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Pseudomonas fluorescens 2P24 is a plant growth-promoting rhizobacterium (PGPR)
isolated from wheat take-all decline soil. Genomic analysis of strain 2P24 revealed
the presence of a complete SPI-1 type Ill secretion system (T3SS) gene cluster on
the chromosome with an organization and orientation similar to the SPI-1 T3SS gene
clusters of Salmonella enterica and P kilonensis F113. Phylogenetic analysis revealed
that the SPI-1 T3SS gene cluster of strain 2P24 might be obtained from Salmonella and
Shigella by horizontal gene transfer. Two transcriptional regulator homologs of HilA and
InvF were found from the SPI-1 T3SS gene cluster of strain 2P24. HilA regulated the
expression of the structural genes positively, such as invG, sipB, sipD, prgl, and prgK.
Prediction of transcriptional binding sites and RNA-seq analysis revealed 14 genes were
up-regulated by InvF in strain 2P24. Exploring potential roles of SPI-1 T3SS revealed
that it was not associated with motility. However, 2P24AinvF reduced resistance
against Fusarium graminearum significantly. 2P24 AhilA enhanced formation of biofilm
significantly at 48 h. All three mutants 2P24AhilA, 2P24AinvF, and 2P24 AinvE-C
reduced the chemotactic responses to glucose significantly. Finally, the determination
of SPI-1 mutants to trigger innate immunity in Nicotiana benthamiana showed that
2P24 AinvE-C reduced the ability to induce the production of reactive oxygen species
compared with the wild type strain 2P24.

Keywords: Pseudomonas fluorescens, PGPR, type lll secretion system, transcriptional regulator, ROS

INTRODUCTION

Type III secretion system (T3SS) is a protein secretion apparatus that is widespread in animal and
plant pathogenic bacteria. T3SS is a syringe-like complex composed of >20 proteins and consists
of three parts: a ring component that spans the inner and outer membranes of the bacteria, an
extracellular needle/pilus that extends from the outer membrane ring, and a transporter tip that
is attached to the host cell membrane (Biittner, 2012; Deng et al., 2017). For adapting to diverse
hosts and habitats, T3SS has evolved into seven types: Hrpl, Hrp2, SPI-1, SPI-2, Ysc, RhC, and
ChL (Pallen et al., 2005; Troisfontaines and Cornelis, 2005). Among them, Ysc, SPI-1, and SPI-2
T3SS usually exist in animal pathogenic bacteria. Hrpl and Hrp2 T3SS are mainly present in plant
pathogenic bacteria. RhC T3SS is mostly found in plant symbiotic rhizobia. And ChL T3SS often
appears in some bacteria that live in animals, insects, and protozoa (Nazir et al., 2017).

Animal and plant pathogens deploy T3SS to deliver type III effectors (T3Es) into host cells
for pathogenesis. T3SS structural genes are usually conserved, but T3Es are diverse to adapt to
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different host environments. The distribution of T3SS and the
mechanisms of T3Es in animal and plant pathogens have been
studied well. However, the T3SS was also reported to be present
in many plant growth-promoting rhizobacteria and especially in
the Pseudomonas fluorescens group (Preston et al., 2001; Kimbrel
et al,, 2010; Marchi et al., 2013; Viollet et al., 2017; Stringlis et al,,
2019). Preston et al. (2001) found that P. fluorescens SBW25
harbored a Hrpl T3SS, and expression of the rscC gene, a hrcC
homolog, was induced in the sugar beet rhizosphere. Mutations
of the rsp regulators rspL and rspV in strain SBW25 resulted in a
significant reduction in competitive colonization on the root tips
of sugar beet seedlings (Jackson et al., 2005). Genomic analysis of
P. kilonensis F113 revealed a complete Hrpl T3SS gene cluster
and four T3E homologs RopM, RopAA1l, RopAA2, and RopB
(Barret et al., 2013). Surprisingly, in addition to the Hrpl T3SS,
SPI-1 T3SS homologs were also found in P. kilonensis F113 and
some other PGPR, such as P. fluorescens HK44 and P. fluorescens
Q2-87 (Chauhan etal., 2011; Loper et al., 2012; Barret et al., 2013).
One report showed that the SPI-1 T3SS of P. kilonensis F113 was
involved in resistance to amoeboid grazing (Barret et al., 2013).

Pseudomonas fluorescens 2P24 is a PGPR isolated from wheat
take-all decline soil in Shandong Province, China (Wei et al.,
2004a). Strain 2P24 produces several secondary metabolites, such
as 2, 4-diacetylphloroglucinol (2, 4-DAPG), hydrogen cyanide
(HCN), and siderophore(s), and antagonizes a variety of plant
pathogens, such as Ralstonia solanacearum, Rhizoctonia solani,
and Fusarium oxysporum (Wei et al., 2004a). Genetic analysis
revealed that the antibiotic 2, 4-DAPG is the key biocontrol
factor in strain 2P24 (Wei et al,, 2004b). In this study, a full
length of SPI-1 T3SS gene cluster was identified from strain
2P24. We conducted phylogenetic analysis of the SPI-1 T3SS
and transcriptomic analysis of two transcriptional regulators,
HilA and InvF. The effects of SPI-I mutation on antagonism,
motility, chemotaxis, biofilm formation, and plant immunity
were also determined.

MATERIALS AND METHODS

Strains, Plasmids, and Plants

Escherichia coli strains were grown in Luria-Bertani (LB) broth at
37°C. P. fluorescens was grown in King’s medium B (KB) broth or
mannitol-glutamate (MG) minimal medium at 28°C. Pathogenic
fungi were grown on Potato Dextrose Agar (PDA) at 28°C, except
Phytophthora, which was grown on V8 juice agar. Pathogenic
bacteria Ralstonia solanacearum and Acidovorax avenae were
grown in Nutrient Broth (NB) at 28°C (Table 1). The following
concentrations of antibiotics were used: ampicillin at 50 pg/mL
and kanamycin at 50 wg/mL. Nicotiana benthamiana was grown
in a greenhouse with 16 h light/8 h dark, 65% humidity, and
temperatures of 24°C during daylight and 22°C at night.

Bioinformatic Analyses

To locate the SPI-1 T3SS gene cluster, we performed a BlastP
search in the complete genome of strain 2P24 (GenBank
accession: CP025542.1), using protein sequences of T3SS
conserved components that were identified previously in

Salmonella enterica (InvA: QBG67165.1, SpaP: EBB2042894.1,
and PrgK: NUD93968.1). DNAMAN Version 9 was used to
analyze the identity of T3SS components between P. fluorescens
2P24, P. kilonensis F113, and S. enterica. To produce a
phylogenetic analysis of SPI-1, we searched the National Center
of Biotechnology Information (NCBI) database for InvA protein
sequences and 16S rRNA sequences in five genera: Pseudomonas,
Salmonella, Shigella, Yersinia, and Burkholderia. Phylogenetic
trees were created with MEGA7 (Kumar et al., 2016) using the
Maximum Likelihood method.

For scanning InvF binding sites from intergenic regions of
strain 2P24, Geneious Prime® (Biomatters Ltd) was used to
generate intergenic regions by retrieving the genome sequence
of strain 2P24. Then, we input the sequence matrix of the
InvF binding site “ANNGGNCNTTTTTTNAANGTT” and the
intergenic region file to the Find Individual Motif Occurrences
(FIMO)' (Grant et al., 2011); we set the p value < 107>,

Construction of the hilA, invF, and

invE-C Mutants

To make a hilA mutant of P. fluorescens 2P24, a 2.8 kb
fragment that covered the full length of the hilA gene was
amplified from strain 2P24 using primer pairs WHL140 (5'-
TTCTAAGCTTGAGCAACAGCAGCG-3) and WHLI141 (5'-
GGACACGCCACTTCTAGAAGTTGG-3') and digested with
HindIII and Xbal. The fragment was cloned into the same sites
of pK303SacB. The resulting pK303SacB derivative was digested
with Narl to eliminate a 0.9 kb fragment of the hilA gene
from the insertion. The parental fragment was recycled and self-
ligated. The final pK303SacB derivative pK303SacBAhilA was
constructed and transformed into strain 2P24. Colonies were
selected from KB medium with 10% sucrose. Then kanamycin-
sensitive mutants were selected and screened by PCR.

To make an invF mutant of strain 2P24, two 1.0 kb
fragments that carried the left and right flanking regions
of invF were amplified by PCR using primer pairs WHL92
(5'-CCAAAGCTTCAGGACTGGTCACGCC-3') and WHL93
(5'-GGCATCGCTCATGTCGAAAAAAGC-3'), and primer
pairs WHL94 (5'-CTCGCTGACCGATGTGGCACT-3)
and WHL95 (5-TCGAGGATCCACAACGACAACTC-3'),
respectively. The left and right regions were digested with
HindIll and BamHI, respectively, and were cloned into
the relevant sites of pK303SacB. The resulting pK303SacB
derivative pK303SacBAinvF was transformed into strain 2P24.
The correct mutant was screened using the same method
as hilA mutant, and the same protocol was used to make
an invE-C mutant. The left and right flanking regions of
invE-C were amplified by PCR using primer pairs WHL15
(5'- TGGCGAATTCATCCTCGGAACAAG-3') and WHLI16

(5- CTGACAATTCGTCGCTGATCTGC-3'), and primer
pairs WHL17 (5-GCGTCTCGAGCAACTGCAGGTCT-3')
and WHL18 (5-ATCAAGCTTGTATCGGCAGCGGT-3),

respectively. The left and right regions were digested with EcoRI
and HindIIl, respectively, and then cloned into the relevant
sites of pK303SacB.

'https://meme-suite.org/meme/tools/fimo
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TABLE 1 | Strains and plasmids used in this study.

Strains or plasmids

Characteristics

Sources

Strains
P, fluorescens 2P24

P, fluorescens
2P24 AhilA

P, fluorescens
2P24 AinvF

P, fluorescens
2P24 AinvE-C

P, fluorescens PfO-1

Ap’, wild type, PGPR

Ap’, strain 2P24 deleted hilA
fragment

Ap’, strain 2P24 deleted invF
fragment

Ap’, strain 2P24 deleted invE,
invA, and invC fragments
Ap’, wild type, non-T3SS

Wei et al., 2004a
This study

This study

This study

Compeau et al.,

1988
Lab collection

bacterium

Rhizoctonia solani Pathogenic fungus

Fusarium Pathogenic fungus Lab collection
graminearum

Magnaporthe oryzae Pathogenic fungus Lab collection
Phytophthora Pathogenic fungus Lab collection
nicotianae

Ralstonia Pathogenic bacteria Lab collection
solanacearum

GMI1000

Acidovorax avenae Lab collection

Escherichia coli DH5a

Pathogenic bacteria

F~ ¢80 lacZ AM15A(lacZYA-argF)
U169 endAT recA1 hsdR17 (r~,
Mk ) supE44).~ thi-1 gyrA96

Sambrook et al.,
1989

relAT1 phoA
Plasmids
pK303SacB Km', oriT+ sacB* Lab collection
pKB03SacBAhilA Km', pK303SacB containing the This study
left and right flanking regions of
hilA gene
pK303SacBAinvF Km'’, pK303SacB containing the This study
left and right flanking regions of
invF gene
pK303SacBAinvE-C Km'", pK303SacB containing the This study
left and right flanking regions of
invE-C genes
pRK2013 Km'", ColE1 replicon with RK2 Figurski and
transfer region, helper plasmid Helinski, 1979
RNA Preparation

Strains 2P24, 2P24AinvF, and 2P24AhilA were grown on KB
plates with 50 pg/mL ampicillin at 28°C. Fresh lawns were
suspended in 5 mL of KB and incubated at 28°C overnight with
200 rpm shaking. Bacterial suspension was diluted in 50 mL of
MG medium in flasks to a final ODggo of 0.1. The cultures were
incubated at 28°C at 200 rpm on a rotary shaker for 6 h/12 h.
The cell fractions were separated by centrifugation at 10, 000 rpm
for 5 min at 4°C. Total RNA was isolated using a E.Z.N.A.®
Bacterial RNA Kit (Omega Bio-tek, United States) as described
by the manufacturer for RNA-seq and qRT-PCR.

RNA-Seq and qRT-PCR

A prokaryotic chain specific sequencing library was constructed
using a NEBNext Ultra Directional RNA Library Prep Kit
and then sequenced on an Illumina HiSeq platform. Gene
expression was calculated using HTseq software (V 0.6.1) based
on the FPKM (Expected number of Fragments Per Kilobase of

transcript sequence Per Millions base pairs sequenced) method.
Genetic differences were analyzed using DESEQ2 (V1.6.3) in the
Bioconductor software package. For qRT-PCR, a FastKing RT Kit
(With gDNase) (Tiangen, China) was used to synthesize cDNA
from 50 ng-2 pg of total RNA. Luna Universal qPCR Master
Mix (New England Biolabs, United States) was used for a real
time PCR reaction to quantify the cDNA level of target genes
in different samples. Reactions were run and data were collected
using the ABI QuantStudio6 Flex real-time PCR system (Applied
Biosystems, United States).

In vitro Tests of Pathogenic Antagonism
Antagonistic tests were performed as described by Gu et al
(2020). For antagonism of pathogenic fungi, a 1 cm diameter
agar plug with mycelium was placed in the center of an agar
plate, and 10 L cultures of strains 2P24, 2P24 A hilA, 2P24 AinvF,
and 2P24AinvE-C were dropped on the plate at four directions,
approximately 3 cm from the center. The plates were incubated
at 28°C and checked for inhibition zones of mycelial growth.
For antagonism of pathogenic bacteria, we incubated pathogenic
bacteria in 5 mL of NB overnight and diluted in melting Nutrient
Agar (NA) at a ratio of 1:100 for preparing plates. The cultures
of strains 2P24, 2P24 A hilA, 2P24 AinvF, and 2P24 AinvE-C were
inoculated and observed as above.

Motility Tests

We conducted motility tests as described by Rashid and Kornberg
(2000), with slight modification. For swimming tests, we used KB
medium that contained 0.2% agar, and for swarming tests, we
used KB medium that contained 0.5% agar and 0.5% glucose.
Freshly cultured strains were dipped using pipette tips and
inoculated on the surface of the plates’ center. For twitching tests,
we used KB medium that contained 1% agar. Freshly cultured
strains were dipped using pipette tips and inoculated into the
bottom of the plates’ center. Then, plates were placed stably in
the incubator and cultured at 28°C.

The Chemotactic Detection of Glucose

Chemotactic responses of strain 2P24 and SPI-1 related mutants
to glucose were performed according to a simplified capillary
assay method (Mazumder et al, 1999). Bacteria grew to
late log phase in KB liquid medium. Pellets were collected
by centrifugation and washed twice with BHA (NH4NO3,
1 g/L; FeCls, 0.05 g/L; KH,PO4, 1 g/L; K,HPO,, 1 g/L;
MgSOy, 0.2 g/L; CaCly, 0.02 g/L; pH 7.0) (Ugochukwu
et al, 2013). Finally, bacteria were suspended into BHA
(ODggp = 1.0). One hundred microliters of bacterial suspension
were sucked into a 200 pL pipette tip, and 100 pL BHA
that contained 0.1% glucose was drawn up through the needle
into a 1 mL syringe, and 100 pL BHA without carbon
source was drawn up through the needle into a 1 mL
syringe as negative control. The needle-syringe capillary was
inserted into the pipette tip that contained the bacterial
suspension. After 45 min of incubation at room temperature,
the contents from the needle-syringe were removed and diluted
in 25 mM PBS buffer (pH 7.0) and plated onto LB medium.
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Accumulation in the capillary was calculated from the CFUs
on the plates.

Biofilm Formation Test

The assay of biofilm formation was performed according to
the classic approach (Christensen et al., 1982). One hundred
microliters cultures of bacterial strains that were incubated
overnight were added to 2 mL centrifuge tubes, and 900 uL KB
was added to each tube. Bacterial strains were incubated at 28°C
for 48 h statically. Then, the contents of each tube were emptied
and washed three times with sterile water. The tubes were stained
for 15 min with 200 L of 1% crystal violet and then washed with
sterile water. After the tubes were air dried, the dye bound to the
adherent cells was resolubilized with 2 mL of 95% ethyl alcohol
per tube. The OD of each tube was measured at 570 nm by using
a L3S visible spectrophotometer (INESA, China).

Assay for Reactive Oxygen Species

For ROS assays, bacterial strains were injected into 5-wk-old
N. benthamiana leaves at 5 x 108 cfu/mL. Leaf disks were
excised 12 h later with a 0.5 cm diameter cork borer and
placed into wells of 96-well plates to which 10 pL ddH,O
had been pre-added. Then, 100 L of 0.5 mM L-012 (Wako,
Kyoto, Japan) in 10 mM morpholinepropanesulfonic acid-KOH
buffer (pH 7.4) was added. Chemiluminescence was monitored
immediately for 10 h using a Veritas luminometer (GENios Pro,
TECAN, Switzerland).

Statistical Analyses

All tests in this study were performed at least triplicate, and
standard deviations were calculated. One-way ANOVA was
performed to determine significant changes.

RESULTS

Characterization of the SPI-1 T3SS
Components in Pseudomonas

fluorescens 2P24

Through genome mining and comparison, a 23 kb SPI-1 T3SS
gene cluster comprised of 25 predicted open reading frames
(ORFs) was identified in P. fluorescens 2P24, and the gene
names were assigned according to the SPI-1 T3SS of S. enterica.
Comparing SPI-1 T3SS gene clusters of PGPR and mammalian
pathogens indicated that the organization and orientation of SPI-
1 T3SS in strain 2P24 were very close to those in S. enterica
and P. kilonensis F113 (Figure 1). The SPI-1 T3SS of strain
2P24 retained all assembly proteins except InvH, which indicated
that the structure of SPI-1 T3SS in strain 2P24 was conserved.
Two transcriptional regulator homologs, HilA and InvE, were
retained in strain 2P24. However, compared with the SPI-1 T3SS
in S. enterica, effector proteins such as SipA, SptP, and OrgC were
lost, and only the chaperone protein SicA was retained in strains
2P24 and F113. Amino acid sequence analysis of the SPI-1 T3SS
components in strain 2P24 showed higher identity to strain F113
than to Salmonella (Table 2). The export apparatus (i.e., InvA,

SpaP, SpaQ, SpaR, and SpaS$), basal body proteins (InvG and
PrgK), accessory protein (IagB), needle (Prgl), and chaperone
protein (SicA) displayed >50% identity between S. enterica and
strain 2P24, although the remaining accessory proteins (ie.,
InvE, InvC, Invl, SpaO, PrgH, Prg], OrgA, and OrgB) showed
less identity (between 25 and 50%). In addition, less conserved
regulators and translocons suggested a changed function of SPI-
1 T3SS in PGPR.

Phylogenetic Analysis of SPI-1 T3SS
Among Beneficial and Pathogenic

Bacteria

A few reports showed that the SPI-1 T3SS was present in some
plant beneficial bacteria, especially in fluorescent Pseudomonas
(Chauhan et al., 2011; Loper et al., 2012). To investigate the
relationship of SPI-1 T3SS among beneficial and pathogenic
bacteria, the 16S rRNA sequences and InvA amino acid
sequences were compared among Pseudomonas, Salmonella,
Shigella, Yersinia, and Burkholderia spp. Based on alignment
of the 16S rRNA, the maximum likelihood method was used
to construct a phylogenetic tree that depicted evolutionary
distance among these T3SS-containing bacteria (Figure 2A).
There were two clades in the tree, and all of the fluorescent
Pseudomonas strains were located on a separate subbranch of
one clade, which indicated a distant evolutionary relationship
with mammalian pathogens. Then, the SPI-1 T3SS phylogenetic
tree was constructed based on InvA amino acid sequences using
the same method (Figure 2B). The phylogenetic tree contained
two clades, and fluorescent Pseudomonas strains were located
in a subbranch together with Shigella spp. and Salmonella spp.
The difference in phylogenetic relationship between 16S rRNA
and InvA suggested a horizontal transfer of SPI-1 T3SS from
mammalian pathogens, such as Salmonella and Shigella, to plant
beneficial fluorescent Pseudomonas.

HilA Up-Regulates the Structural Genes
of SPI-1 T3SS

HilA is a transcriptional activator, which regulates transcription
of the SPI-1 T3SS apparatus genes directly (Ellermeier and
Slauch, 2007). To verify whether HilA had a similar function
in strain 2P24, the hilA deficient mutant 2P24AhilA was
constructed, and the expression of five apparatus genes (invG,
sipB, sipD, prgl, and prgK) of the SPI-1 T3SS complex
in strains 2P24 and 2P24AhilA was detected by qRT-PCR.
Compared to strain 2P24, the expression of these five apparatus
genes was decreased significantly in 2P24AhilA (Figure 3).
HilA of strain 2P24 had a transcriptional activation function
similar to mammalian pathogens and regulated SPI-1 apparatus
genes positively.

Identification of the Regulon of
Transcriptional Regulator InvF

InvE, an AraC-type transcriptional activator, regulated the
expression of genes that encoded the secreted effector molecules
SipABCD, SigD, SptP, and SopE (Darwin and Miller, 1999;
2001). However, it seems that almost all effector homologs were
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InvF InvB  Invl SpaPSpaR Prgl PrgK OrgB

TacP
InvH InvG InvE InvA  InvC Inv] SpaOSpaQ SpaSSicA SipB  SipC SipD SipA  SicBSptP lagB HilA HilD PrgH  PrgJ OrgA OrgC
S. enterica w W WH M»’i}

Invl SpaPSpaR lacP TagB Pr%IPrgK OrgB
InvF InvG InvE InvA InvC Inv] SpaO SpaQ SpaSSicA SipB SipCSipD  HilA  PrgH Prg] OrgA

2P24

Invl SpaPSpaR JTacP  TagB  PrglPrgK OrgB
InvF InvG InvE InvA InvC InvJ SpaO SpaQ SpaS SicA SipB SipC SipD  HilA  PrgH PrgJ OrgA

FI13 D D e e e

FIGURE 1 | Genetic organization of the SPI-1 T3SS cluster of P, fluorescens 2P24 and comparison with the clusters of Salmonella enterica and P, kilonensis F113.
Predicted open reading frames and their orientation are shown by large arrows. T3SS accessory protein encoding genes are shown as blue arrows, transcriptional
regulator encoding genes are shown as red arrows, effector protein encoding genes are shown as green arrows, and chaperone protein encoding genes are shown
as yellow arrows. Homologous genes are connected with gray shading.

TABLE 2 | Comparison of SPI-1 T3SS cluster proteins in P, fluorescens group and S. enterica.

Length of predicted peptides (a.a.) in the following

strains/percentage identity to that of strain 2P24
Length of predicted

ORFs peptides (a.a.) in strain 2P24 S. enterica F113 Predicted function

invF 163 216/44 245/58 Transcriptional regulator

invG 590 562/53 549/83 Basal body, OM ring

invE 368 372/47 368/90 Export apparatus, gate keeper
invA 683 685/65 683/95 Export apparatus, gate protein
invC 446 431/46 428/87 Export apparatus, ATPase

invl 1561 147/26 151/88 Export apparatus, central stalk
invd 297 336/16 294/58 Needle length regulator

spaO 307 303/32 307/73 Export apparatus, C-ring homolog
spaP 219 224/64 219/94 Export apparatus, IM component
spaQ 84 86/66 84/96 Export apparatus, IM component
spaR 267 263/53 267/92 Export apparatus, IM component
spaS 367 356/58 344/90 Export apparatus, autoprotease
SicA 250 165/57 160/62 Chaperone protein

sipB 595 593/27 589/88 Translocon, minor subunit

sipC 365 409/12 363/72 Translocon, major subunit

sipD 368 343/38 365/61 Tip, tip protein

iacP 85 82/24 84/70 Translocation regulator

hilA 419 553/36 419/90 Transcriptional activator

iagB 155 160/54 154/84 Accessory protein, lytic transglycosylase
prgH 378 392/39 391/76 Basal body, IM ring

pragl 86 80/51 87/82 Needle, filament protein

prgJ 102 101/37 102/94 Basal body, inner rod

prgk 240 252/56 239/88 Basal body, IM ring

orgA 188 199727 188/80 Export apparatus, cytoplasmic protein
orgB 235 223/26 235/72 Export apparatus, peripheral stalk

OM, outer membrane; IM, inner membrane.

lost in strain 2P24 (Figure 1). To identify the InvF regulon comparing the transcriptional level of strain 2P24AinvF with
in strain 2P24, the invF deficient mutant 2P24AinvF was 2P24 at 6 h and 12 h [Fold change > 1.5; p value < 0.05]
constructed, and we implemented transcriptome sequencing (Figure 4A and Supplementary Table 1). KEGG analyses
(GEO accession: GSE181272). A total of 127 significantly indicated that DEGs at 6 h and 12 h involved biosynthesis
differentially expressed genes (DEGs) were obtained by of secondary metabolites, biosynthesis of amino acids, and
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83| Yersinia intermedia FDAARGOS 730
8% Yersinia kristensenii 2012N-4030
4" Yersinia mollaretii SCPM-O-B-7609
Yersinia ruckeri YRB
Yersinia frederiksenii FDAARGOS 417
Yersinia pestis FDAARGOS 601
Yersinia pseudotuberculosis NCTC10275
Yersinia hibernica CFS1934
99~ Shigella dysenteriae NCTC4837
Shigella flexneri MOOT
Salmonella bongori 85-0051
Salmonella enterica Typhi CT18
100 Salmonella enterica Typhimurium LT2
93 Pseudomonas kilonensis F113
Pseudomonas fluorescens FR1
100 [ Pseudomonas fluorescens NCIMB 11764
Pseudomonas fluorescens Q2-87
Pseudomonas fluorescens 2P24
21| Pseudomonas fluorescens FW300-N2E2
12| Pseudomonas fluorescens DR133
Pseudomonas fluorescens FW300-N2C3
Pseudomonas fluorescens Pf275

Burkholderia diffusa UMC610

“od [ Burkholderia oklahomensis EO147
30 Burkholderia thailandensis MSMB59
sa|["Burkholderia pseudomallei K96243
L4 Burkholderia ubonensis MSMB1757

55|

—_
0.020

based on the JTT matrix-based model.

FIGURE 2 | Phylogenetic analysis of SPI-1 T3SS gene clusters of the P. fluorescens group. (A) A distance tree was calculated from 76S rRNA homologs by using
the Maximum Likelihood method based on the Tamura-Nei model. (B) A distance tree was calculated from InvA homologs by using the Maximum Likelihood method

100 Pseudomonas kilonensis F113

39| Pseudomonas fluorescens FR1
Pseudomonas fluorescens FW300-N2E2
Pseudomonas fluorescens Q2-87
88l~pseudomonas fluorescens FW300-N2C3
Pseudomonas fluorescens 2P24
Pseudomonas fluorescens DR133

0 Pseudomonas fluorescens Pf275
Pseudomonas fluorescens NCIMB 11764

100[Shigella dysenteriae NCTC4837

Shigella flexneri MOOT
Salmonella enterica Typhimurium LT2
4100|‘Salmonella bongori 85-0051
Salmonella enterica Typhi CT18
415)0{:Yersinia mollaretii SCPM-O-B-7609
Yersinia ruckeri YRB
Burkholderia ubonensis MSMB1757
Burkholderia oklahomensis EO147
Burkholderia diffusa UMC610
91| Burkholderia pseudomallei K96243
83-Burkholderia thailandensis MSMB59
1001 Yersinia pestis FDAARGOS 601
Yersinia pseudotuberculosis NCTC10275
100) Yersinia intermedia FDAARGOS 730
26 Yersinia frederiksenii FDAARGOS 417
48 Yersinia hibernica CFS1934
$0—Yersinia kristensenii 2012N-4030

62]

ABC transporters (Supplementary Figure 1). Fifty-two down-
regulated genes were regarded as InvF regulon candidates.
Among the InvF regulon candidates, 39 genes were selected
for qRT-PCR verification and eight genes were confirmed to be
regulated positively by InvF (Figure 4B).

Previous study found an InvF binding site in the promoter
regions of sicA, sigD, and sopE that was recognized by InvF to
activate downstream expression of genes (Darwin and Miller,
2001). To identify the InvF regulon more comprehensively, the
intergenic regions of the genome of strain 2P24 were scanned for
the InvF binding site using the FIMO website (see text footnote
1) (Grant et al., 2011). Eleven InvF binding sites were obtained
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FIGURE 3 | Expression profiles of invG, sipB, sipD, prgl, and prgK in strains
2P24 and 2P24 AhilA by quantitative reverse transcriptase-polymerase chain
reaction (QRT-PCR). Graph shows gene expression levels in strains 2P24 or
2P24 AhilA at 12 h after being incubated in MG medium, as quantified by
qRT-PCR. Gene expression was normalized to the expression level of

reference gene recA using the 2~ 2 At method. Data are means of three

replicates. Error bars represent SD. *** represents P < 0.001.

at p value < 1 x 107> (Supplementary Table 2). The adjacent
downstream genes of these binding sites were searched, and
their expression in strains 2P24 and 2P24 AinvF was verified by
qRT-PCR (Supplementary Table 2). Six genes among them were
regulated positively by InvF (Figure 4C). Finally, 14 genes were
identified as InvF regulons through transcriptional and promoter
analysis (Table 3). However, all of the InvF regulons are not
homologous to any effector proteins in pathogenic bacteria.

InvF Partially Affects Antagonism of
Strain 2P24 Against Fusarium

graminearum

A previous study found that strain 2P24 antagonized multiple
plant pathogens (Wei et al., 2004a). To investigate whether SPI-
1 T3SS was involved in the antagonism, the T3SS deficient
mutant 2P24 AinvE-C was constructed. Then, the antagonistic
ability of strains 2P24, 2P24 AhilA, 2P24 AinvF, and 2P24 AinvE-
C against various plant pathogens was detected. 2P24 AinvE-C
and 2P24AhilA exhibited no significant difference with strain
2P24 in antagonism (Figure 5). 2P24AinvF also showed no
significant difference with strain 2P24 in antagonism to a
variety of pathogens, but it reduced antagonistic ability against
F. graminearum significantly. We speculated that InvF might
influence antagonism to F. graminearum indirectly by regulating
the expression of some genes rather than the T3SS.

SPI-1 T3SS Is Not Associated With
Motility but Involved in Chemotaxis of
Strain 2P24

Bacteria can carry out single bacterial swimming and multiple
bacterial swarming by the rotational movement of flagella.
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FIGURE 4 | Identification of InvF regulons. (A) Number of up-regulated (red bars) and down-regulated (blue bars) differentially expressed genes (DEGs) from
RNA-seq analysis of 2P24 AinvF compared with strain 2P24 at 6 and 12 h after being incubated in MG medium [Fold change > 1.5; p value < 0.05]. (B) Expression
profiles of InvF up-regulated genes selected from RNA-seq DEGs in strains 2P24 and 2P24 AinvF by gRT-PCR. Graph shows gene expression levels in strains 2P24
or 2P24 AinvF at 6 or 12 h after being incubated in MG medium, as quantified by gRT-PCR. (C) Expression profiles of InvF up-regulated genes selected from the
adjacent downstream genes of predicted InvF binding sites in strains 2P24 and 2P24 AinvF by gRT-PCR. Graph shows gene expression levels in strains 2P24 or
2P24 AinvF at 6 h after being incubated in MG medium, as quantified by gRT-PCR. Gene expression was normalized to the expression level of reference gene recA
using the 2~ AACt method. Data are means of three replicates. Error bars represent SD. *, **, and *** represent P < 0.05, P < 0.01, and P < 0.001, respectively.

TABLE 3 | InvF regulons up-regulated by InvF and the predicted information about signal peptide of each protein sequence.

Gene_ID

Screening approach

C0J56_12365
C0J56_22425
C0J56_00080
C0J56_13600
C0J56_15885
C0J56_14275
C0J56_15400
C0J56_13875
C0J56_22285
C0J56_19280
C0J56_14205
C0J56_20980
C0J56_20550
C0J56_03095

Product Signal peptide
Dihydrolipoyl dehydrogenase None
Toxin-activating lysine-acyltransferase None

Phage infection protein Signal peptide (Sec/SPI)
None
Signal peptide (Sec/SPI)

Signal peptide (Sec/SPI)

AsnC family protein
Putative porin
Fap system putative outer membrane protein

NAD(P)H dehydrogenase None
Protein iolH None
DNA-binding response regulator None
SDR family oxidoreductase None

LEA type 2 family protein
23S rRNA pseudouridine (955/2504/2580) synthase RIuC
Bacteriocin homologous protein

Lipoprotein signal peptide (Sec/SPIl)
None
Signal peptide (Sec/SPI)

Hypothetical protein None

Transcriptome analysis
Transcriptome analysis
Transcriptome analysis
Transcriptome analysis
Transcriptome analysis
Transcriptome analysis
Transcriptome analysis
Transcriptome analysis
Promoter analysis
Promoter analysis
Promoter analysis
Promoter analysis
Promoter analysis
Promoter analysis

In addition, the expansion and contraction of type IV secretion
system (T4SS) can drive twitching (Henrichsen, 1972). To
explore the influence of SPI-1 T3SS in the motility of strain

2P24, we detected swimming, swarming, and twitching of
strain 2P24 and the SPI-1 mutants. Strains 2P24, 2P24 AhilA,
2P24AinvF, and 2P24AinvE-C exhibited similar swimming,
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FIGURE 5 | Antagonism of strain 2P24 and SPI-1 related mutants to plant
pathogens. (A) Antagonistic effect on pathogenic fungi Fusarium
graminearum, Magnaporthe oryzae, Rhizoctonia solani, and Phytophthora
nicotianae and pathogenic bacteria Ralstonia solanacearum and Acidovorax
avenae. (B) Quantitative analysis of antagonistic effect. Data are means of
three replicates. Error bars represent SD. Means shown with the same letters
are not different statistically at the 5% confidence level on the basis of
Duncan’s multiple range test. NS means no significant difference.

swarming, and twitching motility under different concentrations
of agar (Figure 6A). Statistical analysis showed that no significant
difference was found between the strains (Figure 6B).

of flagella and can help bacteria survive better (Chet and
Mitchell, 1976). In this study, we tested the influence of SPI-
1 T3SS in perceiving exogenous glucose. Strain 2P24 had a
strong chemotactic response to glucose. However, 2P24AhilA,
2P24 AinvF, and 2P24 AinvE-C reduced the chemotactic response
to glucose significantly (Figure 7). These results suggest that
the SPI-1 T3SS of strain 2P24 is involved in chemotaxis
independent on motility.

2P24 AhilA Enhances Biofilm Formation
Biofilm formation of bacteria is related to many factors.
Ding and Wang (2009) reported that the T3SS mutant of
Yersinia pseudotuberculosis reduced its ability to form biofilm
significantly. To verify whether SPI-1 T3SS affected the ability of
strain 2P24 to form biofilm, we detected the biofilm of strain 2P24
and related mutants of SPI-1 after static incubation at 28°C for 12,
24, and 48 h in 2 mL centrifuge tubes. Compared with negative
control, strain 2P24 formed obvious biofilm at 48 h (Figure 8).
2P24 AinvF and 2P24AinvE-C showed no significant difference
with wild type, but 2P24AhilA enhanced biofilm formation
significantly (Figure 8) which suggest that HilA plays important
role in biofilm formation via a transcriptional regulation on some
genes. However, the mechanism remains to be explored further.

2P24 AinvE-C Reduces the Activation of

ROS Burst in Nicotiana benthamiana

Previous study found that strain 2P24 triggered a ROS burst in
N. benthamiana leaves (Liu et al., 2016). In this study, we detected
whether SPI-1 T3SS was involved in triggering a ROS burst in
N. benthamiana. After injection of N. benthamiana with wild type
and SPI-1 mutants of strain 2P24 for 12 h, ROS was measured
every 5 min for 10 h. Consistent with P. fluorescens Pf0-1, strain
2P24 triggered a strong ROS burst, and deficient mutants of hilA
and invF did not influence this immunity (Figure 9). However,
2P24AinvE-C reduced the accumulation of ROS significantly
(Figure 9). This indicated that the SPI-1 T3SS was involved in
triggering a ROS burst in N. benthamiana.

DISCUSSION

The Salmonella Pathogenicity Island 1 (SPI-1) family T3SS
mainly exists in mammalian pathogens as a pathogenic
apparatus. Recently, SPI-1 T3SS was also found in plant-
associated bacteria such as Xanthomonas (Alavi et al., 2008;
Marguerettaz et al., 2011), Erwinia (Triplett et al., 2006), Pantoea
(Correa et al,, 2012; Kirzinger et al., 2015), and Pseudomonas
species (Barret et al., 2013; Redondo-Nieto et al., 2013). However,
the function of SPI-1 T3SS in these plant bacteria is unclear.
In this study, SPI-1 T3SS of PGPR P. fluorescens 2P24 was
characterized, and the function was determined.

A 23 kb SPI-1 T3SS gene cluster was found in the chromosome
of strain 2P24, and its organization and orientation were
similar to that in S. enterica (Figure 1). This cluster consisted
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FIGURE 6 | Motility of strain 2P24 and SPI-1 related mutants. (A) Swimming on the 0.2% agar-contained KB medium for 42 h, swarming on the 0.5%
agar-contained KB medium for 48 h, and twitching in the 1% agar-contained KB medium for 96 h. (B) Quantitative analysis of swimming, swarming, and twitching of
strain 2P24 and SPI-1 related mutants. Data are means of three replicates. Error bars represent SD.

of 25 ORFs encoding structural and regulatory proteins of
T3SS, but it had lost almost all of the effector encoding
genes (Figure 1 and Table 2). Previous studies have found
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FIGURE 7 | The chemotactic responses of strain 2P24 and SPI-1 related
mutants to glucose. Data are means of three replicates. Error bars represent
SD. Means shown with the same letters are not different statistically at the 5%
confidence level on the basis of Duncan’s multiple range test.

that beneficial fluorescent Pseudomonas that contained Hrpl
T3SS also lost most of its effector homologs (Jackson et al.,
2005; Kimbrel et al., 2010; Marchi et al., 2013; Stringlis et al.,
2019). This phenomenon suggests that the function of T3SS in
plant beneficial Pseudomonas may have changed compared to
pathogens. PGPR strains live in the rhizosphere of plants, relying
on the interaction with the surrounding environmental factors,
and do not need to transport proteins into host cells. This might
result in the loss of effector homologs in P. fluorescens 2P24.

To explore genetic evolution of SPI-1 T3SS further in
fluorescent Pseudomonas, phylogenetic trees of 16S rRNA
and InvA in Pseudomonas, Salmonella, Shigella, Yersinia, and
Burkholderia spp. were constructed (Figure 2). The results
suggested that SPI-1 T3SS in fluorescent Pseudomonas might
be obtained from Salmonella and Shigella by horizontal gene
transfer. A previous study also found that there was horizontal
gene transfer of SPI-1 T3SS in Pantoea by analyzing its
phylogenetic relationship and GC content (Kirzinger et al.,
2015). The increase in recent genome sequences has shown
that the homologs of SPI-1 T3SS are present in many other
bacterial species, such as Sodalis, Erwinia, Pantoea, Pandoraea,
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FIGURE 9 | ROS assay of strain 2P24 and SPI-1 related mutants. The bacteria were infiltrated at 5 x 108 cfu/mL into N. benthamiana leaves and 12 h later assayed
for ROS burst using L-012 chemiluminescence. P, fluorescens PfO-1 was used as the positive control and 10 mM MgCl, as the negative control. Data are means of
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Pectobacterium, Providencia, and Serratia (Egan et al., 2014).
A more systematic evolutionary analysis of SPI-1 T3SS is needed.
The SPI-1 T3SS of strain 2P24 retained two transcription
factor homologs, HilA and InvF. HilA performed a similar
transcriptional activation function to SPI-1 T3SS structural genes
as in mammalian pathogens. However, the verified 14 InvF
regulons by qRT-PCR were not homologous to any effector
proteins in pathogenic bacteria. Among the InvF regulons,
five InvF regulons had N-terminal signal peptides (Table 3).
Specifically, C0J56_14275 encodes an outer membrane protein
of the Fap system which might be involved in the export of
amyloid subunits for construction of a biofilm matrix (Rouse
et al., 2017). C0J56_20550 is a homolog of bacteriocin which
might be associated with antagonism against plant pathogens.
To determine the biological functions of SPI-1 T3SS, strains
2P24, 2P24 AhilA, 2P24 AinvF, and 2P24 AinvE-C were detected
in antagonism, motility, chemotactic response to glucose, and

biofilm formation. Only 2P24AinvF reduced resistance to
F. graminearum significantly. In addition, SPI-1 T3SS was
reported to be involved in the interaction of bacteria- protozoa.
For instance, SPI-1 T3SS of P. kilonensis F113 was involved in the
resistance to amoeboid grazing (Barret et al., 2013). Whether SPI-
1 T3SS of strain 2P24 participates in the resistance to amoeba and
nematodes in the soil is worthy of subsequent investigation.
2P24AhilA, 2P24AinvF, and 2P24AinvE-C reduced the
chemotactic responses to glucose significantly. Production of
bacterial chemotaxis relies on membrane surface chemical-
recognition receptors, intracellular signaling systems, and the
movement of flagella (Li and Mu, 2006). In this study, we
found that SPI-1 T3SS was not associated with motility of strain
2P24. It is possible that the influence of SPI-1 mutants on
the glucose chemotactic response may be due to the following
reasons: (i) SPI-1 acted as a sensory receptor for glucose in the
external environment, and the absence of the SPI-1 T3SS device
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reduced the sensitivity to glucose, which affected the
chemotactic response to glucose; and (ii) transcriptional
factors HilA and InvF mutants affected the expression
of chemotactic sensing receptors or chemotactic signal-
transduction related proteins.

Type III secretion system was recognized redundant with
flagella in mammalian and plant pathogens due to their
similarities in the secretion systems that serve flagellar biogenesis
and type III effector delivery (Miao et al., 2006; Wei et al., 2013).
SPI-1 T3SS of Salmonella secreted and translocated flagellin into
host cytoplasm, which activated a potent host-defense pathway
(Miao et al., 2006). Our results showed that mutation of the
SPI-1 T3SS in strain 2P24 reduced the flagellin-triggered ROS
burst in planta. This result suggests that the flagellin might
be secreted through the SPI-1 T3SS in strain 2P24. Loss of
SPI-1 T3SS reduced flagellin output, which led to a decline
in ROS burst.
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