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C-di-GMP has been well investigated to play significant roles in the physiology of many
Gram-negative bacteria. However, its effect on Gram-positive bacteria is less known.
In order to more understand the c-di-GMP functions in Gram-positive bacteria, we
have carried out a detailed study on the c-di-GMP-metabolizing enzymes and their
physiological functions in Bacillus thuringiensis, a Gram-positive entomopathogenic
bacterium that has been applied as an insecticide successfully. We performed a
systematic study on the ten putative c-di-GMP-synthesizing enzyme diguanylate
cyclases (DGCs) and c-di-GMP-degrading enzyme phosphodiesterases (PDEs) in
B. thuringiensis BMB171, and artificially elevated the intracellular c-di-GMP level in
BMB171 by deleting one or more pde genes. We found increasing level of intracellular
c-di-GMP exhibits similar activities as those in Gram-negative bacteria, including altered
activities in cell motility, biofim formation, and cell-cell aggregation. Unexpectedly, we
additionally found a novel function exhibited by the increasing level of c-di-GMP to
promote the insecticidal activity of this bacterium against Helicoverpa armigera. Through
whole-genome transcriptome profile analyses, we found that 4.3% of the B. thuringiensis
genes were differentially transcribed when c-di-GMP level was increased, and 77.3%
of such gene products are involved in some regulatory pathways not reported in other
bacteria to date. In summary, our study represents the first comprehensive report on the
c-di-GMP-metabolizing enzymes, their effects on phenotypes, and the transcriptome
mediated by c-di-GMP in an important Gram-positive bacterium.

Keywords: c-di-GMP, Bacillus thuringiensis, diguanylate cyclase, phosphodiesterase, motility, biofilm formation,
virulence, transcriptome

INTRODUCTION

Bis-(3'-5")-cyclic dimeric guanosine monophosphate (c-di-GMP) is a second messenger playing
important roles in a plethora of bacterial physiological processes to suppress motility (Albert-
Weissenberger et al., 2010; Boehm et al., 2010; Krasteva et al.,, 2010), mediate transition from
planktonic growth to biofilm formation (Newell et al., 2009, 2011; Ha and O’Toole, 2015; Chen
et al., 2016), coordinate with quorum sensing (Kariisa et al., 2016; Matsuyama et al., 2016) and
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alter virulence gene expression (Aragon et al., 2015; Kariisa et al.,
2015; Suppiger et al., 2016) in many Gram-negative species, as
well as to confer resistance to antibiotics and induce host immune
responses (Aldridge et al., 2003). In general, the intracellular c-
di-GMP level is controlled by diguanylate cyclases (DGCs) and
phosphodiesterases (PDEs) for its synthesis and degradation,
respectively. c-di-GMP is synthesized from two molecules of
GTP by DGCs that usually encode a GGDEF domain (Ausmees
et al,, 2001; Chan et al., 2004). Degradation of c-di-GMP into
one molecule of pGpG or two molecules of GMP is carried
out by two distinct c-di-GMP-specific phosphodiesterases that
contain a conserved EAL domain or a HD-GYP domain,
respectively (Christen et al., 2005; Schmidt et al., 2005; Ryan
et al, 2006; Rajeev et al, 2014; Figure 1A). The number of
genes encoding for enzymes related to c-di-GMP turnover
differs dramatically, ranging from one to dozens among different
species through whole genome analysis for a diverse array of
bacterial species (Kalia et al., 2013; Romling et al., 2013). For
instance, Mycobacterium smegmatis was predicted to possess one
protein with a dual GGDEF-EAL domain that exhibits both
DGC and PDE activities (Bharati et al., 2012). In contrast,
more than 60 potential genes associated with the c-di-GMP
turnover were found in Vibrio cholera (Beyhan et al.,, 2008).
In general, these c-di-GMP-metabolizing enzymes are believed
to locate at different cellular positions, responding to different
environmental stimulus at different growth phases to precisely
regulate the intracellular c-di-GMP level in a temporal and
spatial way. In addition, some eukaryotic strains (e.g., eukaryote
Dictyostelium discoideumn Chen and Schaap, 2016) also secrete
c-di-GMP to keep c-di-GMP homeostasis.

c-di-GMP is believed to perform diverse regulatory functions
by binding to a wide variety of receptors in bacteria (Chou
and Galperin, 2016), including kinases or phosphorylases
(Tuckerman et al., 2011; Lori et al., 2015), transcription factors
(Chin et al., 2010; Tao et al., 2010; Sondermann et al., 2012), PilZ
domain proteins (Amikam and Galperin, 2006; Yang et al., 2015;
Zhu et al., 2017), MshEN- domain proteins (Wang et al., 2016a)
and degenerate DGCs or PDEs (Lee et al., 2007; Abel et al., 2011;
Sondermann et al., 2012; Romling et al., 2013). The other major
class of c-di-GMP effectors is RNA riboswitch (Sudarsan et al.,
2008; Shanahan et al,, 2011; Bordeleau et al., 2015; Tang et al.,
2016; Zhou et al,, 2016; Li et al., 2017a), which is usually located
in the 5-UTR of mRNA to control gene expression in response
to changing c-di-GMP concentrations.

As one of the most popular insecticides, Bacillus thuringiensis
possesses insecticidal activity via production of insecticidal
crystal proteins (ICPs) during sporulation (Bravo et al., 2011;
He et al, 2011). Based on this unique feature, B. thuringiensis
can be considered different to other B. cereus group species (Mei
etal., 2015). Apart from ICPs, B. thuringiensis also harbors genes
encoding other virulence factors including cytolytic parasporal
toxins, enterotoxins, hemolysins, phospholipases and proteases
similar to other B. cereus group species (Raymond et al., 2010;
Raymond and Bonsall, 2013; Soberén et al., 2013; Palma et al.,
2014; Xu et al.,, 2014). These virulence factors secreted by B.
thuringiensis are toxic to certain host larvae such as Lepidopterous
(Slamti et al., 2014). They possibly work by binding to certain

specific receptors protein anchoring on the midgut epithelial cells
to induce cell lysis, which can form a favorable condition for
B. thuringiensis to multiply in the insect hemocoel (Palma et al.,
2014), which result in septicemia (Lucena et al.,, 2014; Slamti
et al., 2014). Recent advances in the studies of B. thuringiensis
are gradually moving to revealing regulation of various virulence
factors expression at the transcription and translation levels in
order to make better use of B. thuringiensis as insecticides (Wang
et al,, 2013a,b; Deng et al., 2014).

Yet, how virulence factor production is regulated by c-di-
GMP in the Gram-positive bacteria is, however, unclear to date.
It would thus be very interesting to investigate the physiological
changes caused by different c-di-GMP levels in the B. cereus
group species. In this study, we have chosen the Gram-positive
entomopathogenic B. thuringiensis as the target to verify the
activities of all putative proteins with GGDEF and/or EAL
domains in a systematic way. In this regard, we also constructed
a high intracellular c-di-GMP level mutant by deleting the three
c-di-GMP-specific PDE genes. Using this mutant, we further
explored the phenotype changes mediated by increasing c-di-
GMP level and comprehensively investigated gene expression
changes at transcription level.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, Culture

Condition, and Primers
The bacterial strains used for our study were listed in Table
S1. Escherichia coli strains were routinely cultured in Lysogenic
Broth (LB) medium at 37°C and B. thuringiensis strains were
cultured in LB medium at 28°C. The growth curves of B.
thuringiensis strains were determined in LB medium. Antibiotics
were added at concentrations as the followings: ampicillin,
100 pg/mL; kanamycin, 50 wg/mL; spectinomycin, 300 wg/mL
for B. thuringiensis and spectinomycin at 100 pg/mL for E. coli.
All restriction enzymes were purchased from Takara
Corporation and DNA polymerase purchased from CWbio
Corporation. The plasmids used in this study were listed in Table
S1. The primers used for the vector and strain constructions
for the experiment target were listed in Table S2. Genomic
DNA from B. thuringiensis strain BMB171 (GenBank accession
number NC_014171) was used as the template in all PCR
experiments.

Cloning and Purification of Putative
Proteins with GGDEF and/or EAL Domains

The 12 genes encoding full-length or truncated proteins were
amplified from BMB171 by PCR using corresponding primers
for constructing expression vectors. All PCR products were
digested using restriction enzymes 5 Ncol and 3’ Xhol except
for RS26720, the PCR product of which was cut using 5 Ncol
and 3’ Hind III and was inserted into the Novagen vector
pET-28b(+) with the same restriction sites. The recombinant
vector containing the correct sequence was then transformed into
the E. coli BL21(DE3) competent cells for the overexpression
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FIGURE 1 | Identification of GGDEF, EAL, and HD-GYP domain-containing proteins in B. thuringiensis BMB171. (A) DGCs with the conserved GGDEF domain
synthesize c-di-GMP using two molecules of GTP as substrate, while PDEs with EAL or HD-GYP domain degrade c-di-GMP to pGpG or two molecules of GMP
(Rajeev et al., 2014), respectively. (B) Domain composition of the 12 putative proteins involved in c-di-GMP metabolism in BMB171. Four proteins contain an isolated
GGDEF domain, one with an isolated EAL domain, and seven with a dual GGDEF-EAL domain. Predicted transmembrane regions are shown with blue rectangles.
PAS domain (IPRO00014) is a signal sensor domain (Taylor and Zhulin, 1999), while PAC domain (IPR001610) is proposed to help PAS domain folding (Zhulin et al.,
1997). Domain symbols are taken from the SMART database. The ORF and number of amino acids in each protein are shown in the right side. Proteins RS19835 and
RS26115 (black rectangles) are listed to contain a GGDEF domain in the Pfam database 28.0, but without the canonical GGDEF signature domain in the SMART

database.

of these 12 putative DGC and PDE proteins fused with a C-
terminal Hisg-tag. The bacterial strains and plasmids used were
listed in Table S1. The recombinant proteins with a C-terminal
Hise-tag were purified using the Ni-NTA resin as previously
reported (Yang et al., 2010). The purity of the target protein was
checked using a 12% sodium dodecylsulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), with the concentration measured
by the Bradford method using bovine serum albumin as the
standard (Zheng et al.,, 2013).

In Vitro Enzymatic Activity Assays

To detect DGC activity, the proteins with a GGDEF domain
(10 pM) were mixed with 100 uM GTP in 50 mM Tris-HCI (pH
7.6), 50 mM NaCl, and 20 mM MgCl, to a total volume of 100 L.
For PDE activity detection, each protein with an EAL domain
(10 wM) was mixed with 50 uM ¢-di-GMP in 50 mM Tris-HCl
(pH 7.6), 50mM NaCl, 20mM MgCl,, and 5mM MnCl, to
a total volume of 100 wL. The reaction mixture was incubated
at 4°C for 12h, and then stopped by heating in a boiling

water bath for 15min. The mixture was further centrifuged at
14,000 x g for 15min at 4°C, with the supernatant loaded onto
a Waters 1525 HPLC Breeze system (wavelength was set as
254 nm). Consecutively, the supernatant was purified using an
Elite Hypersil BDS C18 column (200 x 4.6 mm; 5 pum particle
sizes) with a mobile phase of 20 mM ammonium acetate solution
containing 10% methanol. The column temperature was kept at
25°C, and the flow rate was set at 1 mL/min.

Q-TOF Analysis

The reaction product was concentrated by vacuum freezing for
28h, and was resuspended in 200 wL ddH,O. The sample was
further centrifuged at 14,000 x g for 15 min and the supernatant
was loaded onto an Agilent HC-C18 column (250 x 4.6 mmy;
5pm particle sizes) in the Agilent 6540 Ultra High Definition
(UHD) Accurate-Mass Q-TOF LC-MS system (wavelength was
set as 254nm). The MS operating conditions were capillary
Voltage 3500 V, nebulizer pressure 35 psig, the flow rate of drying
gas 9 L/min and temperature 350°C. The scanning range of

Frontiers in Microbiology | www.frontiersin.org

February 2018 | Volume 9 | Article 45


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Fu et al.

c-di-GMP Regulates Insecticidal Activity

Q-TOF was m/z 100-1,000 under the negative-ion detection
mode. Data were acquired at the rate of one spectrum per second
(Xin et al., 2015).

Construction of Mutants Using Markerless
Gene Deletion Method

The upstream and downstream sequences of the target genes
were amplified from BMB171 by PCR using the primer
pairs (Table S2) for mutant construction. Previously published
methods were used to screen the correct single colony as shown in
Figure S1 and the correct clone was detected using PCR method
as reported (Janes and Stibitz, 2006; Zheng et al., 2015).

Quantification of Intracellular c-di-GMP

Concentration by LC-MS/MS

BMB171 and A3pde were cultured at 28°C for 9 and 48h,
respectively. The cells were then harvested (100 mL cultures)
by centrifugation at 4°C. The cell pellets were used for c-
di-GMP extraction as previously reported (Spangler et al,
2010; Tang et al, 2015) with a few modifications. Detection
of ¢c-di-GMP was performed using a Finnigan Surveyor Plus
liquid chromatography system followed by a Thermo Scientic
TSQ Quantum Ultra EMR tandem mass spectrum system
(San Jose, USA) using a selected reaction monitoring mode
with the following m/z transitions: 691.135/135.100 at 51eV,
691.135/152.000 at 39eV and 691.135/248.300 at 25eV. The
daughter ion 152.000 was selected as the quantitative ion.

Quantitative Transcriptomics (RNA-Seq)

BMBI171 and A3pde were cultured at 28°C for 9h. Total was
isolated with the TRIzol LS Reagent (Ambion, USA). After
proper processing, each sample was sequenced using a paired-
end strategy by Illumina Hiseq™2500 (Illumina, USA). The
transcriptome data were obtained by strand-specific RNA-seq
using the Illumina Genome Analyzer IIx sequencing platform
(Li et al.,, 2017b). The raw data of each sample was collected
and filtered by the FASTX-Toolkit (http://hannonlab.cshl.edu/
fastx_toolkit/) to get a clean data set that can be further analyzed
and processed. The average length of the clean-reads was 100
nt, and the total numbers of clean-reads reached 3,876,126 and
3,937,473 for the libraries of A3pde and BMB171, respectively.
The clean-reads of every sample were then mapped to unigene of
reference genome using Bowtie2 (version 2.2.3) with a threshold
e value of 0.00001 and the “-N <1>” parameter (Langmead
and Salzberg, 2012), which allowed mapping of reads to the
genome down to one mismatch. Reads mapped to rRNA were
excluded from further analysis. The number of reads mapped
to each gene was recorded by R (Mortazavi et al., 2008) and
normalized into RPKM (Reads Per Kilo bases per Million reads).
The differentially expressed genes were recorded by the DEGseq
package using the MARS (MA-plot-based method with Random
Sampling model) method (Wang et al., 2010). We used FDR <
0.001 and a >1.5-fold change (|logl.5 (Fold change) normalized|
>1) as the threshold to judge the significance of gene expression
difference. These differentially expressed genes were assigned
to functional category by the KOBAS (KEGG Orthology Based

Annotation System) 3.0 Program (http://kobas.cbi.pku.edu.cn)
and annotated from NCBI.

RT-qPCR (Reverse Transcription
Quantitative PCR)

Primers were designed using the Primer 5.0 tool and tested
for unique binding by Primer- BLAST (Ye et al, 2012; Table
S2). Previous published methods for RNA extraction and
calculation of relative transcription level for target genes were
employed (Wang et al., 2015). The gene transcription levels were
quantified relative to the transcription of reference gene gapdh
(glyceraldehyde 3-phosphate dehydrogenase) (Lovdal and Saha,
2014) and the relative quantification of genes was visualized using
Origin 8.0 software.

Extraction and Determination of Cry1Ac10

Protein

Shuttle plasmid pPBMB43-304 (Qi et al., 2015) encoding the ORF
of cryIAcl0 was transformed (electroporation) into BMB171 and
A3pde to generate BMB171-crylAc and A3pde-crylAc strains,
respectively which were grown in LB medium at 28°C and 200
rpm conditions. At the indicated time point (48 h) (Figure S2),
20 mL of each culture was separately harvested. The previously
reported procedure for extracting Cryl1Ac10 protein was followed
(Wang et al., 2016b). The concentration of CrylAc10 protein was
further determined using the Bradford method with the purity
checked by SDS-PAGE.

Cell Motility Assays

All examined strains were grown under the same initial inoculum
concentration and culture conditions, shaken for 9 h at the mid-
log phase, before cell motility assays. Swimming agar plates (LB
semisolid medium with 0.5% agar) were dried for 10 min in a
laminar flow hood before use. Five microliter liquid bacteria
culture from the strains was then spotted to certain location of
the plates, which were dried for another 10 min and incubated at
28°C for 8 h.

Biofilm Formation Assays

The strains were shaken and grown in LB medium for 12 h before
static growth for another 36 h. The ability of biofilm formation
of the strains was determined by an improving method as
reported for Clostridium difficile (Bordeleau et al., 2011). Biofilm
formation assay was performed at least for three independent
experiments.

Cell-Cell Aggregation Assay

A positively charged cell slide WHB-48-CS (Solarbio, China)
was put into the cell culture tube. The special slide was treated
by tissue culture with positive charge, enabling bacteria with
negative charge to grow adherent to the slide. The strains were
shaken and grown in LB medium for 6-8h under the same
culture conditions. The cell slides were taken out from culture
tube and washed by phosphate buffer (pH 7.2) for three times,
and then fixed with 2.5% (v/v) glutaraldehyde overnight at
4°C, followed by dehydration with ethanol at different gradient
concentrations (30, 50, 70, 80, 90, and 100%). Consecutively, the
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cell slides were dried using critical point drying method. Cell
morphologies were performed and imaged under a JSM-6390/LV
scanning electron microscope (JEOL, Japan) with a 20,000 V
accelerating voltage.

Virulence Assay

The strains were grown at selected time point under similar
conditions. The cells were then harvested by centrifugation
(10,000 x g, 5min, 4°C) to obtain pellets that were resuspended
in ddH,O. The strain to be assayed was added into an artificial
diet (100 mL medium containing 4 g yeast extraction, 7 g bean
meal, 0.5 g vitamin C, 1.5 g agar, 1.5mL 36% acetic acid and 2 g
penicillin) as additive (Tang et al., 2016). The artificial diet was
transferred to 24-well trays (1 mL/well) (Costar, USA). 100 pL
cultures of different B. thuringiensis strains were spotted on the
diet. In every group, 72 larvae were transferred individually to 24-
well culture plates. The survival rate was recorded daily for 7 days.
The length and the weight of larvae were measured at the end of
rearing cycle. Each data was collected for at least three replicates.

RESULTS

Distribution of Putative Proteins with
GGDEF and/or EAL Domains in

B. thuringiensis BMB171

Through searching the Pfam database (Finn et al, 2014) and
NCBI Conserved Domains database (Marchler-Bauer et al.,
2015) for proteins containing GGDEF, EAL and/or HD-GYP
domains in the B. cereus group strains with complete genomes,
we have accessed a list of proteins involved in the c-di-GMP
metabolism as shown in Table S3. We noticed that there were
approximately nine proteins containing the GGDEF and/or EAL
domains and HD-GYP domain in each strain in the B. cereus
group. In BMB171 (He et al,, 2010), we accessed in total 12
putative proteins with the GGDEF and/or EAL domains using
the SMART database (http://smart.embl-heidelberg.de/). These
putative proteins include four with a GGDEF domain (RS19835,
RS20080, RS26115, and RS27040), one with an EAL domain
(RS19795) and seven with a dual domain (RS02850, RS03240,
RS17435, RS18570, RS26475, and RS26720 in chromosome
and RS28330 in the plasmid pBMB171) (Figure 1B). Among
them, eight proteins are believed to be membrane-associated via
SMART database, while the other four are distributed in the
cytoplasm, demonstrating that c-di-GMP-metabolizing enzymes
may act and function in different space inside B. thuringiensis
BMBI171 the cell.

Determination of Transcription Levels and
Heterotrophic Purification of the Putative
Proteins with GGDEF and/or EAL Domains

In order to investigate the transcription of genes coding for
these putative proteins, we further determined their transcription
levels at different growth phases in vivo as well as their enzyme
activities in vitro, respectively. Firstly, we selected four different
growth phases (at 9, 27, 48, and 72 h; Figure S2A) to carry out
reverse transcription PCR to detect their cDNAs in BMB171. As
shown in (Figure S3), five genes (RS20080, RS19795, RS02850,

RS03240, and RS18570) were transcribed at relatively high
levels at all four growth phases, four genes (RS19835, RS27040,
RS17435, and RS26720) were only transcribed at some growth
phases, while three genes (RS26115, RS26475, and RS28330)
were in relatively low transcription levels at all four growth
phases. Next, the 12 genes were heterogeneously expressed
in E. coli BL21(DE3) with a Hisg-tag in their C-terminal
domains and purified through a Ni-NTA affinity column. To
obtain soluble proteins, three proteins (RS19835, RS26115 and
RS27040) with a GGDEF domain (Figure S4A) and five proteins
(RS17435, RS18570, RS26475, RS26720, and RS28330) with a
dual GGDEF-EAL domain (Figure S4B) were purified with their
transmembrane domains truncated. Except for RS26475 and
RS28330, all the other proteins were obtained in soluble form,
and the SDS-PAGE results demonstrated that all the proteins
migrated at positions correlated with their theoretical MW
(Figure S5).

Determination of PDE Activities of Putative
Proteins with an EAL Domain in Vitro

The purified recombinant proteins containing an EAL domain
were tested for their ability to degrade c-di-GMP in vitro by
HPLC analysis (Figure 2). The HPLC chromatogram of RS19795
with an EAL domain showed a new product peak (Figure 2C)
that was eluted before the peak of c-di-GMP (Figure 2A).
Similarly, four other purified proteins (RS02850, RS03240,
RS17435, and RS18570) with a dual GGDEF-EAL domain also
showed a new product peak at the similar retention time as that of
RS19795 (Figures 2D-G), but the dual domain protein RS26720
didn’t show any new product peak (Figure2H). In order to
confirm the identity of the new peak, the reaction product of
RS03240 was chosen for characterization by using a negative-ion
mode LC-MS analysis (Xin et al., 2015; Figure S6). The results
demonstrated that the new product peak at 3.57 min is consistent
with the molecular ion peak of pGpG with an m/z of 707.2 [M-
H]~ (Figure S6B) and the peak at 5.17 min is consistent with
that of c-di-GMP with an m/z of 688.7 [M-H]~ (Figure S6C).
These results indicated that the five proteins RS19795, RS02850,
RS03240, RS18570, and RS17435 containing an isolated EAL
domain or a dual GGDEF-EAL domain exhibit the expected PDE
activity to hydrolyze c-di-GMP into pGpG.

In addition, we also used another cyclic-di-nucleotide
signaling molecule c-di-AMP as the control substrate, and
the result indicated that these putative proteins with a
GGDEF domain and an EAL domain were inactive in
degrading c-di-AMP.

Determination of DGC Activities of Putative
Proteins with a GGDEF Domain both in

Vitro and in Vivo

The putative proteins with a single GGDEF domain (RS19835,
RS20080, RS26115, and RS27040) were also tested for
their ability to synthesize c-di-GMP in vitro (Figure3 and
Figure S7). The HPLC chromatogram of RS20080 (Figure 3C)
showed a new product peak at the same retention time
as that of the c-di-GMP standard (Figure3A), indicating
that RS20080 possesses the expected DGC activity with
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GTP molecule as substrate (Figures2B, 3B). Meanwhile,
protein RS27040 was also demonstrated to be a DGC yet
with a lower activity (Zhou et al, 2016). Both RS19835
and RS26115, on the contrary, produced no c-di-GMP at
all during the same reaction condition (Figures S7C,D).
Similarly, proteins with a dual GGDEF-EAL domain (RS02850,
RS03240, RS17435, RS18570, and RS26720) were also found
to lack the capability of synthesizing c-di-GMP in vitro
(Figures S7E-T).

To further verify their DGC activity in vivo, we designed
a novel dual-fluorescence reporter system (Figure S8A; Zhou
et al., 2016). Based on this system, RS27040 was verified to be
an active DGC (Figures S8B,C). The dual-fluorescence reporter
was further performed to determine the DGC activity of all
other proteins with the typical GGDEF domain in vivo, including
the six soluble proteins (RS20080, RS02850, RS03240, RS17435,
RS18570, and RS26720) and the two insoluble proteins (RS26475
and RS28330) (Figure S8). These results indicated that protein
RS20080 with a single GGDEF domain exhibited a high DGC
activity and protein RS03240 showed a low DGC activity; but

dual domain proteins RS02850, RS17435, RS18570, RS26720,
RS26475, and RS28330 had no DGC activity at all (Figures
S8B,C). In a word, RS20080 and RS27040 were demonstrated to
possess DGC activity in both in vitro and in vivo assays; however,
RS03240 could only be verified to exhibit a low DGC activity
in the in vivo system, indicating that the in vivo system has
advantage compared to the in vitro assays in revealing enzymatic
activity.

Notably, RS03240 may be the only bi-functional protein
exhibiting both DGC and PDE activities in BMB171. However,
considering the fact that RS03240 exhibited a high PDE activity
yet a low DGC activity, it may act preferentially as a PDE in vivo
too.

Intracellular c-di-GMP Level Was
Dramatically Increased in A3pde

Compared to the Parent Strain BMB171
To explore the c-di-GMP signaling pathway in BMBI71,
we deleted genes encoding PDE to elevate the intracellular
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c-di-GMP concentration. In this regard, we selected four
candidate genes (RS02850, RS03240, RS18570, and RS19795)
with high transcription and high PDE activity in vitro to
construct different mutants using the markerless gene deletion
method (Janes and Stibitz, 2006; Zheng et al., 2015). According
to the obvious phenotype changes (cell motility as the first
step screening; data not shown), we cautiously selected
the start gene and the subsequent gene to delete for rapid
construction of high intracellular c-di-GMP level mutants.
Through necessary screening, we obtained a positive mutant
from the several constructed mutants including two single pde
gene deletion mutants ARS03240 and ARS19795 (Figure S1B),
two double pde genes deletion mutants ARS03240ARS02850
and ARS19795ARS02850 (Figure S1B), and one triple pde
genes  deletion mutant  ARS03240ARS02850ARS18570.
Interestingly, three mutants (ARS03240, ARS03240ARS02850,
and ARS03240ARS02850ARS18570) exhibited a dosage-
dependent phenotype phenomenon in cell motility, biofilm
formation and aggregation rate. Unless indicated, the names of
Alpde, A2pde, and A3pde will be used to refer to the ARS03240,
ARS03240ARS02850, and  ARS03240ARS02850ARS18570
mutants, respectively (Figure S1B).

To verify that these genes deletion did change the intracellular
c-di-GMP level, we chose the A3pde and parent strain BMB171
for comparison to detect their intracellular c-di-GMP level at two
different growth phases, i.e., the mid-exponential growth phase
(9h) and the sporulation phase (48 h) (Figure S2) by LC-MS/MS
(Figure S9). The result showed that the intracellular c-di-GMP
level of A3pde and BMB171 at 9h were 339.0 fmol/mg and
29.9 fmol/mg, respectively. At 48 h, those of A3pde and BMB171
decreased to 16.7 and 4.8 fmol/mg, respectively. The c-di-GMP
levels of A3pde mutant thus increased by 11.3- and 3.4-fold
compared to parent strain BMB171 at the 9h and 48h growth
phases, respectively, proving that the intracellular c-di-GMP level
in A3pde is substantially elevated compared to the parent strain
BMBI171 at different growth phases.

High Intracellular c-di-GMP Level Inhibits
Cell Motility of B. thuringiensis

Previous works on B. subtilis, M. smegmatis, and C. difficile
have shown that c-di-GMP signaling is associated with cellular
motility, due to the alteration of gene expression correlated
with the flagellum assembly (Chen et al.,, 2012; Purcell et al,
2012; Gao et al, 2014; Gupta et al, 2015). We thus wonder
whether change of intracellular c-di-GMP level influences the
motility of B. thuringiensis as well. We examined the Alpde,
A2pde, and A3pde mutants to check their cell motility on
0.5% LB agar plates at mid-exponential phase (9h) (Figure 4A).
The diameters of the swimming zones for Alpde, A2pde, and
A3pde diminished gradually and displayed a dosage dependence
effect (Figures 4A,B). The effect is especially obvious for
A3pde, which showed a very small diameter compared to that
of BMB171. In order to further explain this phenomenon,
we searched 19 cell motility-associated genes via KEGG
PATHWAY Databases (http://www.kegg.jp/kegg/pathway.html)
(Figures 4C,E) and examined their gene expression changes

by RT-qPCR (Figures 4D,F). Interestingly, the four genes fliD,
fliC, flgL, and fIgE, which are responsible for the hook and
filament assembly, were found to be significantly down-regulated
in A3pde compared to the parent strain BMB171 at transcription
level (Figures 4C,D). The transcriptions of six genes responsible
for the bottom part (fliF, flil, fliM, and fliN) and rotor assembly
of flagellum (motA and motB) did not exhibit much change in
A3pde (Figures 4C,D). Based on that, we wondered whether the
change of flagella-related genes expression impacts the bacterial
falgella structure, so we observed the bacterial flagella directly
using transmission electron microscope (TEM) and found that
the flagellum number of A3pde was obviously less than that of
BMB171 (Figure S10). Moreover, since previous studies already
addressed that genes related to bacterial chemotaxis influenced
cell motility as well (Paul et al., 2010), we have also selected
eight genes involved in bacterial chemotaxis (Figure4E) to
check whether their expression change between the A3pde and
BMB171 strains by RT-qPCR (Figure 4F). Rather unexpectedly,
most genes involved in bacterial chemotaxis did not reveal any
statistically meaningful change following elevated intracellular c-
di-GMP level. The possible explanation for this bizarre behavior
is that bacterial chemotaxis is possibly stimulated by certain sort
of chemotaxis factors but not by c-di-GMP. Taken together, these
results indicated that an elevated intracellular c-di-GMP level
can repress cell motility by impeding transcription of a part of
flagellum assembly genes, which is consistent with the reports
for some Gram-positive bacteria (Chen et al., 2012; Purcell et al.,
2012; Gao et al.,, 2014; Gupta et al,, 2015) and Gram-negative
bacteria (Simm et al., 2004; Kuchma et al., 2007; Paul et al.,
2010).

High Intracellular c-di-GMP Level
Promotes Biofilm Formation and Cell-Cell

Aggregation in B. thuringiensis

In many Gram-negative bacteria, intracellular c-di-GMP increase
not only inhibits motility but also up-regulates expression of
factors that contribute to biofilm formation (Sondermann et al.,
2012; Ha and O’Toole, 2015; Matsuyama et al., 2016). Thus,
we also sought for biofilm formation change in response to
increasing intracellular c-di-GMP level in B. thuringiensis by
using a previously published method (Bordeleau et al., 2011).
From the data, one can see that the biofilm production for both
A2pde and A3pde were notably increased following increasing
intracellular c-di-GMP level as expected, but the single pde
mutant Alpde did not exhibit much change in the biofilm
phenotype (Figures 5A,B). Additionally, we harvested cells of
the A3pde and BMB171 samples during biofilm formation to
determine the alteration in transcription level of the relevant
genes, including those linked to sporulation and two-component
system pathway leading to biofilm formation (Figure 5C), as
well as to the global transcription regulator AbrB that has
been reported to repress the biofilm formation in B. subtilis
(Weng et al., 2013; Mielich-Siiss and Lopez, 2015). During
biofilm formation, all genes facilitating biofilm formation were
mostly up-regulated via RT-qPCR detection, and the AbrB genes
suppressing biofilm production were down-regulated as shown
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Alpde, A2pde, and A3pde based on the colony diameter. Each experiment was repeated three times. The dash line represents the threshold of comparison in
phenotype change. (C) Scheme for BMB171 bacterial flagellum (Schuhmacher et al., 2015). The major building blocks are color-coded as: basal body (pink and
yellow), rod (pale green), hook (light green), and the filament (green). The flagellum can rotate either clockwise (CW) or counterclockwise (CCW). The detected genes
were marked by blue. (D) Comparison of relative transcription levels of 11 genes related to flagellar assembly between A3pde and BMB171 using RT-gPCR. The
reference gene is gapdh (glyceraldehyde 3-phosphate dehydrogenase) (Lovdal and Saha, 2014) for the RT-gPCR. (E) The regulatory pathway of bacterial chemotaxis
system from BMB171. (F) Comparison of relative quantification in transcription level of eight genes involved in bacterial chemotaxis between A3pde and BMB171
using RT-gPCR. The dash line represents relative quantification that is equal to one. The two schemes for BMB171 were based on the KEGG PATHWAY Database
(http://www.genome.jp/kegg-bin/show_pathway?btb02040). All the RT-gPCR data were average of three biological replicates (error bars are S.E. from mean value).
The statistically significant differences were tested via a two-tailed t-test (*P < 0.05, **P < 0.01, ***P < 0.001).

in Figure 5D. These results suggest that high c-di-GMP level did  the change in rate of cell-cell aggregation. This was also a dosage-
expedite biofilm formation in B. thuringiensis. dependent phenomenon observed during cell-cell aggregation

As biofilm formation assay were statically cultivated at room  among the Alpde, A2pde, and A3pde mutants as revealed in
temperature for 6-8h, we have noticed another phenotype  Figure 6A. Obviously, both A2pde and A3pde exhibited marked
change between BMB171 and pde gene deletion mutants, namely, ~ phenomenon of aggregation and settlement compared to Alpde
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and BMBI171, thereby we picked the A3pde mutant with the
clearest sediment difference and the parent strain BMB171 as
control to further analyze this phenotype alteration by using the
scanning electron microscope (SEM). As shown in Figure 6B,
the cells of A3pde were connected together by an extensive
fibrous network, while that of the control strain BMB171 were
completely devoid of such fiber connection when cells were
grown under the same conditions. Unexpectedly, the control cells
of BMB171 could hardly grow in group on the tissue culture-
treated slide, so that we only observed a few cells on an entire cell
slide. Therefore, we concluded that this extensive fibrous network
is probable a key factor in cell growth adherent to this abiotic
surface.

High Intracellular c-di-GMP Level Plays a
Key Role in the Insecticidal Activity of

B. thuringiensis against Cotton Bollworm
Larva

Although BMBI171 cannot produce ICPs because it is
an acrystalliferous mutant generated from the wild-type
crystalliferous strain YBT-1463 (Li et al., 2000; He et al.,, 2010),
it is still virulent to certain kinds of insects for possessing
other exogenous virulence factors including enterotoxins,
hemolysins, phospholipases and proteases and so on (Bravo
et al., 2011; Wang et al., 2013b). In order to rigorously explore

the virulence change in response to altering intracellular c-di-
GMP levels in BMB171, we have constructed two recombinant
strains BMB171-crylAc and A3pde-crylAc, which harbored
authentic gene for the parasporal crystal CrylAcl0 production.
We selected Helicoverpa armigera as the host insect and fed
them using the four individual strains of B. thuringiensis,
namely, BMB171, A3pde, BMB171-crylAc and A3pde-crylAc,
respectively. Both BMB171 and A3pde strains were applied
using the original concentrations, but the BMB171-crylAc and
A3pde-crylAc strains were diluted 1000-fold before applying.
We then estimated the virulence of these four strains against
H. armigera at the late stationary phase or the early sporulation
phase (48 h) (Figure S2) by using the following three important
criteria: (1) the survival rate of cotton bollworm larvae under
certain concentration of bacterial strain within a raising cycle;
(2) the length; and (3) the weight of cotton bollworm larvae at
the end of feeding cycle. Based on the bioassay results, the cotton
bollworm larvae fed with BMB171 and BMBI171-crylAc were
found to grow significantly better than those fed with A3pde
and A3pde-crylAc, respectively (Figure 7A). There were also
striking length decrease (Figure 7B) and weight loss (Figure 7C)
for cotton bollworm larvae fed with A3pde and A3pde-crylAc
compared to BMB171 and BMB171-crylAc. Importantly, the
survival rate of cotton bollworm larvae fed with strain A3pde
and A3pde-crylAc obviously decreased compared to those
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FIGURE 6 | Degree of cell-cell aggregation is linked to the increasing
intracellular c-di-GMP level in B. thuringiensis. (A) Comparison of cell-cell
aggregation rate in BMB171, A1pde, A2pde, and A3pde. (B) SEM
photograph (x15,000) of BMB171 and A3pde during cell-cell aggregation
assay. Many fibers were found to interconnect the cells in the A3pde mutant.

fed with the BMB171 and BMB171-crylAc (Figure 7D). To
understand the cause of these differences, we also determined
concentration of CrylAcl0 protein in the BMB171-crylAc and
A3pde-crylA strains through SDS-PAGE and Bradford method,
but found that there is not much change in the concentration of
CrylAcl0 protein (Figures 7E,F) in the two strains. This result
indicated that the c-di-GMP does not affect the expression of
endogenous virulence factor CrylAcl10. Therefore, we supposed
that c-di-GMP might change the expression of other exogenous
virulence factors. To verify this speculation, we further checked
transcription level changes between BMB171 and A3pde of the
gene plcR, which encodes a pleiotropic regulator for extracellular
virulence factor gene expression in B. thuringiensis (Kim et al.,
2015; Slamti et al., 2016). Indeed, the transcription level changes
of plcR genes (plcRI:RS21115 and plcR2:RS26730) in A3pde
increased by 3.2- and 3.7-fold compared to those in BMBI171,
respectively (Figure 7G). Taken together, these data demonstrate
that high level of c-di-GMP affected the expression of plcR genes
and had a role in the insecticidal activity of B. thuringiensis
against cotton bollworm larvae in vivo. On the contrary, when
the transcription level of the plcR genes in A3pde and BMB171
were determined at the mid exponential phase (9 h), the virulence
of A3pde showed little change to that of BMB171 (Figure S10).
It may be due to the fact that a large proportion of the virulence
genes had not yet been induced at the mid exponential phase
(Wang et al., 2013a,b).

Effect of High c-di-GMP Level on
Transcription of B. thuringiensis in

Genome-Scale
The abundance and tempo-spatial distribution of bacterial
proteins involved in c¢-di-GMP metabolism indicate the

significance of c-di-GMP signaling pathways in bacteria (Chen
et al., 2012; Purcell et al., 2012; Gao et al., 2014; Gupta et al.,
2015). However, little is known with respect to the influence
of intracellular c-di-GMP level on transcription profiles in
Gram-positive bacteria compared to Gram-negative bacteria
(Beyhan et al., 2006; Mendez-Ortiz et al., 2006; Ueda and Wood,
2009; Ferreira et al., 2013; An et al., 2014; MacKenzie et al., 2015).
Therefore, we performed a comprehensive RNA-seq approach
to investigate the effect of c-di-GMP on transcriptionin genome-
scale, hopefully to be able to discover novel regulatory pathways
mediated by c-di-GMP in the Gram-positive B. thuringiensis. In
this regard, we collected their RNA samples when A3pde and
BMB171 were grown at mid-exponential phase (9h, see Figure
S2), and performed RNA-seq to check their expression levels.
The completed 5.64-Mb genome of the BMB171 was used as
a reference, which contains a circular chromosome (5.33 Mb)
containing 5,088 predicted open reading frames (ORFs) and a
circular plasmid pBMB171 (0.31 Mb encoding 276 predicted
ORFs (He et al, 2010). Using filtering conditions of larger
than 1.5-fold change in gene expression (Neusser et al., 2010)
and of false discovery rate (FDR) (Benjamini and Hochberg,
1995) less than 0.001 as criteria to judge the significance of
gene transcription difference, we identified 233 differentially
transcribed genes (4.3% of total), including 132 repressed genes
and 101 enhanced genes in the A3pde strain compared to
the control strain BMB171. The complete list of differently
transcribed genes is shown in the Supplementary Material
(Table S4).

Based on the analysis results of KOBAS (KEGG Orthology
Based Annotation System) 3.0 program (http://kobas.cbi.pku.
edu.cn) and annotated functions provided by the B. thuringiensis
genome sequencing project, the genes affected by high c-di-
GMP level are predicted to involve in various cellular functions
(Figure 8). There were eight regulatory pathways with more
than ten genes influenced by high c-di-GMP level. Notably,
in mutant A3pde, there were 40 genes down-regulated and
only two genes up-regulated involved in nucleotide metabolism
and translation pathway (Table S5). In other words, genes
encoding ribosome family proteins and purine or pyrimidine
metabolism proteins were repressed following an artificially
elevated intracellular c-di-GMP level. In addition, we found
that 22.8% (53 out of 233) (Figure8) of the genes that
were differentially regulated in response to increased c-di-GMP
concentration are predicted to encode many hypothetical or
conserved hypothetical proteins. These genes are organized into
53 different transcripts and 96.2% of them are located on
the chromosome (Table S4). Identification of such a large set
of hypothetical proteins regulated by c-di-GMP indicates that
we in fact know little on the c-di-GMP-regulated physiology
and behavior. It is of particular interest to note that one of
these genes, RS18010, which is located at the same operon as
RS18005 (encoding an acetyltransferase), encodes a hypothetical
protein whose transcription level was very high and increased
by 1.54-fold in A3pde (RPKM of 75480 vs. 49004, see Table
S4). Moreover, through our transcriptome data, we further
confirmed the result of cell motility between BMB171 and
A3pde (Figure4 and Table S5). These results suggest these
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FIGURE 8 | Functional categories of differentially expressed genes in response
to an increasing intracellular c-di-GMP level. The number of genes that are
up-regulated (red) or repressed (green) in response to increasing c-di-GMP
level is presented according to the functions assigned for them by the KOBAS
2.0 and their functional annotation.

regulatory pathways are under direct or indirect influence of
c-di-GMP.

DISCUSSION

Some Putative Proteins with GGDEF
and/or EAL Domains in B. thuringiensis
May be Inactive

In this study, enzyme activity assays indicated that the putative
proteins with GGDEF and/or EAL domains exhibit substantial
differences in controlling c-di-GMP metabolism. For example,
RS19795 with only a single EAL domain, and RS02850, RS03240,
RS17435, and RS18570 containing both EAL and GGDEF
domains, all exhibited considerable PDE activity in vitro.
However, both RS19835 and RS26115, which were predicted
with a GGDEF domain by Pfam database 28.0, were in fact
not identified to harbor a GGDEF domain by SMART database.
The reason why they were annotated as putative proteins with
a GGDEF may be due to the presence of a degenerate GGDEF
domain yet found to adopt a similar 3D structure as the
conserved GGDEF domain.

Another interesting protein is RS26720 that contains a dual
GGDEF-EAL domain but with no PDE (Figure 2H) or DGC
activity (Figure S7I) in vitro. It is possible due to the fact that
its N-terminal transmembrane domain needed to be truncated
to make it soluble for the in vitro study. Deletion of the
transmembrane domain also removed the PAS domain (Zhulin
et al,, 1997; Taylor and Zhulin, 1999) and PAC domain that may
play a crucial role in dimerizing the GGDEF domain important
for DGC activity. Such a high diversity of the N-terminal domains
implies that their functions are not redundant. These multi-
domain c-di-GMP-metabolizing enzymes are possibly implicated
individually in different temporal or spatial regulatory pathways
(Sondermann et al., 2012; Zheng et al., 2015). In addition,
RS19835 and RS26115 were both found to be inactive (Figures
S7C,D), possibly due to the fact that their GGDEF domains are

degenerated. But each could serve as a receptor of c-di-GMP in
certain c-di-GMP signaling pathway (Chou and Galperin, 2016).

The c-di-GMP Level of B. thuringiensis |s
Low but Exhibits Significant Impacts on It’s
Physiology and Phenotype

After examining the intracellular c-di-GMP level in the Gram-
positive B. thuringiensis BMB171, we observed a lower level
of c-di-GMP at the stationary phase than at the exponential
phase in both A3pde and BMBI171 strains. Regarding the c-di-
GMP turnover, the number of active PDEs is more than that
of active DGCs, meaning that the c-di-GMP concentration in
B. thuringiensis is probably at a lower level. Or speculatively,
c-di-GMP secretion pathway may be present. However, the
intracellular c-di-GMP concentration in the Gram-positive B.
thuringiensis was considerably lower beyond our expectation,
which is two orders of magnitudes lower than that of c-di-
AMP (Zheng et al,, 2015). Yet, amazingly, even at such a low
level, c-di-GMP still exhibited considerable effects on a wide
range of phenotypes of B. thuringiensis, such as cell motility,
biofilm formation, cell-cell aggregation and insecticidal activity
for cotton bollworm larvae.

The Altered c-di-GMP-Regulated
Phenotypes Implicate the Great Potential

of B. thuringiensis for Novel Application

The current study showed that the insecticidal activity of B.
thuringiensis against cotton bollworm larvae increased with
increasing c-di-GMP level. Considering the diversity and
complexity of different virulence systems in a wide variety of
pathogenic bacteria (Raymond et al., 2010; Bravo et al., 2011), we
supposed that the virulence is interconnected or interdependent
with other cell morphology phenotypes including cell motility,
biofilm formation and cell-cell aggregation (Sondermann et al.,
2012). In addition, increasing biofilm formation regulated by a
high intracellular c-di-GMP level may promote resistance of B.
thuringiensis to a wide variety of adverse environments, which is
advantageous for the adaptability of B. thuringiensis as a living
insecticide. Although the entire regulatory pathway mediated by
c-di-GMP is still unclear in B. thuringiensis, our construction of
A3pde offers a new strategy for improving insecticidal activity
and subsequent applications.

Potential Crosstalk between c-di-GMP and
c-di-AMP in B. thuringiensis

c-di-AMP is another important cyclic-di-nucleotide second
messenger molecule, which regulate various cellular processes
including sporulation, cell wall homeostasis, potassium ion
transport, virulence and host immune activation (Woodward
et al, 2010; Corrigan and Griindling, 2013; Romling et al.,
2013; Zheng et al., 2015; He et al., 2016; Cai and He, 2017;
Whiteley et al., 2017). The GdpP-like proteins belong to the DHH
family, which can hydrolyze a wide range of substrates from
pyrophosphate to ssDNA, and can degrade both c-di-AMP and c-
di-GMP such as YybT in B. subtilis (Rao et al., 2010; Wang et al.,
2017), GdpP in Staphylococcus aureus (Corrigan et al., 2011),
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MSMEG_2630 in M. smegmatis (Tang et al., 2015) or Rv2837c
in M. tuberculosis (He et al., 2016).

According  to  the  UniPort  database,  YybT
(BMB171_RS27370), Ytql (BMB171_RS22925), and Rec]
(BMB171_RS21990) in B. thuringiensis belongs to DHH

family proteins, however, our result (data not shown) and
previous reports showed that both Ytql and Rec] are not
c-di-AMP-specific PDEs (Mechold et al., 2007). Only YybT
in B. thuringiensis has 62% identities in the DHH and GGGH
residues compared to that in B. subtilis (Figure S12) and can
not only hydrolyze c-di-AMP to 5'-pApA, but also hydrolyze
c-di-GMP to 5'-pGpG, yet the difference in Michaelis-Menten
constant (K,;) between c-di-AMP and c-di-GMP is two orders
of magnitude (data not shown). The result is consistent with the
other studies (Rao et al., 2010; Corrigan et al., 2011; Tang et al.,
2015; He et al., 2016), indicating that YybT prefers c-di-AMP
over c-di-GMP as a physiological substrate (Tang et al., 2015).
It is the only connection point between the c-di-AMP and
c-di-GMP regular pathways at the metabolic enzyme levels.
Whether there are common and crossed targets for the two
cyclic-di-nucleotide messenger molecules in B. thuringiensis is
worth studying further.

Regulatory Network Mediated by c-di-GMP
in B. thuringiensis

Based on our previous and current studies, we have delineated
a partial regulatory network mediated by c-di-GMP in B.
thuringiensis (Kalia et al., 2013; Mielich-Stiss and Lopez,
2015; Slamti et al., 2016). We propose that c-di-GMP is an
important regulator which suppresses cell motility by decreasing
the transcription level of genes related to flagellum assembly
(Figure4 and Table S5), promotes biofilm information by
repressing the expression of the transcription factor AbrB,
and may intensify the insecticidal activity by up-regulating the
transcription of the transcription factor PIcR. However, the
integrated regulatory pathway between c-di-GMP and the above
described physiological activities remains largely unknown. To
solidify this connection, we are currently looking for receptor
or effector proteins that can directly bind c¢-di-GMP in B.
thuringiensis. The c-di-GMP concentration is very low in B.
thuringiensis, but still exhibits significant phenotypes, meaning
that there exist specific c-di-GMP receptors with strong affinity
for c-di-GMP. In B. subtilis, there is a c-di-GMP receptor protein
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