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Type IV pili, a special class of bacterial surface filaments, are

key behavioral mediators for many important human

pathogens. However, we know very little about the role of these

structures in the lifestyles of plant-associated bacteria. Over

the past few years, several groups studying the extensive

genus of Xanthomonas spp. have gained insights into the roles

of played by type IV pili in bacteria–host interactions and

pathogenesis, motility, biofilm formation, and interactions with

bacteriophages. Protein-protein interaction studies have

identified T4P regulators and these, along with structural

studies, have begun to reveal some of the possible molecular

mechanisms that may control the extension/retraction cycles

of these dynamic filaments.
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Introduction
Bacteria employ a wide range of strategies in order to

survive in complex and ever-changing environments,

both within and outside their hosts. This includes the

production of extracellular hydrolytic enzymes and poly-

saccharides, adhesins and protein secretion systems that

deliver virulence factors. Depending on conditions, cells

have to oscillate between behaviors that involve attach-

ment to surfaces (other bacteria, animal or plant tissue,

inanimate matter) and moving across surfaces or through

the liquid media, either as individual cells or in groups.

One structure particularly important for these individual

and group behaviors is the bacterial type IV pilus (T4P), a

flexible surface filament 4–7 nm in diameter and several
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micrometers in length that can extend, attach to surfaces

and retract, in this way facilitating bacterial movement,

adhesion, orientation and multicellular organization. The

function, structure and regulation of T4P have been

extensively studied in genera such as Pseudomonas, Neis-
seria, Escherichia and Vibrio where they are important

determinants of pathogenesis in human diseases, as well

as in the social bacteria Myxococcus xanthus [1–8]. T4P

have been less studied in plant pathogens, with the main

exceptions being Xylella [9,10] and Xanthomonas species,

both members of the Xanthomonadaceae family. Yellow-

pigmented g-proteobacteria of the genus Xanthomonas
cause diseases in approximately 400 plant species. Pio-

neering works over the past 20 years have addressed some

aspects of pilin gene expression and T4P production in

Xanthomonas spp. [11–14]. The purpose of this review is

to focus on recent studies that have revealed links be-

tween T4P function and Xanthomonas physiology and

virulence as well as insights obtained from biochemical

and structural studies into the molecular mechanisms of

T4P regulation. Finally, we hope that this review will

point to several key questions that urgently need to be

addressed in order to have a more complete understand-

ing of the regulation of this complex molecular machine.

Basic structural features of type IV pili
T4P are molecular nanomachines  (Figure 1a) related to

the ubiquitous type II secretion systems (T2SS) that

translocate folded proteins from the periplasm across

the cellular envelope of Gram-negative bacteria, as well

as archaeal flagella [3,15,16]. In the case of T4P, the

translocation  substrates are principally pilin (PilA) sub-

units that form an extracellular helical polymer. Initially,

prepilin subunits are translocated across the cytoplasmic

(inner) membrane by the Sec system, their signal pep-

tides are removed, subsequently methylated at the N-

terminal Phe residue by the pre-pilin peptidase (PilD)

[17] and the mature pilins are incorporated into the base

of the growing pilus. We know very little about this

process of pilus incorporation (and removal) except that

it requires a so-called ‘inner membrane platform’ formed

by integral proteins PilC, PilN, PilO, PilP and the cyto-

plasmic protein PilM [18] (Figure 1a). This platform

interacts with the pilins and with the two specialized

hexameric ATPases on the cytosolic face of the inner

membrane: PilB and PilT [19,20]. PilB uses the energy of

ATP hydrolysis to catalyze the incorporation of pilin

subunits during pilus polymerization/extension while

PilT catalyzes the removal of pilus subunits during

depolymerization/retraction. One platform component,
www.sciencedirect.com
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Figure 1
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The Xanthomonas type IV pilus. (a) T4P organization and regulation in Xanthomonas species. The T4P secretion machinery is made up of four

subcomplexes: (i) the outer membrane subcomplex formed by the dodecameric ring of PilQ and the pilotin PilF, (ii) the inner membrane platform,

made up of PilC, PilM, PilN, PilO and PilP, (iii) the ATPases PilB, PilT and PilU, and (iv) the pilus filament, a polymer of the major pilin, PilA, and

minor pilins. In Xanthomonas species, T4P pilus biogenesis and function is thought to be regulated in part through a set of protein–protein

interactions between the ATPases PilB, PilT and PilU and proteins containing c-di-GMP signaling domains at the base of the pilus. This hypothesis

is based on interactions between FimX–PilZ–PilB observed in X. citri 306, FimX–PilZ interactions observed in X. campestris pv. campestris 17 and

X. oryzae pv. oryzae, and interactions in X. campestris pv. campestris strain 8004 involving the c-di-GMP specific phosphodiesterase RpfG, two

GGDEF proteins (XC_0249 and XC_0420), a PilZ domain protein (XC_2249) and PilT and PilU. These interaction networks could transmit

intracellular signals (i.e. c-di-GMP) and extracelular signals (i.e. nutritional components, quorum sensing molecules such as DSF, or mechanical

signals) to the regulatory ATPases. Pil proteins are represented by their distinguishing letter labels. Z and Z* are the PilZ domain proteins that

interact with PilB or with PilT/PilU, respectively (see main text). (b) Organization of T4P-related genes in the Xanthomonadaceae family. Genes

coding for T4P structural components and putative regulators are shown in a manner that reflects their organization in operons or gene clusters in

different loci of the bacterial genomes. Specific gene clusters can be intuitively surmised from the gene numbers of X. citri 306 sequences

indicated in the top row. Each row presents the common gene organization pattern observed for a set of representative members of the

www.sciencedirect.com Current Opinion in Microbiology 2016, 30:88–97
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Table 1

Specific conditions correlated with modified type IV pilus-related gene expression in Xanthomonas species

Mutant gene or

growth conditions

Xanthomonas species

and strain

Up-regulated or down-regulated

T4P-related genes

Refs.

pilR X. axonopodis pv. citri XW47 Down-regulated: pilA [14]

rpfF X. citri 306 Down-regulated: pilAXAC3240 in exponential growth phase [45�]

X. campestris pv. campestris XC1 Down-regulated: pilT in middle exponential to early stationary phase [44]

X. hortorum pv. pelargonii Down-regulated: pilC and pilT in early stage of infection [46�]

rpfC X. hortorum pv. pelargonii Down-regulated: pilC and pilT in early stage of infection [46�]

rpfG X. citri 306 Up-regulated: pilMXAC3385 in exponential growth phase [45�]

In planta vs liquid culture X. citri 306 Up-regulated: pilAXAC3241

Down-regulated: pilAXAC3240, xac3805a
[26��]

Up-regulated: pilDXAC3243, pilMXAC3385 and pilEXAC2664 [70]

Epiphytic vs liquid culture X. citri 306 Up-regulated: pilAXAC3241

Little or no change: pilAXAC3240, xac3805a
[26��]

a The genes coding for XC_3823 and XAC3805 were originally annotated as pilA. However, major pilin pilA genes are normally found in a locus that

also contains the pilS, pilR, pilB, pilC and pilD genes (Figure 1b), which is not the case for XC_3823 and XAC3805. The annotated GTG start codons of

these genes are preceded by 106 in-frame codons that are well conserved in XC_3823/XAC3805 homologs in Xanthomonadaceae species. The N-

terminal half of this extension (approximately 50 amino acids) corresponds to Pfam DUF4339, a domain of unknown function conserved in bacteria,

archaea, and eukaryotes. Therefore, XC_3823, XAC3805 and their homologs are not PilA orthologs, but rather should be viewed as paralogs that may

exert regulatory effects, possibly as minor pilins [26��].
PilP, a periplasmic inner membrane lipoprotein [21]

interacts with PilQ, the T4P secretin, a dodecameric

ring that creates a passage for the growing pilus to pass

through the bacterial outer membrane [22�] (Figure 1a).

In addition to the major pilin, minor pilins or pseudopi-

lins participate in the priming of pilus assembly and

may also be incorporated into the pilus fibre to modulate

characteristics such as adhesion  specificity, pilus length

and the balance between pilus extension and retraction

[23,24].

Type IV pilus genes and type IV pilus detection
in Xanthomonas species
Most Xanthomonas spp. genomes sequenced to date code

for homologs of all of the core structural components and

transcription regulators of T4P biogenesis and function.

As in other bacteria, these genes are arranged in clusters

scattered throughout the bacterial genome (Figure 1b).

Most Xanthomonas genomes code for two major pilin

homologs coded in tandem in a cluster that also contains

the pilS, pilR, pilB, pilC and pilD genes. Xanthomonada-

ceae family genomes also carry an operon that codes for

homologs of the minor pilins PilE, PilX, PilW, PilV,

FimT and the anti-retraction factor/adhesin PilY1

(Figure 1b). While T4P have been observed by electron

microscopy in Xylella fastidiosa as thick, long, polar fila-

ments [10,25], it is surprising that the only two reports of

direct observation (via immunoelectron microscopy), of

T4P in Xanthomonas species were carried out over 15 years
(Figure 1 Legend Continued) Xanthomonadaceae family of bacteria. X. cit

strains 17, 8004 and ATCC33913 (Xcc), Stenotrophomonas rizophila strain D

maltophilia), X. axonopodis pv. citrumelo strain F1 (Xac), X. fuscans subsp. f

(Xcv), X. albilineans strain GPE PC73 (X. albilineans), X. oryzae pv. oryzicola 

PX086 (Xoo), X. campestris pv. raphani strain 756C (Xcr), X. translucens pv.

fastidiosa).
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ago in X. campestris pv. hyacinthi [12] and X. campestris pv.

vesicatoria [11]. Detection of extracellular pilin subunits

was subsequently reported in X. citri subsp. citri strain 306

(from here on denominated as X. citri 306) [26��].

The transcriptional regulation of T4P genes in Xantho-
monas remains to be investigated in detail. Several large-

scale transcriptomics studies have noted modifications in

the expression levels of T4P-related genes in specific

Xanthomonas mutants or in wild-type Xanthomonas cells

under specific growth conditions (summarized in

Table 1).

In Pseudomonas aeruginosa, the two-component system

made up of the histidine kinase sensor protein PilS

and the response regulator PilR controls transcription

of the major pilin gene pilA [27]. In X. axonopodis pv.

citri strain XW47, deletion of pilR eliminates pilA expres-

sion, while deletion of pilS did not significantly affect pilA
expression [14]. In X. campestris pv. vesicatoria and X. citri
306, a palindromic sequence may form a hairpin transcrip-

tional terminator in the intergenic region between the

two pilin genes in the pilSRBACD locus (Figure 1b) and in

both cases the upstream gene ( fimA in X.campestris pv.

vesicatoria [11] and pilAXAC3241 in X. citri 306 [26��]) was

observed to be expressed at higher levels than its adjacent

downstream homolog. In the case of X. citri 306,

pilAXAC3241 expression is stimulated upon contact with

citrus leaves, both epiphytically and in planta [26��].
ri subsp. citri strain 306 (X. citri 306), X. campestris pv. campestris

SM14405 (S. rizophila), Stenotrophomonas maltophilia strain JV3 (S.

uscans strain 4837-R (Xff), X. campestris pv. vesicatoria strain 85-10

strain CFBP2286 (X. oryzae pv. oryzicola), X. oryzae pv. oryzae strain

 undulosa strain Xtu 4699 (Xtu) and Xylella fastidiosa strain 9a5c (Xylella

www.sciencedirect.com
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Post-transcriptional regulation of T4P
function by c-di-GMP metabolizing proteins
and receptors
The pilus polymerization and depolymerization process is

regulated in part by cytoplasmic hexameric proteins be-

longing to the AAA+ (ATPase associated with cellular

activities) family [28]. PilB, a homolog of the T2SS ATPase

(XpsE in X. campestris pv. campestris), is required for pilus

polymerization, while PilT is required for pilus retraction

[19,20]. Interestingly, PilT lacks an N-terminal domain

present in PilB and XpsE [29]. PilU, a PilT paralog, has also

been implicated in T4P function in P. aeruginosa, although

its precise role is unclear [8,20,30]. Each of the principle

model organisms for which T4P have been studied in

detail — P. aeruginosa, Neisseiria spp., Synechocystis, Vibrio
cholerae and Myxococcus xanthus — present regulatory mech-

anisms with surprisingly unique aspects (reviewed in [7,8]

and see comments below). Although we are still only

beginning to get a glimpse of these mechanisms in Xantho-
monas spp., the evidence so far suggests that they will also

be a source of novelty.

PilZ and FimX are two regulators of T4P biogenesis

in Xanthomonas species and are homologs of the T4P
Figure 2
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biogenesis regulators of the same name initially character-

ized in P. aeruginosa [31,32]. PilZ belongs to a large family

of proteins that are receptors for bis (3 ! 5) cyclic dimeric

guanosine monophosphate (c-di-GMP), though the PilZ

protein itself does not bind this second messenger [33,34].

FimX is a large protein with REC, PAS, GGDEF, and EAL

domains (Figure 2). The N-terminal REC domain of FimX

lacks a conserved aspartic acid residue required for phos-

phorylation by cognate histidine kinases. The PAS

domains are commonly found in signaling proteins where

they sense a variety of different stimuli including oxygen,

redox potential and light [35], though its specific ligand in

FimX, if any, is unknown. The GGDEF and EAL domains

of FimX are inactive diguanylate cyclase and c-di-GMP

phosphodiesterase domains, but the FimX EAL domain

has retained the ability to bind c-di-GMP [36��,37��,38��].
Interestingly c-di-GMP binds to both X. citri 306 and X.
campestris FimX in a conformation in which one of the

N-glycosidic bonds is in a syn conformation [36��,38��]
contrary to the all-anti conformation observed for the ligand

when bound to P. aeruginosa FimX (Figure 2). To date,

these are the only examples of syn c-di-GMP conformers in

protein-c-di-GMP complexes. Furthermore, though no in
vitro interactions have been observed between the
anti

Gsyn

c-di-GMP 
X. citri306 vs P. a eruginosa

Ganti
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 c-di-GMP ligand. (a) Crystal structure of the PilZ–FimXEAL–c-di-GMP

 of FimX (residues from 426 to 689, green) are shown in cartoon. The

in is shown above: RR, REC or response regulator domain; PAS, PAS

elimit the predicted domains are indicated (numbers correspond to the

 ligands observed in the X. citri 306 FimXEAL–c-di-GMP and PilZ–

 FimXEAL structure (blue, PDBID: 3HV8). Both of the guanine bases in

 bound c-di-GMP molecule has one guanine base in the anti
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P. aeruginosa PilZ and FimX proteins [39], stable com-

plexes were observed for the two proteins from X. citri
306 [33,36��,39], X. campestris pv. campestris 17 [38��] and

Xanthomonas oryzae pv. oryzae [37��]. X. citri 306 PilZ

interacts with the FimX EAL domain (FimXEAL) in the

presence and in the absence of c-di-GMP [36��,39] and the

crystallographic structures of PilZ–FimXEAL–c-di-GMP

complexes from X. citri 306 (Figure 2a, [36��]) and X.
campestris pv. campestris 17 [38��] have been solved. In

addition to its interactions with FimX, X. citri 306 PilZ

interacts with PilB and a stable FimX–PilZ–PilB ternary

complex has been observed [33]. PilZ–PilB interactions are

mediated in part through a PilZ region made up of 10 well-

conserved C-terminal residues which are unstructured and

therefore not visible in the PilZ and PilZ–FimXEAL–c-di-

GMP crystal structures [33,36��,38��]. FimX–PilZ–PilB

interactions could be involved in the regulation of PilB

function, where specific signals sensed by FimX domains

could be transmitted via PilZ in X. citri 306 and related

bacterial species (Figure 1a). Knockouts of these proteins,

or mutations in PilZ residues necessary for interactions

with FimX or PilB abolish T4P biogenesis, twitching

motility, bacteriophage infection and plant adherence in

X. citri 306 and X. oryzae pv. oryzae [26��,33,36��,37��,38��]
and a knockout of Filp, the FimX ortholog in X. oryzae pv.

oryzae, presents reduced virulence in host plants and

reduced hypersensitive response in non-host plants

[37��] (Table 2). The role of c-di-GMP in the control of

the FimX–PilZ–PilB complex is not yet clear. While on the

one hand mutations that interfere in c-di-GMP binding by

FimX reduce affinity for PilZ [36��,38��,39], on the other

hand Qi et al. [39] observed that there is no significant

difference in the dissociation constants for the PilZ–FimX

complex in both the presence and in the absence of c-di-

GMP. Until now no FimX mutant that is unable to bind

c-di-GMP but retains the ability to bind PilZ has been

isolated and so a separation of the physiological effects of

these two FimX properties has not yet been achieved.

Another set of studies in X. campestris pv. campestris
8004 identified a direct relationship between the diffus-

ible signaling factor (DSF)-mediated quorum sensing

pathway and the PilT and PilU ATPases [40��,41,42].

DSF synthesis by RpfF and binding to RpfC results in c-

di-GMP hydrolysis by the RpfG phosphodiesterase and

knockouts of the rpfF, rpfC and rpfG genes in X. campestris
pv. campestris result in increased c-di-GMP levels (due to

the loss in RpfG phosphodiesterase activity) and in cel-

lular aggregation [41,43]. Furthermore, knockouts in the

rpfF and rpfC genes in X. campestris pv. campestris XC1

[44], X. citri 306 [45�] and X. hortorum pv. pelargonii [46�]
result in the down-regulation of the expression of some

T4P-related genes (Table 1). (Similarly, increased c-di-

GMP levels have been recently correlated with reduced

pilA transcription and T4P biogenesis in M. xanthus [47].)

Ryan et al. identified a dynamic set of protein–protein

interactions that involve RpfG, two GGDEF proteins
Current Opinion in Microbiology 2016, 30:88–97 
(XC_0249 and XC_0420), a PilZ domain protein

(XC_2249) and PilT and PilU [40��,41,42]. Homologous

interactions have been observed between X. citri
306 RpfG and the GGDEF domain-containing proteins

XAC0258 and XAC0424 [48]. Ryan et al. went on to show

that the DSF-dependent in vivo co-localization of the

above-mentioned proteins and DSF-dependent regula-

tion of motility are surprisingly not dependent on the

diguanylate cyclase activities of XC_0249 and XC_0420

nor on c-di-GMP binding by XC_2249 [40��]. So, again, as

we saw for the FimX–PilZ–PilB complex, the precise role

of c-di-GMP in this DSF-mediated branch of the T4P

regulatory pathway is also still not well delimited. Of

course, c-di-GMP binding and diguanylate cyclase activi-

ty could be important under specific physiological con-

ditions that have not yet been investigated.

The (still incomplete) picture that is emerging from these

studies suggests that the Xanthomonas PilB, PilT and PilU

ATPases are regulated by a complex set of protein–
protein interactions modulated by c-di-GMP and/or other

metabolic or environmental signals (Figure 1a) and that

the precise role of c-di-GMP in this process may be too

complex to be described simply as an ‘activator’ or

‘inhibitor’ of T4P biogenesis, T4P-mediated ‘motility’

or other functions. For example, as will be discussed

further below, T4P are required for both the ‘go-it-alone’

motility of individual cells at the expanding fringe of

twitching zones but are also essential for the coordinated

motility required for the formation of complex multicel-

lular 3D structures in mature biofilms (often regarded,

perhaps erroneously, as ‘sessile’ behavior).

Finally, it is worthwhile to mention some recent studies

that have demonstrated the direct participation of c-di-

GMP in the regulation of T4P in other bacteria. An

intriguing study has shown that c-di-GMP binds directly

to the PilB homolog MshE, an ATPase associated with

the mannose-sensitive hemagglutinin T4P of Vibrio cho-
lerae [49��]. Interestingly, Vibrio spp. do not possess

orthologs of the X. citri 306 (XAC1133) and P. aeruginosa
(PA2960) PilZ proteins. Furthermore, Pseudomonas PilB

does not bind c-di-GMP directly [49��] and residues

required for c-di-GMP binding in MshE and its closest

homologs are not conserved in PilB proteins in Xantho-
monas and Pseudomonas species (data not shown). We can

gather from these observations that c-di-GMP and/or c-di-

GMP-binding proteins interface with T4P ATPases in

Xanthomonas spp., P. aeruginosa and Vibrio cholerae through

significantly different mechanisms, revealing a large

amount of plasticity in the evolution of these regulatory

pathways. Finally, another exciting study has shown that

in the Gram-positive bacteria Clostridium difficile, the

operon coding for a set of T4P genes, including the genes

for the major pilin and the PilB ATPase, is preceded by a

c-di-GMP riboswitch that acts as a transcription termina-

tor at low c-di-GMP levels and that c-di-GMP binding
www.sciencedirect.com
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Table 2

Type IV Pilus-related phenotypes in observed in Xanthomonas species

T4P-related

mutant gene

Xanthomonas species

and strain

T4P-related phenotype

Twitching

motility

Surface

sliding/spreading

motility

Biofilm Attachment Virulence/

pathogenesis

Phage

susceptibility

Other

phenotypes

pilA X. campestris

pv. vesicatoria 3240

[11] [11]d

X. citri 306 [26��] [26��] [26��] [26��] [26��]

X. fuscans subsp.

fuscans CFBP4834-R

[71] [71]e

X. campestris

pv. citri XW47

[13]

Xanthomonas EC-12 [62] [62]

XC_3823

minor pilina
X. campestris

pv. campestris 8004

[54,55]

pilC X. campestris

pv. campestris 8004

[72]

pilQ X. oryzae

pv. oryzae BXO43

[68] [68]f

X. oryzae pv. oryzae

KACC10331

[52] [52] [52]

X. oryzae

pv. oryzicola BLS303

[67]

pilB X. citri 306 [26��] [26��,33] [26��,59] [26��] [26��]

X. campestris

pv. campestris 8004

[72]

pilZb X. citri 306 [26��] [26��,33] [26��] [26��] [26��]

X. oryzae

pv. oryzae PX099

[34] [34,37��] [37��]g

X. oryzae

pv. oryzicola BLS303

[67]

X. campestris

pv. campestris 8004

(XC_3221)

[55] [55]

fimX X. citri 306 [26��] [26��,33] [26��] [26��] [26��]

X. oryzae

pv. oryzae PX099

[37��] [37��] [37��]g

pilM X. oryzae

pv. oryzicola BLS303

[67]

pilY1 X. oryzae

pv. oryzicola BLS303

[67]

pilT X. citri 306 [26��] [26��]

X. oryzae

pv. oryzicola BLS303

[67]

X. campestris

pv. campestris 8004

[40��]

pilU X. campestris

pv. campestris 8004

[40��]

XC_2249

(pilZ paralog)c
X. campestris

pv. campestris 8004

[40��,55] [55]

XC_0249/XC_0420

(diguanylate cyclases)h
X. campestris

pv. campestris 8004

[41] [41]

pilR X. axonopodis

pv. citri XW47

[14]

a See footnote (a) of Table 1.
b Gene product interacts with FimX and PilB in X. citri 306 [33].
c Gene product interacts with PilT, PilU and the GGDEF-domain proteins XC_0249 and XC_0420 in X. campestris pv. campestris 8004 [40��].
d Aggregation.
e Transmission.
f Lesion length and migration.
g Reduced levels of specific hrp gene transcripts.
h XC_0249 and XC_0420 interact with RpfG and XC_2249 in X. campestris pv. campestris 8004. Moderate effects are observed for the single

XC_0249 or XC_0420 mutants while more drastic effects are observed for the double mutant strain [41].
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results in increased read-through and production of full-

length transcripts [50].

T4P-dependent phenotypes in Xanthomonas
species
Several specific T4P-dependent phenotypes that have

been observed in Xanthomonas species are summarized in

Table 2 and are discussed below.

Twitching and sliding motilities

Twitching motility is a form of bacterial translocation over

moist organic and inorganic surfaces [51] that is mediated

by the extension, attachment, and subsequent retraction

of T4P and has been well described in different bacteria

such as Pseudomonas, Myxococcus xanthus (S-motility), Neis-
seria gonorrhoeae and Xylella fastidiosa [7–9,25]. Subsurface

twitching (in which bacteria migrate on a solid surface

interfaced with a layer of agar) has been described in X.
citri 306 [26��] and X. oryzae pv. oryzae [52]. In such

experiments, the edge of the expanding colony (the

twitching zone) is made up of small groups or individual

cells with a poorly defined and irregular boundary. On the

other hand, T4P mutant X. citri 306 and X. oryzae pv.

oryzae cells present a more uniform and well-defined

boundary, with tightly packed cells [26��,52] (Figure 3a).

Another type of motility that has been observed to be

influenced by T4P is sliding (or spreading) motility, a
Figure 3

Wild type ΔpilA

0.5 1 2 

(a)

(b)

Xanthomonas citri subsp. citri subsurface twitching motility and biofilm deve

twitching zone of wild type and DpilA X. citri 306 strains expressing green f

layer of nutrient agar and incubated at 28 8C for 2 days. Bacteria were obse

fringes of the twitching zones at the interstitial surfaces between the glass b

the edge of the twitching zone of wild-type X. citri 306 is made up of small 

the colony. In contrast, DpilA strain presents a more uniform and well-defin

citri 306 biofilm. X. citri 306 was inoculated in King’s broth medium supplem

28 8C. Images of the x–y plane of the developing biofilm on the chamber su

indicated above each image). The mature biofilm is characterized by well-se

(seen from above in these images). These structures are largely absent in b
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passive, T4P-independent and flagella-independent trans-

port mechanism across moist surfaces, correlated with the

secretion of surface-wetting substances, that harnesses the

expansive forces of a growing colony [53]. The general

observation is that X. citri 306 and X. oryzae pv. oryzae
mutants lacking a functional T4P display significantly

increased sliding on semi-solid agar surfaces

[26��,33,34,37��]. On the other hand, T4P-deficient X.
campestris pv. campestris mutants display reduced spreading

[40��,41,54,55] (Table 2). These differences are difficult to

explain at the moment, but the absence of a functional T4P

on the bacterial surface will force upon the bacteria harsh

lifestyle restrictions that could be expected to trigger com-

plex metabolic and physiological responses (e.g., stress,

surfactant secretion or the activation or deactivation of other

surface structures) under specific conditions. These

responses could vary significantly from species to species.

T4P-dependent biofilm formation and surface

attachment

Bacterial biofilms are highly organized and topologically

complex cellular populations composed of a matrix of

bacteria, proteins, polysaccharides and extracellular

DNA. Biofilm formation has been studied in several

Xanthomonas species, including X. oryzae pv. oryzae [52],

X. campestris pv. campestris [56], X. axonopodis pv. phaseolus
var. fuscans [57] and X. citri 306 [26��,58–60] and in some

cases Xanthomonas species with mutations in T4P-related
3 4 5

Current Opinion in Microbiology

lopment. (a) Microscopic images of the edge of the subsurface

luorescent protein. X. citri 306 cells were stab inoculated through a thin

rved by confocal microscopy at 100� magnification. Images show the

ase of the microscopy chamber and nutrient-agar medium. Note that

groups or individual cells that have separated from the main body of

ed boundary with tightly packed cells [26��]. (b) Development of an X.

ented with 2% glucose and incubated in a microscopy chamber at

rface were taken over a period of 5 days (post-inoculation time in days

parated three-dimensional, columnar or mushroom-like structures

iofilms formed by T4P-deficient X. citri 306 strains [26��].
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genes have presented reduced biofilm formation and sur-

face adherence (Table 2). Figure 3b shows how X. citri
306 biofilm passes through several stages of maturation,

eventually producing tri-dimensional and robust columnar

mushroom-like structures in the mature biofilm

[26��,58]. Malamud et al. showed that Xanthomonas biofilms

are dynamic communities, with small groups of ‘pioneer’

cells splitting off to inhabit new environments [58]. T4P-

deficient X. citri 306 strains are unable to form the typical

mushroom-like structures of a mature biofilm [26��].

T4P-dependent bacteriophage infection

Bacteria–bacteriophage interactions are increasingly being

explored as a potential means of combating the spread of

phytopathogenic bacteria in crops. Several bacteriophages

have been identified infecting members from the Xantho-

monadaceae family, including X. oryzae pv. oryzae [61], X.
citri [13,14,26��,62–65], Xanthomonas strain EC-12, Xylella
fastidiosa [62] and Stenotrophomonas maltophilia [66]. A

requirement of T4P has been observed for the infection

of several Xanthomonas citri strains by a variety of bacter-

iophages [13,14,26��,62] and some phages have been ob-

served to interfere with bacterial motility and the T4P. For

example, infection with the phage XacF1 affects X. citri
MAFF301080 twitching and T4P production [65].

T4P as virulence factors in Xanthomonas species

The role of T4P in bacteria–host interactions varies

among Xanthomonas species. A T4P-deficient fimA (pilA)
mutant strain of X. campestris pv. vesicatoria produced

normal disease symptoms when inoculated into tomato

plants [11]. Similarly, T4P-deficient X. citri 306 mutants

seem unhindered in their ability to induce citrus canker

symptoms as well as in survival both on and within the

host plant [26��]. On the other hand, mutations in the

genes pilQ, pilZ, pilT, pilM and pilY1 from the rice plant

pathogen X. oryzae pv. oryzicola resulted in modest to

severe reductions in virulence when inoculated in host

plants [67]. In X. oryzae pv. oryzae, bacterial attachment,

entry, in planta migration and virulence in host rice plants

was reduced in T4P-deficient pilQ mutants [52,68] and

knockouts in the homologs of the T4P regulators FimX

(Filp) and PilZ (PXO_02715) of this bacteria resulted in

reduced virulence on rice and reduced hypersensitive

response induction in non-host tobacco [37��] (Table 2).

Interestingly, Yang et al. [37��] reported that the Filp-

deficient and PXO_02715-deficient strains presented re-

duced levels of specific hrp gene transcripts (hrpX, hrpG
and hpa1), some of which that control the expression of

the Type III secretion system, a major virulence factor in

most Xanthomonas spp. pathogens. It is not clear at the

moment whether Filp and PXO_02715 directly control

hrp gene expression or whether this is part of a more

general response to the changes in lifestyle forced upon

the cell by the absence of a functional T4P. In fact, in P.
aeruginosa, the attachment of T4P to a solid surface
www.sciencedirect.com 
followed by pilus retraction triggers signal transduction

through a mechanically-induced chemotaxis-like sensory

system that regulates the transcription of hundreds of

genes, including virulence factors [69].

Future perspectives
We conclude by posing a some open questions that should

orient future studies: (1) What are the signal transduction

networks that control T4P gene expression in Xanthomonas
spp? (2) What are the post-transcriptional signal transduc-

tion networks that control T4P biogenesis, extension,

length and retraction? (3) What is the role played by c-

di-GMP as a regulator of transcription and/or protein–
protein interactions in the above mentioned pathways?

(4) What are the roles of the conserved minor pilins (PilE,

PilV, PilW, PilX, FimT, and the second copy of PilA) in

Xanthomonadaceae species? (5) What is the role of PilU,

the third and poorly understood ATPase? (6) What is the

interplay between PilB–PilZ–FimX interactions observed

in X. citri 306 (and the homologous PilZ–FimX interactions

observed in X. campestris pv. campestris and X. oryzae pv.

oryzae) and the loosely analogous interactions involving

PilT and GGDEF-domain and PilZ-domain-containing

proteins observed in X. campestris pv. campestris? (7) How

do specific environmental signals (nutritional conditions,

cell density, and soluble and cell contact-dependent inter-

cellular signals) control twitching motility and other T4P-

dependent functions in Xanthomonas species? (8) How do

T4P contribute to Xanthomonas competitiveness and sur-

vival in antagonistic interactions with other bacterial spe-

cies and eukaryotic microbes?
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