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Abstract
Paenibacillus sp. JZ16 is a gram-positive, rod-shaped, motile root endophytic bacterium of the pioneer desert halophytic 
plant Zygophyllum simplex. JZ16 was previously shown to promote salinity stress tolerance in Arabidopsis thaliana and 
possesses a highly motile phenotype on nutrient agar. JZ16 genome sequencing using PacBio generated 82,236 reads with a 
mean insert read length of 11,432 bp and an estimated genome coverage of 127X, resulting in a chromosome of 7,421,843 bp 
with a GC content of 49.25% encoding 6710 proteins, 8 rRNA operons, 117 ncRNAs and 73 tRNAs. Whole-genome sequenc-
ing analysis revealed a potentially new species for JZ16. Functional analysis revealed the presence of a number of enzymes 
involved in the breakdown of plant-based polymers. JZ16 could be of potential use in agricultural applications for promot-
ing biotic and abiotic stress tolerance and for biotechnological processes (e.g., as biocatalysts for biofuel production). The 
culture-dependent collection of bacterial endophytes from desert plants combined with genome sequence mining provides 
new opportunities for industrial applications.

Introduction

Feeding a dramatically growing human population in a 
sustainable manner is a global challenge in agriculture. 
Microbes, such as bacteria, are emerging as a sustainable, 
green technology to replace or reduce the application of 
agrochemicals, such as chemical fertilizers and pesticides, 
which can have harmful long-term effects on the envi-
ronment and human health [1, 2]. They are also showing 
promising results for increasing yields of important crops, 
especially in light of biotic and abiotic stresses and global 
warming [3–7]. Since its reclassification as a separate genus 
more than 25 years ago [8], the bacterial genus Paenibacillus 
has expanded to encompass several species that have shown 
plant growth promoting (PGP) and biocontrol activity [9]. 
For example, P. polymyxa isolates have been shown to medi-
ate protection from the pathogen Erwinia carotovora (biotic 
stress) and drought (abiotic stress) in the model plant Arabi-
dopsis thaliana [10]. It was also shown to promote growth 
of maize (Zea mays) and to possess antagonistic activity 
against the fungal plant pathogens Fusarium oxysporum, F. 
graminearum, and Botrytis cinerea [11, 12]. Inoculation of 
P. yonginensis was shown to promote aluminum, drought 
and salt stress tolerance in A. thaliana and salt stress tol-
erance in the medicinal plant Panax ginseng [13, 14]. 

Sequence Accession Number: The data for the bacterial 
genome assembly of Paenibacillus sp. JZ16 and sequencing were 
deposited in NCBI/DDBJ/EMBL database under the accession± 
number CP017659, BioSample SAMN05828174 and BioProject 
PRJNA345401. The annotations obtained by in-house INDIGO 
pipeline are available through the KAUST library repository (https​
://doi.org/10.25781​/KAUST​-0XG5M​).
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Previously, Paenibacillus sp. JZ16 was isolated from the 
root endosphere of the annual desert halophyte Zygophyllum 
simplex [15]. Using qualitative agar-based plate assays, JZ16 
was demonstrated to promote salinity stress tolerance in A. 
thaliana and, therefore, the genome of JZ16 was sequenced 
and presented here.

Materials and Methods

Growth Conditions and Genomic DNA Extraction

Pure cultures of Paenibacillus sp. JZ16 were regularly stored 
in 20% glycerol at -80 °C. The strain was regularly grown in 
Luria–Bertani LB broth (Lennox L Broth Base, Invitrogen) 
or on LB agar plates at 28 °C. Fresh, pure bacterial cultures 
were used for total genomic DNA extraction using Sigma’s 
GenElute bacterial genomic DNA kit (Sigma-Aldrich) fol-
lowing the manufacturer’s protocol. DNA quality and quan-
tity were assessed by 0.7% agarose gel electrophoresis (35 V, 
12 h), NanoDrop 2000 (Thermo Fisher Scientific) and Qubit 
dsDNA BR assay kit (Thermo Fisher Scientific).

Genome Sequencing and Assembly

DNA was size selected to 10 kb using the BluePippin™ 
Size-Selection System (Sage Science), following the “High-
Pass™ DNA Size Selection of ~ 20 kb SMRTbell™ Tem-
plates” manual. The SMRTbell™ template library was 
prepared according to the instructions from Pacific Bio-
sciences’s “Procedure & Checklist—20 kb Template Prepa-
ration using BluePippin™ Size-Selection System” guide. 
The SMRT cells were run at the KAUST Bioscience Core 
Labs on the PacBio RSII (Pacific Biosciences) sequencing 
platform using P6-C4 chemistry. Raw data from PacBio’s 
platform were assembled into a draft assembly using the 
Hierarchical Genome Assembly Process v3 (HGAP3) [16] 
from PacBio’s SMRT Analysis pipeline v2.3.0.140936 patch 
5. The assembly workflow can be broken down to three main 
steps: a preassembly step that mapped single pass reads to 
seed reads to generate consensus reads that were then qual-
ity trimmed. De novo assembly was done using the overlap 
layout consensus approach. The final step is consensus pol-
ishing using Quiver to reduce indels and base substitution 
using quality scores embedded in the raw data. To determine 
whether assembled contigs are circular, dot plots were gener-
ated using Gepard [17] for detecting overlaps at the periph-
eries. Overlaps were collapsed and genome was closed using 
Minimus2 [18]. Finally, additional polishing rounds were 
performed using Quiver by applying quality scores from raw 
data to correct for indels and base substitutions where the 
output from one round is inputted to the next.

Genome Annotation

Genome annotation was carried out using the Automatic 
Annotation of Microbial Genomes (AAMG) which is an 
integrated module in the in-house INDIGO-Desert v1.1 
pipeline [19]. Briefly, gene prediction was done using 
prodigal v2.6.1 [20]. Functional annotation was done using 
a multitude of tools and databases. InterProScan [21] was 
used to assign domain information, Gene Ontology (GO) 
terms and KEGG pathways. Predicted genes were com-
pared using BLAST against UniProt (https​://www.unipr​
ot.org/) for generic annotations and cross-references to 
COGs (Cluster of Orthologous Genes (COGs). For anno-
tation of gene function, genes were compared to KEGG 
database (Functional Kyoto Encyclopedia of Genes and 
Genomes) [22]. RPS-BLAST [23] was used to identify 
conserved domains and COG (Clusters of Orthologous 
Groups). Predicted genes were also BLAST-ed against 
NCBI-nr, UniProt and KEGG. Ribosomal RNAs (rRNAs), 
transfer RNAs (tRNAs) and other non-coding RNAs (ncR-
NAs) were predicted using RNAmmer 1.2 [24], tRNAs-
can-SE 2.0 [25], and Infernal software [26], respectively. 
Function and pathway analysis were also performed using 
BlastKOALA web tool of KEGG database [22]. Identifi-
cation of gene clusters responsible for the biosynthesis of 
secondary metabolites was performed using antiSMASH 
v.4.2.0 [27]. Chromosome map was generated using DNA-
Plotter release 18.0.2 [28].

Phylogenetic Analysis

The 16S rRNA gene sequences of isolate JZ16 were pre-
dicted using RNAmmer 1.2 and the most common and 
identical sequences of the eight copies were compared 
to known sequences listed in NCBI’s GenBank using 
BLASTn [29]. The sequences with the highest similarity in 
terms of sequence identity and query coverage, along with 
other type strains from similar and distant genera were 
used for the phylogenetic tree construction. Multiple align-
ment of the nucleotide sequences was performed using 
MUSCLE [30]. The phylogenetic tree was constructed by 
the Neighbor-Joining method [31], based on the Kimura 
2-parameter model [32], with bootstrap analysis (1,000 
replications) using the software MEGA version 7 [33]. 
For distinguishing between Paenibacillus strains at spe-
cies level, Digital DNA-DNA Hybridization (dDDH) and 
Average Nucleotide Identity (ANI) calculations were per-
formed. Pairwise BLAST-based Average Nucleotide Iden-
tity values (ANIb) were obtained using JSpecies [34]. The 
genome sequence data were uploaded to the Type (Strain) 
Genome Server (TYGS), a free bioinformatics platform 
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available under https​://tygs.dsmz.de, for a whole-genome-
based taxonomic analysis [35]. All pairwise comparisons 
among the set of genomes were conducted using GBDP 
and accurate intergenomic distances inferred under the 
algorithm ’trimming’ and distance formula d5 [36]. 100 
distance replicates were calculated each. Digital DDH 
values and confidence intervals were calculated using the 
recommended settings of the GGDC 2.1 [36].

Electron Microscopy

For electron microscopy, pure colonies were picked and 
grown in LB broth at 28 °C overnight, sub-cultured the 
next day to OD600 of 0.1. Cells from the exponential phase 
were harvested by centrifugation at 3000×g, washed twice 
and resuspended in 0.1 M phosphate buffer (PBS). Bacte-
rial cells were then fixed with 2.5% glutaraldehyde in caco-
dylate buffer (0.1 M, pH 7.4) overnight and rinsed with 
0.1 M cacodylate buffer. Fixed samples were post-fixed 
with 2% osmium tetroxide, 1.5% potassium ferrocyanide 
in 0.1 M cacodylate buffer for 1 h and then washed with 
water. Samples were then dehydrated in ethanol series and 
embedded in Epon epoxy resin. Contrasting sections were 
stained with uranyl acetate and lead citrate and imaging was 
performed using a Titan 80–300 S/TEM (Titan Cryo Twin; 
FEI Company) operating at 300 kV. The sample preparation 
and imaging were performed at the KAUST Imaging and 
Characterization Core Labs.

Motility In Vitro Assay

For the motility assay, a single colony was streaked at the 
top of 12 × 12 cm square Petri dishes containing LB agar 
and the dishes were incubated at 28 °C for three days. Photo-
graphs were taken every 24 h after incubation for 3 days. The 
experiment was performed using three biological replicates.

Sequence Accession Number

The data for the bacterial genome assembly of Paenibacillus 
sp. JZ16 and sequencing were deposited in NCBI/DDBJ/
EMBL database under the accession number CP017659, 
BioSample SAMN05828174 and BioProject PRJNA345401. 
The annotations obtained by in-house INDIGO pipeline are 
available through the KAUST library repository (https​://doi.
org/10.25781​/KAUST​-0XG5M​).

Results and Discussion

Paenibacillus sp. JZ16 is a gram-positive, rod-shaped 
(~ 0.4 × 3.5 µm) bacterium with flagella (ESM_1 Fig. S1a). 
It was isolated from the root endosphere of the annual desert 

halophyte Z. simplex and exhibited salinity stress tolerance 
promotion (SSTP) on A. thaliana [15]. Phenotypically, on 
nutrient agar plates, JZ16 displays extensive motility behav-
ior of motile microcolonies (spreading over the agar surface 
at an approximate speed of ~ 1.75 mm/hour) (ESM_1 Fig. 
S1b), which is typical for some members of the Paenibacil-
lus genus [8, 37, 38]. Whole-genome sequencing by PacBio 
sequencing platform using one SMRT cell, taking one 
360 min movie, generated 82,236 reads with a mean insert 
read length of 11,432 bp and an estimated genome coverage 
of 127X. Genome assembly and analysis of JZ16 generated 
one single circular chromosome of approximately 7.42 Mbp 
with a GC content of 49.25% (Table 1; Fig. 1a). By INDIGO 
annotation 6924 open reading frames (ORF) were identified 
and, thus, the chromosome of JZ16 contains a gene density 
of approximately 933 genes/Mbp. Of the 6924 genes, 97% 
(6,710) were protein coding sequences (CDS). The chro-
mosome contained eight 16S-23S-5S rRNA operons, 117 
ncRNAs, and 73 tRNAs. 

Phylogenetic analysis using 16S rRNA sequences of JZ16 
and closest relatives (based on top BLAST hits) showed 
clustering of JZ16 with the clade of Paenibacillus lautus 
(Fig.  1b). Using the whole-genome sequence, BLAST 
results revealed alignment to P. lautus strain E7593-69 
(CP032412) at 90.82% identity with query cover of 78%. 
Whole-genome sequence phylogenetic analysis of JZ16 with 
other Paenibacillus type strains revealed clustering of JZ16 
with P. lautus NBRC 15,380 (ESM_1 Fig. S2.). P. lautus 
NBRC 15,380 showed the highest similarity with JZ16 with 
an ANIb value of 91.48% and dDDH of 68.10% (formula d0) 
and 65% (formula d6) (Table 2; ESM_2 Table S1.). How-
ever, these values do not exceed the species cut-off of 95% 
and 70% for ANI and dDDH, respectively, and, thus, JZ16 
is a potential new species.

Table 1   Summary of JZ16 genome features

Feature Chromosome

Genome size (bp) 7,421,843
GC content (%) 49.25
ORF 6,924
Gene density (genes/Mbp) 932.92
CDS 6,710
Genes assigned to:
 UniProt 6,541 (97.48%)
 COG 4,277 (63.74%)
 KEGG 5,053 (75.30%)
 rRNAs 24
 16S-23S-5S operons 8
 ncRNAs 117
 tRNAs 73
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AntiSMASH analysis identified nine secondary metabo-
lite regions, but only two clusters were similar to known 
clusters: Paenibactin (100% similarity, BGC0000401: pae-
nibactin biosynthetic gene cluster from Paenibacillus elgii 
B69) and Ectoine (75% similarity, BGC0000853: ectoine 
biosynthetic gene cluster from Streptomyces anulatus) bio-
synthesis (Fig. 1a). Paenibactin is a catecholate-type sidero-
phore, while ectoine is a compatible solute prominent in 
halophilic and halotolerant bacteria [39, 40]. The genes for 
encoding for ectoine biosynthesis (ectABC) and its conver-
sion to hydroxyectoine (ectD) were present in JZ16, and 
their presence could contribute to the osmotic and salt stress 
tolerance of JZ16 [15].

Functional analysis using BlastKOALA identified 3061 
CDSs (45.6% of total CDSs) with assigned functions in 
JZ16. Among the genes identified in the genome is a chi-
tinase (three copies), an enzyme that breaks down chitin 

found in the cell wall of fungi and, thus, JZ16 could be a 
potential candidate as a biocontrol agent and pathogen 
antagonist [41]. Two-component systems are important sig-
nal transduction systems allowing bacteria to respond and 
adapt to changes in the external environment [42]. We found 
many copies of the two-component system (TCS) (YesN/
YesM), comprising of a sensor histidine kinase (yesM, 52 
copies) and response regulator (yesN, 47 copies). Even more 
copies of the aldouronate ABC transporter (lplABC) were 
found. This system comprises of a substrate-binding protein 
(lplA, 71 copies) and two protein with permease components 
(lplB, 66 copies and lplC, 66 copies) (ESM_2 Table S2.).

Chow et al. [43] demonstrated the structure, function 
and regulation of the aldouronate utilization gene cluster 
in Paenibacillus sp. strain JDR-2. Aldouronates are the 
by-products of the hemicellulose degradation process. 
The xylan backbone is depolymerized, via the enzymatic 

Fig. 1   Phylogenetic analysis of 
JZ16 and circular representation 
of chromosome. a Phyloge-
netic tree generated using 16S 
rRNA sequences, alignment of 
sequences using MUSCLE, evo-
lutionary relationships inferred 
using the Neighbor-Joining 
method and the evolutionary 
distances computed using the 
Kimura 2-parameter method. 
GenBank accession numbers 
of isolates are presented before 
taxonomic names in parenthe-
sis. The percentage of replicate 
trees in which the associated 
taxa clustered together in the 
bootstrap test (1000 replicates) 
are shown next to the branches. 
b The tracks from inside to 
outside: GC skew [(G−C/
(G+C)] positive (purple) and 
negative (green), % GC content 
(black), coordinates in mega 
base pair (Mbp), reverse-strand 
CDSs (blue), forward-strand 
CDSs (red). Arrows on the GC 
skews indicate the origin of 
replication (oriC) and replica-
tion termination (terC) regions 
where the shifts occur (Color 
figure online)
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action of the endoxylanases (e.g. endo-1,4-beta-xylanase, 
xynA), and the aldotetrauronates (e.g. methylglucuronoxy-
lotriose) and xylooligosaccharides are then converted into 
fermentable xylose [43]. The aldouronate utilization gene 
cluster was comprised of genes encoding the TCS YesN/
YesM (yesNM), aldouronate ABC transporter (lplABC), 
and the enzymes α-glucuronidase (aguA), endoxylanase 
(xynA) and β-xylosidase/α-arabinofuranosidase (xynB). 
Genome analysis of JZ16 showed presence of five copies 
of xynA and two copies of each of xynB and aguA (ESM_2 
Table S2.). The presence of a single cluster containing all the 
required genes was not found in JZ16. However, one region 
(4035047–4047414, Fig. 1a) contained aguA, xynA, lplC, 
lplB, lplA, yesM, yesN and a glucuronate isomerase (uxaC) 
that is often found in the xytB locus of xylan utilization sys-
tems in Xanthomonas [44].

A recent study using an integrated proteomics and lipi-
domics approach revealed the possible involvement of 
lipid modifications and key enzymes in metabolic path-
ways between different modes of motility (swimming vs. 
swarming) in P. polymyxa [45]. JZ16 contains many of the 
genes that P. polymyxa was suggested to be responsible for 
the motility phenotype. For example, JZ16 possesses all 
genes, except plsY, involved in the metabolic pathways of 
sn-glycerol-3-phosphate, a key precursor for the biosynthe-
sis of phospholipids (ESM_2 Table S2.). PlsY converts sn-
glycerol-3-phosphate to lysophosphatidic acid (LysoPA) and 
LysoPA is converted to PA by either PlsC or a diacylglycerol 

kinase (dagK). Poudel et al. [45] indicated that the swarming 
bacteria accumulated PA, while swimming bacteria favored 
LysoPA accumulation. Furthermore, JZ16 also contains a 
number of enzymes that either assist in the catabolic pro-
cesses involved during motility or in the degradation and 
metabolism of plant polymers. These include alpha-l-fu-
cosidase (FUCA, AXY8), α- and β-galactosidase (bgaB), 
β-glucosidase (bglX), endoglucanase, pectin esterase, glucu-
ronoarabinoxylan endo-1,4-beta-xylanase (xynC), arabinox-
ylan arabinofuranohydrolase (xynD), hydrolases, pullulanase 
(pulA), fructan beta-fructosidase (fruA), xylose isomerase 
(xylA), and alpha-d-xyloside xylohydrolase (xylS) (ESM_2 
Table S2.). Therefore, Paenibacillus sp. JZ16 could have 
potential agricultural and biotechnological applications, 
serving as biocontrol agents and/or biocatalysts in the con-
version of plant-based biomass to biofuels and chemicals, 
especially in the light of climate change.
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Table 2   Pairwise comparisons of Paenibacillus sp. JZ16 versus type strain genomes

*The following table contains the pairwise dDDH values between JZ16 genome and the selected type strain genomes. The dDDH values are pro-
vided for the three different GBDP formulas: d0 (a.k.a. GGDC formula 1): length of all HSPs divided by total genome length; d4 (a.k.a. GGDC 
formula 2): sum of all identities found in HSPs divided by overall HSP length; d6 (a.k.a. GGDC formula 3): sum of all identities found in HSPs 
divided by total genome length

Subject strain dDDH* Biosample accession Assembly accession

(d0, in %) (d4, in %) (d6, in %)

Paenibacillus lautus NBRC 15,380 68.1 47.5 65 SAMD00034170 GCA_004000945
Paenibacillus glucanolyticus DSM 5162 41 28.2 36.9 SAMN04432816 GCF_001632305
Paenibacillus solani FJAT-22460 34 27.2 31.4
Paenibacillus macerans NCTC 6355 13.1 25.2 13.5 SAMEA4076714 GCA_900454495
Paenibacillus ihbetae JCM 31131 T 23.9 23.9 22.8 SAMN05335590 GCF_002741055
Paenibacillus wulumuqiensis Y24 12.8 23.2 13.2 SAMN03447299 GCA_000971965
Paenibacillus faecis DSM 23,593 13.2 22.8 13.5 SAMN12429299 GCA_008084145
Paenibacillus pinistramenti ASL46 13 22.3 13.3 SAMN11522047 GCA_005869875
Paenibacillus etheri SH7 13 21.8 13.3 SAMN03372544 GCA_001012825
Paenibacillus zeisoli 3–5-3 13 21.6 13.4 SAMN10579155 GCA_003994465
Paenibacillus peoriae KCTC 3763 12.9 21.6 13.3 SAMN02470185 GCA_000236805
Paenibacillus glacialis DSM 22,343 13 21.3 13.4 SAMN04574067 GCA_001637205
Paenibacillus macquariensis DSM 2 12.9 21.3 13.3 SAMN04574061 GCA_001637165
Paenibacillus uliginis N3/975 15.9 20.6 15.9 SAMN05661091 GCA_900177425
Paenibacillus chibensis NBRC 15,958 13.4 20.3 13.7 SAMD00034158 GCA_004001045
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