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Huanglongbing (HLB), the current major threat for Citrus species, is caused by 

intracellular alphaproteobacteria of the genus Candidatus Liberibacter (CaL), 

with CaL asiaticus (CLas) being the most prevalent species. This bacterium 

inhabits phloem cells and is transmitted by the psyllid Diaphorina citri. A gene 

encoding a putative serralysin-like metalloprotease (CLIBASIA_01345) was 

identified in the CLas genome. The expression levels of this gene were found 

to be  higher in citrus leaves than in psyllids, suggesting a function for this 

protease in adaptation to the plant environment. Here, we study the putative 

role of CLas-serralysin (Las1345) as virulence factor. We first assayed whether 

Las1345 could be  secreted by two different surrogate bacteria, Rhizobium 

leguminosarum bv. viciae A34 (A34) and Serratia marcescens. The protein was 

detected only in the cellular fraction of A34 and S. marcescens expressing 

Las1345, and increased protease activity of those bacteria by 2.55 and 4.25-

fold, respectively. In contrast, Las1345 expressed in Nicotiana benthamiana 

leaves did not show protease activity nor alterations in the cell membrane, 

suggesting that Las1345 do not function as a protease in the plant cell. Las1345 

expression negatively regulated cell motility, exopolysaccharide production, 

and biofilm formation in Xanthomonas campestris pv. campestris (Xcc). This 

bacterial phenotype was correlated with reduced growth and survival on 

leaf surfaces as well as reduced disease symptoms in N. benthamiana and 

Arabidopsis. These results support a model where Las1345 could modify 

extracellular components to adapt bacterial shape and appendages to the 

phloem environment, thus contributing to virulence.
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Introduction

Huanglongbing (HLB), also known as citrus greening disease, 
is a global threat to citrus production (Bové, 2006; Gottwald, 2010; 
Da Graça et al., 2016). The disease is caused by phloem-limited 
intracellular Gram-negative alphaproteobacteria belonging to the 
order of Rhizobiales, family Rhizobiaceae, and genus Candidatus 
Liberibacter (CaL; Duan et al., 2009; Kuykendall et al., 2012a; 
Wang et  al., 2017). Three CaL species have been found to 
associated with HLB, CaL asiaticus (CLas), CaL africanus (CLaf) 
and CaL americanus (CLam; Bové, 2006). Currently, CLas is the 
most widespread and virulent HLB-associated pathogen 
worldwide (Bassanezi et  al., 2020; Li et  al., 2020). CLas is 
transmitted in a circulative-propagative manner by its insect 
vector, the Asian citrus psyllid (ACP) Diaphorina citri Kuwayama 
(Hemiptera: Liviidae) during feeding on the phloem of the new 
shoots (Hall et al., 2016; Lopes and Cifuentes-Arenas, 2021). Upon 
phloem injection, CLas is confined to sieve elements until the 
young flush turns into mature leaves (source tissues), then it 
moves intercellularly through sieve pores following phloem sap 
from source to sink, including roots and new shoots (Andrade and 
Wang, 2019; Alves et al., 2021; Pandey et al., 2021; Raiol-Junior 
et  al., 2021). Symptoms of CLas-infected citrus leaves are 
associated with an inefficient defense response that affect the 
structure and function of the phloem sieve elements and would 
normally confine the invading pathogen (Koh et al., 2012; Boava 
et al., 2017; Granato et al., 2019). However, callus deposition and 
starch accumulation were not observed in roots despite high 
bacterial accumulation in this tissue (Etxeberria et  al., 2009; 
Johnson et al., 2014; Pulici et al., 2022). Moreover, the expression 
levels of both CALLOSE SYNTHASE 7 (CalS7) and PLHOEM 
LECTIN (PP2) were significantly downregulated in HLB-infected 
roots compared to healthy roots (Achor et al., 2020). Those results 
support recent investigations which postulate the root system as 
the primary replication place of CLas at the early infection stages 
(Alves et al., 2021; Pulici et al., 2022). This differential response 
between leaves and root may reflect a fine control of plant 
responses by the pathogen, keeping the balance between defense 
and nutrient-acquisition (Wang et  al., 2016; Martinelli and 
Dandekar, 2017; Chen et al., 2022).

Bacteria are well known for using flagella to swim through 
liquids, to swarm across solid surfaces, or to promote host 
colonization through adherence and biofilm formation 
(Malamud et al., 2011; Chaban et al., 2015; Rossi et al., 2018). 
Little is known about systemic movement of CaL spp. inside the 
phloem. Ultra-microscopic analysis of CLas-infected plants 
showed that unflagellated spherical bacterium cells float freely 
in the phloem sap by changing morphology from spherical to 
elongated shape in order to cross the sieve pores without 
attaching to the sieve tube cell walls or to each other, all without 
forming biofilms (Achor et al., 2020). However, the presence of 
CaL-associated flagella-like surface structures and aggregates of 
long rod-shaped cells has been noted inside its psyllid vectors 
(Cicero et al., 2016; Andrade et al., 2020). Flagella are a highly 

conserved microbe-associated molecular patterns (MAMPs/
PAMPs), so unflagellated CLas could potentially avoid the 
elicitation of a strong PAMP-triggered immunity (PTI; Thomma 
et al., 2011; Zou et al., 2012; Achor et al., 2020; Andrade et al., 
2020). In this way, the morphological plasticity of CaL spp. may 
represent an advantage, allowing adaptation in either the citrus 
phloem sap or in the ACP. Bacterial or host factors that 
modulate these dynamic morphological changes are 
yet unknown.

CLas, like other plant-pathogenic bacteria, is believed to 
secrete effectors (virulence factors) into the cytoplasm of the hosts. 
The action of these effectors can create favorable environments for 
colonization and proliferation (Toruño et  al., 2016). The 
expression of effectors needs to be coordinated spatio-temporally 
to allow the bacteria to thrive and shift between different lifestyles 
(plant and psyllid). The small CLas genome (~1.2 Mb) only 
harbors genes for the general protein secretory (Sec) pathway and 
the Type I secretion system (T1SS) for translocating effectors out 
of the cell (Duan et al., 2009; Li et al., 2012). Several Sec secreted-
dependent effectors (SDEs) have been identified by bioinformatic 
analysis (Pitino et al., 2016; Clark et al., 2018; Shi et al., 2019; Ying 
et al., 2019). Although their transgenic expression in model and 
citrus plants have suggested roles in plant defense modulation, 
whether they are actually secreted to the extracellular environment 
is still a matter for discussion (Prasad et al., 2016; Clark et al., 
2020; Pang et al., 2020; Du et al., 2021).

The CLas T1SS machinery, similar to other bacterial T1SSs, is 
composed of three proteins: an inner membrane ATP-binding 
cassette (ABC) transporter (PrtD), a transmembrane protein 
(HlyD), and an outer membrane export protein (TolC; Duan et al., 
2009; Li et al., 2012; Thapa et al., 2020). The ABC transporters of 
bacterial T1SSs often show high specificity in binding their 
unfolded substrates that are translocated to the extracellular side 
of outer membrane, mostly in a single-step secretion strategy, 
without periplasmic intermediate (Linhartová et  al., 2010; 
Baumann, 2019; Spitz et al., 2019; Hui et al., 2021). However, the 
amenability of the T1SS to secrete substrates of different nature 
and structure has hampered the identification of a canonical 
-terminal secretion signal.

One of the putative T1SS substrate identified in the CLas 
genome is CLIBASIA_01345, a protein with similarity to members 
of serralysin-type metalloproteases (Cong et al., 2012; Li et al., 
2012). Among the best-characterized secreted metalloproteases is 
PrtA – also named serralysin or PrtS – from S. marcescens. PrtA 
plays a key role as bacterial virulence factor, it is involved in 
cytotoxicity and modulates the immune responses of its host (Lee 
et al., 2017). In vitro studies show that PrtA inhibits the attachment 
of insect hemocytes and mammal macrophages to tissue surfaces 
by degrading adhesive molecules (Ishii et al., 2014). Moreover, 
PrtA contributes to the ability of S. marcescens to develop a mature 
biofilm which could facilitate colonization and host invasion 
processes (Bruna et  al., 2018). In another example, AprA, an 
extracellular alkaline metalloprotease from Pseudomonas syringae, 
mediates the degradation of flagellin monomers, leading to the 
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evasion of the first layer of immune responses from Arabidopsis 
thaliana and tomato (Pel et al., 2014).

The function of CLIBASIA_01345 (hereafter Las1345) in CLas 
and its contribution to host-CLas interaction is unknown, 
although its higher expression in the citrus phloem (5.5-fold) as 
compared to the psyllid vector (Yan et al., 2013) suggests that CLas 
uses this protein to modulate its lifestyle in the two hosts. CLas as 
well other pathogenic CaL species remain unculturable in artificial 
media, making the use of surrogate bacterial models the only 
available approach to analyze putative gene function associated 
with CLas pathogenesis (Vahling-Armstrong et  al., 2012; 
Kuykendall et al., 2012b; Pagliai et al., 2014; Barnett et al., 2019; 
Jain et al., 2019). Here we study the role of Las1345 as a potential 
virulence factor associated with bacterial adaptation to different 
hosts. Rhizobium leguminosarum and S. marcescens, as well as the 
phytopathogen Xanthomonas campestris pv. campestris (Xcc) were 
used as surrogate models to study Las1345 function in bacteria, 
whereas the role of Las1345 in planta was investigated by transient 
expression in model plants.

Materials and methods

Sequence data acquisition and multiple 
sequence alignment

The genome sequences of the three citrus-infecting CaL 
species [Las (CP001677.5), CLaf (CP004021.1) and CLam 

(CP006604)] are available at the National Center for Biotechnology 
Information (NCBI) database. Protein sequences, based on the 
homology to Las1345, were downloaded from NCBI under the 
following accession numbers: serralysin-like proteins from CLas 
strain psy62 (WP_015452346), from CLaf strain PTSAPSY 
(AKK19938.1) and from CLso strain ZC1 haplotype B 
(WP_013461860); PrtA from S. marcescens (CAA39139.1), Ser1 
from S. liquefaciens FK01 (BAK39731) and PrtC from Dicheya 
chrysanthemii B374 (WP_038909783.1). The sequences were 
aligned using Clustal Omega and MultiAlin (Corpet, 1988; Sievers 
and Higgins, 2018), following a manual adjustment in the 
C-terminal sequence, considering the sequence pattern associated 
with the ABC exporter motif. Las1345 was homology modeled 
using Swiss Model server (Waterhouse et al., 2018).

Bacterial strains, grow conditions and 
cloning

Bacterial strains and plasmids are described in Table  1. 
Rhizobium leguminosarum bv. viciae A34 (A34), S. marcescens 
mutant in prtA (prtA), Xanthomonas campestris pv. campestris 
(Xcc) wild type and the gumB mutant strains were grown in 
tryptone-yeast (TY), Miller’s Luria-Bertani (LB) and peptone-
yeast-malt (PYM) medium, respectively (Russo et al., 2006; Torres 
et al., 2007; Bruna et al., 2018). Plasmids were mobilized into 
R. leguminosarum bv. viciae A34 and S. marcescens by biparental 
mating using Escherichia coli S17 cultured LB, at 37°C (Vozza 

TABLE 1 Bacterial strains and plasmids.

Strain or plasmid Description Source or reference

Strain

  R. leguminosarum A34 R. leguminosarum 8401 derivatives carrying pSym plasmid Prl1ji, Strr

Russo et al. (2006)

  prtA S. marcescens RM66262; prtA::pKNOCK, Cmr Bruna et al. (2018)

  prtA/PrtA S. marcescens prtA; pBBR2::prtA, Kanr Bruna et al. (2018)

  Xcc X. campestris pv. campestris 8,004, Rifr Daniels et al. (1984)

  gumB X. campestris pv. campestris strain 8,397, [X. campestris pv. campestris 8,004 gumB::Tn5, Kanr] Vojnov et al. (1998)

  E. coli S17 E. coli [thiJ thr leu tonA lacY 61lic recA::RP4-2-Tc::Mu lpir] Kmr Russo et al. (2006)

  E. coli ArticExpress (DE3) RIL E. coli B F− ompT hsdS(rB– mB–) dcm+ Tetr gal λ(DE3) endA Hte [cpn10 cpn60 Gentr] [argU ileY 

leuW Strr]

Agilent technologies

  A. tumefaciens A. tumefaciens GV3101, Rifr, Gmr

Plasmid

  pBBR2 pBBR1-MCS2, Kmr, broad range Kovach et al. (1995)

  pBBR2::Las1345 pBBR1-MCS2::CLIBASIA01345, Kmr This work

  pBBR2::HisLas1345 pBBR1-MCS2::Hisx6CLIBASIA01345, Kmr This work

  pMP2444 pBBR1-MCS5::GFP, Gmr Rigano et al. (2007)

  p15TV-L Expression vector, Hisx6, Ampr Pagliai et al. (2010)

  p15::HisLas1345 p15TV-L::CLIBASIA01345, Ampr This work

  pMDC83 Binary vector, 2x35S promoter, C-terminal GFP, Kanr Curtis and Grossniklaus (2003)

  pMDC83::Las1345-GFP 35S::CLIBASIA01345-GFP, Kanr This work

  pMDC83-GFP pMDC83 ccd−, Kanr, allow 35S::GFP expression This work

  pEarlyGate100 Binary vector, 2x35S promoter, Kanr Earley et al. (2006)

  pEarlyGate100::Las1345 35S::CLIBASIA01345, Kanr This work
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et al., 2016; Bruna et al., 2018). Conjugation was performed at 
28°C and 37°C for R. leguminosarum and S. marcescens, 
respectively. Xcc was transformed by electroporation (Rigano 
et al., 2007). Bacterial growth was monitored at an optical density 
of 600 nm (OD600).

CLIBASIA_01345 was amplified from CLas-infected plant 
tissue via polymerase chain reaction (PCR) and subsequently 
cloned into p15TV-L (Pagliai et  al., 2010) to obtain 
p15::HisLas1345. This vector was used as template to obtain 
pBBR2::HisLas1345 by restriction sites cut with NcoI and 
HindIII. The plasmid p15::HisLas1345 was also used as 
template to amplify tagless CLIBASIA_013145 to generate 
pBBR2::Las1345 using the following primers: 5-GTC 
GGTACCATGCATAATATAAAACCGG-3/5-GTCAAGCTTT
CAGGAAAAATCATGATTTA-3. To express Las1345  in 
plants, CLIBASIA_01345 was amplified from p15:HisLas1345, 
adding KpnIATG/HindIII sites with the following primers 
5-GTCGGTACCATGCATAATATAAAACCGG-3 and 5-GTC 
AAGCTTTCAGGAAAAATCATTTA-3 and cloned into 
pENTR3c-Las1345 to generate pENTR3c::Las1345. This vector 
was amplified with AHL primers (5-TAGTTAGTTAC 
TTAAGCTCGGGC-3/5-CAGAGCTGCAGCTGGATGGC-3) 
and the PCR product was transferred into binary vectors 
(pMDC83 and pEarlyGate100) using Gateway LR Clonase II 
following manufacturer instructions (Thermo Fisher Scientific, 
Waltham, United States).

Las1345 expression and purification

The recombinant plasmid p15::HisLas1345 was used to 
transform E. coli ArticExpress competent cells for further 
expression and purification. Cells were grown at 30°C until 
OD600 ~ 0.7. Induction was made using 0.5 mM IPTG and 6-h 
incubation at 19°C. The cell pellet was suspended in binding 
buffer (50 mM HEPES pH 7.5, 250 mM NaCl, 5% (v/v) glycerol, 
2.5 mM TCEP and 5 mM Imidazol). The thawed cells were 
passed through a French Press (French pressure cell press 40 K, 
Thermo Scientific). Three runs at 800 pressure gauge (Phcp) 
were conducted for each sample. Samples were released at 15 
drops/min. The clarified lysed was purified using Ni-NTA resin 
(Qiagen, Germantown, United States) as described previously 
(Pagliai et  al., 2014). Purified protein was dialyzed against 
10 mM HEPES pH 7.5, 50 mM NaCl, 10 mM MgCl2, 2 mM 
CaCl2, 5% (v/v) glycerol and 0.25 mM TCEP. Protein was 
concentrated using Vivaspin centrifugal concentrators 
(Sartorius, Bohemia, United States) treated with Triton X-100 
and the purity was analyzed in gel. The purified protein was 
refolded by dilution into cold buffer (50 mM Tris, 50 mM NaCl, 
0–0.2 mM CaCl2, pH 7.8) on ice for 20 min prior to activity. The 
proteolytic activity of the purified protein (pHisLas1345) was 
evaluated under different amount of protein and the addition of 
divalent cations (Zn2+, Co2+, Cu2+ and Ca2+) in the chloride salt 
form (Supplementary Figure 1).

Bacterial cell fractionation

For analysis of secreted and intracellular proteins, bacteria 
(R. leguminosarum, S. marcescens and Xcc) were grown for 48 h at 
28°C in TY, LB or PYM medium, respectively to an OD600 ~ 0.6. 
The cell culture (3 ml) was centrifuged at 6,500 rpm and both the 
extracellular medium (supernatant) and the cellular precipitate 
were reserved for protein extraction. Supernatant (2 ml) was 
clarified with a 0.2 μm-syringe filter to obtained a cell free 
supernatant fraction (SF). Extracellular proteins were concentrated 
from the SF by precipitation with 10% (v/v) trichloroacetic acid 
(Merck, Darmstadt, Germany) and incubated on ice for 2 h. 
Proteins were recovered by centrifugation (12,000 rpm, 30 min) 
and washed twice with 500 μl acetone (Cicarelli, Santa Fe, 
Argentina). The precipitate was dried and the proteins were 
solubilized in the proper buffer for activity or immunodetection. 
Intracellular proteins were recovered from the soluble and 
insoluble cell fractions (CFs and CFI, respectively) prepared from 
cellular precipitate. Cells were washed twice with 10 mM Tris, 
5 mM EDTA pH 8 and lysed by sonication at a frequency of 
20 kHz. The lysate was centrifuged (12,000 rpm, 30 min) at 4°C to 
recovered the pellet (CFI) and the supernatant (CFs) fractions. 
Proteins in the CFs were precipitated with acetone (Cicarelli, Santa 
Fe, Argentina) on ice for 2 h and recovered by centrifugation 
(12,000 rpm, 30 min). CFs and CFI pellets were resuspended in the 
proper buffer for activity or immunodetection.

Immunodetection

SF, CFs and CFI pellets were resuspended in loading buffer 
[60 mM Tris, 10% (v/v) glycerol, 180 mM β-mercaptoethanol, 
0.003% (w/v) bromophenol blue and 2% (w/v) SDS, pH 6.8], 
separated by 12% sodium dodecylsulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) and visualized by staining with 
Coomassie brilliant blue R-250 (Genbiotech, Buenos Aires, 
Argentina). Western blot was carried out using standard 
techniques. Briefly, after SDS-PAGE, proteins were transferred 
onto pre-wetted polyvinylidene difluoride membranes (PVDF- 
Immun-BlotVR, BioRad, CA, United States). Immunodetection 
was performed using polyclonal antibodies against His tag 
(1:6,000 dilution, #SAB1306085 Sigma, Merck, Darmstadt, 
Germany), Rhizobium adhering-protein A1 (RapA1; 1:5,000 
dilution; Vozza et  al., 2016) or E. coli Glucose-6-phosphate 
dehydrogenase (G6PD; 1:500 dilution; Giró et al., 2006) and then 
revealed using a peroxidase-conjugated goat anti-rabbit IgG 
(H + L; 1:3,000 dilution, #1706515, BioRad, Des Plaine, IL, 
United  States) and Pierce™ ECL Western Blotting Substrate 
(Thermo Scientific, Petaluma, CA, United States) according to the 
manufacturers. Chemiluminescence was detected using an CCD 
camera (ChemiDoc™ XRS+, BioRad, Des Plaine, IL, 
United States). For probe stripping and rehybridization, the filters 
were incubated with stripping buffer (0.05 M Tris, 1% (w/v) SDS, 
0.8% β-mercaptoethanol, pH 6.8) for 45 min at 30°C and washed 
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five times with TBS (20 mM Tris, 150 mM NaCl, pH 7.6) 
supplemented with 0.05% (v/v) Tween (Promega, Fitchburg, WI, 
United States).

Plant growth and pathogenicity assays

Arabidopsis thaliana and Nicotiana benthamiana were grown 
under controlled conditions in a growth chamber with a 
temperature of 25°C–27°C and a photoperiod of 16 h light/8 h 
dark and light intensity of 150–200 μE/s m2. All plant inoculations 
involved a minimum of 10 plants per strain tested and one leaf per 
plant was inoculated. Bacterial suspensions of Xcc (107 CFU/ml in 
10 mM MgCl2) were inoculated by pressure infiltration (Siciliano 
et al., 2006). Disease progression (water-soaking and necrosis) was 
monitored phenotypically and by bacterial growth curves. 
Bacterial population was determined in five samples according to 
the method described by Rigano et al. (2007). Each sample was 
obtained from three leaf disks of 1 cm2 collected randomly from 
different inoculated leaves. Symptom development were assayed 
by conductivity measurements using leaf disks submerged in 
milli-Q water following protocols previously described (Chiesa 
et al., 2019). Six samples were measured, each one obtained from 
three leaf disks of 1 cm2 collected randomly from 10 inoculated 
leaves. Photosystem II quantum efficiency (ϕPSII) was 
measurements at 25°C on one dark-adapted leaf from 15 plants 
using MultispeQ V 2.0 (PhotosynQ INC, East Lansing, MI, 
United States). These assays were repeated three times.

Agrobacterium-mediated transient 
expression and protein localization

To evaluate the function of Las1345 in plants, N. benthamiana 
leaves were agroinfiltrated with A. tumefaciens GV3101 
transformed with the corresponding plasmid (Table  1), to 
overexpress Las1345 with and without a GFP tag. Molecular 
techniques and agroinfiltration were performed as described 
previously (Sánchez et  al., 2010; Enrique et  al., 2011). GFP 
versions were analyzed to study protein localization by confocal 
laser scanning microscopy (CLSM). Nucleus and membrane were 
marked with DAPI (Thermo Fisher Scientific, Waltham, 
United States) and FM 4-64 (Sigma, Merck, Darmstadt, Germany), 
respectively. Images were taken 2 days after agroinfiltration with a 
Zeiss LSM 880 confocal laser scanning microscope (Carl Zeiss 
Microscopy GmBH, Jena, Germany) using the following 
parameters, GFP (488/527 nm), FM 4-64 (515/604 nm) and DAPI 
(405/449 nm). For CLSM analysis, each construct was infiltrated 
into two leaves of 10 plants.

For plant protein extraction, six leaf disks (1 cm2) collected 
randomly from different agroinfiltrated plants were pulverized in 
pre-chilled pestle and mortar using liquid nitrogen and the 
powder was resuspended in 0.5 ml of extraction buffer (50 mM 
Tris, 100 mM KCl, 10% (v/v) glycerol, pH 7.5). Supernatant was 

recovered after centrifugation (12,000 rpm, 20 min) at 4°C and 
kept at −80 for protease activity measurements.

Protease assays

Protease activity was assayed using milk or azocasein 
(#A2765, Sigma, Merck, Darmstadt, Germany) as substrates as 
described previously (Bruna et al., 2018). For qualitative analysis, 
the samples were inoculated on LB agar plates supplemented with 
skim milk at 2% (w/v) and incubated for 16 h at 30°C. Distinct 
clearing of the milk around the colony was used as a protease 
activity indicator. For quantitative analysis, protease activity was 
measured using azocasein as substrate. Samples of SF, CFS and 
CFI (50 μl) were mixed with 10 μl of 1% (w/v) azocasein and 
140 μl of phosphate-buffered saline (PBS) and incubated for 1 h 
at 37°C. The reaction was stopped by addition of 80 μl of 10% 
(v/v) trichloroacetic acid, and the mix was incubated on ice for 
15 min. Protease activity was repeated five times using six 
replicates of each strain. The same protocol was used to evaluate 
protease activity with both the purified HisLas1345 protein from 
E. coli and plant protein extracts. For these analyzes, 
measurements were normalized by protein quantification using 
the Bradford assay kit (BioRad, Des Plaine, IL, United States) and 
repeated three times.

Cell motility and production of the 
extracellular polysaccharide (EPS) xanthan

Swimming, swarming and sliding motility assays were carried 
out as previously described (Malamud et al., 2011, 2013). Briefly, 
overnight cultures were normalized to an OD600 ~ 0.8 and 3 μl were 
used to inoculate 0.25% (w/v) agar NYGB medium plates 
(swimming) or 0.5% (w/v) agar NYGB medium (sliding/
swarming). Plates were incubated 72 h at 28°C. Motility was 
assessed quantitatively by measure the circular halo formed by the 
growing bacterial cells in 10 different culture plates. This assay was 
repeated three times.

Exopolysaccharide (EPS) xanthan quantification was 
performed as described previously (Vojnov et  al., 1998). To 
measure EPS xanthan production, strains were grown in PYM 
medium supplemented with 1% (w/v) D-glucose at 28°C for 24 h 
with shaking (156 rpm) in 250-mL flask. EPS xanthan was 
precipitated from culture supernatants using 2 vol of ethanol. The 
precipitated EPS xanthan was collected, washed with ethanol, 
dried and weighed. Each assay included eight to 10 replicas and 
the experiment was repeated three times.

Biofilm analysis by CLSM

To analyze biofilm structure, GFP-expressing Xcc cells were 
transformed with either pBBR2::Las1345 or pBBR2 as the empty 
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vector control. Both strains were grown at 28°C on PYM medium 
supplemented with 50 μg/ml kanamycin. Cultures were diluted in 
Y minimal medium (YMM) to reach OD600 ~ 0.02 and aliquots of 
500 μl were transferred to 8-wells chambers containing a 1-mm 
thick borosilicate glass (Nunc, Wiesbaden, Germany), as described 
by Rigano et  al. (2007). Strains were incubated for 4 days at 
28°C. Congo red (10 μM) was added to YMM to visualize 
extracellular components, such as exopolysaccharides, curli 
amyloid proteins and adhesins which conform the biofilm matrix 
(Serra and Hengge, 2017). Congo red staining has been used to 
detect amyloid fibers in Xanthomonas spp. (Oh et  al., 2007; 
Kraiselburd et al., 2012). Biofilm formation was monitored using 
a Zeiss LSM880 confocal laser scanning microscope (Carl Zeiss 
Microscopy GmBH, Jena, Germany) by excitation at 488 nm with 
the argon laser line and 20x NA = 0.8 Plan-Aphocromat objective 
(Carl Zeiss Microscopy GmBH, Jena, Germany). To analyze the 
tridimensional structure of the biofilm, the XY area was screened 
in 35 Z-intervals (Z-stack) automatically captured up to a 25.5 μm 
range at green (488/520 nm, pinhole 0.84 A.U.) and red 
(543/619 nm, pinhole 0.70 A.U.) channels, respectively. Biofilm 
images were obtained by ZEN BLACK software (Carl Zeiss 
Microscopy GmBH, Jena, Germany) and analyzed with 
COMSTAT2 (Heydorn et al., 2000; Vorregaard, 2008).1 Each assay 
includes triplicates (3 wells per strain) and it was repeated 
three times.

Bacterial RNA extraction, reverse 
transcription, and quantitative PCR (qPCR)

The expression levels of three (filE, fliF and flgL) flagellum 
assembly-related genes of Xcc were analyzed by qPCR. Xcc/
Las1345 and Xcc/pBBR2 cells were grown in YMM at 28°C to 
reach an OD600 ~ 0.8. The cells (10 ml) were collected and total 
RNA was extracted using TRIzol Reagent (Thermo Fisher 
Scientific, Walthman, United States), following treatment with 
RNase-free DNase (Promega, Wisconsin, United States). Reverse 
transcription was performed using RevertAid reverse transcriptase 
(ThermoFisher Scientific, Carlsbad, United States), 2 μg of DNase-
treated total RNA and 0.5 μg/μl random hexamers, according with 
the manufacturer’s instructions. cDNAs were used for qPCR using 
Hot FIREPol® EvaGreen qPCR mix plus (Solis BioDyne, Tartu, 
Estonia) and 0.25 μM of each primer. Quantitative PCRs (qPCR) 
were performed for 42 cycles according to the following 
conditions: denaturation at 95°C for 15 s, annealing at 60°C for 
30 s and extension at 72°C for 40 s. After amplification, melting 
curves were performed to exclude artifactual amplifications. The 
16S ribosomal RNA was used as internal control. Primers were 
designed based on the Xcc 8004 (CP029484.1) genome sequence. 
Flagellar genes were amplified with the following primers,  
fliE_fw 5′-AGCTTCAGCGAGACCTTGCG-3′ and fliE_rv 

1 www.comstat.dk

5′-CAGATCGGCACTGGGGTCAC-3′; fliF_fw 5′-AAGTTCC 
AAGAGCGCCACCC-3′ and fliF_rv 5′- ACGATCTTGC 
CCTTGGCACC-3′; flgL_fw 5′- ATGGCAATGCGCCTTTCATC 
and flgL_rv 5′- GCGGATGCGCATGAAGATTT-3′; 16S_fw 
5′-AGGACCTTCGGGCTT-3′ and 5′-TGTCTCAGTTCCA 
GTG-3′ (Yan et al., 2019).

Statistical analysis

Data were analyzed according to Student’s t-test through 
InfoStat Software v2017 (Di Rienzo et  al., 2017), excepting 
protease activity in bacterial cell fractions and EPS production 
data that were subjected to one-way analysis of variance 
(ANOVA). Two-way ANOVA was used to analyze the data from 
protease activity in plant crude extract. In both cases, means were 
analyzed using Tukey’s test p < 0.05).

Results

Structural analysis of Las1345 reveals 
absence of calcium-binding GG repeats 
in the RTX domains

Genome comparison between CLas and CaL solanacearum 
(CLso, causing zebra chip disease in potato) revealed that the CaL 
serralysin-like gene (Figure 1A) is largely conserved in terms of 
size and localization, being next to a gene cluster encoding the 
T1SS (Li et al., 2012; Ravindran et al., 2018). In this work we have 
included sequence comparison with the other two HLB-associated 
CaL species, africanus strain PTSAPY (CLaf) and americanus 
strain São Paulo (CLam; Wulff et al., 2014; Lin et al., 2015). A 
putative serralysin gene was found in CLaf genome (Figure 1B). 
Comparative protein sequence analysis indicates that Las1345 
(665 amino acids, aas) has 63.77 and 65.67% amino acid identity 
with the serralysin-like protein of CLsoB (577 aas) and CLaf (642 
aas), respectively. These two proteins are longer than the 
characterized serralysins from Serratia spp. (PrtA and Ser1, 504 
aas each) and Dickeya chrysanthemi (former Erwinia; PrtC, 479 
aas; Figure 1B). Las1345 share 30.41%, 31.23%, and 31.30% amino 
acid identity with PrtA, Ser1 and PrtC, respectively. Las1345 
conserves the N-terminal metzincin-type metalloprotease motif 
HExxHxxGxxHP, including the last proline, characteristic for 
serralysins. The three histidines in this motif are zinc ligands and 
the glutamic acid serves as catalytic base (Baumann, 1994, 2019). 
Twenty-three residues downstream from this motif, the conserved 
met-turn motif (SxMSYF/W) is found. Three-dimensional 
prediction shows that the N-terminal part of Las1345 has a folding 
topology similar to PrtA (Figure 1C). PrtA, Ser1 and PrtC have 
four conserved motifs (GGxGxDxUx) in the RTX (repeats-in-
toxins) domain (Figure  1B). T1SS substrates that have these 
specific repeats belong to the RTX- protease family (Spitz et al., 
2019; Hui et al., 2021). Three-dimensional structure of the RTX 
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domain of PrtA shows that this domain consists of four parallel 
β-rolls, where two GG repeats coordinate one Ca2+ ion by 
interaction of the side chain of the aspartate residues and the 
carbonyl oxygens of the amino acids forming the repeat. Calcium 

ion binding is implicated in secretion and extracellular folding of 
the protein (Baumann, 2019; Spitz et al., 2019; Hui et al., 2021). 
Unlike PrtA, Las1345 has only one non-canonical RTX repeat, 
GSSGND, located between G370 and D375. It has been hypothesized 

A

B

C

FIGURE 1

Multiple sequence alignment and representative tertiary structure of Las1345. (A) Schematic representation of Las1345 (CLIBASIA_01345). 
Conserved motifs associated with serralysin family protein are shown. HExxHxUGUxH, zinc-binding motif; SxMxY, a Met-turn motif; GGxGxDxUx, 
calcium-binding motif (glycine-rich repeats) where U represents an aliphatic amino acid and X can be any residue; Dxxx, T1SS secretion signal. 
(B) Sequence alignment of the serralysin-like proteins encoded by Candidatus Liberibacter (CaL) asiaticus (CLas) strain psy62 (Las1345, 
WP_015452346); CaL africanum strain PTSAPSY (CLaf_Serralysin, AKK19938.1); CaL solanacearum strain ZC1 (CLsoB_Serralysin, WP_013461860); 
Serratia marcescens (PrtA, CAA39139.1); S. liquefaciens strain FK01 (Ser1, BAK39731) and Dickeya chrisantemy strain B374 (PrtC; PDB 1K7I_A). 
Alignment was obtained by ClustalW and Multaline. Low consensus alignment (50%) is shown in blue letters while high consensus alignment (90%) 
is shown in red. Protein domains were identified by Pfam. Protein domains, showing the metalloprotease sequence (HExxHxxGxxHP) motif, the 
met-turn (SxMSYF/W) motif, the four RTX repeats (the classic, GGxGxD and the divergent, GSxGxD) and the ABC exporter motif (Dxxx) are 
indicated in boxes. (C) Tertiary structure of Las1345 domains based on a homology model derived from PrtA structure (PBD ID 1sat.1; Baumann, 
1994; QMEANG 0.65 ± 0.5). The N terminal Zn-binding domain and the RTX β-rolls are colored in rainbow. Zinc and calcium ions are represented 
by gray and green spheres, respectively.
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that this consensus motif, instead of the typical nonapeptide 
repeat, may also be considered as a potential binding site for Ca2+ 
(Linhartová et al., 2010). Interestingly, the GSSGND motif in the 
RTX domain of Las1345 also folds in a right-handed β-roll (GSS) 
and connects a short strand as in PrtA. However, this RTX repeat 
is not recognized as a Ca2+ binding site by the modeling server 
(Figure  1C). Moreover, prior to the predicted non-cleaved 
C-terminal T1SS secretion signal (DFS) for serralysins, Las1345 
exhibits a duplicated 84-residue sequence (Figure 1B).

These differences between Las1345 and characterized 
serralysins such as PrtA may influence Las1345 secretion via the 
T1SS and extracellular folding. However, the metzincin-type 
metalloprotease domain and the non-classical RTX repeats still 
supports the possibility of protease activity in Las1345.

Las1345 has protease activity in the 
cytoplasm of rhizobium leguminosarum 
and Serratia marcescens

CaL is a member of the order Rhizobiales and it is 
phylogenetically related to the Rhizobium-type genus (Young 
et al., 2001; Duan et al., 2009; Kuykendall et al., 2012a). In order 
to study the putative secretion of Las1345, the symbiont 
R. leguminosarum was used as surrogate model, considering the 
T1SS similarity between CaL spp. and Rhizobium (Duan et al., 
2009; Kuykendall et al., 2012a). We first evaluated the putative 
secretion of Las1345 using cell fractionation in R. leguminosarum 
bv. viciae strain A34 (A34; Figure 2A). RapA1, an extracellular 
T1SS-secreted and surfaced associated protein from 
R. leguminosarum (Vozza et  al., 2016) and the bacterial 
intracellular G6PD protein (Giró et  al., 2006) were used as 
subcellular fractionation controls. An N-terminal His-tagged 
version of Las1345 (HisLas1345) was only detected in the cellular 
fraction of R. leguminosarum, suggesting either that the 
C-terminal domain of this protein is not recognized by the inner 
membrane ABC transporter of the T1SS of R. leguminosarum or 
that the N-terminal tag prevents Las1345 secretion to the 
extracellular medium (Figure 2A). Interestingly, accumulation of 
HisLas1345  in cellular fraction correlated with an increased 
protease activity, measured using azocasein as substrate 
(Figure 2B). To discard a tag-effect during the secretion process, 
an untagged version of Las1345 was expressed in R. leguminosarum 
and protease activity was measured in the supernatant fraction. In 
both tagged and untagged versions, Las1345 did not increase 
proteolytic activity in the supernatant fraction of A34, suggesting 
that Las1345 might not be  secreted, at least in this surrogate 
system (Figure 2C). Moreover, in both versions of Las1345, an 
increase in proteolytic activity was detected both in the soluble 
and insoluble cellular fractions (CFS and CFI). Interestingly, 
proteolysis was increased by more than 50% in CFS of both 
A34/Las1345 (100 ± 3.15) and A34/HisLas1345 (78.45 ± 3.42) 
compared to the A34/pBBR2 (9.67 ± 2.33) and only 10%–20% in 
CFI (Figure 2C).

As shown in Figure  1, PrtA from S. marcescens shows 
homology with Las1345, mainly in the catalytic domain. 
Therefore, a S. marcescens prtA mutant strain (prtA) was 
transformed with pBBR2::HisLas1345 and pBBR2::Las1345 to 
evaluate Las1345 secretion and its proteolytic activity in this 
surrogate model. prtA complemented by trans expression of 
prtA from the pBBR2::prtA plasmid or transformed with pBBR2 
were used as positive and negative controls, respectively. 
Similarly to the findings observed in Rhizobium, HisLas1345 
was only detected in the cellular fraction of prtA (Figure 3A) in 
contrast with the positive control (PrtA) which was detected in 
the supernatant fraction (Figure 3A). As expected, based on the 
cellular localization, protease activity using azocasein as 
substrate was only detected in the CFS fractions of prtA/
HisLas1345- and prtA/Las1345, increasing the proteolytic 
activity as compared to the control (pBBR2; Figure 3B). The 
absence of protease activity in the SF of prtA/Las1345 and prtA/
HisLas1345 (Figure 3C) reinforces the results obtained for the 
serralysin-like protein of CLso in S. liquefaciens (Ravindran 
et  al., 2018). Proteolytic activity of HisLas1345 was also 
confirmed using the purified protein (pHisLas1345) from E. coli 
(Supplementary Figure 1).

Taken together, these results indicate that Las1345 is not 
secreted by bacteria phylogenetically related to CLas, such as 
R. leguminosarum, nor by another surrogate bacterium such 
as S. marcescens. However, this protein shows proteolytic 
activity in the soluble cell fraction when expressed in these 
surrogates. We hypothesize that the long C-terminal region 
and the absence of multiple calcium-binding domains in the 
RTX motif of Las1345 allows this protein to be in its active 
conformation within the cell but hinders secretion to the 
extracellular space.

Las1345 does not compromise plant cell 
integrity

Las1345 secretion to the extracellular medium could not 
be detected in surrogate bacterial models. However, this does 
not rule out Las1345 secretion in CLas via other non-conserved 
secretion pathways, or the putative role of Las1345 inside the 
plant cell. Phenotype changes have been observed via ectopic 
expression of multiple Sec secreted-dependent effectors in 
planta, even though the secretion of these proteins have not 
been demonstrated (Pitino et al., 2016; Clark et al., 2020; Pang 
et al., 2020; Du et al., 2021). Additionally, several extracellular 
metalloproteases from phytopathogenic bacteria, including 
AprA and Prt2/3, take part in modulating the plant immune 
defense, particularly through processes associated with plant 
cell wall degradation (Dow et al., 1990, 1993; Pel et al., 2014). 
Thus, observing whether Las1345 affects or not the plant cell in 
the hypothetical case that it could be secreted, could help to 
gain insight into the real scenario where Las1345 is functional. 
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To explore the effect that Las1345 expression could eventually 
have in plant tissues, N. benthamiana leaves were infiltrated 
with an Agrobacterium culture harboring 35S-directed untagged 
and C-terminal tagged versions of Las1345. No phenotypic 
change between N. benthamiana plants expressing Las1345 
constructs (35S::Las1345GFP or 35S::Las1345) and the control 
(35S,GFP) were observed. Moreover, plant cell integrity and 
conductivity were not affected by Las1345 expression in planta 
(Figure 4A), suggesting that cellular membrane damage is not 
taking place in N. benthamiana leaves when Las1345 is 

expressed. Fluorescence microscopy analyzes showed that 
Las1345GFP co-localizes with the plasma membrane dye FM 
4–64, indicating that Las1345 is localized in these subcellular 
structures of the plant cell, particularly correlated with discrete 
cytosolic structures as a result of plasma membrane 
internalization (Figure  4B). Interestingly, no increase in 
protease activity was detected in Las1345-expressing tissues 
(Figure  4C). These results suggest that the intracellular 
environment in the leaf tissue is not favorable for the intrinsic 
proteolytic activity of Las1345.

A B

C

FIGURE 2

Las1345 has intracellular protease activity in Rhizobium leguminosarum. (A) Immunodetection of Las1345 (~75 kDa) in cellular (CF) and supernatant 
cell free fraction (SF) from Rhizobium leguminosarum A34 (A34) cells expressing Las1345, HisLas1345 or transformed with the empty vector 
(pBBR2), grown for 16 h at 30°C. Rhizobium adhering protein A1 (RapA1, ~36 kDa) and Glucose-6-phosphate dehydrogenase (G6PD, ~55 kDa) were 
used as extracellular and intracellular controls, respectively. (B) Protease activity in SF from A34 cultures (C), Protease activity in soluble and 
insoluble CF (CFS and CFI) from A34 cultures. The relative activity was expressed as the percentage of activity detected with respect to the 
maximum protease activity in the assay. Values are expressed as means ± standard deviations from six independent biological replicates. Different 
letters indicate significant differences at p < 0.05 (one-way analysis of variance, Tukey’s test).
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Las1345 affects cell motility and 
components of the extracellular matrix in 
the phytopathogen Xanthomonas 
campestris pv. campestris

Although growth was similar between Las1345-expressing 
R. leguminosarum and S. marcescens and the same bacterial strains 
transformed with empty pBRR2 plasmids, morphological 
characteristics of colonies on the surface of agar-solidified media 
were different (Supplementary Figure 2). Differences in colony 
phenotypes were also observed when Las1345 was expressed into 
the phytopathogenic bacteria Xcc, whereas again both control and 
Las1354-expressing bacteria exhibit similar growth kinetics. 
Las1345-expressing Xcc developed dull and dry colonies with 
slightly thin edges, characteristic of defective cell motility, as 
compared with the smooth and thick-edges colonies found in the 
control (Figure 5A). This phenotype resembles that of Xanthomonas 
mutants deficient in the production of xanthan, the main EPS 
produced by xanthomonads, which affect the extracellular matrix 
and biofilm development (Yun et al., 2006; Rigano et al., 2007; 
Torres et al., 2007; Malamud et al., 2011). The Xcc/Las1345 colony 
phenotype, together with the fact that the proteolytic activity was 
also detected in the CF of Xcc/Las1345 (Supplementary Figure 3), 
lead to the hypothesis that the proteolytic activity may influence 
the assembly or the structure of the extracellular matrix. 
Accordingly, significant differences in EPS production were 
observed between Xcc/pBRR2 and Xcc/Las1345 (8.66 ± 3.04 g/g wet 
cell and 3.26 ± 1.81 g/g wet cell, p < 0.05) when grown in liquid 
medium (Figure 5B). EPS xanthan contribute to cell motility, cell-
to-cell aggregation, bacterial fitness, and virulence in many 
different Xanthomonas species (Yun et al., 2006; Rigano et al., 2007; 
Torres et al., 2007; Malamud et al., 2011, 2013; Yaryura et al., 2015; 
An et al., 2020). This prompted us to study the effect(s) of Las1345 
expression in the extracellular matrix of Xcc.

Bacterial motility is mainly controlled by the flagella which is 
responsible for swimming and swarming (Nakamura and 
Minamino, 2019). Another type of cell motility, sliding, is a 
flagella-independent type motility in which xanthan acts as a 
surfactant or surface-wetting agent to facilitate the movement of 
bacterial cells (Murray and Kazmierczak, 2008; Malamud et al., 
2011). Therefore, we  hypothesized that the differential 
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FIGURE 3

Las1345 protease activity in Serratia marcescens. 
(A) Immunodetection of Las1345 (~75 kDa) in cellular (CF) and 
supernatant cell free fraction (SF) prtA cells from S. marcescens 
expressing Las1345, HisLas1345 or transformed with an empty 
vector (pBBR2), grown for 16 h at 30°C. PrtA (~50 kDa) was 
visualized by Coomassie staining (red arrow) and used as control 
of extracellular secretion (SF). (B) Protease activity in soluble and 
insoluble CF (CFS and CFI) from prtA/pBBR2, prtA/Las1345, prtA/

FIGURE 3  (CONTINUED)

HisLas1345, and prtA/PrtA cells. The relative activity was 
expressed as the percentage of activity detected with respect to 
the maximum protease activity in the assay (C) Protease activity 
in SF from prtA/pBBR2, prtA/Las1345, prtA/HisLas1345, and prtA/
PrtA cells was measured by detecting degradation of milk 
proteins (LB agar-skim milk plate), seen as a halo around the 
colony and by the azocaseinase assay. Values are expressed as 
means ± standard deviations from six independent biological 
replicates. Different letters indicate significant differences at 
p < 0.05 (one-way analysis of variance, Tukey’s test).

(Continued)
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macrocolony phenotype found between Xcc/Las1345 and Xcc/
pBRR2 cells may be associated with differences in motility either 
associated with the flagella or with the formation of the 
extracellular matrix. Motility of Xcc/Las1345 was assayed in 
0.25/0.5% (w/v) agar NYGB over a 2/3-day period. Sliding and 
swarming motility of Xcc was reduced in Las1345-expressing cells 
at 48 h (pBBR2 2.14 ± 0.53 cm vs. Las1345 0.61 ± 0.21 cm, 
p < 0.0001, Student’s t-test), in agreement with the reduced amount 
of EPS xanthan production compared with the Xcc/pBRR2 control 
(Figure 5C). A similar phenotype was observed in a gumB mutant 
of Xanthomonas citri subsp. citri (X. citri), as was reported by 
Malamud et al. (2011). Interestingly, Xcc/Las1345 also displayed 
very little swimming motility at 72 h (pBBR2 6.65 ± 0.0.84 cm vs. 
Las1345 4.31 ± 0.46 cm, p < 0.0001, Student’s t-test). However, Xcc 
gumB mutant showed a swimming motility similar to the wild-
type (Xcc/pBRR2; Figure 5C).

In accordance with these results, the relative expression of 
flagellum assembly-related genes, such as fliE and fliF (Kan et al., 
2018) was significant diminished in Xcc/Las1345 compared with 
control (Xcc/pBRR2). In contrast, the expression levels of flgL 
-associated with the hook structure- were similar between 
Las1345-expressing cells and the control (Figure 5D).

Taken together, all these results suggest that Las1345 
expression influences the characteristics of the bacterial 
extracellular matrix by altering xanthan production, flagellum 
assembly and biofilm development.

Las1345 interfere in cell adhesion, biofilm 
formation and the pathogenesis of 
Xanthomonas campestris pv. campestris

We have previously shown that GFP-labeled Xcc grown in 
chambered cover slides, develop after 2 days microcolonies 
showing intimate lateral interactions, and after 4 days a typical 
biofilm structure (Torres et  al., 2007). Under identical culture 
conditions, we  analyzed the in vitro biofilm tridimensional 
structure of a GFP-labeled strain of Xcc harboring either the 
pBBR2::Las1345 or the pBBR2 empty vector. After 1 day of culture, 
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FIGURE 4

Las1345 expression in plant cells does not affect cell integrity. 
(A) Quantification of cell death in N. benthamiana leaves 
overexpressing GFP, Las1345-GFP, or Las1345 by measurement 
of conductivity at 3 days post agroinfiltration (dpi). Values are 
expressed as mean ± standard deviation of six samples. Each 
sample was obtained from three leaf disks of 1 cm2 collected 
randomly from different agroinfiltrated leaves. Data was analyzed 
by two-way analysis of variance and Tukey’s test at p < 0.05. Each

(Continued)

FIGURE 4  (CONTINUED)

assay was repeated three times. Scale bar, 10 μM. (B) N. 
benthamiana leaves expressing Las1345-GFP (green, white 
arrow) or GFP were imaged by confocal microscopy at 2 days 
post infiltration (dpi). FM4-64 (FM) and DAPI were used to 
distinguish membrane (red, orange arrow) and nucleus (blue, red 
arrow), respectively. Co-localization of GFP and FM is shown in 
yellow. (C) Protease activity using azocasein as substrate in total 
plant protein extracts (50 μg) from N. benthamiana leaves 
overexpressing GFP, Las1345GFP or Las1345 at 2 dpi. Activity is 
expressed as percentage relative to the highest activity value 
obtained among samples. Values are expressed as 
mean ± standard deviation of three samples. Each sample 
contains six disks from different agroinfiltrated leaves. Data was 
analyzed by two-way analysis of variance and Tukey’s test at 
p < 0.05.
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Xcc-GFP expressing Las1345 cells were flattened over the bottom 
and reached the highest z-stacks positions (Las1345; 11828.21 nm 
vs. pBBR2; 5522.50 nm) without any observable attachment as 
opposed to control cells (Xcc-GFP/pBBR2), which were grouped 
at the bottom (lower z-stack) and only contacted the glass surface 
via one cell pole (Figure 6). By day two, Xcc-GFP/Las1345 cells 
shaped a homogenous layer, where few cells are interconnected, 
forming small cellular aggregates separated by extensive water 
spaces. In contrast, Xcc-GFP/pBRR2 cells developed more 
complex structures with heterogeneous sizes and shapes, in which 
bacteria were interconnected side-by-side (Figure  6). Biofilm 
structure parameters, such as biomass (volume per unit area) and 
roughness coefficient (biofilm heterogeneity) were analyzed by 
COMSTAT2. Higher biomass levels were observed in Xcc-GFP/
Las1345 expressing Las1345, indicating an increased cell number 
per slide when compared with Xcc-GFP/pBBR2. The changing in 
the spatial biomass distribution can be associated with alterations 
in the hydrodynamic of Las1345-induced biofilm matrix that may 
result in enhanced availability of nutrient to the cells. In agree with 
this, the roughness coefficient was increased in the control (Xcc-
GFP/pBBR2), showing an intricated biofilm matrix forming 
channel-like structures that may promote a hydrodynamic biofilm 
(Figure 6). Similar biofilm structures were also observed in the 
gumB mutant, as reported previously (Torres et  al., 2007). 
Moreover, by day four of growth, structural changes on Las1345-
expressing Xcc biofilms were associated with differences on the 
extracellular matrix disposition, surrounding cell-to-cell contacts, 
as shown by congo red (red) fluorescence pattern (Figure  6). 
Red-fluorescence signals were barely detected over the highest 
green network developed by Xcc-GFP/Las1345, suggesting that 
other extracellular matrix components, such as amyloid fibers or 
adhesins, were modified by Las1345 expression. In contrast, 
cultures of Xcc-GFP/pBBR2 cells showed extensive red areas at the 
cell boundaries (Figure  6). These results suggest that Las1345 
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FIGURE 5

Las1345 expression reduce xanthan production and cell motility . 
(A), Xanthomonas campestris pv. campestris (Xcc) growth in 
NYGB medium. Values are expressed as means ± standard 
deviation of five biological replicates. This assay was repeated five 
times. Macrocolony phenotype of Las1345-expressing Xcc and

(Continued)

FIGURE 5  (CONTINUED)

the control (Xcc/pBBR2) grown on 1% (w/v) agar NYGB medium 
at 28°C during 48 h. Differences at boundary zone are indicated 
with T-markers. (B) Quantification of xanthan secreted in 
Las1345-expressing Xcc cultures grown for 20 h at 28°C 
compared with control Xcc/pBBR2 and a xanthan deficient 
mutant (gumB). Values are expressed as means ± standard 
deviation of eight biological replicates. Different letters indicate 
significant differences at p < 0.05 (one-way analysis of variance, 
Tukey’s test). This assay was repeated three times. (C) Xcc/
Las1345, Xcc/pBBR2 and gumB cultures were normalized by 
OD600 and inoculated on 0.5% (w/v) agar NYGB medium (sliding/
swarming) and on 0.25% (w/v) agar NYGB medium (swimming). 
Pictures were taken after 48 or 72 h of incubatio at 28°C. Motility 
was measured as colony diameter (cm). Values are expressed as 
means ± standard deviation of 10 biological replicates. 
(D) Quantitative reverse transcription (qPCR) analysis of flagellum 
assembly-related genes (fliE, fliF, and flgL). Fold change of RNA 
levels, normalized to 16 s and relative to Xcc/pBBR2 is shown. 
Values are expressed as means ± standard deviation (SD) of five 
samples (replicates). Asterisks indicates significant differences 
between Xcc/Las1345 and Xcc/pBBR2 at *p < 0.05 (Students t-
test).
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expression in Xcc increases cell aggregates by changing 
extracellular matrix components to remodel biofilm structures.

We hypothesize that Las1345 could degrade intracellular 
precursors of the extracellular matrix, or alter the secretion of 
proteins or EPS to modulate biofilm development, that eventually 

would translate into a switch to a planktonic status, that 
subsequently would favor dispersal of bacteria from the 
biofilm structure.

The presence of plant-associated biofilms is correlated with 
pathogenicity in Xanthomonas. As previously reported  

FIGURE 6

Biofilm architecture of Xanthomonas campestris pv. campestris (Xcc) is disrupted when Las1345 is expressed. GFP-labeled Xcc cells (Xcc-GFP) 
expressing Las1345 (Xcc-GFP/Las1345) were grown in 8-well chambers with a 1-mm thick borosilicate glass containing Y minimal medium and 
visualized at different stages of biofilm formation under confocal laser scanning microscopy for 4 days after inoculation at 28°C. Biofilm structure 
is shown as 2D-images of a single layer in the XY plane at different distances from the bottom well along the Z-axis (0–11898.21 nm) at day 1, 2 
and 4. Green channel shows Xcc-GFP/Las1345 (Las1345) or Xcc-GFP/pBBR2 (pBBR2) cells. At day 1, a detail (right corner) of the biofilm structure 
in Xcc-GFP/Las1345 and control cells is shown. At Day 2, Biomass and Roughness coefficient using COMSTAT 2.0 were calculated. Data is shown 
as means ± standard deviation of three replicates. Asterisks indicate significant differences at p < 0.05 (Student’s t-test). At day 4, biofilm structure is 
showed by GFP (green channel) and Congo red (CR) emission (red channel) to indicate cells and exopolysaccharides production in the 
extracellular matrix, respectively. A detail of the biofilm structures is shown for both strains. C, GFP cells; EPS, exopolysaccharide; M, extracellular 
matrix. Scale bars, 20 μm.
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(Yun et al., 2006; Rigano et al., 2007; Torres et al., 2007; Conforte 
et al., 2019), changes in both structure and quantity of EPS reduce 
virulence in host plants. To further understand whether the 
changes in Xcc biofilm structure as a consequence of Las1345 
expression interfere with disease progression, leaves of A. thaliana 
and N. benthamiana were inoculated with bacterial suspensions 
of Xcc/Las1345 and Xcc/pBBR2. Disease symptoms (water-
soaking and necrosis) were observed in leaves inoculated with 
Xcc/pBBR2 at 3 dpi. In contrast, the disease area was reduced in 

leaves infected with Xcc/Las1345 (Figure 7A). Quantification of 
the bacterial population in planta revealed no significant 
differences between the Xcc/pBBR2 and Xcc/Las1345 strain 
growth until 36 or 48 h post inoculation (hpi), in A. thaliana or 
N. benthamiana, respectively (Figure 7B). However, Xcc/pBBR2 
population gradually increased more than 10 times over the 
following monitoring days, while no Xcc/Las1345 could 
be recovered at soon as 3 dpi. Suppression of the Xcc-associated 
disease development was shown in N. benthamiana leaves infected 
with Xcc gumB mutant (Yun et al., 2006).

As compared with the areas inoculated with Xcc/pBBR2, Xcc/
Las1345-infected areas had less plant cellular membrane damage, 
measured by electrolyte leakage, whereas photosystem II quantum 
efficiency (ϕPSII) was greater (Figures  7C,D), indicating that 
Las1345 expression compromised Xcc-associated 
disease development.

Discussion

The identification of virulence factors that contribute to CLas 
survival both in the plant phloem as well as in the psyllid vector 
is necessary to understand HLB disease. In this work, 
we  approach the function of the CLas serralysin-like protein 
Las1345 using the close relatives R. leguminosarum and 
S. marcescens as surrogate models. Similar to CLso-serralysins 
(Ravindran et  al., 2018), Las1345 did not show extracellular 
proteolytic activity in any of these two systems. Transient 
expression of Las1345 in N. benthamiana leaves did not induce 
phenotypic changes or alterations in the cell membrane either, 
which would otherwise be an indicative of protease activity. These 
facts, together with the absence of proteolytic activity of the 
protein extract from Las1345-expressing N. benthamiana leaves, 
suggest that Las1345 may not act as a protease in the plant cell.

Las1345 and its ortholog in CLso were classified as serralysin-
like proteins mainly based on their N-terminal zinc 
metalloprotease domain. However, they have only one 
non-classical RTX motif (GxxGND) as compared to the four well-
stablished consensus motifs (GGxGxD/N) found in PrtA from 
S. marcescens or Ser from S. liquefaciens. Multiple RTXs are 
needed to maintain an unfolded or loosely-folded state in RTX 
proteins that enables recognition of its secretion signal by T1SS 
(Linhartová et al., 2010). Upon extracellular translocation, RTX 
proteins normally bind Ca2+, in a process that promotes their 
folding and biological activity (Linhartová et  al., 2010; Zhang 
et al., 2012, 2015; Baumann, 2019). Studies in Rickettsia suggests 
that the requirement for secretion is the presence of tandem 
repeats more than the calcium binding, as RTX-ankyrin proteins 
which do not possess calcium binding domains can still be T1SS 
substrates (Jernigan and Bordenstein, 2015). These observations 
indicate that Las1345 could still be a substrate of T1SS, despite not 
containing the canonical RTX-Ca2+ binding motif (Linhartová 
et  al., 2010). However, we  could not detect secretion in two 
surrogate systems. Given the similarities between T1SSs of 
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FIGURE 7

Biofilm modifications induced by Las1345 expression alters 
Xanthomonas campestris pv. campestris (Xcc) virulence. 
(A) Characterization of symptom development induced by 
Las1345-expresing Xcc in host plants. Infection of Arabidopsis 
thaliana and Nicotiana benthamiana with Xcc/Las1345 or Xcc/
pBBR2 (107 CFU/ml) using pressure infiltration. Photos of disease 
symptoms were taken at different days post inoculation (dpi). 
(B) Bacterial population of Xcc transformants in N. benthamiana 
and A. thaliana leaves. Values are expressed as means ± standard 
deviation from five samples. Each sample was obtained from 
three leaf disks of 1 cm2 from different inoculated leaves. 
(C) Quantification of cell death in leaves treated as described in 
(A) by measuring electrolyte leakage (conductivity) at different 
dpi. Values are expressed as means ± standard deviation from six 
samples. Each sample contains three leaf disks of 1 cm2 from 10 
inoculated leaves. (D) Photosystem II quantum efficiency (ϕPSII) 
were measured on inoculated leaf. Values are expressed as 
means ± standard deviation from 15 leaves. Asterisk indicates 
significant differences p < 0.05 (Student’s t-test).
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Gram-negative including CaL spp., our current hypothesis is that 
Las1345 would not be  secreted and would play a role in the 
bacterial cytoplasm. Additionally, Las1345 has an unusually large 
C-terminal tail (~200 aas) after the unique RTX motif that could 
also hinder secretion by T1SSs. In any case, secretion of Las1345 
by CLas cannot be totally discarded as secretion assays using this 
bacterium cannot be performed yet. Interestingly, intracellular 
localization and protease activity in R. leguminosarum and 
S. marcescens suggested a new role for Las1345 in pathogenesis.

Intracellular localization of Las1345 raises a question 
regarding a possible function for this protease in the bacterial cell. 
The higher expression of Las1345 in CLas present in the citrus 
phloem as compared to that in the psyllid vector may be  an 
adaptive response of this bacteria to life in every host. Las1345 
might be  a pathogenicity factor favoring plant colonization 
through the regulation of bacterial intracellular pathways. 
Interestingly, in bacterial surrogate models, expression of Las1345 
form duller and drier microcolonies, compared with the bright 
and dome-shape control colonies. These changes were associated 
with alterations in the extracellular matrix. Biofilm is mainly 
composed of water (97%) and EPS including polysaccharides, 
lipopolysaccharides, nucleic acids, and proteins. Also, extracellular 
proteinaceous bacterial structures such as pili and flagella serve as 
structural elements that contribute to stabilize and strengthen the 
biofilm matrix (Limoli et  al., 2015; Sena-Vélez et  al., 2015). 
Las1345-expressing Xcc produces only 50% of the EPS xanthan 
found normally in Xcc. The flagellum-independent (sliding) 
motility is modulated by the EPS production as was shown in the 
xanthan deficient gumB mutant (Malamud et al., 2011). Here, 
flagella-dependent motility (swimming and swarming) is also 
reduced in Las1345-expressing cells. However, the gumB mutant 
showed a swimming motility similar to that of the wild type, 
suggesting xanthan dependent and independent modulation of 
biofilm for Las1345. Swarming motility is associated with the 
expression of flagella-associated genes in X. citri (Malamud et al., 
2011). CLas genome contains most of the known flagellar genes 
(Duan et al., 2009; Andrade and Wang, 2019). Some of them are 
expressed in Clas-infected leaves (fliF, flgI, flgD and motB) and 
others, particularly those involved in the hook structure (flgK and 
flgL) are preferentially expressed in the psyllid (Yan et al., 2013). 
A similar pattern was observed with genes involved in adherence. 
The Tad (tight adherence) pilin flp3 gene was highly induced in 
psyllids and its expression is under the control of two regulators 
belonging to the LuxR transcriptional factor family. CLas LuxR 
regulators complement biofilm and motility deficiencies in a 
surrogate model (Andrade and Wang, 2019). Despite this pattern 
of expression, CLas does not produce flagella in the phloem (Yan 
et al., 2013; Andrade et al., 2020). The lower expression of flagellar-
related genes in Xcc/Las1345 suggest a function for Las1345 to 
support the flagellum inhibition of CLas in the phloem, to avoid 
triggering of plant defense response. Moreover, the passive 
movement of CLas following the phloem sap way is the dominant 
bacterial movement to colonize the citrus tree (Pandey et al., 2021; 
Raiol-Junior et al., 2021).

Inefficient flagella assembly provokes a reduction of colony 
size in different mesophyll cell-infecting pathogens (Malamud 
et al., 2013; Berleman et al., 2016). On the other hand, flagellated 
phytopathogens suppress flagella expression in plants, to avoid 
plant defense responses (Chatnaparat et al., 2016). Pseudomonas 
syringae utilizes AprA, an extracellular metalloprotease with five 
RTX motifs, to degrade flagellin monomers in the extracellular 
milieu to avoid PTI induction (Bardoel et  al., 2011; Pel et  al., 
2014). Plant cell death, including callose deposition and induction 
of defense genes, was associated with transient expression of CLas 
flagellin in N. benthamiana plants, suggesting that CLas contains 
in its genome factors that can trigger a PTI response (Zou et al., 
2012; Shi et al., 2018). Therefore, the modulation of the expression 
of these factors to avoid PTI is a plausible hypothesis.

CLas cells were observed floating in the phloem-sap without 
attaching by biofilm structures (Kim et al., 2009; Hartung et al., 
2010; Shokrollah et al., 2010; Hilf et al., 2013; Achor et al., 2020). 
In contrast, an EPS-like matrix surrounded individuals and 
clusters of CLso cells was observed in its psyllid-vector (Cicero 
et al., 2016). Genome analysis indicates that CLas has the ability 
to synthesize capsular polysaccharides and surface 
lipopolysaccharides, suggesting that CaL spp. are able to form 
biofilms (Cong et al., 2012; Wulff et al., 2014; Wang et al., 2017). 
In vitro biofilm formation was recently demonstrated in L. crescens 
(Lcr), the only cultured member of the genus (Fagen et al., 2014; 
Padgett-Pagliai et al., 2022). Lcr cell-aggregates were supported on 
a narrow polysaccharide matrix mainly composed by β-glucans 
stained with calcofluor white (Naranjo et al., 2019). The flagellum 
and EPS are also key elements that shape and provide structural 
support for bacterial biofilms in Xanthomonas spp. (Rigano et al., 
2007; Torres et al., 2007; Malamud et al., 2011, 2013). Las1345-
expressing Xcc established cell-to-cell contact without formation 
of a complex matrix which packs cells in channels-like structures. 
Similar biofilm modifications were observed in a xanthan-
deficient mutant of Xcc (Torres et  al., 2007). Additionally, 
modifications of biofilm conformation have been observed in 
mutants that synthesized structural variants of xanthan (Bianco 
et al., 2016). All these observations in a biofilm-forming bacteria 
like Xanthomonas suggest that CLas could somehow develop or 
avoid biofilm structures according to its two biological niches, as 
an strategy to colonize and replicate in each host. In this regard, 
CLas was grown in a biofilm and in the planktonic phase of the 
membrane biofilm reactor but co-cultured with another bacterial 
species, showing the need of CLas to grow in a mutualistic 
relationship with other bacteria according to nutrient 
requirements (Ha et al., 2019).

Our results suggest a new hypothesis for CLas pathogenesis 
where biofilm formation should be avoided in planta to favor CLas 
distribution throughout the citrus phloem. Plant intracellular 
pathogens may inhibit biofilm formation also as a survival 
mechanism to avoid the host defense response. Future studies, 
focused on both structure and composition of extracellular matrix 
using Las1345-expressing L. crescens should contribute to 
understand the lifestyle of CLas in its two hosts.

https://doi.org/10.3389/fmicb.2022.1006962
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Garcia et al. 10.3389/fmicb.2022.1006962

Frontiers in Microbiology 16 frontiersin.org

Data availability statement

The original contributions presented in the study are included 
in the article/Supplementary material, further inquiries can 
be directed to the corresponding authors.

Author contributions

Funding was acquired by MRM, JG, CG, and LG. The work 
was conceptualized by MRM, JG, and LG. LG, MCM, KP-P, and 
PT conducted the research. Data curation and formal analysis 
were performed by LG, MRM, and JG. RB and EGV provided 
mentorship and advice for research. Data curation of the published 
work was done by LG, MRM, and JG. All authors contributed to 
the article and approved the submitted version.

Funding

This work was mainly supported by the Agencia Nacional 
de Promoción Científica y Tecnológica (PICT-2018-03051) to 
MRM and (PICT-2016-3108) to LG, by COST (European 
Cooperation in Science and Technology, COST Action) to JG 
and by the USDA National Institute of Food and Agriculture 
(Plant Biotic Interactions Program; award number 2017-
03060) to CG.

Acknowledgments

We thank Juan Pedro Agostini (Instituto Nacional de 
Tecnología Agropecuaria, Estación Experimental Agropecuaria 

Montecarlo) for provide ethanolic samples of CLas-infected tissue 
and María Victoria Molino for her contribution with S. marcescens-
activity assays. We  also thank Diego Aguirre for technical 
assistance with plant growth and Rodrigo Venna for his assistance 
to perform confocal microscopy and with the analysis of biofilm 
images. We  thank Angeles Zorreguieta and Adriana Krap for 
providing RapA1 and G6PD antibodies, respectively. We  also 
thank Max Dow and Diego Serra for stimulating discussions and 
critical review of the manuscript.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be  found 
online at: https://www.frontiersin.org/articles/10.3389/fmicb. 
2022.1006962/full#supplementary-material

References
Achor, D., Welkerm, S., Ben-Mahmoud, S., Wangm, C., Folimonovam, S. Y., 

Duttm, M., et al. (2020). Dynamics of 'Candidatus Liberibacter asiaticus' movement 
and sieve-pore plugging in citrus sink cells. Plant Physiol. 182, 882–891. doi: 
10.1104/pp.19.01391

Alves, M. N., Cifuentes-Arenas, J. C., Raiol-Junior, L. L., Ferro, J. A., and Peña, L. 
(2021). Early population dynamics of 'Candidatus Liberibacter asiaticus' in susceptible 
and resistant genotypes after inoculation with infected Diaphorina citri feeding on young 
shoots. Front. Microbiol. 12:683923. doi: 10.3389/fmicb.2021.683923

An, A.-Q., Potnis, N., Dow, J. M., Vorhölter, F.-J., He, Y.-Q., Becker, A., et al. 
(2020). Mechanistic insights into host adaptation, virulence and epidemiology of 
the phytopathogen Xanthomonas. FEMS Microbiol. Rev. 44, 1–32. doi: 10.1093/
femsre/fuz024

Andrade, M. O., Pang, Z., Achor, D. S., Wang, H., Yao, T., Singer, B. H., et al. 
(2020). The flagella of 'Candidatus Liberibacter asiaticus' and its movement in 
planta. Mol. Plant Pathol. 21, 109–123. doi: 10.1111/mpp.12884

Andrade, M. O., and Wang, N. (2019). The tad pilus apparatus of 'Candidatus 
Liberibacter asiaticus' and its regulation by Vis NR. Mol. Plant-Microbe Interact. 32, 
1175–1187. doi: 10.1094/MPMI-02-19-0052-R

Bardoel, B. W., van der Ent, S., Pel, M. J., Tommassen, J., Pieterse, C. M., and van 
Kessel, et al.,  (2011). Pseudomonas evades immune recognition of flagellin in both 
mammals and plants. PLoS Pathog. 7:e1002206. doi: 10.1371/journal.ppat.1002206

Barnett, M. J., Solow-Cordero, D. E., and Long, S. R. (2019). A high-throughput 
system to identify inhibitors of Candidatus Liberibacter asiaticus transcription 

regulators. Proc. Natl. Acad. Sci. U. S. A. 116, 18009–18014. doi: 10.1073/
pnas.1905149116

Bassanezi, R. B., Lopes, S. A., de Miranda, M. P., Wulff, N. A., Volpe, H. X. L., and 
Ayres, A. J. (2020). Overview of citrus Huanglongbing spread and management 
strategies in Brazil. Trop. Plant Pathol. 45, 251–264.

Baumann, U. (1994). Crystal structure of the 50 kDa metallo protease from 
Serratia marcescens. J. Mol. Biol. 242, 244–251. doi: 10.1006/jmbi.1994.1576

Baumann, U. (2019). Structure–function relationships of the repeat domains of 
RTX toxins. Toxins. 11:657. doi: 10.3390/toxins11110657

Berleman, J. E., Zemla, M., Remis, J. P., Liu, H., Davis, A. E., Worth, A. N., et al. 
(2016). Exopolysaccharide microchannels direct bacterial motility and organize 
multicellular behavior. ISME J. 10, 2620–2632. doi: 10.1038/ismej.2016.60

Bianco, M. I., Toum, L., Yaryura, P. M., Mielnichuk, N., Gudesblat, G. E., 
Roeschlin, R., et al. (2016). Xanthan pyruvilation is essential for the virulence of 
Xanthomonas campestris pv. Campestris. Mol. Plant Microbe Interact 29, 688–699. 
doi: 10.1094/MPMI-06-16-0106-R

Boava, L. P., Cristofani-Yaly, M., and Machado, M. (2017). Physiologic, anatomic, 
and gene expression changes in citrus sunki, Poncirus trifoliata and their hybrids 
after Liberibacter asiaticus infection. Phytopathology 107, 590–599. doi: 10.1094/
PHYTO-02-16-0077-R

Bové, J. M. (2006). Huanglongbing: a destructive, newly-emerging, century-old 
disease of citrus. J. Plant Pathol. 88, 7–37.

https://doi.org/10.3389/fmicb.2022.1006962
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1006962/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1006962/full#supplementary-material
https://doi.org/10.1104/pp.19.01391
https://doi.org/10.3389/fmicb.2021.683923
https://doi.org/10.1093/femsre/fuz024
https://doi.org/10.1093/femsre/fuz024
https://doi.org/10.1111/mpp.12884
https://doi.org/10.1094/MPMI-02-19-0052-R
https://doi.org/10.1371/journal.ppat.1002206
https://doi.org/10.1073/pnas.1905149116
https://doi.org/10.1073/pnas.1905149116
https://doi.org/10.1006/jmbi.1994.1576
https://doi.org/10.3390/toxins11110657
https://doi.org/10.1038/ismej.2016.60
https://doi.org/10.1094/MPMI-06-16-0106-R
https://doi.org/10.1094/PHYTO-02-16-0077-R
https://doi.org/10.1094/PHYTO-02-16-0077-R


Garcia et al. 10.3389/fmicb.2022.1006962

Frontiers in Microbiology 17 frontiersin.org

Bruna, R. E., Molino, M. V., Lazzaro, M., Mariscotti, J. F., and Garcia Vescovi, E. 
(2018). Cpx R-dependent thermoregulation of Serratia marcescens Prt a 
metalloprotease expression and its contribution to bacterial biofilm formation. J. 
Bacteriol. 200, e00006–e00018. doi: 10.1128/JB.00006-18

Chaban, B., Hughes, H. V., and Beeby, M. (2015). The flagellum in bacterial 
pathogens: for motility and a whole lot more. Semin. Cell Dev. Biol. 46, 91–103. doi: 
10.1016/j.semcdb.2015.10.032

Chatnaparat, T., Prathuangwong, S., and Lindow, S. E. (2016). Global pattern of 
gene expression of Xanthomonas axonopodis pv. Glycines within soybean leaves. 
Mol. Plant Microbe Interact 29, 508–522. doi: 10.1094/MPMI-01-16-0007-R

Chen, Q., Min, A., Luo, S., He, J., Wu, R., Lin, X., et al. (2022). Metabolomic 
analysis revealed distinct physiological responses of leaves and roots to 
Huanglongbing in a citrus rootstock. Int. J. Mol. Sci. 23:9242. doi: 10.3390/
ijms23169242

Chiesa, M. A., Roeschlin, R. A., Favaro, M. A., Uviedo, F., Campos-Beneyto, L., 
and D’Andrea, R.y col. (2019). Plant responses underlying nonhost resistance of 
Citrus limon against  Xanthomonas campestris pv. campestris. Mol. Plant Pathol. 20, 
254–269. doi: 10.1111/mpp.12752

Cicero, J. M., Fisher, T. W., and Brown, J. K. (2016). Localization of 'Candidatus 
Liberibacter solanacearum' and evidence for surface appendages in the potato 
psyllid vector. Phytopathology 106, 142–154. doi: 10.1094/PHYTO-04-15- 
0088-R

Clark, K., Franco, J. Y., Schwizer, S., Pang, Z., Hawara, E., Liebrand, T. W. H., et al. 
(2018). An effector from the Huanglongbing-associated pathogen targets citrus 
proteases. Nat. Commun. 9:1718. doi: 10.1038/s41467-018-04140-9

Clark, K. J., Pang, Z., Trinh, J., Wang, N., and Ma, W. (2020). Sec-delivered effector 
1 (SDE1) of 'Candidatus Liberibacter asiaticus' promotes citrus Huanglongbing. 
Mol. Plant-Microbe Interact. 33, 1394–1404. doi: 10.1094/MPMI-05-20-0123-R

Conforte, V. P., Yaryura, P. M., Bianco, M. I., Rodríguez, M. C., Daglio, Y., 
Prieto, E., et al. (2019). Changes in the physico-chemical properties of the xanthan 
produced by Xanthomonas citri subsp. citri in grapefruit leaf extract. Glycobiology 
29, 269–278. doi: 10.1093/glycob/cwy114

Cong, Q., Kinch, L. N., Kim, B. H., and Grishin, N. V. (2012). Predictive sequence 
analysis of the 'Candidatus Liberibacter asiaticus' proteome. PLoS One 7:e41071. doi: 
10.1371/journal.pone.0041071

Corpet, F. (1988). Multiple sequence alignment with hierarchical clustering. 
Nucleic Acids Res. 16, 10881–10890. doi: 10.1093/nar/16.22.10881

Curtis, M. D., and Grossniklaus, U. (2003). A gateway cloning vector set for high-
throughput functional analysis of genes in planta. Plant Physiol. 133, 462–469. doi: 
10.1104/pp.103.027979

Da Graça, J. V., Douhan, G. W., Halbert, S. E., Keremane, M. L., Lee, R. F., 
Vidalakis, G., et al. (2016). Huanglongbing: An overview of a complex patosystem 
ravaging the world's citrus. J. Integr. Plant Biol. 58, 373–387. doi: 10.1111/jipb. 
12437

Daniels, M., Barber, C., Turner, P., Sawczyc, M., Byrde, R., and Fielding, A. (1984). 
Cloning of genes involved in pathogenicity of Xanthomonas campestris pv. 
Campestris using the broad host range cosmid pLAFR1. EMBO J. 3, 3323–3328. doi: 
10.1002/j.1460-2075.1984.tb02298.x

Di Rienzo, J.A., Casanoves, F., Balzarini, M. G., González, L., Tablada, M., and 
Robledo, C. W. (2017). Info stat version 2017. Grupo info stat, FCA, Universidad 
Nacional de Córdoba, Argentina. Available at: http://www.infostat.com.ar (Accessed 
September 29, 2020).

Dow, J. M., Clarke, B. R., Milligan, D. E., Tang, J. L., and Daniels, M. J. (1990). 
Extracellular proteases from Xanthomonas campestris pv. Campestris, the black rot 
pathogen. Appl. Environ. Microbiol. 56, 2994–2998. doi: 10.1128/
aem.56.10.2994-2998.1990

Dow, J. M., Fan, M. J., Newman, M. A., and Daniels, M. J. (1993). Differential 
expression of conserved protease genes in crucifer-attacking pathovars of 
Xanthomonas campestris. Appl. Environ. Microbiol. 59, 3996–4003.

Du, P., Zhang, C., Zou, X., Zhu, Z., Yan, H., Wuriyanghan, H., et al. (2021). 
'Candidatus Liberibacter asiaticus' secretes nonclassically secreted proteins that 
suppress host hypersensitive cell death and induce expression of plant pathogenesis-
related proteins. Appl. Environ. Microbiol. 87, e00019–e00021. doi: 10.1128/
AEM.00019-21

Duan, Y., Zhou, L., Hall, D. G., Li, W., Doddapaneni, H., Lin, H., et al. (2009). 
Complete genome sequence of citrus huanglongbing bacterium, 'Candidatus 
Liberibacter asiaticus' obtained through metagenomics. Mol. Plant-Microbe Interact. 
22, 1011–1020. doi: 10.1094/MPMI-22-8-1011

Earley, K. W., Haag, J. R., Pontes, O., Opper, K., Juehne, T., Song, K., et al. (2006). 
Gateway-compatible vectors for plant functional genomics and proteomics. Plant J. 
45, 616–629. doi: 10.1111/j.1365-313X.2005.02617.x

Enrique, R., Siciliano, F., Favaro, M. A., Gerhardt, N., Roeschlin, R., Rigano, L., 
et al. (2011). Novel demonstration of RNAi in citrus reveals importance of citrus 

callose synthase in defence against Xanthomonas citri subsp. citri. Plant Biotechnol. 
J. 9, 394–407. doi: 10.1111/j.1467-7652.2010.00555.x

Etxeberria, E., Gonzalez, P., Achor, D., and Albrigo, G. (2009). Anatomical 
distribution of abnormally high levels of starch in HLB-affected Valencia orange 
trees. Physiol. Mol. Plant Pathol. 74, 76–83. doi: 10.1016/j.pmpp.2009.09.004

Fagen, J. R., Leonard, M. T., Coyle, J. F., McCullough, C. M., 
Davis-Richardson, A. G., Davis, M. J., et al. (2014). Liberibacter crescens gen. Nov., 
sp. nov., the first cultured member of the genus Liberibacter. Int. J. Syst. Evol. 
Microbiol. 64, 2461–2466. doi: 10.1099/ijs.0.063255-0

Giró, M., Carrillo, N., and Krapp, A. R. (2006). Glucose-6-phosphate 
dehydrogenase and ferredoxin-NADP (H) reductase contribute to damage repair 
during the sox RS response of Escherichia coli. Microbiology 152, 1119–1128. doi: 
10.1099/mic.0.28612-0

Gottwald, T. R. (2010). Current epidemiological understanding of citrus 
Huanglongbing. Annu. Rev. Phytopathol. 48, 119–139. doi: 10.1146/annurev-
phyto-073009-114418

Granato, L. M., Galdeano, D. M., Nathália Da Roz, D. A., Breton, M. C., and 
Machado, M. A. (2019). Callose synthase family genes play an important role in the 
citrus defense response to 'Candidatus Liberibacter asiaticus'. Eur. J. Plant Pathol. 
155, 25–38. doi: 10.1007/s10658-019-01747-6

Ha, P. T., He, R., Killiny, N., Brown, J. K., Omsland, A., Gang, D. R., et al. (2019). 
Host-free biofilm culture of 'Candidatus Liberibacter asiaticus', the bacterium 
associated with Huanglongbing. Biofilms 1:100005. doi: 10.1016/j.
bioflm.2019.100005

Hall, D. G., Albrecht, U., and Bowman, K. D. (2016). Transmission rates of 'Ca. 
Liberibacter asiaticus' by Asian citrus psyllid are enhanced by the presence and 
developmental stage of citrus flush. J. Econ. Entomol. 109, 558–563. doi: 10.1093/
jee/tow009

Hartung, J. S., Paul, C., Achor, D., and Brlansky, R. H. (2010). Colonization of 
dodder, Cuscuta indecora, by 'Candidatus Liberibacter asiaticus' s and ca. L. 
americanus. Phytopathology 100, 756–762. doi: 10.1094/PHYTO-100-8-0756

Heydorn, A., Nielsen, A. T., Hentzer, M., Sternberg, C., Givskov, M., Ersbøll, B. K., 
et al. (2000). Quantification of biofilm structures by the novel computer program 
COMSTAT. Microbiol. Read. Engl. 146, 2395–2407.

Hilf, M. E., Sims, K. R., Folimonova, S. Y., and Achor, D. S. (2013). Visualization 
of 'Candidatus Liberibacter asiaticus' cells in the vascular bundle of citrus seed coats 
with fluorescence in situ hybridization and transmission electron microscopy. 
Phytopathology 103, 545–554. doi: 10.1094/PHYTO-09-12-0226-R

Hui, X., Chen, Z., Zhang, J., Lu, M., Cai, X., Deng, Y., et al. (2021). Computational 
prediction of secreted proteins in gram-negative bacteria. Comput. Struct. 
Biotechnol. J. 19, 1806–1828. doi: 10.1016/j.csbj.2021.03.019

Ishii, K., Adachi, T., Hamamoto, H., and Sekimizu, K. (2014). Serratia marcescens 
suppresses host cellular immunity via the production of an adhesion-inhibitory 
factor against immunosurveillance cells. J. Biol. Chem. 289, 5876–5888. doi: 10.1074/
jbc.M113.544536

Jain, M., Cai, L., Fleites, L., Munoz-Bodnar, A., Davis, M., and Gabriel, D. (2019). 
Liberibacter crescens is a cultured surrogate for functional genomics of uncultured 
pathogenic Candidatus Liberibacter spp. and is naturally competent for 
transformation. Phytopathology 109, 1811–1819. doi: 10.1094/PHYTO-04-19-0129-R

Jernigan, K. K., and Bordenstein, S. R. (2015). Tandem-repeat protein domains 
across the tree of life. Peer J. 3:e732. doi: 10.7717/peerj.732

Johnson, E. G., Wu, J., Bright, D. B., and Graham, J. H. (2014). Association of 
‘Candidatus Liberibacter asiaticus’ root infection, but not phloem plugging with root 
loss on Huanglongbing-affected trees prior to appearance of foliar symptoms. Plant 
Pathol. 63, 290–298. doi: 10.1111/ppa.12109

Kan, J., An, L., Wu, Y., Long, J., Song, L., Fang, R., et al. (2018). A dual role for 
proline iminopeptidase in the regulation of bacterial motility and host immunity. 
Mol. Plant Pathol. 19, 2011–2024. doi: 10.1111/mpp.12677

Kim, J. S., Sagaram, U. S., Burns, J. K., Li, J. L., and Wang, N. (2009). Response of 
sweet orange (Citrus sinensis) to 'Candidatus Liberibacter asiaticus' infection: 
microscopy and microarray analyses. Phytopathology 99, 50–57. doi: 10.1094/
PHYTO-99-1-0050

Koh, E. J., Zhou, L., Williams, D. S., Park, J., Ding, N., Duan, Y. P., et al. (2012). 
Callose deposition in the phloem plasmodesmata and inhibition of phloem 
transport in citrus leaves infected with 'Candidatus Liberibacter asiaticus'. 
Protoplasma 249, 687–697. doi: 10.1007/s00709-011-0312-3

Kovach, M. E., Elzer, P. H., Hill, D. S., Robertson, G. T., Farris, M. A.,  Roop, R. M. 
2nd, et al. (1995). Four new derivatives of the broad-host-range cloning vector 
pBBR1MCS, carrying different antibiotic-resistance cassettes. Gene 166, 175–176. 
doi: 10.1016/0378-1119(95)00584-1

Kraiselburd, I., Alet, A.I., Tondo, M.L., Petrocelli, S., Daurelio, L.D., Monzón, J., 
Ruiz, O.A., Losi, A., and Orellano, E.G. (2012). A LOV protein modulates the 
physiological attributes of Xanthomonas axonopodis pv. Citri relevant for host plant 
colonization. PLoS One 7:e38226. doi:10.1371/journal.pone.0038226, 7.

https://doi.org/10.3389/fmicb.2022.1006962
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1128/JB.00006-18
https://doi.org/10.1016/j.semcdb.2015.10.032
https://doi.org/10.1094/MPMI-01-16-0007-R
https://doi.org/10.3390/ijms23169242
https://doi.org/10.3390/ijms23169242
https://doi.org/10.1111/mpp.12752
https://doi.org/10.1094/PHYTO-04-15-0088-R
https://doi.org/10.1094/PHYTO-04-15-0088-R
https://doi.org/10.1038/s41467-018-04140-9
https://doi.org/10.1094/MPMI-05-20-0123-R
https://doi.org/10.1093/glycob/cwy114
https://doi.org/10.1371/journal.pone.0041071
https://doi.org/10.1093/nar/16.22.10881
https://doi.org/10.1104/pp.103.027979
https://doi.org/10.1111/jipb.12437
https://doi.org/10.1111/jipb.12437
https://doi.org/10.1002/j.1460-2075.1984.tb02298.x
http://www.infostat.com.ar
https://doi.org/10.1128/aem.56.10.2994-2998.1990
https://doi.org/10.1128/aem.56.10.2994-2998.1990
https://doi.org/10.1128/AEM.00019-21
https://doi.org/10.1128/AEM.00019-21
https://doi.org/10.1094/MPMI-22-8-1011
https://doi.org/10.1111/j.1365-313X.2005.02617.x
https://doi.org/10.1111/j.1467-7652.2010.00555.x
https://doi.org/10.1016/j.pmpp.2009.09.004
https://doi.org/10.1099/ijs.0.063255-0
https://doi.org/10.1099/mic.0.28612-0
https://doi.org/10.1146/annurev-phyto-073009-114418
https://doi.org/10.1146/annurev-phyto-073009-114418
https://doi.org/10.1007/s10658-019-01747-6
https://doi.org/10.1016/j.bioflm.2019.100005
https://doi.org/10.1016/j.bioflm.2019.100005
https://doi.org/10.1093/jee/tow009
https://doi.org/10.1093/jee/tow009
https://doi.org/10.1094/PHYTO-100-8-0756
https://doi.org/10.1094/PHYTO-09-12-0226-R
https://doi.org/10.1016/j.csbj.2021.03.019
https://doi.org/10.1074/jbc.M113.544536
https://doi.org/10.1074/jbc.M113.544536
https://doi.org/10.1094/PHYTO-04-19-0129-R
https://doi.org/10.7717/peerj.732
https://doi.org/10.1111/ppa.12109
https://doi.org/10.1111/mpp.12677
https://doi.org/10.1094/PHYTO-99-1-0050
https://doi.org/10.1094/PHYTO-99-1-0050
https://doi.org/10.1007/s00709-011-0312-3
https://doi.org/10.1016/0378-1119(95)00584-1
https://doi.org/10.1371/journal.pone.0038226


Garcia et al. 10.3389/fmicb.2022.1006962

Frontiers in Microbiology 18 frontiersin.org

Kuykendall, L. D., Shao, J. Y., and Hartung, J. S. (2012a). Conservation of gene 
order and content in the circular chromosomes of 'Candidatus Liberibacter asiaticus' 
and other Rhizobiales. PloS One 7:e34673. doi: 10.1371/journal.pone.0034673

Kuykendall, L. D., Shao, J. Y., and Hartung, J. S. (2012b). 'Candidatus Liberibacter 
asiaticus' proteins orthologous with pSymA-encoded proteins of Sinorhizobium 
meliloti: hypothetical roles in plant host interaction. PLoS One 7:e38725. doi: 
10.1371/journal.pone.0038725

Lee, D. J., Lee, J. B., Jang, H. A., Ferrandon, D., and Lee, B. L. (2017). An 
antimicrobial protein of the Riptortus pedestris salivary gland was cleaved by a 
virulence factor of Serratia marcescens. Dev. Comp. Immunol. 67, 427–433. doi: 
10.1016/j.dci.2016.08.009

Li, W., Cong, Q., Pei, J., Kinch, L. N., and Grishin, N. V. (2012). The ABC 
transporters in 'Candidatus Liberibacter asiaticus'. Proteins 80, 2614–2628. doi: 
10.1002/prot.24147

Li, S., Wu, F., Duan, Y., Singerman, A., and Guan, Z. (2020). Citrus greening: 
management strategies and their economic impact. Hort. Sci. Horts. 55, 604–612. 
doi: 10.3389/fpls.2021.833328

Limoli, D. H., Jones, C. J., Wozniak, D. J., and Cruz, S. (2015). Bacterial 
extracellular polysaccharides in biofilm formation and function. Microbiol. Spectr. 
3, 1–30. doi: 10.1128/microbiolspec.MB-0011-2014

Lin, H., Pietersen, G., Han, C., Read, D. A., Lou, B., Gupta, G., et al. (2015). 
Complete genome sequence of 'Candidatus Liberibacter africanus', a bacterium 
associated with citrus Huanglongbing. Genome Announc. 22, 1011–1020. doi: 
10.1094/mpmi-22-8-1011

Linhartová, I., Bumba, L., Mašín, J., Basler, M., Osička, R., and Kamanová, et al.,  
(2010). RTX proteins: a highly diverse family secreted by a common mechanism. 
FEMS Microbiol. Rev. 34, 1076–1112. doi: 10.1111/j.1574-6976.2010.00231.x

Lopes, S. A., and Cifuentes-Arenas, J. C. (2021). Protocol for successful 
transmission of 'Candidatus Liberibacter asiaticus' from citrus to citrus using 
Diaphorina citri. Phytopathology 111, 2367–2374. doi: 10.1094/
PHYTO-02-21-0076-R

Malamud, F., Homem, R. A., Conforte, V. P., Yaryura, P. M., Castagnaro, A. P., 
Marano, M. R., et al. (2013). Identification and characterization of biofilm 
formation-defective mutants of Xanthomonas citri subsp. citri. Microbiology 159, 
1911–1919. doi: 10.1099/mic.0.064709-0

Malamud, F., Torres, P. S., Roeschlin, R., Rigano, L. A., Enrique, R., Bonomi, H. R., 
et al. (2011). The Xanthomonas axonopodis pv. Citri flagellum is required for mature 
biofilm and canker development. Microbiology 157, 819–829. doi: 10.1099/
mic.0.044255-0

Martinelli, F., and Dandekar, A. M. (2017). Genetic mechanisms of the devious 
intruder Candidatus Liberibacter in citrus. Front. Plant Sci. 8:904. doi: 10.3389/
fpls.2017.00904

Murray, T. S., and Kazmierczak, B. I. (2008). Pseudomonas aeruginosa exhibits 
sliding motility in the absence of type IV pili and flagella. J. Bacteriol. 190, 
2700–2708. doi: 10.1128/JB.01620-07

Nakamura, S., and Minamino, T. (2019). Flagella-driven motility of bacteria. 
Biomol. Ther. 9:279. doi: 10.3390/biom9070279

Naranjo, E., Merfa, M. V., Ferreira, V., Jain, M., Davis, M. J., Bahar, O., et al. (2019). 
Liberibacter crescens biofilm formation in vitro: establishment of a model system 
for pathogenic Candidatus Liberibacter spp. Sci. Rep. 9:5150. doi: 10.1038/
s41598-019-41495-5

Oh, J., Kim, J. G., Jeon, E., Yoo, C. H., Moon, J. S., Rhee, S., et al. (2007). 
Amyloidogenesis of type III-dependent harpins from plant pathogenic bacteria. J. 
Biol. Chem. 4, 13601–13609. doi: 10.1074/jbc.M602576200

Padgett-Pagliai, K. A., Pagliai, F. A., da Silva, D. R., Gardner, C. L., Lorca, G. L., 
and Gonzalez, C. F. (2022). Osmotic stress induces long-term biofilm survival in 
Liberibacter crescens. BMC Microbiol. 22:52. doi: 10.1186/s12866-022-02453-w

Pagliai, F. A., Gardner, C. L., Bojilova, L., Sarnegrim, A., Tamayo, C., Potts, A. H., 
et al. (2014). The transcriptional activator Ldt R from 'Candidatus Liberibacter 
asiaticus' mediates osmotic stress tolerance. PLoS Pathog. 10:e1004101. doi: 10.1371/
journal.ppat.1004101

Pagliai, F. A., Gardner, C. L., Pande, S. G., and Lorca, G. L. (2010). LVIS553 
transcriptional regulator specifically recognizes novobiocin as an effector molecule. 
J. Biol. Chem. 285, 16921–16930. doi: 10.1074/jbc.M110.111138

Pandey, S. S., Nogales Da Costa Vasconcelos, F., and Wang, N. (2021). 
Spatiotemporal dynamics of 'Candidatus Liberibacter asiaticus' colonization inside 
citrus plant and Huanglongbing disease development. Phytopathology 111, 921–928. 
doi: 10.1094/PHYTO-09-20-0407-R

Pang, Z., Zhang, L., Coaker, G., Ma, W., He, S. Y., and Wang, N. (2020). Citrus 
CsACD2 is a target of 'Candidatus Liberibacter asiaticus' in Huanglongbing disease. 
Plant Physiol. 184, 792–805. doi: 10.1104/pp.20.00348

Pel, M. J., van Dijken, A. J., Bardoel, B. W., Seidl, M. F., van der Ent, S., van 
Strijp, J. A., et al. (2014). Pseudomonas syringae evades host immunity by degrading 

flagellin monomers with alkaline protease Apr a. Mol. Plant-Microbe Interact. 27, 
603–610. doi: 10.1094/MPMI-02-14-0032-R

Pitino, M., Armstrong, C., Cano, L., and Duan, Y. (2016). Transient expression of 
'Candidatus Liberibacter asiaticus' effector induces cell death in Nicotiana 
benthamiana. Front. Plant Sci. 7:982. doi: 10.3389/fpls.2016.00982

Prasad, S., Xu, J., Zhang, Y., and Wang, N. (2016). SEC-translocon dependent 
extracytoplasmic proteins of 'Candidatus Liberibacter asiaticus'. Front. Microbiol. 
7:1989. doi: 10.3389/fmicb.2016.01989

Pulici, J. D. V. S., Murata, M. M., and Johnson, E. G. (2022). Early physiological 
plant response and systemic effects of Huanglongbing infection in split-root plants. 
Phytopathology 112, 1833–1843. doi: 10.1094/PHYTO-07-21-0293-FI

Raiol-Junior, L. L., Cifuentes-Arenas, J. C., de Carvalho, E. V., Girardi, E. A., and 
Lopes, S. A. (2021). Evidence that 'Candidatus Liberibacter asiaticus' moves 
predominantly toward new tissue growth in citrus plants. Plant Dis. 105, 34–42. doi: 
10.1094/PDIS-01-20-0158-RE

Ravindran, A., Saenkham, P., Levy, J., Tamborindeguy, C., Lin, H., Gross, D. C., 
et al. (2018). Characterization of the Serralysin-like gene of 'Candidatus Liberibacter 
solanacearum' associated with potato zebra chip disease. Phytopathology 108, 
327–335. doi: 10.1094/PHYTO-02-17-0064-R

Rigano, L. A., Siciliano, F., Enrique, R., Sendin, L., Filippone, P., Torres, P. S., et al. 
(2007). Biofilm formation, epiphytic fitness, and canker development in 
Xanthomonas axonopodis pv. Citri. Mol. Plant microbe. Interact. 20, 1222–1230. doi: 
10.1094/MPMI-20-10-1222

Rossi, E., Paroni, M., and Landini, P. (2018). Biofilm and motility in response to 
environmental and host-related signals in gram negative opportunistic pathogens. 
J. Appl. Microbiol. 125, 1587–1602. doi: 10.1111/jam.14089

Russo, D. M., Williams, A., Edwards, A., Posadas, D. M., Finnie, C., 
Dankert, M., et al. (2006). Proteins exported via the Prs D-Prs E type I secretion 
system and the acidic exopolysaccharide are involved in biofilm formation by 
rhizobium leguminosarum. J. Bacteriol. 188, 4474–4486. doi: 10.1128/
JB.00246-06

Sánchez, G., Gerhardt, N., Siciliano, F., Vojnov, A., Malcuit, I., and Marano, M. R. 
(2010). Salicylic acid is involved in the Nb-mediated defense responses to potato 
virus X in Solanum tuberosum. Mol. Plant-Microbe Interact. 23, 394–405. doi: 
10.1094/MPMI-23-4-0394

Sena-Vélez, M., Redondo, C., Gell, I., Ferragud, E., Johnson, E., Graham, J. H., 
et al. (2015). Biofilm formation and motility of Xanthomonas strains with different 
citrus host range. Plant Pathol. 64, 767–775. doi: 10.1111/ppa.12311

Serra, O. D., and Hengge, R. (2017) Experimental detection and visualization of 
the extracellular matrix in macrocolony biofilms. Methods Mol. Biol. 1657, 133–145. 
doi: 10.1007/978-1-4939-7240-1_11

Shi, Q., Febres, V. J., Zhang, S., Yu, F., McCollum, G., Hall, D. G., et al. (2018). 
Identification of gene candidates associated with Huanglongbing tolerance, 
using 'Candidatus Liberibacter asiaticus' flagellin 22 as a proxy to challenge 
citrus. Mol. Plant-Microbe Interact. 31, 200–211. doi: 10.1094/
MPMI-04-17-0084-R

Shi, Q., Pitino, M., Zhang, S., Krystel, J., Cano, L. M., Shatters, R. G., et al. (2019). 
Temporal and spatial detection of 'Candidatus Liberibacter asiaticus' putative 
effector transcripts during interaction with Huanglongbing-susceptible, -tolerant, 
and -resistant citrus hosts. BMC Plant Biol. 19:122. doi: 10.1186/s12870-019- 
1703-4

Shokrollah, H., Abdullah, T. L., Sijam, K., and Abdullah, S. N. A. (2010). 
Ultrastructures of 'Candidatus Liberibacter asiaticus' and its damage in 
Huanglongbing (HLB) infected citrus. Afr. J. Biotechnol. 9, 5897–5901.

Siciliano, F., Torres, P., Sendin, L., Bermejo, C., Filippone, P., Vellice, G., et al. 
(2006). Analysis of the molecular basis of Xanthomonas axonopodis pv. Citri 
pathogenesis in Citrus Limon. Electron. J. Biotechnol. 9, 199–204. doi: 10.2225/vol9-
issue3-fulltext-20

Sievers, F., and Higgins, D. G. (2018). Clustal omega for making accurate 
alignments of many protein sequences. Protein Sci. 27, 135–145. doi: 10.1002/
pro.3290

Spitz, O., Erenburg, I. N., Beer, T., Kanonenberg, K., Holland, I. B., and Schmitt, L. 
(2019). Type I secretion systems-one mechanism for all? Microbiol. Spectr. 7:2. doi: 
10.1128/microbiolspec

Thapa, S. P., De Francesco, A., Trinh, J., Gurung, F. B., Pang, Z., Vidalakis, G., et al. 
(2020). Genome-wide analyses of Liberibacter species provides insights into 
evolution, phylogenetic relationships, and virulence factors. Mol. Plant Pathol. 21, 
716–731. doi: 10.1111/mpp.12925

Thomma, B. P., Nurnberger, T., and Joosten, M. H. (2011). Of PAMPs and 
effectors: the blurred PTI-ETI dichotomy. Plant Cell 23, 4–15. doi: 10.1105/
tpc.110.082602

Torres, P. S., Malamud, F., Rigano, L. A., Russo, D. M., Marano, M. R., 
Castagnaro, A. P., et al. (2007). Controlled synthesis of the DSF cell-cell signal is 

https://doi.org/10.3389/fmicb.2022.1006962
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1371/journal.pone.0034673
https://doi.org/10.1371/journal.pone.0038725
https://doi.org/10.1016/j.dci.2016.08.009
https://doi.org/10.1002/prot.24147
https://doi.org/10.3389/fpls.2021.833328
https://doi.org/10.1128/microbiolspec.MB-0011-2014
https://doi.org/10.1094/mpmi-22-8-1011
https://doi.org/10.1111/j.1574-6976.2010.00231.x
https://doi.org/10.1094/PHYTO-02-21-0076-R
https://doi.org/10.1094/PHYTO-02-21-0076-R
https://doi.org/10.1099/mic.0.064709-0
https://doi.org/10.1099/mic.0.044255-0
https://doi.org/10.1099/mic.0.044255-0
https://doi.org/10.3389/fpls.2017.00904
https://doi.org/10.3389/fpls.2017.00904
https://doi.org/10.1128/JB.01620-07
https://doi.org/10.3390/biom9070279
https://doi.org/10.1038/s41598-019-41495-5
https://doi.org/10.1038/s41598-019-41495-5
https://doi.org/10.1074/jbc.M602576200
https://doi.org/10.1186/s12866-022-02453-w
https://doi.org/10.1371/journal.ppat.1004101
https://doi.org/10.1371/journal.ppat.1004101
https://doi.org/10.1074/jbc.M110.111138
https://doi.org/10.1094/PHYTO-09-20-0407-R
https://doi.org/10.1104/pp.20.00348
https://doi.org/10.1094/MPMI-02-14-0032-R
https://doi.org/10.3389/fpls.2016.00982
https://doi.org/10.3389/fmicb.2016.01989
https://doi.org/10.1094/PHYTO-07-21-0293-FI
https://doi.org/10.1094/PDIS-01-20-0158-RE
https://doi.org/10.1094/PHYTO-02-17-0064-R
https://doi.org/10.1094/MPMI-20-10-1222
https://doi.org/10.1111/jam.14089
https://doi.org/10.1128/JB.00246-06
https://doi.org/10.1128/JB.00246-06
https://doi.org/10.1094/MPMI-23-4-0394
https://doi.org/10.1111/ppa.12311
https://doi.org/10.1007/978-1-4939-7240-1_11
https://doi.org/10.1094/MPMI-04-17-0084-R
https://doi.org/10.1094/MPMI-04-17-0084-R
https://doi.org/10.1186/s12870-019-1703-4
https://doi.org/10.1186/s12870-019-1703-4
https://doi.org/10.2225/vol9-issue3-fulltext-20
https://doi.org/10.2225/vol9-issue3-fulltext-20
https://doi.org/10.1002/pro.3290
https://doi.org/10.1002/pro.3290
https://doi.org/10.1128/microbiolspec
https://doi.org/10.1111/mpp.12925
https://doi.org/10.1105/tpc.110.082602
https://doi.org/10.1105/tpc.110.082602


Garcia et al. 10.3389/fmicb.2022.1006962

Frontiers in Microbiology 19 frontiersin.org

required for biofilm formation and virulence in Xanthomonas campestris. Environ. 
Microbiol. 9, 2101–2109. doi: 10.1111/j.1462-2920.2007.01332.x

Toruño, M. T. Y., Stergiopoulos, I., and Coaker, G. (2016). Plant-pathogen 
effectors: cellular probes interfering with plant defenses in spatial and temporal. 
Annu. Rev. Phytopathol. 54, 419–441. doi: 10.1146/annurev-
phyto-080615-100204

Vahling-Armstrong, C. M., Zhou, H., Benyon, L., Morgan, J. K., and Duan, Y. 
(2012). Two plant bacteria, S. meliloti and ca. Liberibacter asiaticus, share functional 
znu ABC homologues that encode for a high affinity zinc uptake system. PLoS One 
7:e37340. doi: 10.1371/journal.pone.0037340

Vojnov, A. A., Zorreguieta, A., Dow, J. M., Daniels, M. J., and Dankert, M. A. 
(1998). Evidence for a role for the gum B and gum C gene products in the  
formation of xanthan from its pentasaccharide repeating unit by Xanthomonas 
campestris. Microbiology 144, 1487–1493. doi: 10.1099/00221287-144-6- 
1487

Vorregaard, M. (2008). Comstat2-A modern 3D image analysis environment for 
biofilms. Technical University of Denmark, DTU, DK-2800 Kgs. Lyngby, 
Denmark.

Vozza, N. F., Abdian, P. L., Russo, D. M., Mongiardini, E. J., Lodeiro, A. R., 
Molin, S., et al. (2016). A rhizobium leguminosarum CHDL- (cadherin-like-) lectin 
participates in assembly and remodeling of the biofilm matrix. Front. Microbiol. 
7:1608. doi: 10.3389/fmicb.2016.01608

Wang, N., Pierson, E. A., Setubal, J. C., Xu, J., Levy, J. G., and Zhang, Y., J. et al. 
(2017). The Candidatus Liberibacter-host interface: insights into pathogenesis 
mechanisms and disease control. Annu. Rev. Phytopathol. 55: 451–482, doi:10.1146/
annurev-phyto-080516-035513.

Wang, Y., Zhou, L., Yu, X., Stover, E., Luo, F., and Duan, Y. (2016). Transcriptome 
profiling of Huanglongbing (HLB) tolerant and susceptible citrus plants reveals the 
role of basal resistance in HLB tolerance. Front. Plant Sci. 7:933. doi: 10.3389/
fpls.2016.00933

Waterhouse, A., Bertoni, M., Bienert, S., Studer, G., Tauriello, G., Gumienny, R., 
et al. (2018). SWISS-MODEL: homology modelling of protein structures  
and complexes. Nucleic Acids Res. 46, 296–303. doi: 10.1093/nar/ 
gky427

Wulff, N. A., Zhang, S., Setubal, J. C., Almeida, N. F., Martins, E. C., Harakava, R., 
et al. (2014). The complete genome sequence of 'Candidatus Liberibacter 
americanus', associated with citrus Huanglongbing. Mol. Plant-Microbe Interact. 27, 
163–176. doi: 10.1094/MPMI-09-13-0292-R

Yan, Q., Sreedharan, A., Wei, S., Wang, J., Pelz-Stelinski, K., Folimonova, S., et al. 
(2013). Global gene expression changes in 'Candidatus Liberibacter asiaticus' during 
the transmission in distinct hosts between plant and insect. Mol. Plant Pathol. 14, 
391–404. doi: 10.1111/mpp.12015

Yan, X., Zhang, Q., Zou, J., He, C., and Tao, J. (2019). Selection of optimized 
reference genes for qRT-PCR normalization in Xanthomonas campestris pv. 
campestris cultured in different media. Curr. Microbiol. 76, 613–619. doi: 10.1007/
s00284-019-01667-y

Yaryura, P. M., Conforte, V. P., Malamud, F., Roeschlin, R., de Pino, V., 
Castagnaro, A. P., et al. (2015). Xbm R, a new transcription factor involved in the 
regulation of chemotaxis, biofilm formation and virulence in Xanthomonas citri 
subsp. citri. Environ. Microbiol. 17, 4164–4176. doi: 10.1111/1462-2920.12684

Ying, X., Wan, M., Hu, L., Zhang, J., Li, H., and Lv, D. (2019). Identification of the 
virulence factors of 'Candidatus Liberibacter asiaticus' via heterologous expression 
in Nicotiana benthamiana using tobacco mosaic virus. Int. J. Mol. Sci. 20:5575. doi: 
10.3390/ijms20225575

Young, J. M., Kuykendall, L. D., Martínez-Romero, E., Kerr, A., and Sawada, H. 
(2001). A revision of rhizobium frank 1889, with an emended description of the genus, 
and the inclusion of all species of agrobacterium conn 1942 and Allorhizobium 
undicola de Lajudie et  al.,, 1998 as new combinations: rhizobium radiobacter, R. 
rhizogenes, R. rubi, R. undicola and R. vitis. Int. J. Syst. Evol. Microbiol. 51, 89–103. doi: 
10.1099/00207713-51-1-89

Yun, M. H., Torres, P. S., El Oirdi, M., Rigano, L. A., Gonzalez-Lamothe, R., 
Marano, M. R., et al. (2006). Xanthan induces plant susceptibility by suppressing 
callose deposition. Plant Physiol. 141, 178–187. doi: 10.1104/pp.105.074542

Zhang, L., Conway, J. F., and Thibodeau, P. H. (2012). Calcium-induced folding 
and stabilization of the Pseudomonas aeruginosa alkaline protease. J. Biol. Chem. 
287, 4311–4322. doi: 10.1074/jbc.M111.310300

Zhang, L., Morrison, A. J., and Thibodeau, P. H. (2015). Interdomain contacts and 
the stability of serralysin protease from Serratia marcescens. PLoS One 10:e0138419. 
doi: 10.1371/journal.pone.0138419

Zou, H., Gowda, S., Zhou, L., Hajeri, S., Chen, G., and Duan, Y. (2012). The 
destructive citrus pathogen, 'Candidatus Liberibacter asiaticus' encodes a functional 
flagellin characteristic of a pathogen-associated molecular pattern. PLoS One 
7:e46447. doi: 10.1371/journal.pone.0046447

COPYRIGHT

© 2022 Garcia, Molina, Padgett-Pagliai, Torres, Bruna, García Véscovi, 
González, Gadea and Marano. This is an open-access article distributed 
under the terms of the Creative Commons Attribution License (CC BY). 
The use, distribution or reproduction in other forums is permitted, 
provided the original author(s) and the copyright owner(s) are credited 
and that the original publication in this journal is cited, in accordance 
with accepted academic practice. No use, distribution or reproduction 
is permitted which does not comply with these terms.

https://doi.org/10.3389/fmicb.2022.1006962
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1111/j.1462-2920.2007.01332.x
https://doi.org/10.1146/annurev-phyto-080615-100204
https://doi.org/10.1146/annurev-phyto-080615-100204
https://doi.org/10.1371/journal.pone.0037340
https://doi.org/10.1099/00221287-144-6-1487
https://doi.org/10.1099/00221287-144-6-1487
https://doi.org/10.3389/fmicb.2016.01608
https://doi.org/10.1146/annurev-phyto-080516-035513
https://doi.org/10.1146/annurev-phyto-080516-035513
https://doi.org/10.3389/fpls.2016.00933
https://doi.org/10.3389/fpls.2016.00933
https://doi.org/10.1093/nar/gky427
https://doi.org/10.1093/nar/gky427
https://doi.org/10.1094/MPMI-09-13-0292-R
https://doi.org/10.1111/mpp.12015
https://doi.org/10.1007/s00284-019-01667-y
https://doi.org/10.1007/s00284-019-01667-y
https://doi.org/10.1111/1462-2920.12684
https://doi.org/10.3390/ijms20225575
https://doi.org/10.1099/00207713-51-1-89
https://doi.org/10.1104/pp.105.074542
https://doi.org/10.1074/jbc.M111.310300
https://doi.org/10.1371/journal.pone.0138419
https://doi.org/10.1371/journal.pone.0046447
http://creativecommons.org/licenses/by/4.0/

	A serralysin-like protein of Candidatus Liberibacter asiaticus modulates components of the bacterial extracellular matrix
	Introduction
	Materials and methods
	Sequence data acquisition and multiple sequence alignment
	Bacterial strains, grow conditions and cloning
	Las1345 expression and purification
	Bacterial cell fractionation
	Immunodetection
	Plant growth and pathogenicity assays
	Agrobacterium-mediated transient expression and protein localization
	Protease assays
	Cell motility and production of the extracellular polysaccharide (EPS) xanthan
	Biofilm analysis by CLSM
	Bacterial RNA extraction, reverse transcription, and quantitative PCR (qPCR)
	Statistical analysis

	Results
	Structural analysis of Las1345 reveals absence of calcium-binding GG repeats in the RTX domains
	Las1345 has protease activity in the cytoplasm of rhizobium leguminosarum and Serratia marcescens
	Las1345 does not compromise plant cell integrity
	Las1345 affects cell motility and components of the extracellular matrix in the phytopathogen Xanthomonas campestris pv. campestris
	Las1345 interfere in cell adhesion, biofilm formation and the pathogenesis of Xanthomonas campestris pv. campestris

	Discussion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

