revealed an earlier onset of NaCl-induced [Ca2+]cyt transients
when compared to UBQ10:GCaMP3 lines (Figure 6). It has been shown that [Ca2+]cyt transients in
roots exposed to NaCl is part of the cellular machinery that prevents root cells from rupturing under
salinity stress. The plasma membrane-localized receptor-like kinase, Feronia (FER), is required for root
growth recovery after encountering high salinity conditions [31]. Because fer mutants displayed a high
incidence of cortical cell rupture when compared to wild type after exposure to NaCl, it is tempting to
speculate that earlier onset of [Ca2+]cyt transients in the cortex revealed by the PEP:GCaMP3-expressing
lines could be a mechanism to maintain root growth integrity. The cell type GCaMP3 lines described
here should be useful in testing this hypothesis.

While testing the various cell type specific GCaMP3 lines, we encountered a number of technical
challenges brought about by our seedling growth conditions. In several experiments, we found that
applying the 0.5X MS control solution alone could trigger a rise in [Ca2+]cyt. The MS only-induced
[Ca2+]cyt transients were most prominent in the UBQ10:GCaMP3-expressing lines and those in which
GCaMP3 was expressed in root surface cell types (e.g., PIN2:GCaMP3 and PRP3:GCaMP3). The [Ca2+]cyt

transients observed after MS treatment were reminiscent of touch-induced [Ca2+]cyt responses [20],
and recent studies on ATP-induced [Ca2+]cyt signaling [27], suggesting that we might have been
eliciting a touch response as the various solutions were added to the root. In support of this hypothesis,
our method for root [Ca2+]cyt imaging involved planting seed of the reporter lines on a thin layer of
agarose to secure the root while at the same time allowing for the root cells to be accessible to the
various chemical treatments ([5]; see Methods). It is possible that some of the [Ca2+]cyt transients
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observed in response to MS application resulted from roots that were not securely anchored to the
agarose medium. Alternatively, the prevalence of MS-induced [Ca2+]cyt increases in some of our
experiments could be due to osmotic changes when the solution was applied. Because agar for imaging
roots was poured in advance, it was possible that liquid in some of the plates may have evaporated
during storage. This could have led to some plates having an MS solution that was more concentrated
than the treatment solution.

To test the possibility that MS-induced [Ca2+]cyt changes were due to touch or hypoosmotic
shock, we repeated the ATP application experiments using roots that emerged from seeds planted on
plates with freshly prepared MS-supplemented agarose. Furthermore, roots were pretreated with MS
solution prior to ATP treatment. Under these modified growth and treatment conditions, we found that
MS-induced [Ca2+]cyt increases were significantly dampened (Figures 3 and 7). Given that [Ca2+]cyt

changes are responses that can be elicited by a wide range of stimuli, the results described here highlight
the need to carefully consider the growth and treatment conditions, and to include appropriate controls
when conducting [Ca2+]cyt imaging experiments. Based on these observations, it is imperative that
fresh plates be prepared prior to planting the reporter lines and that roots be pretreated with the
solvent control solution for a few hours to allow seedlings to adapt.

Some studies have shown [Ca2+]cyt signals propagate along the longitudinal axis of roots [5,26].
Meanwhile, another study has indicated that [Ca2+]cyt signal propagation from the apical into the
sub-apical can also occur [27]. The cell type specific GCaMP3 lines described here, particularly
those lines in which GCaMP3 is expressed in inner root cells such as the cortex-, endodermis- and
columella-specific lines could shed new insights into the direction of [Ca2+]cyt signal propagation
within the roots. The MS-induced [Ca2+]cyt responses in lines in which GCaMP3 was expressed in the
endodermis and columella were not observed. However, these cell types exhibited [Ca2+]cyt increases
in response to some of the chemicals, indicating that these [Ca2+]cyt changes can be attributed to the
chemical itself. In this regard, it is noteworthy that columella-targeted GCaMP3 lines did not exhibit a
[Ca2+]cyt increase after Al3+ treatment while those lines with GCaMP3 expressed in the endodermis
lacked a [Ca2+]cyt response to NaCl. With the establishment of response patterns from the cell type
specific GCaMP3 lines when exposed to various chemical treatments, investigation into unique aspects
of different root tissues/cells, such as signal propagation direction and response intensity, can be more
readily explored.

4. Materials and Methods

4.1. Generation of Cell-Type Specific Promoter GCaMP Lines

Each promoter was amplified from genomic DNA extracted from wild-type Arabidopsis thaliana
seedlings using the Plant DNAzol Reagent (Invitrogen, Carlsbad, CA, USA) (Table S1). The sequence
preceding the start codon for each gene was used in each instance. The resulting fragments were
digested with PstI and SalI (New England Biolabs, Ipswich, MA, USA; http://neb.com) and cloned
into a modified pCAMBIA1390 vector [32]. GCaMP3 was amplified from plasmid DNA and digested
with XmaI and BstEII (New England Biolabs, Ipswich, MA, USA; http://neb.com) and then cloned
behind each promoter construct in pCAMBIA1390. To generate UBQ10:GCaMP3, a similar approach
was taken. GCaMP3 was again amplified from plasmid DNA and then digested with EcoRI and SpeI
(New England Biolabs, Ipswich, MA, USA; http://neb.com) and cloned behind the Ubiquitin 10 promoter
in a previously described pCAMIA1390 vector [33]. Plasmid containing GCaMP3 was a gift from
Loren Looger (Addgene plasmid # 22692; http://n2t.net/addgene:22692; RRID:Addgene_22692; [34]).
Agrobacterium tumefaciens-mediated transformation using the floral dip method was used to generate
Arabidopsis ecotype Col-0 plants expressing the GCaMP3 constructs [35]. All primers used in this
study are listed in Table S2.
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4.2. Preparation of A. thaliana Seedlings for Imaging

Seeds of the various A. thaliana GCaMP3 lines were planted on coverslips coated with a thin layer
of MS-supplemented low-melting agarose. This set-up was prepared by pouring 3 mL of autoclaved
0.5% low-melting agarose in 0.5X MS solution (pH 5.7) on 48 × 60 mm No. 1 coverslips (Thermo
Scientific, gold seal cover glass reorder no. 3334, Waltham, MA, USA; www.thermoscientific.com)
as described in Rincon-Zachary et al. (2010) [5]. Coverslips with polymerized agarose were placed
in 9 cm diameter round Petri dishes and stored at 4 ◦C prior to planting seeds. In another set of
experiments, seeds were planted as soon as the agarose polymerized. Petri dishes and coverslips
with the planted seeds were kept in 4 ◦C for 2 days and transferred to a Conviron growth chamber
(Controlled Environments Ltd., Winnipeg, MB, Canada) set to 24 ◦C with 14 h/10 h day/night cycle.
Petri dishes with the coverslips were kept vertical to enable the roots to grow down and straight along
the surface of the agarose. Seedlings were imaged when primary roots were about 3–4 cm long, which
was 5–6 days after transfer to the Conviron.

4.3. Validation of GCaMP3 Expression in Root Cell Types

Validation of GCaMP3 expression in the target root cell types was conducted with an inverted
Leica TCS SP8-X Confocal Laser Scanning Microscope (Leica Microsystems, Wetzlar, Germany;
http://leica-microsystems.com). Seedlings from the Conviron were secured in a horizontal orientation
on the stage of the microscope. Seedling roots were illuminated with the 488 nm line of the Argon laser
using a 40× (numerical aperture 1.1) water immersion objective and emitted light detected at 510 nm.
For some lines, single optical images were acquired at a pixel resolution of 1024 × 1024. For other lines,
a Z-series was acquired by capturing 81 images at 0.4 µm intervals and 3-D images were generated
using the LAS visualization software of the Leica confocal microscope.

4.4. Chemical Treatments and Measurement of Ca2+-Dependent GCaMP3 Fluorescence

Stock solutions of 1 M ATP (Sigma-Aldrich, St. Louis, MO, USA; A7699-1G), glutamate
(Sigma-Aldrich, St. Louis, MO, USA; G1149-100G), aluminum chloride (Sigma-Aldrich, St. Louis, MO,
USA; Cas. No. 7784-13-6) and sodium chloride (J.T. Baker, Phillipsburg, NJ, USA; 3624-19) were made
with deionized water and stored at 4 ◦C prior to use. Working solutions of 1 mM Al3+, 1 mM ATP,
1 mM Glu, and 150 mM NaCl were made by adding the appropriate volume of the stock solution in
0.5X MS at pH 5.7. Working solutions were made fresh prior to the imaging experiments.

To measure [Ca2+]cyt-dependent GCaMP3 fluorescence, images of growing roots were acquired
every 1 s for 10 to 15 min using the Leica SP8-X confocal microscope. Images were captured at a
scanning speed of 600 MHz and pixel resolution of 512 × 300. Baseline GCaMP3 fluorescence of the
roots was first acquired for 1 min after placing seedlings on the stage of the microscope. Twenty µL of
the treatment solution was then added on top of the agarose medium where the root was growing
using an adjustable volume pipette while imaging continued. From the collected images, the average
fluorescence intensity was acquired by marking a rectangular region of interest corresponding to the
specific cell type using the rectangular selection tool of the SPX-8 LAS software. GCaMP3 fluorescence

(F) values were normalized using the formula I =
(F−F0)

F0 where F is the fluorescence intensity at
some time point and F0 is the lowest fluorescence intensity point for the data set. Normalized
fluorescence values were reported as the mean ± SE of at least three independent seedlings per
GCaMP3 construct [36]. Another round of intensity video imaging was taken for the 0.5×MS control
solution to generate the MS control fluorescence curves.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/17/6385/s1,
Supplementary video 1 Time lapse video of [Ca2+]cyt changes in the columella cells of ATHB8:GCaMP3 lines in
response to ATP. Red indicates elevated [Ca2+]cyt. Total elapsed time is 5 min with images captured every 1 s.
Video was sped up to 30 frames per second. Supplementary video 2 Time lapse video of [Ca2+]cyt changes in the
cortex of PEP:GCaMP3 lines in response to salt. Red indicates elevated [Ca2+]cyt. Total elapsed time is 10 min with
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images captured every 1 s. Video was sped up to 60 frames per second. Table S1 Promoters used for development
of GCaMP3 constructs that target to specific cell types in Arabidopsis thaliana roots. Table S2 Primer sequences used
to generate the GCaMP3 constructs in Arabidopsis thaliana.
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Abstract: Understanding how cell organelles and compartments communicate with each other has
always been an important field of knowledge widely explored by many researchers. However,
despite years of investigations, one point—and perhaps the only point that many agree on—is
that our knowledge about cellular-signaling pathways still requires expanding. Chloroplasts and
mitochondria (because of their primary functions in energy conversion) are important cellular
sensors of environmental fluctuations and feedback they provide back to the nucleus is important for
acclimatory responses. Under stressful conditions, it is important to manage cellular resources more
efficiently in order to maintain a proper balance between development, growth and stress responses.
For example, it can be achieved through regulation of nuclear and organellar gene expression. If plants
are unable to adapt to stressful conditions, they will be unable to efficiently produce energy for growth
and development—and ultimately die. In this review, we show the importance of retrograde signaling
in stress responses, including the induction of cell death and in organelle biogenesis. The complexity
of these pathways demonstrates how challenging it is to expand the existing knowledge. However,
understanding this sophisticated communication may be important to develop new strategies of how
to improve adaptability of plants in rapidly changing environments.

Keywords: retrograde signaling; biogenic control; operational control; stress response; cell death

1. Introduction

Oxygenic photosynthesis is an ancient process that likely evolved over 3.7 billion years
ago in free-living bacteria. According to the endosymbiosis theory, the ancestor of the current
alphaproteobacteria from which mitochondria are derived were incorporated into prokaryotic
Archaean cells. Some of these newly formed eukaryotic cells underwent another endosymbiosis
event, incorporating a photosynthetically active ancestor of cyanobacteria into their cells. These two
events—followed by a long period of evolution—resulted in the emergence of modern eukaryotic plant
cells [1]. During the evolution of eukaryotic plant cells, the genomes of the original endosymbionts
evolved and rearranged in such way that many genes were transferred from organellar genomes to
nucleus. This process was aimed at securing endosymbionts in eukaryotic cell and simplifying metabolic
pathways to allow eukaryotic cells to manage their resources in a more efficient manner. However,
these genetic rearmaments during the evolution of the modern plant cell also required the evolution of
a communication between the prokaryotic precursors of organelles and the eukaryotic nucleus.

During evolution, the majority of genes encoded by the genome of free-living cyanobacteria
were transferred to the nuclear genome of the newly formed symbiotic cell [2,3]. Around 18% of the
Arabidopsis thaliana nuclear genes are derived from a plastid ancestor. Surprisingly, the majority of
proteins encoded by those genes are not transferred back to the chloroplasts. Even in nonphotosynthetic
organisms like Plasmodium or Trypanosoma—which evolved from red algae—we still find some functional
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genes of cyanobacteria origin [4]. This demonstrate that the benefits from endosymbiosis can be
various and the evolution of eukaryotes took many different paths in order to gain advantage over
prokaryotic cells. We cannot clearly distinguish which pathway was more beneficial, but it is obvious
that the emergence of the eukaryotic cell led to the possibility for the evolution of plant, fungi and
animal modern cells, which was a major breakthrough in evolution of oxygenic life on earth. To
make this happen, the original symbionts had to develop a highly coordinated two—or three-way
communication system. It is obvious that the expression of many genes encoded by the nuclear genome
depends on organellar signals, in a mechanism called retrograde signaling. In this review, we present
role of the signals derived from dysfunctional organelles such as chloroplasts, mitochondria and
peroxisomes in regulation of nuclear gene expression (NGE). The proper folding and assembly of many
plastid protein complexes (e.g., photosystems) requires the highly coordinated coupled expression
of photosynthesis-associated nuclear genes (PhANGs) and photosynthesis-associated plastid genes
(PhAPGs). On the other hand, organellar gene expression (OGE) is controlled by nuclear-encoded
factors; this kind of regulation is called anterograde signaling. Disturbances in retrograde—as well as
anterograde—signaling may lead to their uncoupled expression, which has harmful effects on plant
cells by impairing the proper functioning of chloroplasts [5]. Under photooxidative stress, chloroplasts
are not able to carry out the biosynthesis of carbohydrates efficiently, which limits the energy supply
of cells. Instead, excess excitation energy (EEE) results in a rapid foliar temperature increase due to
nonphotochemical quenching (NPQ) and formation of reactive oxygen species (ROS) which—apart
from their destructive capabilities—are also able to act as signaling molecules, allowing plants to adapt
to suboptimal environmental conditions. The inhibition of mitochondrial electron transport and the
tricarboxylic acid cycle requires retrograde induction of the alternative oxidase pathways in order to
reduce oxygen and maintain energy production. Alternative respiratory pathways have a lower ATP
yield than the main pathway. However, in stressful conditions, it may be the only way to produce
energy. Severe oxidative stress can surpass the abilities of the antioxidative system, and ultimately
results in the induction of programmed cell death (PCD). Plants induce PCD in order to survive in
extreme environmental conditions, or to prevent spread of pathogens which eventually could lead to
death of the whole plant organism. Retrograde signals originated from peroxisomes are connected
with the inhibition of catalases. Recently, the role of peroxisome-derived H2O2 in the induction of PCD
was established; we will discuss this later in this review. On the other hand—apart from discussing
the role of each mentioned organelle in retrograde signaling—we also present several putative signal
integrators, indicating that under some conditions, changes in the NGE may require a coordinated
signal from more than one type of organelle.

Crosstalk between the nucleus and other organelles is crucial, not only for their development, but
also to trigger stress responses or to acclimate to a constantly changing environment. Understanding
of those complex signaling pathways may allow us to modify them in the future in order to improve
crop productivity or to respond to several combined abiotic and biotic stresses [6–9].

Along with climate change and the overheating of the Earth which we are experiencing nowadays,
extreme conditions such as water deficit, extreme temperatures, storms, deforestation, desert expansion
and high soil salinity occurs more often [10,11]. The Pace of those changes raises at least a few questions:
Will plants be able to cope with such rapid climate change? What about diseases and pests that will
migrate to more favorable habitats? This is currently happening, for example in the pandemic wheat
disease—stem rust (TTTTF)—which is migrating from Africa to Europe [12]. This is why we should
think about these challenges more carefully in coming years. If not, we will be not prepared for
what may come [13]. One strategy to resolve this problem is to enhance natural plant defense and
acclimation mechanisms in crops with genes from their wild ancestors. Especially helpful in this case
may be some knowledge about retrograde-signaling pathways. However, acclimation to stressful
conditions requires energetic investment which could be utilized for growth and development. Finding
the proper balance between those two processes may be crucial [14].
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Even widely described, retrograde-signaling pathways still has some unknowns (mostly how
signals are transduced from organelles to nucleus). Recently, some scientists working in this field
question that even genes that has been considered to be key parts of some retrograde-signaling
pathways for last few years. In this review, we try to describe different classes of retrograde signals,
already known pathways related to organelles biogenesis or stress response and also discuss all the
controversy that have recently arisen around some of the putative retrograde candidates.

2. Plurality of Putative Retrograde Signals

Retrograde signals can be classified according to the nature of the signal. We can distinguish few
major types of the signals which are transduced by different biomolecules such as: RNA, ROS, proteins
and other metabolites. In pioneering work of chloroplast-to-nucleus signaling, it was proposed that
RNA from plastids can regulate protein synthesis in cytoplasm [15]. Indeed, recently was identified
link between retrograde signaling and RNA editing in chloroplasts [16]. Noteworthy, recent studies
show that RNA metabolism processes such as alternative splicing and micro RNA synthesis are not
only affected by retrograde signaling but can also trigger it as well. One hypothesis indicates that it
could be achieved through alterations in RNA editing levels for transcripts encoding subunits of RNA
polymerase such as rpoC1 and rpoB [17–20]. Even without evidence of RNA being signaling molecule
for retrograde signaling itself, it is clear that RNA metabolism (both nuclear and plastid) plays major
role in transduction of retrograde signals.

ROS are products of several metabolic pathways; it was described that their accumulation
can affect NGE [21]. ROS can be produced in apoplast, chloroplasts, mitochondria, glyoxysomes,
peroxisomes, endoplasmic reticulum (ER) and cytosol [22]. Photosynthesis and photorespiration are
well known metabolic processes that generates ROS. NADPH oxidases (NOXs) activity results in ROS
formation in apoplast. Respiratory burst oxidase homologs (RBOHs) are plant NADPH oxidases
located in the plasma membrane. Apoplastic ROS are scavenged in the same way as it happens
intracellular, but by a specific extracellular isoforms of antioxidative enzymes [23,24]. H2O2 formed in
apoplast can be transported into the cells via aquaporins (AQPs) (Figure 1). Plasma membrane intrinsic
protein 1.4 (AtPIP1.4) was described as the AQP that can facility intracellular H2O2 transport through
plasma membrane from apoplast [25]. This mechanism may allow apoplastic communication between
plant cells and allow induction of systemic responses. Redox state of the apoplast is important in
acclimation of photosynthesis to variable light intensity [26]. To further support this hypothesis recently
apoplastic H2O2 sensor—HPCA1—was identified [27]. Cells developed ROS scavenging mechanisms
to maintain homeostasis, it is achieved mainly by enzymatic and nonenzymatic compounds [28].
Glutathione (GSH) and especially ascorbate (AsA) are main nonenzymatic antioxidants in plants [29].
However, those nonenzymatic compounds depend on their recycling by specific set of enzymes. For
example, DEHYDROASCORBATE REDUCTASE2 (DHER2) is an important enzyme taking part in
ascorbate recycling [30]. There are also other nonenzymatic antioxidative compounds such as phenolic
compounds, carotenoids, flavonoids, tocopherols and alkaloids [31]. Mentioned compounds play role
in regulating redox state of plant cells. Under abiotic or biotic stress ROS production surpass abilities
of antioxidative systems eventually changing redox state of chloroplasts which is considered to be
important in triggering retrograde signaling. Because some of ROS like singlet oxygen (1O2) have
short lifespan it is clear that it rather takes part as one of the signaling molecules than migrate from
plastids to nucleus itself to modulate NGE. It is still unclear how ROS escape chloroplasts. However,
in cytoplasm there are several redox sensitive proteins such as Mitogen-activated protein kinases
(MAPKs) which can trigger signal cascades that eventually lead to changes in NGE [32]. ROS stability,
apart from their short half-time is also linked with their reactivity. More reactive species like hydroxyl
radical (OH•) are chemically unstable and they can only oxidize compounds in their close vicinity. In
contrast to hydroxyl radical, H2O2 is the most stable ROS. However, short-lived ROS like superoxide
anion radical (O2•−) generated by photosystem I (PSI) can be dismutated to H2O2 enzymatically
by superoxide dismutase (SOD) or spontaneously [33]. It was reported that hydrogen peroxide can
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oxidase Calvin cycle enzymes containing thiol group [34]. Oxidation of cysteine thiol group to sulfenic
acid (Cys–SOH) is well established reversible post translational modification that regulates protein
activity. It depends on the redox state of cell. Sulfenylation of important antioxidant enzyme DHER2
prevents it from irreversible overoxidation [30]. Endosymbiosis events also contributed to evolution of
redox sensitive proteins containing cysteine thiols in order to sense and regulate redox state of cell [35].
Many hypotheses about role of H2O2 in plant signaling under light illumination were thoughtfully
discussed in literature [36,37]. H2O2 derived from photosynthesis is also able to diffuse out of the
chloroplasts during illumination [32,38,39]. However, authors suggested that it cannot pass chloroplast
membrane by simple diffusion. It is more likely that it is transported out of chloroplasts through
AQPs [40]. Some researchers hypothesize that it may be delivered from chloroplast to nucleus via
stromules [41]. They are tubules filled with stroma formed by all plastid types discovered in vascular
plants and it was described that they can emanate after exposure to ROS [42]. Recently, research group
of Phillip Mullineaux suggested that photosynthesis derived H2O2 from chloroplasts associated nearby
nuclei may affect NGE omitting transport by cytosol [43].
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Figure 1. Role of oxidative signal inducible 1 (OXI1) in retrograde signaling in mature mesophyll
cells. OXI1 in response to reactive oxygen species (ROS) induces biosynthesis of jasmonic acid (JA)
and induces programmed cell death (PCD) through MPK11/MPK13-mediated pathway. JA induces
expression of ICS1. Crosstalk between SA and JA along with endoplasmic reticulum (ER)-associated
proteins DEFENDER AGAINST CELL DEATH (DAD1)/DAD2 regulates expression of OXI1. Dotted
lines represent pathways which lack experimental evidence or exact nature of indicated regulation is
still unknown.

Hydrogen peroxide in chloroplasts is detoxified by peroxiredoxin (PrxR), but mostly by
ascorbate–glutathione cycle in which ascorbate peroxidase (APX) is key enzyme [44,45]. There
are different enzymes that can also scavenge ROS, including catalase (CAT), superoxide dismutase
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(SOD) and glutathione peroxidase (GPX). Because of their broad substrate specificity usually each
ROS can be utilized by at least two different enzymes [46,47]. It is also worth mentioning that each
cell compartment has specific protein isoforms and contain more than one type of antioxidative
enzymes. For example, we can distinguish APX isoenzymes located in stromal (sAPX) and thylakoid
(tAPX) membrane of chloroplasts (in mature mesophyll cells), cytosol APX (cAPX) and microbody
APX (mAPX) bound to membrane of peroxisome and glyoxysome [48]. APX change their activity
under high light illumination [49–51]. APXs expression is regulated by redox status of plastoquinone
pool [50]. Existence of several APX isoenzymes allow plant cells to regulate ROS content in each
compartment independently [52]. Cells may purposely not scavenge all ROS in efficient manner and
in every cell compartment so the signal can be transduced and proper response for high light intensity
induced. It is still unclear if response to H2O2 depends on in which organelle it was produced or rather
signal is integrated regardless of the source [53]. Signaling pathways originating from peroxisomes
were often discovered analyzing catalase mutants (cat) which accumulate H2O2 inside peroxisomes
in differentiated cells. Its accumulation lead to the induction of pathogenesis related genes and
ultimately to the cell death [54,55]. cat mutants differentially express many nuclear encoded genes
compared to the wild-type plants under high light intensity stress [56]. Transcriptome analysis of cat2
mutant shows higher expression of many genes related to protein repair [57]. More severe changes are
observed in transcriptome of cat1 cat2 cat3 triple mutant exhibiting deregulation in expression pattern
of several receptor-like kinases and transcription factors (TFs) [58]. Among those genes oxidative signal
inducible 1 (OXI1) encoding serine/threonine kinase, MPK11 and MPK13 were especially interesting
considering redox sensitivity of some MAPKs. OXI1 belongs to AGC family of plasma membrane
bound kinases [59]. OXI1 was described as activator of MPK3 and MPK6 in response to H2O2 and
pathogens [60]. However, no changes in expression pattern of those kinases were observed in triple
catalase mutant [58]. This may suggest existence of separate H2O2 related signaling pathways for
peroxisomes and chloroplasts. H2O2 accumulation in peroxisomes promote transduction of the signals
through OXI1/MPK11/MPK13 (Figure 1). To support this statement, it was observed that MPK3 and
MPK6 expression levels are not affected in OXI1 overexpressing lines [61]. Recently, two PCD inhibitors:
DEFENDER AGAINST CELL DEATH (DAD1) and its homolog DAD2 were described as regulators of
OXI1 induced cell death in response to high light stress [61]. DAD1 and DAD2 overexpression lines
exhibit lower expression of OXI1 than wild-type and OXI1 is upregulated in dad1 and dad2 mutants.
This suggest antagonistic role of DAD1/DAD2 and OXI1. Induction of OXI1 dependent cell death is
coregulated by two plant hormones salicylic acid (SA) and jasmonic acid (JA). SA apart from its role in
pathogen defense signaling also regulates redox homeostasis and light acclimation [62]. Wild-type
plants treated with JA exhibit increased expression of OXI1 and decreased expression of DAD1 and
DAD2. oxi1 mutants have lower content of JA than wild-type plants and high light treatment does not
induce JA accumulation like it does in the wild-type. This suggest that OXI1 regulates JA biosynthesis
in peroxisomes. In contrast, treatment with SA induces DAD1 and DAD2 expression while OXI1 is
expressed at same level. Treatment with JA induce expression of SA biosynthesis genes: ENHANCED
DISEASE SUSCEPTIBILITY1 (EDS1) and ISOCHORISMATE SYNTHASE1 (ICS1) in the wild-type
which leads to increased isochorismate biosynthesis in chloroplasts. ICS1 converts chorismate to
isochorismate which is a precursor for SA biosynthesis in cytosol. In contrast treatment with SA does
not affect expression of JA biosynthesis genes (AOS and OPR3) in the wild-type [61]. Regulation of
PCD by OXI1 in response to highlight and H2O2 accumulation in peroxisomes are shown in Figure 1.

Another interesting aspect in singlet-oxygen–mediated signaling is the executer pathway.
EXECUTER1 (EX1) and EXECUTER2 (EX2) are proteins associated with thylakoid membranes
and were identified using fluorescent (flu) mutant suppressor screen [63,64]. Seedling of Arabidopsis
thaliana flu mutant in the dark accumulate protochlorophyllide which is an intermediate in the
biosynthesis of chlorophyll a. Transitioning mutants to light results in burst production of singlet
oxygen which affect NGE and eventually leads to the inhibition of growth, chlorosis and ultimately
cell death [65]. EX1 and EX2 are part of singlet-oxygen-dependent retrograde signaling under low
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light conditions [63]. In excess light conditions retrograde signals are transduced independently
of EX1 and EX2 through generation of β-cyclocitral [66,67]. EX1 is localized to the grana margins
in chloroplasts. Chlorophyll synthesis, disassemble and reassemble of damaged PSII take place in
a close vicinity of EX1. Singlet-oxygen–mediated retrograde signaling depends on degradation of
EX1 protein by ATP-dependent zinc metalloprotease FtsH. The FtsH also catalyzes cleavage of D1
protein in the reaction center of the damaged PSII. Based on that, it is suggested that EX1 dependent
signaling is connected with repair of PSII [68]. EX1 degradation depends on oxidation of tryptophan at
position 643 by singlet oxygen. The substitution of this amino acid with leucine or alanine (which also
are singlet oxygen sensitive amino acids) inhibits EX1 degradation by FtsH2 [69]. Recently, another
novel singlet oxygen induced retrograde singling pathway was discovered by ethyl methanesulfonate
(EMS) mutagenization in flu ex1 double mutant. SAFEGUARD1 (SAFE1) is localized in the stroma
of chloroplasts and is degraded by the release of singlet oxygen. Plants lacking functional SAFE1
protein were more susceptible to singlet-oxygen-induced damage of thylakoids grana margins [70].
Singlet-oxygen-mediated retrograde-signaling pathways are demonstrated in Figure 2.
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Figure 2. Retrograde-signaling pathways mediated by singlet oxygen in mature mesophyll cell.
High light stress induces ROS production in photosystem I (PSI) and PSII. Depending on its
concentration singlet oxygen induce different pathways. At low concentrations it promotes degradation
of EXECUTER1 (EX1) by FtsH2 protease and induce EX1-mediated PCD. It is negatively regulated
by LESION STIMULATING DISEASE1 (LSD1) and positively by its homolog LOL1. SAFEGUARD1
(SAFE1) similarly, to EX1 protects grana margins from oxidative damage by singlet oxygen. At high
concentration singlet oxygen oxidizes β-carotene to β-cyclocitral and induces expression of many
singlet oxygen related genes (SORGs) through METHYLENE BLUE SENSITIVITY 1 (MBS1). Dotted
lines represent pathways which lack experimental evidence or exact nature of indicated regulation is
still unknown.

Retrograde signals can also be carried out by different classes of proteins in which
transcription factors are worth mentioning. There are few well described proteins such as
Whirly1, Plant homeodomain transcription factor with transmembrane domains (PTM) or ABSCISIC
ACID-INSENSITIVE4 (ABI4) [71–73], but we will describe those widely in other section of this review.

One of most interesting and well known retrograde-signaling pathway is connected with
tetrapyrrole biosynthesis. Under norflurazon (NF) treatment—which inhibits biosynthesis of
carotenoids—several nuclear genes are downregulated [73,74]. Almost three decades ago research
group of Joanne Chory identified several genomes uncoupled (gun) mutants under NF treatment [75].
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Arabidopsis thaliana mutants exhibiting gun phenotype are not able to downregulate PhANGs (e.g.,
LIGHT HARVESTING CHLOROPHYLL A/B BINDING PROTEIN1.2 (LHCB1.2)) like wild type plants
after chloroplast damage caused by NF treatment [76]. Thus, it was concluded that GUNs are
part of retrograde-signaling pathway regulating expression of PhANGs. All GUNs except GUN1
encode proteins involved in tetrapyrrole biosynthesis pathway (TBP) in chloroplasts. GUN1 is
pentatricopeptide repeat (PPR) protein localized in chloroplasts containing a small MutS related (SMR)
domain. Analysis of gun2-5 mutants initially led to conclusion that Mg–protoporphyrin (MgProto) is
a retrograde metabolite able to move between the nucleus and chloroplasts [77]. However, further
studies did not support this hypothesis because no correlation was found between level of MgProto and
LHCB1.2 expression [78]. In contrary some researchers suggested that this may be due to difficulties
with identification of tetrapyrroles by HPLC while their content is low [79]. Recent study confirmed
accumulation of MgProto in first two days after newly germinated seedlings were treated with NF.
The accumulation of MgProto was also correlated with repression of LHCB1.2 expression suggesting
that accumulation of MgProto is a retrograde signal [80].

The identification of gun6 mutant exhibiting higher activity of ferrochelatase 1 (FC1) suggested
that heme synthetized by FC1 may be precursor or retrograde signal itself [81]. Overexpression
of FC1 targeted to chloroplasts rescued nuclear gene expression after NF treatment and increased
expression levels of CA1, LHCB2.1 and GUN4 even without this treatment. However, targeting FC1
to mitochondria did not affect NGE [82]. These results further support role of heme synthetized by
FC1 in the chloroplast-to-nucleus retrograde signaling. On the other hand, a link between ROS and
tetrapyrroles pathway may be a GUN4 protein. GUN4 and Protoporphyrin IX form 1O2 generating
complex which can initiate retrograde signaling [83].

An exception is a GUN1 protein which is not involved in tetrapyrrole synthesis pathway. There
are many different hypotheses about exact role of GUN1, but most of them are related to plastid protein
homeostasis [84–87]. When proper functioning of chloroplasts is disturbed GUN1 can also regulate
chloroplast RNA editing by physical interaction with MULTIPLE ORGANELLAR RNA EDITING
FACTOR 2 (MORF2) to affect maturation of many transcripts among which are subunits of plastid
encoded RNA polymerase. MORF2 interacts with ORGANELLE TRANSCRIPT PROCESSING 81
(OTP81), ORGANELLE TRANSCRIPT PROCESSING 84 (OTP84) and YELLOW SEEDLINGS 1 (YS1).
otp81, otp84 and ys1 mutants exhibit weak gun phenotype which is enhanced in double and triple mutant
in those genes. Overexpression of MORF2 results in strong gun phenotype similar to gun1 mutant
suggesting that plastid RNA editing and retrograde signaling are functionally connected [16]. Another
GUN1 interacting protein is FUG1 which functions as translation initiation factor in chloroplasts.
Both functional proteins are required to maintain plastid protein homeostasis [88]. GUN1 probably
does not affect plastid gene expression per se, but it interacts with chaperone cpHSC70-1 in order to
regulate nuclear encoded protein import to chloroplast. This allows to maintain protein homeostasis
(proteostasis) in the chloroplasts. Mutation in gene encoding cpHSC70-1 leads to a gun phenotype.
However, gun1 mutant grown under normal conditions does not have affected protein import
capacity [89]. On the other hand, it was recently demonstrated that GUN1 can directly bind to heme
as well as other porphyrins, increases FC1 activity and also limits heme and protochlorophyllide
synthesis [90]. Based on that, GUN1 is linked to the tetrapyrroles which are considered to be retrograde
signaling molecules [76]. Complex role of GUN1 and its interactors were described in Figure 3. Role
of transcription factors connected with GUN pathways is described further in this manuscript in a
section dedicated to biogenic control.
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Figure 3. Retrograde signals mediated by GENOMES UNCOUPLED 1 (GUN1). In response to
functional disturbance of chloroplast GUN1 inhibits expression of photosynthesis-associated nuclear
genes (PhANGs), regulates protein import through interaction with cpHSC70-1, maintains proteostasis
through interaction with FUG1 and modulates RNA editing through interaction with MULTIPLE
ORGANELLAR RNA EDITING FACTOR 2 (MORF2).

An interesting group of metabolites involved in retrograde signaling and mentioned above are
carotenoids. They are main scavengers of 1O2 in chloroplasts and products of their oxidation: β-carotene
(β-CAR) and its oxidation product β-cyclocitral (β-CC) can induce changes in NGE [91]. However,
transduction of the signals through this pathway depends on METHYLENE BLUE SENSITIVITY
1 (MBS1) PROTEIN. MBS1 is a zinc finger protein located in the nucleus and in the cytosol. Lack
of functional protein in msb1 mutant caused increased susceptibility to 1O2 generated during high
light stress [92]. Increased GFP fluorescence observed in plants expressing MBS1:GFP under native
promoter treated with β-CC lead to conclusion that MBS1 is involved in β-CC retrograde-signaling
pathway. It is hypothesized that MBS1 can induce expression of singlet oxygen related genes (SORGs)
in order to cope with high light intensity stress [93].

Another metabolite linked to retrograde signaling is methylerythritol cyclodiphosphate
(MEcPP) [94]. It is a precursor of isoprenoids and its accumulation is corelated with changes in
NGE. Increased levels of MEcPP induce unfolded protein response in the ER [95]. Similar to ROS,
MEcPP accumulates after abiotic stresses such as wounding or high light [94]. Hydroxymethylbutenyl
diphosphate synthase (GcpE) is an enzyme responsible for reducing MEcPP to hydroxymethylbutenyl
diphosphate (HMBPP). GcpE is encoded by CEH1 gene. This enzyme is a redox sensitive protein which
could explain MEcPP accumulation during photooxidative stress [96]. Recently, two new photoreceptor
phytochrome B (phyB) mutant alleles that are able to revert phenotype of constitutively expressing HPL
(ceh1) mutant were described. ceh1 mutant was identified in a screen for regulators of stress induced
hydroperoxide lyase (HPL) gene [94]. ceh1 mutant exhibits a dwarf phenotype, has high concentration of
SA and accumulates MEcPP [97,98].

3′-phosphoadenosine 5′-phosphate (PAP) is another metabolite which can function as a retrograde
signaling molecule in response to drought and highlight stress by altering expression of APX2,
ELIP2 ZAT10 and DREB2A genes [99]. Abscisic acid (ABA) is one of hormones playing major
role in response to those stresses and it is synthetized in chloroplasts. In Arabidopsis thaliana PAP
acts as secondary messenger in ABA regulated stomatal closure and germination [100]. PAP is
synthetized from 3′-phosphoadenosine 5′-phosphosulfate (PAPS) by sulfotransferases [101]. It was
considered to be a byproduct without function in plants however it can alter RNA catabolism in yeast
(Saccharomyces cerevisiae) by inhibiting two 5′→ 3′ exoribonucleases (XRNs) [102]. PAP degradation in
chloroplasts is mediated by inositol polyphosphate 1-phosphatase (SAL1) which function as nucleotide
phosphatase [99]. Point mutation as well as T-DNA insertion in SAL1 gene result in greater drought
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tolerance which leads to conclusion that SAL1 is a negative regulator of drought tolerance and it is
connected with PAP accumulation [103]. Additionally, functional SAL1–PAP pathway is important
for biotic stress responses since mutations in SAL1 gene lead to higher susceptibility to Pseudomonas
syringae pv. tomato DC3000 and Pectobacterium carotovorum subsp. carotovorum EC1 [104]. SAL1–PAP
retrograde-signaling pathway is well conserved in all land plants [105]. It is also interesting that SAL1
is localized in cytosol [106], nucleus [107], chloroplasts [108] and mitochondria [99]. One of most recent
reports shows SAL1–PAP retrograde-signaling pathway involvement in iron homeostasis [109].

3. Retrograde Signaling in Regulation of Organelles Biogenesis

Retrograde-pathway-transducing signals from plastids to the nucleus in order to regulate
chloroplast biogenesis are often called “biogenic control” [110]. Main purpose of this type of retrograde
signaling is to modulate NGE so proteins encoded by several of PhANGs can be produced and
transported to chloroplasts during their development from proplastids [111]. The coupled expression
of PhANGs and PhAPGs allows proper folding and assembly of photosystem complexes [112].
Disturbances in photosystem stoichiometry leads to photoinhibition because amount of energy
absorbed from photons exceeds photochemical efficiency of PSII. Photoinhibition eventually leads to
ROS formation which can be lethal for developing seedlings.

Signals conditioning proper plastid biogenesis are connected with tetrapyrrole biosynthesis
pathway, changes in plastid gene expression (PGE) and activity of the photosynthetic electron transport
(PET). ABI4 was discovered during a screen for ABA-insensitive (abi) mutants which are able to
germinate in presence of ABA [113]. Different abi4 alleles were also discovered in independent
screens for mutants with altered responses to glucose and other sugars [114–117]. ABI4 is a TF
classified to APETALA2/ethylene-responsive factor (AP2/ERF) family. Genome of Arabidopsis thaliana
encodes 147 members of AP2/ERF family and many members of this family are involved in signaling
pathways including responses to abiotic and biotic stresses [118,119]. ABI4 takes part in mitochondrial
retrograde signaling regulating expression of ALTERNATIVE OXIDASE1a (AOX) and chloroplast
retrograde signaling [73,120]. Higher expression of nuclear-encoded RbcS in abi4 mutant compared to
the wild-type after NF treatment allowed to conclude that ABI4 is involved in chloroplast retrograde
signaling [121]. In addition, it was reported that abi4 mutants were able to rescue expression of LHCB1.2
after lincomycin (Lin) treatment [73]. Lincomycin is plastid translation inhibitor and similar to NF
it is often used to screen for gun phonotype. Both of those treatments cause damage to chloroplast
resulting in photobleached phenotype and drastically reduced expression of most PhANGs [73,74,122].
Activation of ABI4 depends on phosphorylation by MPK3/MPK6 [123]. Based on that knowledge ABI4
was established as one of key proteins involved in plastid development [71,123,124]. It was considered
to be a nuclear target of GUN1-dependent retrograde-signaling pathway [71,73,76]. Although there
were also studies in which researchers were not able to observe gun phonotype in abi4 mutant when
quantifying expression of CARBONIC ANHYDRASE1 (CA1), GOLDEN2-LIKE1 (GLK2) and LIGHT
HARVESTING CHLOROPHYLL A/B BINDING PROTEIN1.1 (LHCB1.1) [125–127]. In contrast to gun1
mutant, crossing abi4 mutant with plastid protein import2 (ppi2) mutant did not rescue loss of NGE [128].
These results suggest that ABI4 may act independently from GUN1. Recently, an independent study
performed on four different alleles of abi4 did not support a role of ABI4 in biogenic retrograde
signaling and researchers were unable to obtain strong or consistent gun phonotype in tested abi4
mutant alleles [129].

It is interesting that this is not first gun ‘dismantled’ by this research group. Before, focusing
on ABI4 they decided to investigate role of PTM in biogenic retrograde signaling [130]. PTM is a
plant homeodomain (PHD) transcription factor bound to chloroplast envelope [71]. It was proposed
that PTM can be cleaved off chloroplast membrane after changes in plastid metabolism and its N
terminal domain can affect NGE after its accumulation in nucleus [71]. ABI4 is one of genes which
expression is induced by PTM [71]. Treatments with Lin and NF lead to conclusion that ptm mutant
exhibit gun phenotype because it was able to rescue expression of LHCB after treatment with these
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chemicals. Since its discovery, PTM has been included in many models describing biogenic control
pathways [112,131–133]. PTM was also further described in literature by the same research group
which provided the first report as regulator of flowering after exposure to high light and it takes part
in integration of the signals during de-etiolation [134,135]. However, observation of gun phenotype
in ptm mutant was still to be confirmed by another research group. Because of potential important
role of PTM in retrograde signaling Matthew Terry group decided to further examine its role under
NF and Lin treatment. In conducted experiments they were unable to confirm gun phenotype after
both Lin and NF treatment. Expression of selected PhANGs in ptm mutant after treatment were not
elevated compared to the wild-type plants. Authors concluded that PTM should be excluded from
existing models describing plastid signaling or at least its role in it is not as important as we thought
before [130].

There are also other interesting mutants in genes encoding transcription factors that exhibit gun
or gun-like phenotype such as: hy5 and glk1glk2 [136,137]. In contrast to the gun phenotype, there
are also number of mutants called happy on norflurazon (hon) that can tolerate higher concentration of
NF in comparison to the wild-type plants. One of the identified hon mutants had mutation in ClpR4
(HON5) subunit of Clp protease complex which localizes in chloroplasts. Another example is a hon23
mutant, which has mutation in putative chloroplast translation elongation factor, and it clearly shows
that these mutations interfere with chloroplast protein homeostasis [138]. It is also worth mentioning
that not only mutants in genes encoding transcription factors, but also other proteins such as cry1
(encoding blue light photoreceptor) or coe1 (encoding mitochondrial transcription termination factor 4)
can exhibit gun phenotype and eventually take part in biogenic control [137,139].

4. Retrograde Signaling in Stress Response and Acclimation

Retrograde-pathway-transducing signals from plastids to the nucleus in order to cope with
environmental stresses and acclimate to them are often called “operational control”. Since plants are
in general immobile and unable to avoid many unfavorable environmental conditions, they had to
evolve sophisticated mechanisms in order to survive and effectively reproduce.

Chloroplasts are sensors of visible light and crop yield is often corelated with the efficiency of
photosynthesis. Second, but equally important metabolic process that provides energy for plant cell is
aerobic respiration. This processes however are sensitive to changes in plant growth environment [140].
Abiotic stresses can result in photoinhibition of PSII and inhibition of carbon assimilation enzymes [141].
One of the ultimate responses to severe abiotic and biotic stresses is PCD. Apart from its major
contribution during tissue development, PCD is also a mechanism that allows plants to prevent
pathogens from reproducing and spreading to uninfected cells. During abiotic stresses PCD promotes
dismantling of a limited number of affected cells to prevent severe systemic damage to the whole
organism [142]. Cells undergoing PCD exhibit extensive chromatin condensation and developmental
PCD can occur only in specific cell types [143]. One of the most interesting regulators of PCD is
LESION STIMULATING DISEASE1 (LSD1). LSD1 acts as a transcription regulator and condition
dependent scaffold protein [7,144]. LSD1 is negative regulator of cell death and defense responses.
Along with its homolog LOL1 (which exhibits an antagonistic function) they cooperate in order to
induce adequate response through PCD. Mutation in lsd1 results in a runaway cell death (RCD) in a
light dependent manner [145,146]. It was proved that reduction of the PSII antenna size, thus reduction
of light absorption and EEE pressure by crossing lsd1 mutant with cao1 mutant caused an increase of
NPQ and reversion of the RCD phenotype in lsd1 [147]. The reduction of plastoquinone (PQ) pool
induced by EEE results in burst of ROS which lead to induction of SA and ethylene dependent signaling
pathway through EDS1 and PHYTOALEXIN DEFICIENT4 (PAD4) which lie on the same pathway as
LSD1 because RCD phenotype of lsd1 mutant is abolished by inactivation of ROS, SA and ethylene
signaling components [6,147,148]. The overexpression of bacterial salicylate hydroxylase (NahG) fused
with chloroplast transit peptide from RbcS in lsd1 mutant background also abolished RCD indicating
correlation between lsd1 RCD and SA accumulation. Mutation in lsd1 causes uncoupled expression of
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PhANGs and PhAPGs before induction of RCD; it was hypothesized that LSD1 can act downstream
of GUN-mediated pathway. However, lsd1 treatment with Lin does not rescue expression of LHCBs
which indicates that it is not a gun mutant. Based on that knowledge LSD1 is more likely involved
in operational than biogenic control. Uncoupled expression of photosynthesis-associated genes in
lsd1 cause accumulation of singlet oxygen which result in induction of EX1-mediated PCD. lsd1;ex1
double mutant partially reverts RCD phenotype [5]. Based on that knowledge it is suggested that LSD1
plays a role in regulation of PCD and responses towards biotic and abiotic stresses, it also may be an
integrator of SA, ROS (including singlet oxygen), ethylene and other hormones (e.g., IAA) mediated
pathways [6]. It is also worth mentioning that LSD1, EDS1 and PAD4 are conditional dependent PCD
regulators. For example, in optimal laboratory conditions lsd1 mutant displays deregulation of over
2000 genes while in the suboptimal field conditions it has 62 deregulated genes and only 43 of those
genes were commonly deregulated in both of these conditions [9].

In this manuscript, we mainly focused on retrograde pathways related to functioning of
chloroplasts. On the other hand, mitochondria also depend on retrograde signaling during their
biogenesis and stress responses. However, it needs further investigation whether chloroplasts and
mitochondria induce separate signaling pathways or they converge into the same pathways [149].
Knowing that functioning of both is strongly connected through the energy, metabolism and redox
status makes second hypothesis a viable one [150–152]. However, it is considered that mitochondrial
retrograde signaling plays greater role in nonphotosynthetic tissues. To support this hypothesis,
it was observed that overexpression of TF ANAC013 in Arabidopsis thaliana resulted in enhanced
tolerance of chloroplasts during oxidative stress [153]. It is achieved mostly by dissipating excess of
reducing equivalents [154–156]. Regulators of mitochondrial retrograde signaling are often identified
in genetic screens for TFs that can regulate the expression of nuclear genes encoding mitochondrial
proteins related to alternative respiration or stress response. Promoters of AOX1a, UPREGULATED
BY OXIDATIVE STRESS (UPOX), NAD(P)H-UBIQUINONE OXIDOREDUCTASE B2 (NDB2) and
CYTOCHROME BC1 SYNTHASE1 (AtBCS1) are often used in such screens. After high light and
antimycin A (electron transport chain blocker similar to cyanide) treatment, AtWRKY40 downregulated
and AtWRKY63 upregulated expression of AOX1a, UPOX, NDB2 and AtBCS1 suggesting their
antagonistic function [157]. Interestingly among identified AOX regulators there are many components
involved in auxin signaling [158]. Another interesting regulator of mitochondrial retrograde signaling
is OM66. OM66 encodes mitochondrial outer membrane protein and its promoter is highly induced
by SA in contrary to promoter of AOX1a which is responsive to H2O2 and rotenone [159]. Because
PATHOGENESIS-RELATED1 (PR1) is downregulated in OM66 mutant and OM66 overexpressing lines
have higher content of SA it was proposed that OM66 is regulated in a SA dependent manner [157]. SA
inhibits both cytochrome and alternative respiratory pathways [160]. It also inhibits alpha-ketoglutarate
dehydrogenase (α-kGDH) a tricarboxylic acid cycle (TCA) enzyme [161]. This information along with
well-established SA interactions with chloroplasts metabolism suggests that SA may be a link between
chloroplast and mitochondrial retrograde signaling [162].
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Retrograde signals transduced from mitochondria as well as chloroplasts can change NGE in a
similar manner. The convergence of those two retrograde-signaling pathways is often linked to CYCLIN
DEPENDENT KINASE E1 (CDKE1). It is encoded by REGULATOR OF ALTERNATIVE OXIDASE1
(RAO1) gene. It was first described as an important component of mitochondrial retrograde signaling in
response to inhibitors. Functional kinase is needed to regulate AOX1a in response to oxidative (H2O2)
and cold stress [163]. It was also demonstrated that CDKE1 regulates expression of AOX1a and Lhcb2.4
in response to photosynthesis inhibitors such as 2,5-dibromo-3-methyl-6-isopropyl-benzoquinone
(DBMIB) and 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU). cdke1-mutants under high light stress
exhibited gun-like phenotype [164]. Based on that it was proposed that CDKE1 can integrate retrograde
signals from mitochondria and chloroplasts. KIN10 is a subunit of SnRK1 kinase complex conditioning
its catalytic activity and it was proposed as an integrator of stress and energy signaling [165,166].
The interaction between KIN10 and CDKE1 in nucleus was also reported [163]. CDKE1 is a part
of mediatory complex regulating RNA polymerase II (RNAP II) dependent transcription. Such
complexes are considered to integrate stress signals from organelles and initiate proper transcriptional
response [167]. Another similarity can be observed in how mitochondrial retrograde signaling is
triggered by stress or dysfunction affecting respiratory electron transport chain or TCA [168]. In order
to maintain these processes and their energy production, plants need to change their metabolism. That
is why proper communication between organelles and nucleus is required [14].

Transcriptome meta-analyses demonstrate that 10% to 20% from differentially regulated genes
during abiotic stress responses encode proteins localized to the chloroplasts [169]. We briefly described
the role of ROS in retrograde signaling in previous sections of this manuscript. However, it is worth
mentioning that ROS signaling is crucial to respond to several abiotic stresses such as drought,
variable high light intensity, salinity and heat [170]. Exposure to abiotic and biotic stresses can
induce unfolding protein response in ER. As was mentioned before it is connected with MEcPP
accumulation [171]. Response to drought stress is usually connected to the SAL1–PAP pathway. Some
researchers hypothesize that chloroplasts and mitochondrial retrograde signals converge through TF
called ANAC017 (encoded by RAO2) to regulate PCD as response to severe organellar stress [172].
NAC family members are ER bound TFs which upon activation are cleaved and relocated to nucleus
where they can affect NGE [173]. RADICAL-INDUCED CELL DEATH1 (RCD1) is another putative
integrator of chloroplastic and mitochondrial ROS signaling pathways. It was identified in a screen
for sensitivity to ozone [174]. rcd1 mutant is resistant to methyl viologen (MV) and UV-B which
suggests that RCD1 may be a ROS sensitive protein [175]. In the rcd1 mutant more than 400 genes
are differently expressed under standard growth conditions. Among those genes there are those
encoding mitochondrial AOXs as well as chloroplast 2-Cys peroxiredoxin (2CP) [176–179]. RCD1
interacts with several TFs such as ANAC017 and DREB2A [176,180]. Cleavage of ANAC017 from ER
is probably dependent on elevated H2O2 levels [181]. Recently, RCD1 was proposed to act as negative
regulator of ANAC013 and ANAC017 and thus integrator of NAC and PAP retrograde-signaling
pathways [182]. Putative integrators of retrograde-signaling pathways and their interactors were
demonstrated on Figure 4. Recently, β-cyclocitral induced protein SCARECROW LIKE14 (SCL14)
was described along with TF ANAC102 and xenobiotic detoxification enzymes in lowering levels of
toxic carbonyls and peroxides in order to limit damage to the intracellular components caused by
photooxidative stress [183].
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Figure 4. Putative integrators of retrograde-signaling pathways. Inhibition of inositol polyphosphate
1-phosphatase (SAL1) results in accumulation of 3′-phosphoadenosine 5′-phosphate (PAP) which
induces expression of many drought and high light related genes such as APX2, ZAT12, ELIP2 and
DREB2A. RCD1 after induction with ROS inhibits expression of ANAC13 and ANAC17 which regulates
AOX1 expression. CDKE1 induces expression of AOX1 and LHCB2.4 and many other genes as part
of mediatory complex regulating RNAPII dependent transcription. Dotted lines represent pathways
which lack experimental evidence or exact nature of indicated regulation is still unknown.

5. Conclusions

We briefly demonstrated complexity and different nature of retrograde-signaling pathways. It
is commonly considered that in each retrograde pathway there are at least two different types of
biomolecules involved. It is worth remembering that the signaling pathways we described are not
universal for every cell type and in every epigenetic status. While some of them occur only during
development, others such as singlet-oxygen–mediated pathways, can occur only in differentiated,
photosynthetically active mesophyll cells. Many existing, even well understood pathways still have
unknowns and expanding knowledge about them often brings up more new questions than answers.
However, even if we are not yet close to understanding retrograde signaling, benefits from it could be
worth the effort. Recently, few interesting strategies to improve crop production under field conditions
were demonstrated. First aimed at improvement of photorespiration by implementing synthetic
glycolate metabolic pathways into tobacco chloroplasts [184]. Others improved crop production and
water-use efficiency by accelerating recovery from photoprotection. It was achieved by combined
overexpression of PsbS and genes encoding xanthophyll cycle enzymes [185,186]. In the future studies
we shall also consider other physical retrograde signaling pathways, for example, direct heat radiation
and vibration of organelles, electrical and calcium wave signaling from chloroplasts and mitochondria.
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Abbreviations

1O2 Singlet oxygen
ABA Abscisic acid
ABI4 ABSCISIC ACID-INSENSITIVE4
AOX Alternative oxidase 1a gene
APX Ascorbate peroxidase
AQPs Aquaporins
CAT Catalase
CDKE1 CYCLIN DEPENDENT KINASE E1
DAD DEFENDER AGAINST CELL DEATH
EDS1 ENHANCED DISEASE SUSCEPTIBILITY1
EEE Excess excitation energy
EMS Ethyl methanesulfonate
ER Endoplasmic reticulum
EX1 EXECUTER1
EX2 EXECUTER2
FC1 Ferrochelatase 1
GcpE Hydroxymethylbutenyl diphosphate synthase
GPX Glutathione peroxidase
GSH Glutathione
GUN Genomes uncoupled
H2O2 Hydrogen peroxide
IAA Indole-3-acetic acid
ICS1 ISOCHORISMATE SYNTHASE1
JA Jasmonic acid
LHCB LIGHT HARVESTING CHLOROPHYLL A/B BINDING PROTEIN gene
Lin Lincomycin
LSD1 LESION STIMULATING DISEASE1
MAPK Mitogen-activated protein kinase
MBS1 METHYLENE BLUE SENSITIVITY 1
MEcPP Methylerythritol cyclodiphosphate
MgProto Mg–protoporphyrin
MORF2 Multiple organellar RNA editing factor 2
NF Norflurazon
NGE Nuclear gene expression
NOXs NADPH oxidases
NPQ Nonphotochemical quenching
O2•− Superoxide anion radical
OGE Organellar gene expression
OH• Hydroxyl radical
OXI1 Oxidative signal inducible 1
PAD4 Phytoalexin deficient4
PAP 3′-phosphoadenosine 5′-phosphate
PCD Programmed cell death
PET Photosynthetic electron transport
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PGE Plastid gene expression
PhANGs Photosynthesis-associated nuclear genes
PhAPGs Photosynthesis-associated plastid genes
PrxR Peroxiredoxin
PSI Photosystem I
PSII Photosystem II
PTM Plant homeodomain transcription factor with transmembrane domains
RbcS RIBULOSE-1,5-BISPHOSPHATE CARBOXYLASE/OXYGENASE SMALL SUBUNIT gene
RBOH Respiratory burst oxidase homologs
RCD1 Radical-induced cell death1
RNAP II RNA polymerase II
ROS Reactive oxygen species
SA Salicylic acid
SAFE1 Safeguard1
SAL1 Inositol polyphosphate 1-phosphatase
SOD Superoxide dismutase
SORGs Singlet oxygen related genes
TBP Tetrapyrrole biosynthesis pathway
TCA Tricarboxylic acid cycle
TF Transcription factor
β-CAR β-carotene
β-CC β-cyclocitral
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Abstract: The mitogen-activated protein kinase (MAPK) LjMPK6 is a phosphorylation target
of SIP2, a MAPK kinase that interacts with SymRK (symbiosis receptor-like kinase) for
regulation of legume-rhizobia symbiosis. Both LjMPK6 and SIP2 are required for nodulation
in Lotus japonicus. However, the dephosphorylation of LjMPK6 and its regulatory components in
nodule development remains unexplored. By yeast two-hybrid screening, we identified a type
2C protein phosphatase, LjPP2C, that specifically interacts with and dephosphorylates LjMPK6
in vitro. Physiological and biochemical assays further suggested that LjPP2C phosphatase is required
for dephosphorylation of LjMPK6 in vivo and for fine-tuning nodule development after rhizobial
inoculation. A non-phosphorylatable mutant variant LjMPK6 (T224A Y226F) could mimic LjPP2C
functioning in MAPK dephosphorylation required for nodule development in hairy root transformed
plants. Collectively, our study demonstrates that interaction with LjPP2C phosphatase is required for
dephosphorylation of LjMPK6 to fine tune nodule development in L. japonicus.

Keywords: LjPP2C; LjMPK6; Lotus japonicus; MAPK dephosphorylation; nodule development

1. Introduction

Root nodule symbiosis (RNS) between legumes and rhizobia allows conversion of atmospheric
nitrogen into ammonia absorbed by plants. The establishment of RNS begins with mutualistic
dialogue between two partners. Host plants secrete flavonoids, inducing rhizobia to synthesize and
secrete Nod factors (NFs), a type of lipo-chitooligosaccharide molecules [1,2]. Two plant LysM-type
serine/threonine receptor kinases, NFR1 and NFR5 in Lotus japonicus (Nod Factor Receptor 1 and 5) [3–5],
cooperating with the leucine-rich repeat (LRR) receptor-like kinase SymRK (Symbiosis Receptor-like
Kinase) [6], recognize NFs and initiate the NF signaling pathway [7–10]. The core component
of the NF signaling pathway is a calcium oscillation which is decoded by the nucleus-localized
CCaMK (calcium/calmodulin-dependent protein kinase) [11,12]. CCaMK phosphorylates and activates
CYCLOPS [13,14], which binds to and activates the nodule inception (NIN) gene essential for rhizobial
colonization, nodule organogenesis and ultimate nitrogen fixation in mature nodules [15,16].

Mitogen-activated protein kinase (MAPK) cascades play central roles in various intracellular
signal transduction processes via sequential phosphorylation of three kinases, a MAPK kinase kinase
(MAPKKK), a MAPK kinase (MAPKK) and a MAPK [17], culminating in phosphorylation of both
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threonine and tyrosine residues of the terminal MAPK components (e.g., MPK3/4/6) within their
TXY consensus sequence [18,19]. Reversible phosphorylation and dephosphorylation affects MAPK
protein structure and its activity toward downstream targets responsible for efficient cellular signal
transduction. This process is achieved via two biochemical reactions performed by a specific pair of
kinase and phosphatase, the latter being called MKP (MAPK phosphatase) [20]. Only a few MKP
proteins have been identified so far. For example, the dual-specificity (DSP) phosphatase OsMKP1
dephosphorylates both phospho-threonine (pT) and phospho-tyrosine (pY) to negatively regulate the
OsMKKK10-OsMKK4-OsMPK6 cascade regulating panicle architecture in rice [21,22]. Meanwhile,
the type 2C protein phosphatase (PP2C)-type Ser/Thr phosphatase AP2C1 dephosphorylates pT in
the ‘pTEpY’ loop of MPK3/6 to downregulate basal resistance and defense responses to Pseudomonas
syringae in Arabidopsis thaliana [23].

The legume SIP2 is a MAPKK that directly interacts with SymRK. SIP2/SymRK interaction inhibits
the kinase activity of SIP2 on the substrate LjMPK6 in Lotus japonicus [24]. Both SIP2 and LjMPK6 are
required for efficient nodulation [25]. However, the role of LjMPK6 dephosphorylation in RNS and
its regulatory components remain elusive. Here, we showed that LjPP2C, a PP2C-type phosphatase,
specifically interacts with and dephosphorylates LjMPK6 in vitro. Moreover, our molecular and
phenotypic data suggest that LjPP2C contributes to the dephosphorylation of LjMPK6 in vivo, which
is required for regulating nodule development in L. japonicus.

2. Results

2.1. LjPP2C Interacts with and Dephosphorylates LjMPK6 In Vitro

To study proteins interacting with the MAPK kinase LjMPK6, we identified several protein
candidates from a Lotus cDNA library by yeast two-hybrid (Y2H) screening. One of these candidates
is a type 2C protein phosphatase named LjPP2C (Lj2g3v2292680.1). The pairwise Y2H assay showed
that LjPP2C interacted only with LjMPK6 and not with other MAP kinases such as LjMPK3 or LjMPK4,
indicating that the interaction between LjPP2C and LjMPK6 is specific (Figure 1A). To further verify
the direct physical interaction between two proteins, we purified recombinant MBP-tagged LjPP2C
and GST-tagged LjMPK6 proteins from E. coli for in vitro pull-down assay. Our results confirmed that
LjPP2C interacts with LjMPK6 directly (Figure 1B).

Figure 1. Cont.
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Figure 1. LjPP2C interacts with LjMPK6 in vitro. (A) Yeast two-hybrid assays shows interaction between
LjPP2C and LjMPK6. Yeast cells were transformed with AD-LjMPK3/4/6 or BD-LjPP2C vectors. Serially
diluted yeast cells were grown on SD-LW (lacking leucine and tryptophan) or SD-LWHA medium
(lacking leucine, tryptophan, histidine and adenine). Interactions between p53/SV40 and Lam/SV40
were used as positive and negative controls, respectively. (B) GST pull-down of interaction between
LjPP2C and LjMPK6. Positions of MBP-LjPP2C, MBP and GST-LjMPK6 are indicated. MBP-LiPP2C or
MBP itself was incubated with GST-LjMPK6 and glutathione resin. After washing, retained proteins
were analyzed by SDS-PAGE and immunoblotted with GST and MBP antibodies. +/-, with (+) or
without (-) corresponding protein.

To determine whether LjPP2C can use LjMPK6 as a dephosphorylation substrate, we performed
in vitro phosphatase assay by incubating phosphorylated GST-LjMPK6 with MBP-LjPP2C for half
an hour at room temperature. Immunoblot analysis using an antibody recognizing specifically
the phosphorylated form of MPK6 showed that LjMPK6 phosphorylation level was reduced
in a dosage-dependent manner with increasing amount of LjPP2C protein, corroborating the
dephosphorylation activity of LjPP2C on LjMPK6 in vitro (Figure 2).

Figure 2. LjPP2C dephosphorylates LjMPK6 in vitro. Phosphorylation of LjMPK6 by SIP2 was
performed in advance to prepare phosphorylated GST-tagged LjMPK6. An increasing amount of
MBP-LjPP2C was then added to the reaction mixture. MBP-LjPP2C protein was detected by western
blotting using anti-MBP antibody. Phosphorylated form of GST-LjMPK6 was detected by anti-p44/42
antibody. CBB, Coomassie Brilliant Blue staining.

2.2. Expression Pattern of LjPP2C in Both Non-Symbiotic and Symbiotic Tissues

To investigate the expression pattern of LjPP2C in nodules, we constructed a fusion reporter gene
containing the LjPP2C promoter and tYFPnls, which carries a nuclear localization signal, and introduced
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the plasmid into wild-type L. japonicus MG20 by stable transformation. We selected several positive
transgenic plants for analysis and results from one representative plant was shown. Fluorescence
microscopy analysis showed that the LjPP2C promoter was actively expressed in root cortex cells
(Figure 3A–D). In addition, our qRT-PCR results showed that the relative expression level of LjPP2C
is also higher in non-symbiotic tissues such as root, shoot and leaf, but to a much lower extent in
flower and pod (Figure 3E). Overall, these results suggest that LjPP2C is not specifically expressed in
symbiotic tissues.

Figure 3. Analysis of LjPP2C expression pattern. (A–D) Images of LjPP2C promoter analysis in
nodule primordium stage. MG20 plants were transformed with pUB-Hyg-LjPP2Cpro::tYFPnls construct.
Positive hairy roots were inoculated with M. loti MAFF303099 (expressing mCherry). Transformed
roots were visualized by GFP fluorescence (A), mCherry fluorescence (B), Brightfield (C) and Merge (D).
Bars: 50 µm (A–D). (E) Expression of LjPP2C in different tissues. Roots were harvested at 14 days
post inoculation (pdi) with MAFF303099. Nodules were harvested at 21 dpi. Total RNA was isolated
and used for real-time PCR to quantify the expression levels of LjPP2C mRNA. The ATPase gene
(AW719841) was used as the internal control. Error bars indicate SE of three technical replicates.

2.3. LjPP2C is Required for Nodule Development

To further explore the regulatory role of LjPP2C in nodulation, we introduced a
CRISPR/Cas9-mediated LjPP2C gene knockout construct into Lotus using a stable transformation
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procedure [26]. In parallel, to generate stable overexpression transgenic plants, we also introduced
a LjPP2C overexpression construct in a similar way. Two independent knockout mutants of LjPP2C
(ljpp2c#8-3, ljpp2c#22-5) were identified by PCR amplification of the target allele and DNA sequencing
(Figure 4A).

Figure 4. LjPP2C mutation affects nodule formation. (A) CRISPR/Cas9-mediated LjPP2C knockout in
stable transgenic MG20 plants. Above: Genomic DNA structure of the LjPP2C gene. The PAM sequence
of the LjPP2C sgRNA target is colored in red and the sgRNA target is in blue. Below: Indel mutations
of two stable lines. Both lines have mutations leading to early translational termination. WT, wide-type
control. D1/2/25, 1 bp/2 bp/25 bp DNA deletion; R1, 1 bp replacement. (B,C) Growth phenotype (B)
and nodule numbers (C) of ljpp2c#8-3, MG20 and oe-LjPP2C#21 at 4 weeks post-inoculation (4 wpi).
Bar in (B), 1 cm. Error bars in (C) indicate SE of 27~29 plants analyzed for each genotype. Student’s
t-test was used for statistical comparisons. ** p < 0.01, n.s., not significant.

We next performed nodulation assays under nitrogen-deficient conditions. The ljpp2c#8-3 mutant
produced fewer nodules than wild-type MG20, whereas LjPP2C overexpression line (oe-LjPP2C#21)
showed marginally, but insignificantly increased nodule numbers, indicating that LjPP2C plays an
important role in nodule formation (Figure 4B,C).
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2.4. LjPP2C is Required for MAPK Dephosphorylation In Vivo

To further ascertain whether or not dephosphorylation of LjMPK6 affects nodule development,
we constructed a non-phosphorylatable version of LjMPK6, LjMPK6T224A; Y226F and introduced
into wild-type MG20 or the ljpp2c-KO mutant by hairy root transformation (Figure 5A).
Compared with the empty vector control, overexpression of LjMPK6T224A; Y226F reduced the
phosphorylation of MAPKs in Lotus plants, especially in the ljpp2c-KO mutant background (Figure 5C).
Interestingly, compared to empty vector control, nodule numbers were significantly enhanced in
LjMPK6T224A; Y226F overexpression hairy roots of both MG20 and ljpp2c#8-3 plants, suggesting that
LjMPK6 phosphorylation/dephosphorylation homeostasis indeed plays an important role for nodule
organogenesis (Figure 5B).

Figure 5. Overexpression of non-phosphorylatable LjMPK6 increased nodule formation in WT and
ljpp2c mutant plants. MG20 and ljpp2c#8-3 were transformed with empty vector and oe-LjMPK6 (T224A
Y226F) (non-phosphorylated form of LjMPK6) via hairy root transformation. (A) Analysis of transcript
abundance of LjMPK6 in different hairy roots. Error bars represent SE of experimental values from three
technical replicates. (B) Nodule numbers per plant at 3 weeks post inoculation (3 wpi) in transformed
hairy roots. Error bars represent SE of ~13 plants analyzed for each genotype. **p < 0.01, Student’s t-test.
(C) Immunoblot analysis of protein level of overexpressed non-phosphorylatable LjMPK6 (anti-HA)
and endogenous phosphorylated LjMPK6 (anti-p44/42) from those hairy roots. Equal loading of total
protein was demonstrated by Coomassie Brilliant Blue (CBB) staining.
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3. Discussion

SymRK plays a key role in the NF signaling pathway during legume-rhizobia symbiotic interaction.
SymRK-interacting protein SIP2 is required for early symbiotic signal transduction and MAPK signaling
during nodule symbiosis [24]. As one of the phosphorylation substrates of SIP2, LjMPK6 is essential
for nodulation [25]. However, downstream nodulation events and regulatory components of LjMPK6
signaling are largely unknown. Here, we demonstrated that LjPP2C dephosphorylates LjMPK6
in vitro and LjPP2C is required for MAPK dephosphorylation and nodule organogenesis in response
to rhizobial inoculation.

Our phosphatase assay demonstrated that LjPP2C is a genuine protein phosphatase acting on
the substrate LjMPK6, in accordance with its pivotal role in cellular signal transduction as reported
for other plant PP2Cs in response to various environmental and developmental stimuli. For instance,
a phosphatase 2C-1 (PP2C-1) allele from soybean dephosphorylates transcription factor GmBZR1
involved in brassinosteroid signaling [27]. Arabidopsis PP2C38 is an active phosphatase that negatively
regulates cytoplasmic kinase BIK1-mediated immune signaling [28]. Rice XB15 harbors PP2C activity
and negatively regulates the receptor kinase XA21-mediated innate immune response [29].

Only a few PP2C phosphatases have been identified in Lotus japonicus, largely due to the poorly
annotated genome and their complicated biological functions. LjNPP2C1, encoding a Mg2+- or
Mn2+-dependent PP2C, is specifically induced in L. japonicus nodules and functions at both early and
late stages of nodule development, whereas the LjPP2C2 gene was expressed at a similar level in
nodules and roots [30]. In contrast, LjPP2C reported in this study appears to play an essential role in
regulating nodule development, likely downstream of infection thread formation.

The L. japonicus 2C-type protein phosphatase LjPP2C interacts with the previously identified
LjMPK6, which was shown to play an essential regulatory role in nodule development [25]. As a typical
MAPK phosphatase, LjPP2C mainly functions through its dephosphorylation activity on LjMPK6.
Compared to wild type MG20, a reduced nodule number and a higher level of LjMPK6 phosphorylation
is observed in ljpp2c mutant plants, suggesting that a tight regulation of LjMPK6 phosphorylation
is required for fine-tuning nodule organogenesis. In consideration of the immune signaling role of
numerous plant kinase-PP2C phosphatase pairs previously reported [31], our work has extended
our understanding of MAPK signaling in legume-rhizobia symbiosis and provides clues for further
research on nodule developmental regulation mediated by protein phosphatases.

4. Materials and Methods

4.1. Plant Materials and Growth Conditions

Lotus japonicus seedlings were grown in pots containing perlite:vermiculite mixture (1:2, v/v)
supplied with a 1/2 B&D nitrogen-free nutrient solution. Nicotiana benthamiana seedlings were grown
in pots filled with perlite:vermiculite:nutrient soil mixture (1:1:1,v/v/v). All plants were cultivated in a
growth chamber under a 16-h light/8-h dark cycle at 22 ◦C and 60% relative humidity.

4.2. Plasmid Construction

To create a ljpp2c mutant in L. japonicus, the web tool CRISPR-P 2.0 (http://cbi.hzau.edu.cn/crispr/)
was used to design appropriate guide RNAs for a CRISPR/Cas9-mediated gene knockout approach.
Two guide RNAs were cloned into one construct to improve gene-editing efficiency [26]. To create
LjPP2C overexpression construct, full-length cDNA of LjPP2C was PCR-amplified from wild type
Lotus japonicus MG20 genomic DNA and was inserted into pUB-Hyg vector [32]. All constructs were
validated by DNA sequencing and were then transformed into Agrobacterium tumefaciens strain EHA105
for stable transformation into L. japonicus MG20 as described previously [33]. Transgenic plants were
screened for hygromycin resistance and confirmed by PCR genotyping.

To create AD fusion constructs for pairwise yeast two-hybrid (Y2H) assay, full-length cDNA
sequences of LjMPK3, LjMPK4, and LjMPK6 were amplified by PCR and inserted into vector pGADT7
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(Takara Bio, Beijing, China) to generate AD-LjMPK3, AD-LjMPK4, and AD-LjMPK6, respectively.
The full-length cDNA sequence of LjPP2C and LjMPK6 were amplified and inserted into pGBKT7
(Takara Bio) vector to generate BD-LjPP2C and BD-LjMPK6, respectively. All constructs were cloned
using Phusion DNA polymerase (New England Biolabs, Ipswich, MA, USA) according to the one-step
enzymatic assembly method protocol.

For promoter analysis, a ~3 kb DNA fragment of LjPP2C promoter was amplified using PCR
and introduced into the pUB-Hyg plasmid to replace the Ubiquitin promoter and fused to tYFPnls
(nuclear-localized triple-YFP) reporter [34].

To create plasmids for in vitro pull-down assay, full-length cDNA sequences of LjMPK6,
LjPP2C were PCR amplified and cloned into pGEX-6p-1 and pMAL-c2x, respectively, to obtain
the corresponding GST-tagged and MBP-tagged fusion proteins. To create overexpression vector for
hairy root transformation in L. japonicus, 3*HA tagged full-length cDNA sequence of LjMPK6 with
two introduced point mutations (T224A and Y226F) was cloned into the empty vector pUB-GFP [32].
Sequences of corresponding primers used for plasmids construction are listed in Table S1.

4.3. Yeast Two-Hybrid Assay

Yeast two-hybrid (Y2H) screening was performed according to the manufacturer’s instruction
(Takara Bio, Beijing, China), using Saccharomyces cerevisiae Y187 strain harboring the BD-LjMPK6
fusion construct as bait and S. cerevisiae AH109 strain harboring AD fusion construct of Lotus cDNA
library derived from root and nodule tissues as prey. A total of 1 × 107 transformants were screened,
and positive colonies growing on SD/-Leu-Trp-His-Ade (SD/-4) medium were selected for plasmid
extraction and sequence analysis. The candidates were retransformed into yeast for pairwise Y2H assay
to validate the interaction results. Cells of yeast strain Y187 transformed with AD fusion constructs
and cells of yeast strain AH109 transformed with the BD fusion construct were respectively spreaded
onto SD/-Leu or SD/-Trp agar plates using a LiAc-mediated yeast transformation protocol and then
mated overnight in 2×YPDA. Aliquots (10 µl) of diploid yeast cells were spotted onto SD/-Leu-Trp
(SD/-2) and SD/-Leu-Trp-His-Ade (SD/-4) medium to verify protein-protein interactions. Interactions
between p53 (or lamin, Lam) and SV40 were used as positive or negative controls, respectively. Yeast
growth was monitored for up to 5 days at 30 ◦C.

4.4. In Vitro Pull-Down Assay

Protein expression of GST-tagged LjMPK6 and MBP-tagged LjPP2C was induced in Escherichia coli
strain BL21 (DE3) by 0.1~0.5 mM isopropylthio-β-galactoside (IPTG) for 4 h at 30 ◦C and purified with
glutathione resin (GenScript, Nanjing, China) and Amylose resin (New England Biolabs), respectively.
Purified proteins were then incubated with glutathione resin in PBS buffer (2 mM KH2PO4, 8 mM
Na2HPO4, 136 mM NaCl, and 2.6 mM KCl, pH7.4) for 30 min at 4 ◦C and separated by centrifugation.
The supernatant was discarded, and the glutathione resin was washed at least three times with PBS
buffer. Proteins retained with the glutathione resin were boiled in SDS loading buffer (50 mM Tris-HCl,
pH 6.8, 2% SDS (w/v), 0.1% bromophenol blue, 10% glycerol, 1% β-mercaptoethanol) and separated by
SDS-PAGE electrophoresis. Corresponding antibodies against GST or MBP (PhytoAB, San Jose, CA,
USA) were used for immunoblot analysis.

4.5. Phosphatase Assay

The kinase assay between SIP2 and LjMPK6 was performed in advance to prepare phosphorylated
GST-tagged LjMPK6, which was then purified by glutathione resin. The in vitro phosphatase assay of
LjPP2C was performed by incubating phosphorylated LjMPK6 with LjPP2C in a buffer containing
50 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 0.1% Triton-X100, and 1 mM DTT at 30 ◦C for 30 min.
Reactions were stopped by adding 2×SDS loading buffer and boiling for 5 minutes. The remaining
phosphorylated LjMPK6 was identified by immunoblotting with anti-phospho-p44/42 (pThr-X-pTyr)
MAPK antibody (Cell Signaling Technology, Danvers, MA, USA).
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To detect the phosphatase activity of LjPP2C on LjMPK6 in L. japonicus in vivo, roots of MG20 and
ljpp2c#8-3 were transformed with empty vector or oe-LjMPK6 (T224A Y226F) (non-phosphorylatable
form of LjMPK6). Transgenic hairy roots of above materials were grounded into fine powder in liquid
nitrogen. Total protein was extracted using sample buffer containing 50 mM Tris-HCl, pH 6.8, 5% (w/v)
SDS, 10 mM DTT, 100 µM PMSF (phenylmethylsulfonyl fluoride), and 1 mM sodium pyrophosphate.
Phosphorylated LjMPK6 was identified by immunoblotting with anti-phospho-p44/42 (pThr-X-pTyr)
MAPK antibody.

4.6. RNA Extraction and Reverse-Transcription Quantitative PCR (qRT-PCR)

Plant total RNA was isolated using TRIzol reagent (Thermo Fisher Scientific, Hampton, NH, USA)
and treated with DNase (Promega, Madison, WI, USA) to eliminate genomic DNA contamination.
Less than 1 µg total RNA was used to synthesize first-strand cDNA using oligo(dT) primer according to
the instructions of the cDNA synthesis kit (TransGen Biotech, Beijing, China). RT-qPCR was performed
on a Roche Light Cycler (thermal cycle: 95 ◦C for 10 s, 40 cycles of 95 ◦C for 5 s and 60 ◦C for
30 s, followed by a melting curve stage at 95 ◦C for 15 s and a temperature gradient from 65 ◦C to
95 ◦C at a rate of 1 ◦C s−1) based on the instruction of the one-step SYBR Prime Script RT-PCR Kit II
(Takara Bio). The housekeeping genes LjATPase (AW719841) or LjUBQ served as reference genes for
relative fold expression changes using the 2−44Ct method. All reactions were performed with three
technical replicates.

4.7. Hairy Root Transformation and Nodulation Assays

L. japonicus hairy roots were obtained by transformation with Agrobacterium rhizogenes LBA1334
containing the overexpression construct pUB-GFP-LjUBQ1pro::LjMPK6(T224A;Y226F)-3*HA as
described previously [35]. Plants transformed with the empty vector (EV) pUB-GFP-3*HA were
used as control. Regenerated hairy roots were screened for GFP (green fluorescent protein) fluorescence.
Only one GFP-positive root was retained for each plant, and all other roots were removed.

One-week-old seedlings were transferred from Petri dishes to pots containing perlite:vermiculite
(1:2, v/v). Plants were watered with 1/2 B&D nitrogen-free nutrient solution for 1 week and were then
inoculated with 1 mL of Mesorhizobium loti MAFF303099 (OD600 = 0.1) expressing the red fluorescent
marker mCherry (pQDN03-ptrp::mCherry) [36,37]. At 3 weeks post inoculation (3 wpi), roots were
collected for counting nodules, and root samples were harvested for protein immunoblot analysis.

4.8. Accession Numbers

Sequence data for the following proteins can be found in the Lotus database (v3.0, https:
//lotus.au.dk). LjPP2C, Lj2g3v2292680.1; LjMPK3, Lj3g3v3087330.1; LjMPK4, Lj4g3v2989020.1; LjMPK6,
Lj4g3v0510090.1; SIP2, Lj3g3v2040150.1.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/15/
5565/s1.
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Abbreviations

CRISPR clustered regularly interspaced short palindromic repeats
GFP Green Fluorescent Protein
GST Glutathione S-transferase
MAPK mitogen-activated protein kinase
MBP maltose-binding protein
NF nod factor
NIN nodule inception gene
PP2C type 2C protein phosphatase
RLK receptor-like kinase
Y2H yeast two-hybrid
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Abstract: Clubroot caused by Plasmodiophora brassicae is a severe disease of cruciferous crops that
decreases crop quality and productivity. Several clubroot resistance-related quantitative trait loci
and candidate genes have been identified. However, the underlying regulatory mechanism, the
interrelationships among genes, and how genes are regulated remain unexplored. MicroRNAs
(miRNAs) are attracting attention as regulators of gene expression, including during biotic stress
responses. The main objective of this study was to understand how miRNAs regulate clubroot
resistance-related genes in P. brassicae-infected Brassica rapa. Two Brassica miRNAs, Bra-miR1885a
and Bra-miR1885b, were revealed to target TIR-NBS genes. In non-infected plants, both miRNAs
were expressed at low levels to maintain the balance between plant development and basal immunity.
However, their expression levels increased in P. brassicae-infected plants. Both miRNAs down-
regulated the expression of the TIR-NBS genes Bra019412 and Bra019410, which are located at a
clubroot resistance-related quantitative trait locus. The Bra-miR1885-mediated down-regulation of
both genes was detected for up to 15 days post-inoculation in the clubroot-resistant line CR Shinki
and in the clubroot-susceptible line 94SK. A qRT-PCR analysis revealed Bra019412 expression was
negatively regulated by miR1885. Both Bra019412 and Bra019410 were more highly expressed in
CR Shinki than in 94SK; the same expression pattern was detected in multiple clubroot-resistant
and clubroot-susceptible inbred lines. A 5′ rapid amplification of cDNA ends analysis confirmed
the cleavage of Bra019412 by Bra-miR1885b. Thus, miR1885s potentially regulate TIR-NBS gene
expression during P. brassicae infections of B. rapa.

Keywords: MicroRNA; TIR-NBS genes; QTL; R gene; Brassica; Plasmodiophora brassicae; disease
resistance; clubroot; B. rapa

1. Introduction

Clubroot (CR), which is caused by the soil-borne pathogen Plasmodiophora brassicae, is
a severe disease of crops in the family Brassicaceae. As a part of sustainable agriculture
under deteriorating growth conditions due to long-term cultivation and climate change,
the improvement of crops by introducing disease resistance traits is an important goal
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for plant breeders [1]. Traditionally, the introgression of new traits for crop improvement
has been performed via interspecific and intraspecific hybridizations, and these methods
have resulted in the successful generation of crop resources with resistance traits [2].
Because CR disease is a major source of economic losses [3], the CR resistance trait has
been introduced into Brassica species using various resistance resources (primarily turnip,
but other subspecies as well).

To fully utilize resistance traits, the mechanisms underlying their genetic regulation
must be characterized. In the last two decades, genetic analyses of CR resistance have
been conducted using a variety of resistant Brassica rapa germplasm. Additionally, the A
genome of Brassicaceae species has been extensively investigated. Comparative analyses
have revealed the high collinearity between the resistance loci in the genomes of other
amphidiploids (with AB and AC genomes) and those in the A genome. Previous studies
have identified the following 23 CR resistance loci distributed on seven chromosomes
(A01, A02, A03, A05, A06, A07, and A08) in B. rapa: CRa [4,5], CRaki [6,7], CRb [8,9], CRc,
CRk [10], CRd [11], Crr1, Crr2 [12]), Crr3 [13], Crr4 [14], CrrA05 [15], CRs [16], PbBp3.1,
PbBp3.3 [9], qBrCR38-1, qBrCR38-2 [17], Rcr1 [18], Rcr2 [19], Rcr4, Rcr8, Rcr9 [20], Rcr3, and
Rcr9wa [21]. Chromosome A03 harbors at least 12 CR resistance loci (CRa, CRaki, CRb, CRd,
CRk, PbBp3.1, PbBp3.3, Crr3, Rcr1, Rcr2, Rcr4, and Rcr5) effective against diverse pathotypes.
After CRa was first identified at the CR locus in B. rapa, CRb, CRk, and Crr3 were identified
using diverse resistant materials and pathotypes. Recent advances in next-generation
sequencing technology have enabled the easy, fast, and accurate identification of genomic
regions related to qualitative and quantitative resistance traits [22].

Despite many genetic studies on resistance, relatively little is known about the can-
didate genes and the mechanisms controlling the CR resistance trait. Two loci related to
CR resistance (Crr1 and CRa) were discovered by map-based cloning, and TIR-NBS-LRR
(TNL) genes were identified as candidate genes involved in resistance, based on gain-
of-function analyses [5,23]. In the last decade, several loci (CRd, Rcr1, Rcr2, Rcr4, and
Rcr5) were detected based on the identification of genome-wide variants through bulked
segregant RNA sequencing and genotyping-by-sequencing [11,20,24,25]. These earlier
studies identified candidate genes on the basis of abundant sequence variations between
resistant and susceptible lines, as determined by high-throughput sequencing and analyses
of functional similarity. Although different resistant materials and pathogens were used
in these studies, the identified loci were localized on chromosome A03 and in genomic
regions with a similar set of candidate genes.

Recent genomic, transcriptomic, and proteomic analyses have indicated that hormonal
regulation, cell wall structure, secondary metabolites, and resistance genes (R genes)
are involved in the CR resistance trait [26,27]. However, to characterize the mechanism
regulating CR resistance, future studies should focus on the interrelationships among genes
and how genes are regulated.

MicroRNAs (miRNAs) are small non-coding RNAs that are attracting attention as
essential regulators of gene expression. They play a major role in the regulation of devel-
opmental and physiological processes [28,29] and in the expression of genes responsive
to abiotic and biotic stresses, including R genes [30]. On the basis of the presence of spe-
cific domains, R genes are generally classified into five functionally distinct classes. The
first class contains nucleotide-binding site–leucine-rich repeat (NBS-LRR) genes, which
are further classified as Toll/interleukin 1 receptor (TIR)-NBS-LRR (TNL) and coiled-coil
(CC)-NBS-LRR (CNL) genes. The second class comprises genes encoding transmembrane
proteins, including receptor-like transmembrane proteins. The genes in the third class en-
code kinases, including serine–threonine kinases, whereas those in the fourth class encode
kinases with receptor-like functions (e.g., receptor-like kinases). The fifth class contains
atypical R genes [31]. At the molecular level, various R genes contribute to the direct or
indirect recognition of pathogen-derived effectors that induce effector-triggered immunity,
which frequently involves a series of responses, including the hypersensitive response (i.e.,
a type of programmed cell death) [32].
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In recent decades, several studies have demonstrated the importance of miRNA-
regulated RNA silencing for plant innate immunity. Initially, miR472 and miR482 were
identified and experimentally confirmed to target various NLR genes [33,34]. In Glycine max,
most R genes (178/290 CNLs and 171/235 TNLs) are directly regulated by miRNAs [35].
Additionally, miRNA target decoys (i.e., endogenous RNAs that can negatively regulate
miRNA activity) have also been identified [36]. Subsequent studies on several plant species
detected numerous miRNA families whose members target multiple R genes and are
responsible for post-transcriptional gene silencing [18,37–45]. Such miRNAs are generally
conserved in identical/similar species and their target sequences encode conserved R
protein motifs [45]. For example, members of the miR482 superfamily specifically target
a conserved P loop motif in NLR proteins that is crucial for function [46]. In tobacco,
nta-miR6019 and nta-miR6020 are involved in the silencing of the N gene, encoding a
TNL protein [42]. In Medicago truncatula, miR1510 is differentially expressed between the
roots and nodules [47,48]. In a soybean, miR1510 cleaves TNL gene transcripts, thereby
activating phased secondary small interfering RNA (phasiRNA) synthesis [37]. Similarly,
miR482 and miR2118 initiate phasiRNA production from their NLR targets and function
as the principal regulators of various genes encoding NLRs [42,43,45,49]. Interestingly, an
invading pathogen can alter both the expression of R genes and miRNA-mediated R gene
turnover [43,50]. In B. rapa, miR1885 regulates both an immune receptor gene (BraTNL1)
and a growth-related gene (BraCP24) via the production of trans-acting small interfering
RNAs [18].

The mechanisms underlying the interplay between a pathogen infection and the
miRNA-mediated expression of R genes, especially those related to CR disease in Brassica
species, are still poorly understood. Recent studies explored the role of long non-coding
RNAs and mRNAs in Brassica napus [51,52] and Brassica campestris [17] responses to P.
brassicae, but there are no reports describing the roles of miRNAs in the response of B. rapa
to P. brassicae.

In this study, we investigated miRNAs that are structurally associated with a group
of candidate genes related to CR resistance on chromosome A03. These genes have been
consistently identified as being associated with stress resistance [19,20,25,53]. We predicted
the targets of miR1885a and miR1885b in B. rapa. Further analyses revealed that both
miR1885a and miR1885b are differentially expressed between resistant and susceptible
genotypes, and these miRNAs negatively regulate R genes in response to pathogens. Under
natural conditions, miR1885 expression is maintained at low levels to allow for normal
plant development and basal immunity. Its expression levels peak after pathogen infections,
indicative of the reallocation of energy between activities related to growth and immunity.
Our findings provide insights into how gene expression is precisely controlled during the
complex interaction between a pathogen and its host.

2. Results
2.1. Differences in the Responses of Resistant (CR Shinki) and Susceptible (94SK) B. rapa Inbred
Lines to P. brassicae Pathotypes

The responses of Chinese cabbage (B. rapa) lines to different P. brassicae pathotypes
were compared on the basis of the disease index (DI). More specifically, the responses of CR
Shinki and 94SK Chinese cabbage inbred lines to three well-known P. brassicae pathotypes
(Race 4, Uiryeong, and Banglim) were analyzed [8,54] (Figure 1). In response to Race 4, the
DI was significantly higher for the susceptible line (94SK) than for the resistant line (CR
Shinki) (Figure 1A). In contrast to CR Shinki roots, the 94SK roots were severely damaged
by CR. Both lines were similarly susceptible to pathotypes Uiryeong and Banglim (i.e.,
no significant difference in the DI) (Figure 1B,C). This suggests that CR Shinki exhibits
pathotype-specific resistance, that is, it is resistant to only Race 4. Plants were photographed
at 8 weeks post-inoculation. The DI values confirmed the resistance, and susceptibility, of
the investigated Chinese cabbage lines to different P. brassicae pathotypes.
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clubbing on all roots. The mean disease index (n = 10) is presented to the right of the photos; the bar represents the standard 
error of three replicates. Asterisks indicate a significant difference at p < 0.001. 
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derived novel miRNA during a response to turnip mosaic virus (TuMV) [55]. It was sub-
sequently revealed to be responsive to heat stress [56]. A recent study confirmed that Bra-
miR1885 is induced in B. rapa and B. napus by TuMV, but not by any other pathogen [18]. 
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infected with P. brassicae (Figure 2). 

According to the miRBase database[57], the Brassica miR1885 family has the follow-
ing two members: miR1885a (on chromosome 06: 25285096–25285118 [+]) and miR1885b 
(on chromosome 06: 25285163–25285185 [+]). The pre-miR1885 structure is presented in 
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post-inoculation (Figure 2A,B) were investigated. At 1.5 h post-inoculation, the miR1885a 
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CR Shinki at 72 h at a level much higher than that in 94SK (Figure 2B). The miR1885b 

Figure 1. Differences in the responses of CR Shinki (resistant) and 94SK (susceptible) Brassica rapa inbred lines to three
Plasmodiophora brassicae pathotypes. Disease symptoms on B. rapa roots infected with P. brassicae pathotypes (A) Race
4 [8], (B) Uiryeong, and (C) Banglim [54]. Disease severity was assessed according to the degree of root morphological
modifications using the following rating scale: 0 = no symptoms; 1 = very slight swelling, usually confined to the lateral
roots; 2 = a few small, separate globular clubs on the lateral roots; 3 = moderate clubbing on the lateral roots; 4 = large clubs
on the lateral roots and slight swelling of the main root; 5 = larger clubs on the main root than on the lateral roots; 6 = severe
clubbing on all roots. The mean disease index (n = 10) is presented to the right of the photos; the bar represents the standard
error of three replicates. Asterisks indicate a significant difference at p < 0.001.

2.2. P. brassicae Infection Induces miR1885a and miR1885b Expression

A 22-nucleotide miRNA, Bra-miR1885a, was initially identified as a B. rapa R gene-
derived novel miRNA during a response to turnip mosaic virus (TuMV) [55]. It was
subsequently revealed to be responsive to heat stress [56]. A recent study confirmed that
Bra-miR1885 is induced in B. rapa and B. napus by TuMV, but not by any other pathogen [18].
These previous studies demonstrated that Bra-miR1885a precisely regulates plant growth
and immunity in Brassica species, suggesting that this Brassica-specific miRNA may also
play roles in responses to biotic stresses. In this study, miR1885 was induced in B. rapa
infected with P. brassicae (Figure 2).

According to the miRBase database [57], the Brassica miR1885 family has the following
two members: miR1885a (on chromosome 06: 25285096–25285118 [+]) and miR1885b
(on chromosome 06: 25285163–25285185 [+]). The pre-miR1885 structure is presented in
Supplementary Figure S1. The expression of both miR1885a and miR1885b in the root
tissue of the resistant (CR Shinki) and susceptible (94SK) inbred lines before the inoculation
with P. brassicae (0 h) as well as at 1.5 h, 3 h, 6 h, 12 h, 24 h, 48 h, 72 h, 96 h, and 15 days post-
inoculation (Figure 2A,B) were investigated. At 1.5 h post-inoculation, the miR1885a and
miR1885b expression levels increased significantly in CR Shinki, but decreased markedly
in 94SK. In CR Shinki and 94SK, the expression levels of both miRNAs decreased at 3 h
and 6 h post-inoculation but then increased at 12 h and 24 h. The miR1885a expression
level remained steady in CR Shinki at 48 h and 72 h post-inoculation, but it decreased at
these time-points in 94SK. At 96 h and 15 days post-inoculation, the miR1885a expression
level remained steady in CR Shinki, whereas it increased in 94SK (Figure 2A). Regarding
miR1885b, a slightly different expression pattern was observed from 48 h post-inoculation.
Its expression level was higher in CR Shinki than in 94SK at 48 h, and it peaked in CR Shinki
at 72 h at a level much higher than that in 94SK (Figure 2B). The miR1885b expression level
was markedly lower in CR Shinki than in 94SK at 96 h, whereas there were no significant
differences between the inbred lines at 15 days post-inoculation. Overall, the miR1885a and
miR1885b expression levels were generally higher in CR Shinki than in 94SK following the
inoculation with P. brassicae. Considered together, these findings suggest that Bra-miR1885
might contribute to the B. rapa response to P. brassicae.
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Figure 2. Expression of (A) miR1885a and (B) miR1885b in the roots of inbred lines CR Shinki
(resistant) and 94SK (susceptible) inoculated with P. brassicae. The expression of both miRNAs
increased significantly in CR Shinki post-inoculation (* p < 0.01, ** p < 0.05, and *** p < 0.001).

2.3. Both miR1885a and miR1885b Target TIR-NBS Genes

The miRNA targets were predicted on the basis of several parameters, including
complementarities with miR1885a and miR1885b sequences and the unpaired energy (UPE)
required to unfold the target site. Using stringent criteria for target prediction (expectation
value of up to 2 and UPE value of up to 25), 11 targets were predicted for miR1885b and
five targets were predicted for miR1885a (Supplementary Table S1). Interestingly, gene
ontology analyses indicated that most of the target genes were on chromosome A03 and
encoded disease resistance proteins with TNL and TX structures. Twelve loci (CRa, CRb,
CRaki, PbBp3.1, PbBp3.2, CRk, CRd, Crr3, Rcr1, Rcr2, Rcr4, and Rcr5) related to disease
resistance are located on chromosome A03 [4,6,8–11,20,58,59]. The CRb resistance-related
quantitative trait locus (QTL) region in CR Shinki is located at the basal end of chromosome
A03, and several gene loci are located nearby. Even though these earlier studies were
performed using different resistant resources/germplasm (Chinese cabbage, pakchoi, and
turnip) for introgressing resistance loci as well as different pathotypes, they all consistently
detected certain genes (Bra019409, Bra019410, Bra019412, and Bra019413) in this QTL region
as candidates for the CR resistance trait [19,20,24,25,53,59]. Among the candidate genes
within the QTL, Bra019410, Bra019412, and Bra020936 had an expectation value of 2, which
was calculated on the basis of the affinity of miRNAs for their targets. Interestingly,
Bra020936, which is located in a different QTL region on chromosome A08 [20], was also
predicted as a miR1885b target, but it was excluded from further analyses because CR
Shinki lacks the corresponding resistance locus.

Our results indicated that miR1885b targets both Bra019412 and Bra019410 with
strict complementarity (expectation value approximately 2) and high free energy values,
whereas miR1885a only targets Bra019412 with relatively low complementarity (expectation
value approximately 5) (Supplementary Table S1). The prediction analysis indicated that
miR1885a inhibits target genes via the ‘translation’ process, whereas miR1885b inhibits
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target genes via the ‘cleavage’ process. These findings suggest that miR1885b is mainly
involved in the inhibition of target genes.

2.4. Structure of Proteins Encoded by Bra019412 and Bra019410

Next, the conserved domains of the putative encoded proteins and gene structures
of Bra019412 and Bra019410 (Figure 3) were identified. A Simple Modular Architecture
Research Tool (SMART) analysis of the Bra019410 protein revealed the following two major
domains: the TIR domain (amino acids 81 to 218) and the AAA domain (amino acids 276
to 417) (Figure 3B). A SMART analysis of the Bra019412 protein revealed only the TIR
domain (amino acids 74 to 211) (Figure 3A). The exon–intron distribution of both genes
was examined by comparing the coding and genomic sequences using the GSDS online
software (Figure 3). This analysis detected three introns in Bra019410, but no introns in
Bra019412. The characteristics of the putative proteins were determined using the ExPASy
ProtParam online tool. The predicted molecular weights of Bra019410 and Bra019412
were 130.82 kDa and 247.88 kDa, respectively. The aliphatic index of Bra019410 was 93.35
and the grand average of hydropathicity (GRAVY) value was −0.22, which confirmed its
hydrophilic nature. Similarly, the aliphatic index of Bra019412 was 81.67 and its GRAVY
value was −0.228, indicating that it is also hydrophilic in nature. The isoelectric point of
Bra019410 was 6.33, indicating it is an acidic protein, whereas that of Bra019412 was 8.74,
indicating it is an alkaline protein.
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Figure 3. Analyses of conserved domains in putative proteins as well as gene structures. (A) Bra019412 encodes only the
TIR domain, whereas (B) Bra019410 encodes the TIR and AAA domains.

2.5. Both miR1885a and miR1885b Negatively Regulate TIR-NBS Genes

The correlation between the expression levels of miRNAs and the transcript levels of
both target genes (Bra019412 and Bra019410) was investigated. As the miR1885b expression
level increased from 1.5 h onwards, it down-regulated Bra019412 expression until 15 days
post-inoculation, indicating that miR1885b acts as a negative regulator of Bra019412 in the
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resistant CR Shinki line (Figure 4A). In the susceptible 94SK line, miR1885b also appears to
function as a negative regulator, although the Bra019412 transcript level was lower in 94SK
than in CR Shinki (Figure 4B). The miR1885a expression level in CR Shinki also increased
at 1.5 h post-inoculation, but it was not as high as the miR1885b expression level and it
was not correlated with the down-regulation of Bra019412, implying that miR1885a might
be a partial negative regulator (Figure 4C). Additionally, miR1885a down-regulated the
expression of Bra019412 in 94SK, but only at the early post-inoculation time-points (up to
12 h). The expression pattern of miR1885a was dissimilar to that of miR1885b (Figure 4D).
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in 94SK, (C) miR1885a and Bra019412 in CR Shinki, and (D) miR1885a and Bra019412 in 94SK as determined by qRT-PCR. 
The transcript level of the B. rapa actin gene served as the internal control for target gene expression, whereas the U6 
snRNA level served as the internal control for mature miRNA expression. The miRNA and gene expression levels over 
time in inoculated plant samples were normalized against the corresponding expression levels in untreated plants. For 
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times. Standard error bars are presented for each time-point. Asterisks indicate a significant difference at * p < 0.01, ** p < 
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Figure 4. Analysis of the expression of Bra019412 with miR1885b or miR1885a in the root tissues of B. rapa infected with P.
brassicae. Correlation of the expression between (A) miR1885b and Bra019412 in CR Shinki, (B) miR1885b and Bra019412 in
94SK, (C) miR1885a and Bra019412 in CR Shinki, and (D) miR1885a and Bra019412 in 94SK as determined by qRT-PCR.
The transcript level of the B. rapa actin gene served as the internal control for target gene expression, whereas the U6
snRNA level served as the internal control for mature miRNA expression. The miRNA and gene expression levels over time
in inoculated plant samples were normalized against the corresponding expression levels in untreated plants. For each
time-point, more than six individual plants were pooled (n > 6) and independent experiments were replicated three times.
Standard error bars are presented for each time-point. Asterisks indicate a significant difference at *** p < 0.001.

The target analysis with stringent settings predicted that miR1885b targets Bra019410.
However, the expression analysis demonstrated that miR1885b affects Bra019410 expression
only at post-inoculation time-points after 3 h (Figure 5). In CR Shinki, the Bra019410
transcript level was stable until 3 h post-inoculation, even though miR1885b expression
was up-regulated (Figure 5A,C). However, at the later time-points, there was a negative
correlation between miR1885b levels and the Bra019410 transcript levels. This result
suggests that miR1885b only partially controls Bra019410 expression (Figure 5A,C). In 94SK,
there were no correlations between miR1885b or miR1885a levels and Bra019410 transcript
levels (Figure 5B,D), suggesting that both miRNAs may only partially control Bra019410
expression.
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sistant and CR-susceptible genotypes, their transcript levels in multiple genotypes with 
contrasting responses to CR were investigated. On the basis of a DI analysis, three re-
sistant genotypes (CR Shinki, M7, and C-20) and three susceptible genotypes (94SK, Chi-
ifu, and HKC-002) (Figure 6A) were selected. After the inoculation with P. brassicae, 
miR1885b expression increased significantly in all resistant lines (particularly at 48 h) (Fig-
ure 6B). However, there were no significant changes in expression in the susceptible lines, 
suggesting miR1885b may be involved in the regulation of disease development in the 
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Figure 5. Analysis of the expression of Bra019410 and miR1885b or miR1885a in the root tissues of B. rapa infected with P.
brassicae. Correlation of the expression between (A) miR1885b and Bra019410 in CR Shinki, (B) miR1885b and Bra019410 in
94SK, (C) miR1885a and Bra019410 in CR Shinki, and (D) miR1885a and Bra019410 in 94SK, as determined by qRT-PCR. The
transcript level of the B. rapa actin gene served as the internal control for target gene expression, whereas the U6 snRNA
level served as the internal control for mature miRNA expression. The miRNA and gene expression levels, over time,
in inoculated plant samples were normalized against the corresponding expression levels in untreated plants. For each
time-point, more than six individual plants were pooled (n > 6) and independent experiments were replicated three times.
Standard error bars are presented for each time-point. Asterisks indicate a significant difference at *** p < 0.001.

2.6. Expression Patterns of miR1885b, Bra019412, and Bra019410 in Multiple Resistant and
Susceptible Lines

To confirm the miR1885b, Bra019412, and Bra019410 expression patterns in CR-
resistant and CR-susceptible genotypes, their transcript levels in multiple genotypes with
contrasting responses to CR were investigated. On the basis of a DI analysis, three resistant
genotypes (CR Shinki, M7, and C-20) and three susceptible genotypes (94SK, Chiifu, and
HKC-002) (Figure 6A) were selected. After the inoculation with P. brassicae, miR1885b
expression increased significantly in all resistant lines (particularly at 48 h) (Figure 6B).
However, there were no significant changes in expression in the susceptible lines, suggest-
ing miR1885b may be involved in the regulation of disease development in the resistant
lines (Figure 6B). Overall, the root Bra019412 and Bra019410 transcript levels were signifi-
cantly higher in the three resistant lines than in the susceptible lines (Figure 6C,D). The
Bra019412 transcriptional pattern was similar in CR Shinki and M7; the transcript levels
gradually decreased from 0 h to 48 h post-inoculation (except at 12 h in M7), but then
increased at 96 h and 15 days post-inoculation (Figure 6C). The Bra019412 transcript levels
in C-20 also generally decreased over the first 48 h post-inoculation (except at 24 h), but
then increased at 96 h and 15 days post-inoculation, which was consistent with the expres-
sion pattern in the other two resistant lines (CR Shinki and M7). The expression profiles
indicate that 24–96 h post-inoculation is a critical period for the regulation of resistance.
The Bra019412 transcript levels were lower in the susceptible lines than in the resistant
lines at all time-points, with the exception of 24 h in HKC-002 (Figure 6C).
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Figure 6. Expression patterns of miR1885b, Bra019412, and Bra019410 in multiple resistant and susceptible lines. (A) Effects
of the P. brassicae Race 4 infection of resistant (CR Shinki, M7, and C-20) and susceptible (94SK, HKC-002, and Chiifu)
genotypes with the same alleles. Disease symptoms were examined at 8 weeks post-inoculation. For each line, the disease
index, calculated according to the disease severity, is provided to the right of the photos. Bars represent the standard error.
Significant differences are indicated with asterisks (** p < 0.05, and *** p < 0.001). Expression of (B) miR1885b, (C) Bra019412,
and (D) Bra019410 in resistant (CR Shinki, M7, and C-20) and susceptible (94SK, HKC-002, and Chiifu) genotypes. For each
time-point, the expression levels were calculated on the basis of three independent replicates.

The Bra019410 transcriptional patterns in the resistant and susceptible lines were
similar to those of Bra019412 (Figure 6D). In general, the Bra019410 transcript levels post-
inoculation were higher in the resistant lines than in the susceptible lines. The Bra019410
transcript level gradually decreased from 0 h to 48 h post-inoculation in CR Shinki (except at
3 h) and M7 (Figure 6D, Figure 4A), but then increased at 96 h and 15 days post-inoculation.
The Bra019410 and Bra019412 transcriptional patterns were identical in C-20 (Figure 6C).
The Bra019410 transcript levels were lower in the susceptible lines than in the resistant
lines, except at 24 h (i.e., HKC-002).

2.7. Confirmation of miR1885b-Mediated Cleavage of Bra019412 by 5′ Rapid Amplification of
cDNA Ends (RACE)

To confirm whether the decrease in the target gene transcript level was due to
miR1885b/miR1885a-guided cleavage, the 5′ end of the cleaved Bra019412 sequences
was analyzed by 5′ RACE (Figure 7). The RNA extracted from the roots and leaves was
subjected to a 5′ RACE analysis to identify the cleavage products of the target gene. In the
root samples, a cleavage site (12th nucleotide) was detected in the miRNA-binding region
of the target gene, confirming that Bra019412 is a target of miR1885b (Figure 7).
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A second cleavage site 47 bases upstream of the predicted cleavage site was also
detected. Regarding the RNA extracted from the leaves, no cleavage was detected at the
predicted cleavage site of the target gene. The 5′ RACE analysis confirmed that cleavage
products were derived from the interaction between the target gene and miR1885b, but not
miR1885a. Thus, only miR1885b contributes to mRNA degradation and CR resistance.

3. Discussion

Clubroot is a devastating disease of Brassica crops worldwide. The CR resistance
trait is reportedly controlled by various genes at both dominant (mostly in B. rapa) and
recessive loci. Although numerous CR resistance-related loci/genes have been identified
over the last few decades, the associated gene expression and regulation remain relatively
uncharacterized. MicroRNAs are vital post-transcriptional regulators of R genes, including
those related to disease resistance. Therefore, in the current study, the regulation of R gene
expression by miRNAs, in Chinese cabbage lines infected with P. brassicae, was investigated.
In the absence of pathogen infections, the detection of self-antigens by R proteins typically
leads to autoimmunity and adversely affects plant survival. Accordingly, maintaining a
balance between defense responses and plant development is critical. In plants, to minimize
fitness costs, it is essential that R protein activities are stringently regulated [38,60,61]. The
miRNA-mediated regulation (or turnover) of R genes allows plants to control the potential
fitness consequences in the absence of pathogen infections. Thus, coordinating disease
resistance and yield has become a key objective in plant breeding. Several miRNAs
targeting R genes have been identified in various plant species in the last decade [35,41–43].
However, the roles of these miRNAs in plant defense responses and how they are regulated
during pathogen infections are still unexplored in plants, in general, but especially in
Brassica crops. Previously, we conducted a genome-wide investigation of miRNAs from
B. rapa [62]. Additionally, Kim et al. [56] investigated heat stress-responsive miRNAs in
B. rapa. To the best of our knowledge, the present study is the first to analyze the miRNA
roles related to CR resistance in B. rapa.

Clubroot decreases the productivity of Brassica crops worldwide. A previous study on
B. napus revealed the differential expression of miRNAs in plants infected with P. brassicae
as well as several miRNAs targeting genes related to auxin signaling and transcription
factors for hormone homeostasis during disease development [51]. Recently, Zhu et al. [17]
analyzed long non-coding RNA and mRNA profiles after a P. brassicae infection of pakchoi
(susceptible line) to elucidate the molecular basis of pathogenesis. The long non-coding
RNAs responsive to P. brassicae in both resistant and susceptible genotypes were reported
by Summanwar et al. [52], and several P. brassicae-responsive long non-coding RNAs that
mainly target genes on chromosome A08 were identified.

In this study, miR1885, which is associated with CR resistance, was characterized.
Initially, miR1885 was identified as an R gene-derived novel miRNA in B. rapa by He
et al. [55] and Kim et al. [56]. It has since been confirmed to contribute to the regulation
of the resistance to TuMV [18]. On the basis of sequence complementarity, miRNAs
interact with their target genes to initiate their regulatory functions. The target genes
of miR1885 were predicted using a plant-specific psRNA target prediction program [63].
Further analyses confirmed that miR1885 binds to the predicted targets in the region
encoding the TIR domain. The TIR domain plays a vital role in the recognition of pathogen
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effectors [32,64]. It is a signaling domain involved in inducing cell death and it plays
a major role in basal defense mechanisms [65]. Nandety et al. [66] proved that the TIR
domain alone is sufficient for pathogen recognition.

Genes at the CRb locus were predicted to be specific targets of miR1885b. Various
studies conducted worldwide using different genetic materials and without shared re-
sources identified several gene loci at CRb and adjacent regions [19,20,25,53,58,59]. These
studies revealed the importance of this locus for CR resistance and consistently identified a
common set of genes, including Bra019409, Bra019410, Bra019412, and Bra019413.

Although these earlier studies identified various candidate R genes, the underlying
regulatory mechanisms were not elucidated. Shivaprasad et al. [43] demonstrated that the
miRNA-mediated silencing of disease resistance-related mRNAs in plants infected with
viruses and bacteria ultimately leads to the pathogen-induced expression of genes encoding
NBS-LRR defense-related proteins. They also identified a member of the miR483/2118
superfamily as the master regulator of disease resistance in tomato. Similarly, in this study,
the role of miR1885, which targets Bra019412, in disease resistance was investigated. A
structural analysis indicated Bra019412 consists of a single exon and encodes a protein with
only a TIR domain. MiR1885 also targets Bra019410, but its expression was not perfectly
negatively correlated with Bra019410 transcript levels. Consequently, further analyses
were focused on the control of Bra019412 expression. To understand the differences in
defense mechanisms between inbred lines resistant and susceptible to CR, B. rapa plants
were infected with P. brassicae and then gene expression levels at different time-points
were analyzed. Consistent with the findings of an earlier transcriptome analysis of a
segregating F1 population containing the Rcr1 locus [25], Bra019412 was differentially
expressed between the CR-resistant (overall up-regulation) and CR-susceptible (down-
regulation) lines. Our results indicate that the observed diversity in the expression patterns
was at least partly due to miRNAs.

In the current study, miR1885 was expressed at low levels under control conditions to
maintain basal active immunity and Bra019412 was stably transcribed to facilitate normal
plant development (Figure 8A). The miR1885 levels increased only during the pathogen
infection (Figure 8B). These results imply that a low miR1885 level is required for basal
defense. Similar to our findings, Zou et al. [5] reported that Arabidopsis miR172b, which
increases in abundance during seedling development, indirectly promotes the transcription
of the gene encoding the immune receptor FLS2 through the post-transcriptional silencing
of TOE1 and TOE2, which encode suppressors of FLS2 transcription. In another study
on B. rapa infected by TuMV, an increase in miR1885 levels promoted precursor process-
ing, suggesting that a TuMV infection increases the accumulation of miRNA-processing
proteins [18].

In the present study, target gene expression increased substantially only in response
to the Race 4 pathogen, consistent with the idea that each resistance locus has a dif-
ferent effect on CR development [9,20]. Shivaprasad et al. [43] noted that many genes
encoding NBS-LRR proteins are associated with race-specific effector-triggered immu-
nity. Additionally, Bra019412 may interact with these genes and activate the associated
disease resistance genes/clusters during pathogen infections, ultimately leading to quan-
titative resistance [67–70]. The TIR domain of Bra019412 likely acts as a link between the
pathogen and the signaling function of the R protein [65,66,71]. Our results demonstrate
that Bra019412 plays a major role only in CRb-mediated CR resistance, which is consistent
with the findings of previous studies, in which Bra019412 was identified as a defense
response-related candidate gene at a CR resistance locus in B. rapa [20,25,59]. Our obser-
vations suggest that the miRNA-mediated active regulation of immune receptors plays
dynamic roles in the modulation of plant immunity.
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MicroRNAs targeting NBS-LRR genes have distinct characteristics enabling them
to target highly conserved motifs. Thus, they may regulate the expression of multiple
members of gene families. This involves evolutionarily conserved interactions between
small RNAs and their targets [55,72]. In the present study, miR1885b specifically targeted
a gene encoding a protein with a TIR domain (Figure 3). The expression of TIR/TIR-
NBS genes may be regulated by miRNAs in various ways. For example, the target sites
may be expanded or lost and/or there may be feedback regulation between miRNAs
and their target genes (Park and Shin, 2018). Recently, Cui et al. (2020) demonstrated
that miR1885 targets NBS-LRR genes to activate phasiRNA generation when there is an
excess of NBS-LRR proteins, indicative of self-regulation. This type of gene regulation
prevents the undesirable production of TIR-NBS-LRR proteins. Similarly, we revealed that
miR1885 regulates R gene turnover, thereby affecting disease resistance possibly through
trans-acting RNA silencing [18]. Other studies confirmed the involvement of miR1885a in
heat stress responses [56] and TuMV resistance [18]. This is the first report describing the
role of miR1885b in a biotic stress response (i.e., CR disease).

4. Materials and Methods
4.1. Plant Materials and Pathogen Inoculation

Brassica rapa CR Shinki (CR resistant) and 94SK (CR susceptible) plants were grown in
a growth chamber for 4 weeks and then inoculated with three P. brassicae pathotypes (Race
4, Uiryeong, and Banglim). Inbred line CR Shinki is resistant to the Race 4 pathotype [8],
but susceptible to the Uiryeong (unpublished data) and Banglim [54] pathotypes. Plant
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samples were collected at two different infection stages. Samples for the initial infection
stage were collected at 1.5, 3, 6, 12, 24, 48, 72, and 96 h post-inoculation, whereas samples
for the late infection stage were collected at 15 days post-inoculation. The collected samples
were immediately frozen in liquid nitrogen and then stored frozen until used for the gene
expression analysis.

A P. brassicae suspension (2 × 106 CFU mL−1) was used to infect plants via irrigation
(i.e., injected into the soil). Briefly, a 5 mL aliquot of the spore suspension was added to
the soil around 4-week-old plants. The differences in gene expression were verified in
additional CR-resistant inbred lines (M7 and C-20) and CR-susceptible inbred lines (Chiifu
and HKC002). The CR symptoms on plants were evaluated at 5 weeks post-inoculation
as described by Choi et al. [54]. The DI was calculated according to a 0–6 scale, with 0
indicating the absence of disease symptoms and 6 indicating severe gall formation all over
the roots. Ten plants per line were inoculated, and the experiments were performed in
triplicate.

4.2. Prediction of the Target Genes of miR1885a and miR1885b

The target genes of miR1885a and miR1885b were predicted using psRNA Target [63].
This software predicts targets based on the reverse complementarity between miRNAs
and target transcripts using the proven scoring scheme. It also evaluates the target site
accessibility by calculating the UPE required for unwinding the secondary structure around
the miRNA target site on the mRNA. The data were collected and then manually checked to
remove repeated or irrelevant information. Finally, targets with an E-value < 4, a UPE < 25,
and with significant matches in the seed region (7/8 for the second to eighth bases and 3/5
for the 12th to 16th bases from the 5′ end of the miRNA) were selected.

4.3. Validation of miRNA and Target Gene Expression by a qRT-PCR Analysis

Total RNA was isolated from the leaves and roots of plants at different growth stages
using the Plant RNeasy kit (Qiagen, Hilden, Germany). The RNA quality and quantity were
estimated by gel electrophoresis and by using a NanoDrop spectrophotometer (Agilent,
Santa Clara, CA, USA). The miRNA expression levels were verified by stem-loop qRT-
PCR. The forward and reverse stem-loop primers for each miRNA were designed and
synthesized (Bioneer, Daejeon, Korea) (Table S1). First-strand cDNA was synthesized from
1 µg RNA using the SuperScript III First-Strand Synthesis System (Invitrogen, Carlsbad,
CA, USA); the manufacturer-recommended procedure was slightly modified. To increase
the efficiency of the reverse transcription, a pulsed reverse transcription reaction was
completed using the following PCR program: 16 ◦C for 30 min, 60 cycles of 30 ◦C for 30 s,
42 ◦C for 30 s, and 50 ◦C for 1 s (Varkonyi-Gasic et al. 2007). The reverse transcriptase
was inactivated by incubating the mixture at 85 ◦C for 5 min. The qRT-PCR analysis was
performed using the QuantiSpeed SYBR Kit (PhileKorea, Seoul, Korea) and the CFX96
Touch Real-Time PCR Detection System (Bio-Rad, Berkeley, CA, USA). The PCR program
was as follows: 95 ◦C for 3 min, 40 cycles of 95 ◦C for 15 s, 58 ◦C for 20 s, and 72 ◦C for 15 s.
Immediately after the final PCR cycle, a melting curve analysis was conducted (increase
from 65 ◦C to 95 ◦C in increments of 0.2 ◦C) to check the PCR product specificity. The
reactions were completed in triplicate, and the experiment was repeated at least twice.
A control reaction without the template and reverse transcriptase was included for each
miRNA. The B. rapa U6 snRNA gene served as the internal reference control.

To analyze target gene expression, cDNA was synthesized from 1 µg RNA using
the Topscript RT DryMIX kit (Enzynomics, Daejeon, Korea). The qRT-PCR analysis was
performed in triplicate using the QuantiSpeed SYBR Kit (PhileKorea, Seoul, Korea) and
the CFX96 Touch Real-Time PCR Detection System (Bio-Rad). The PCR program was as
follows: 95 ◦C for 10 min, 40 cycles of 95 ◦C for 15 s, and 60 ◦C for 1 min. Immediately
after the final PCR cycle, a melting curve analysis was conducted (increase from 65 ◦C to
95 ◦C in increments of 0.2 ◦C). Data were acquired during the annealing/extension step
and were analyzed using the CFX manager software (version 2.1) (Bio-Rad, CA, USA). The
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B. rapa actin gene served as the internal reference control. The primers used to amplify
the miRNA and gene sequences are listed in Supplementary Table S2. The comparative
Ct method (2−∆∆Ct) was used to quantify the relative miRNA and target gene expression
levels (Livak and Schmittgen 2001). Significant differences were detected using Student’s
t-test. The miRNA and target gene expression levels were quantified using three replicates.
Mean miRNA and target gene expression levels were normalized against the U6 snRNA
and actin gene expression levels, respectively.

4.4. Target Gene Validation by 5′ RACE

The predicted targets were validated by 5′ RACE using a SMARTer RACE Kit (Clon-
tech Laboratories, Takara Korea Biomedical Inc., Seoul, Korea). Briefly, 1 µg total RNA
samples extracted from the roots and leaves of CR Shinki and 94SK plants infected with P.
brassicae as well as non-infected (control) plants were used for the 5′ RACE assay. For the
infected samples, the RNA samples extracted from plants at different infection stages were
pooled. These total RNA samples were ligated with SMARTer II A oligonucleotides from
the SMARTer RACE Kit and then the RNA was reverse transcribed using the supplied
CDS Primer. Next, a PCR amplification was performed twice, using the long universal
primer mix (UPM) and gene-specific primers in the first reaction and the short UPM and
nested gene-specific primers in the second reaction. The PCR amplification was performed
using 2× Advantage Taq Pre-mix. Amplified PCR products were purified and ligated
into pRACE vectors using an In-Fusion HD Cloning Kit (Clontech, Laboratories, Takara
Korea Biomedical Inc., Seoul, Korea). An AccuPrep® Gel Purification Kit (Bioneer, Daejeon,
Korea) was used to purify the target PCR products. The ligated products were inserted
into competent cells. Plasmids were isolated from individual transformed clones using
an AccuPrep® Plasmid Mini Extraction Kit and then sequenced (Bioneer, Daejeon, Korea).
The sequences were analyzed using BioEdit software version 7.2.

5. Conclusions

The current study demonstrated that miR1885a and miR1885b are differentially ex-
pressed between CR-resistant and CR-susceptible B. rapa genotypes. These miRNAs target
TIR-NBS genes, specifically Bra019412 and Bra019410. Overall, the target genes were ex-
pressed at higher levels in the resistant plants than in the susceptible plants. A negative
correlation between miR1885b and Bra019412 expression was detected, and a 5′ RACE
analysis confirmed the cleavage of Bra019412 by miR1885b. These findings revealed that
miR1885b is critical for CR tolerance/resistance because it regulates Bra019412 expres-
sion, especially in response to a P. brassicae infection. Future research should clarify how
miR1885b regulates gene expression in plants infected with P. brassicae. The findings of this
study are relevant for future investigations of miRNA-based regulation of CR development
in B. rapa and related species. Additionally, the data presented herein will form the basis of
the future functional characterization of the miRNAs, controlling the expression of disease
resistance genes, in important vegetable and oilseed crops.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22179433/s1: Figure S1: Bra-miR1885 pri-miRNA structure, Table S1: Predicted targets of
miR1885a and miR1885b, and Table S2: List of the primers used in this study.
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