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SUMMARY

Citrus canker, caused by Xanthomonas citri, affects most com-

mercial citrus varieties. All X. citri strains possess at least one

transcription activator-like effector of the PthA family that acti-

vates host disease susceptibility (S) genes. The X. citri strain 306

encodes four PthA effectors; nevertheless, only PthA4 is known

to elicit cankers on citrus. As none of the PthAs act as avirulence

factors on citrus, we hypothesized that PthAs 1–3 might also

contribute to pathogenicity on certain hosts. Here, we show that,

although PthA4 is indispensable for canker formation in six Bra-

zilian citrus varieties, PthAs 1 and 3 contribute to canker devel-

opment in ‘Pera’ sweet orange, but not in ‘Tahiti’ lemon.

Deletions in two or more pthA genes reduce bacterial growth in

planta more pronouncedly than single deletions, suggesting an

additive role of PthAs in pathogenicity and bacterial fitness. The

contribution of PthAs 1 and 3 in canker formation in ‘Pera’ plants

does not correlate with the activation of the canker S gene, LOB1

(LATERAL ORGAN BOUNDARIES 1), but with the induction of

other PthA targets, including LOB2 and citrus dioxygenase

(DIOX). LOB1, LOB2 and DIOX show differential PthA-dependent

expression between ‘Pera’ and ‘Tahiti’ plants that appears to be

associated with nucleotide polymorphisms found at or near

PthA-binding sites. We also present evidence that LOB1 activa-

tion alone is not sufficient to elicit cankers on citrus, and that

DIOX acts as a canker S gene in ‘Pera’, but not ‘Tahiti’, plants.

Our results suggest that the activation of multiple S genes, such

as LOB1 and DIOX, is necessary for full canker development.

Keywords: citrus canker, citrus dioxygenase, LATERAL ORGAN

BOUNDARIES genes, pthA, TAL effectors, Xanthomonas citri,

Xanthomonas aurantifolii.

INTRODUCTION

Citrus canker, caused by strains of Xanthomonas citri (also known

as X. citri ssp. citri), is one of the most economically important cit-

rus diseases that not only affects the commercial citrus planta-

tions, but also the citrus markets worldwide (Brunings and

Gabriel, 2003; Graham et al., 2004). The X. citri ‘A’ strains (Asiatic

group) cause the most severe types of canker and have a broad

host range, affecting sweet oranges (Citrus sinensis), grapefruits

(Citrus paradisi) and lemons (Citrus limon). However, the citrus

canker pathogens Xanthomonas aurantifolii (also known as X. fus-

cans ssp. aurantifolii) pathotypes ‘B’ and ‘C’ have a much nar-

rower range of citrus hosts and are responsible for the ‘B’ and ‘C’

types of canker, respectively, which are restricted to some regions

of South America (Brunings and Gabriel, 2003; Shubert et al.,

2003). In particular, a ‘C’ strain of X. aurantifolii, isolated in Brazil,

infects ‘Mexican’ lime only (Citrus aurantifolia) and induces a

hypersensitive response (HR) in several citrus hosts, including

sweet oranges and lemons (Brunings and Gabriel, 2003; Cernadas

et al., 2008; Chiesa et al., 2013).

The disease symptoms caused by X. citri and X. aurantifolii ‘C’

are characterized by water-soaked and eruptive lesions on the sur-

face of leaves, twigs and fruits (Brunings and Gabriel, 2003; Cer-

nadas et al., 2008; Shubert et al., 2003). The vigorous growth of

the host cells, as a result of infection, causes the epidermis to

break open, favouring pathogen spread and disease dissemination

(Brunings and Gabriel, 2003; Wichmann and Bergelson, 2004).

Although the precise mechanism by which these Xanthomonas

pathogens induce canker is unknown, it is well known that mem-

bers of the PthA/AvrBs3 family of transcriptional activator-like

(TAL) effectors play a central role in the activation of host genes

implicated in cell division and growth (Al-Saadi et al., 2007; Duan

et al., 1999; Hu et al., 2014; Pereira et al., 2014; Soprano et al.,

2013; Swarup et al., 1992; Yan and Wang, 2012).

TAL effectors function as transcription factors in plant cells.

These proteins have a variable DNA-binding domain made up of

tandem repeats of 33–34 amino acids that recognizes specific pro-

moter elements of host target genes (Boch and Bonas, 2010). The

DNA-binding specificity of TAL effectors is provided primarily by

the highly polymorphic residues located at positions 12–13 of the

repeats, known as repeat variable diresidues, or RVDs (Boch

et al., 2009; Moscou and Bogdanove, 2009). Structural studies

have revealed that the DNA-binding domain of TAL effectors folds

into a super-helical structure that wraps around the DNA, and

that the 13th RVD residue of each repeat makes direct contact

with one DNA base in a linear fashion (Deng et al., 2012; Mak*Correspondence: Email: celso.benedetti@lnbio.cnpem.br
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et al., 2012; Murakami et al., 2010). Therefore, as distinct RVDs

show preferential binding to certain DNA bases, one can predict

the DNA-binding sequence or effector-binding element (EBE) of a

TAL effector by knowing its RVD composition (Boch et al., 2009;

Moscou and Bogdanove, 2009).

TAL effectors play critical roles in disease development, acting

as major pathogenicity determinants; however, they can also act

as avirulence factors through the activation of defence-related

genes (Antony et al., 2010; Kay et al., 2007; R€omer et al., 2007;

Yang et al., 2006; Yu et al., 2011). Although some PthA variants

have been suggested to act as avirulence factors on citrus (Chiesa

et al., 2013; Shiotani et al., 2007), PthAs are generally thought to

function as pathogenicity determinants that transactivate the host

genes required for disease susceptibility and canker formation (Al-

Saadi et al., 2007; Cernadas et al., 2008; Hu et al., 2014; Pereira

et al., 2014).

The citrus LATERAL ORGAN BOUNDARIES 1 (LOB1) gene is, to

our knowledge, the only citrus canker susceptibility (S) gene

known to date (Hu et al., 2014; Li et al., 2014; Pereira et al.,

2014). It was found that certain PthA variants bind specifically to

a region of the citrus LOB1 gene promoter enhancing LOB1

expression, and that the PthA-dependent expression of LOB1 cor-

relates with canker symptom development (Hu et al., 2014). In

addition to LOB1, however, several citrus genes implicated in cell

division, cell wall remodelling and auxin and gibberellin synthesis

and action, including LOB2, LOB3 and DIOX (citrus dioxygenase),

have been identified as potential direct targets of PthAs (Pereira

et al., 2014). Nevertheless, the functional role played by these

genes in canker elicitation and development remains to be

elucidated.

All strains of X. citri and X. aurantifolii causing hyperplastic

lesions on citrus carry at least one PthA variant that activates host

S genes, including LOB1 (Al-Saadi et al., 2007; Hu et al., 2014).

For instance, the X. citri ‘A’ strains 306 and 3213 contain four

pthA genes that encode highly homologous PthA proteins that dif-

fer from each other primarily in their DNA-binding domain. Never-

theless, pathogenicity studies have shown that only pthA4 is

necessary and sufficient for canker elicitation on ‘Valencia’ sweet

orange and ‘Duncan’ grapefruit (Al-Saadi et al., 2007; Hu et al.,

2014; da Silva et al., 2002; Yan and Wang, 2012). In addition,

none of the PthA proteins from these strains appear to act as avir-

ulence factors on citrus plants (Al-Saadi et al., 2007; Yan and

Wang, 2012). Therefore, the existence of multiple pthA genes in a

single bacterial strain suggests that each might contribute to dis-

ease development or pathogen fitness on certain hosts. The obser-

vation that PthAs form homo- and heterodimers in yeast cells, and

that the transient expression of PthA2 or PthA4 in citrus epicotyls

induces a similar category of functionally related genes associated

with cell division and growth, supports this idea (Domingues

et al., 2010; Pereira et al., 2014). Moreover, in spite of the differ-

ences in their RVD composition, transiently expressed PthAs 2 and

4 activate many common targets in citrus epicotyls (Pereira et al.,

2014).

Here, we present evidence indicating that PthAs from X. citri

strain 306 have additive roles in canker development and bacterial

growth in some citrus hosts, including ‘Pera’ sweet orange. In

addition to PthA4, PthAs 1 and 3 contribute to symptom develop-

ment in ‘Pera’ leaves and this correlates with a PthA-dependent

activation of citrus DIOX, but not LOB1. Importantly, we show

that, although LOB1 is regarded as an important citrus canker S

gene (Hu et al., 2014; Li et al., 2014; Pereira et al., 2014), its

induction is not always accompanied by canker formation, indicat-

ing that the activation of additional PthA targets is needed for full

disease symptoms. In line with this idea, we present evidence sug-

gesting that citrus DIOX, which encodes a member of the 2-oxo-

glutarate/Fe(II)-dependent dioxygenase (2OGD) family, also

functions as a canker S gene, as psoralen, an inhibitor of this class

of enzymes, inhibits canker formation. Furthermore, we found

many nucleotide polymorphisms in the citrus LOB1, LOB2 and

DIOX promoters that overlap with PthA sites, which might explain

the differential PthA-dependent expression of these genes in dis-

tinct citrus hosts.

RESULTS

Host-dependent contribution of PthAs 1 and 3 to

canker formation

Six commercial citrus varieties largely cultivated in Brazil,

including the sweet oranges ‘Hamlin’, ‘Valencia’, ‘Pera’, ‘Soro-

caba’ and ‘Natal’ (Washington Navel), and the ‘Tahiti’ lemon

cultivar, were infiltrated with the single (D1, D3, D4), double

(D1-3, D1-4, D3-4) and triple (D1-3-4) pthA-deletion mutants,

and the canker symptoms were compared with those caused

by the wild-type bacterium (Figs 1 and 2). In agreement with

previous studies (Al-Saadi et al., 2007; Hu et al., 2014;

Soprano et al., 2013; Yan and Wang, 2012), we found that

pthA4 is indispensable for canker elicitation, as none of the

citrus hosts inoculated with the D4 mutant, or with any of

the mutants lacking pthA4, showed hyperplastic lesions on

leaves (Figs 1 and 2). However, a deletion in pthA1 also

caused a substantial reduction in the number of canker pus-

tules in all the sweet orange varieties, particularly in ‘Hamlin’

and ‘Pera’, but not in ‘Tahiti’ lemon (Fig. 1). Similarly, a dele-

tion in pthA3 reduced the severity of the canker lesions in

‘Pera’ and, to a lesser extent, in ‘Hamlin’ and ‘Sorocaba’, but

not in ‘Valencia’, ‘Natal’ or ‘Tahiti’ plants (Fig. 1). Canker

lesions were further reduced in most of the hosts inoculated

with the D1-3 mutant, suggesting that pthAs 1 and 3 have

additive effects on pustule formation elicited by pthA4 (Fig. 2).

The fact that the D1-3-4 mutant did not induce any symptoms
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in any of the citrus plants tested also suggests that pthA2

alone is not sufficient to elicit canker on citrus (Fig. 2).

Together, these data show that PthAs 1 and 3 contribute to

symptom development elicited by PthA4 in certain citrus hosts.

PthAs affect bacterial growth in planta in an additive

manner

The observation that PthAs 1 and 3 contribute to canker forma-

tion, particularly in ‘Pera’ sweet orange, but not ‘Tahiti’ lemon,

Fig. 1 Host-dependent effect of single pthA deletions in canker development. Leaves of the sweet orange varieties ‘Hamlin’, ‘Valencia’, ‘Natal’, ‘Pera’ and

‘Sorocaba’, and ‘Tahiti’ lemon, were infiltrated with bacterial suspensions (105 cells/mL) of wild-type (Wt) Xanthomonas citri and respective single pthA-deletion

mutants (D1, D3, D4). Canker symptoms were evaluated 14 days after bacterial inoculation. pthA4 is essential to elicit cankers in all citrus hosts; nevertheless,

pthA1 also contributes significantly to symptom development in ‘Hamlin’, ‘Valencia’ and ‘Pera’, but not in ‘Tahiti’ plants. Similarly, a deletion in pthA3 also reduces

canker formation in ‘Pera’ and, to a lesser extent, in ‘Hamlin’ and ‘Sorocaba’, but not in ‘Valencia’, ‘Natal’ or ‘Tahiti’ plants.
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led us to investigate whether they would also affect bacterial

growth in planta. To test this, we infiltrated leaves of ‘Pera’ and

‘Tahiti’ plants with the pthA mutants and followed their growth

compared with that of the wild-type bacterium (Fig. 3). We found

that all the pthA mutations reduced bacterial growth in both

‘Pera’ and ‘Tahiti’ leaves at 2 and 14 days post-inoculation (dpi)

relative to the wild-type bacterium (Fig. 3). In addition, the double

(D1-4, D3-4) and triple (D1-3-4) pthA-deletion mutants grew

Fig. 2 Host-dependent effect of double and triple pthA deletions in canker development. Leaves of ‘Hamlin’, ‘Valencia’, ‘Natal’, ‘Pera’, ‘Sorocaba’ and ‘Tahiti’ plants

were infiltrated with bacterial suspensions (105 cells/mL) of wild-type (Wt) Xanthomonas citri and respective double (D1-3, D1-4, D3-4) and triple (D1-3-4) pthA-

deletion mutants, and canker symptoms were evaluated 14 days after bacterial inoculation. Although a deletion in pthA4 is sufficient to abolish cankers in all the

citrus hosts, an additive effect of pthAs 1 and 3 in disease development is noted in ‘Pera’, ‘Natal’ and ‘Sorocaba’ plants.
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significantly less well than the respective single mutants or the

wild-type bacterium in these hosts (Fig. 3). Similar results were

observed in ‘Valencia’ and ‘Sorocaba’ plants (Fig. 3), indicating

that PthAs 1, 3 and 4 exert an additive effect on bacterial growth

in planta. Interestingly, however, although there seems to be a

correlation between bacterial growth and the induction of cell

hypertrophy, the D4 mutant reached bacterial titres higher than

108 cells/cm2 of leaf at 14 dpi in most of the hosts without caus-

ing any canker symptoms (Figs 1 and 3). In agreement with these

results, Yan and Wang (2012) also reported that a pthA4 knock-

out mutant, which only caused chlorosis in grapefruit leaves,

reached almost 108 bacterial cells/cm2 of leaf at 4 dpi.

PthA-induced genes are differentially regulated in a

host-dependent manner

The evidence that PthAs 1 and 3 have additive effects on canker

development elicited by PthA4 in ‘Pera’ sweet orange, but not

‘Tahiti’ lemon (Figs 1 and 2), suggested that PthAs 1 and 3 could

activate additional canker S genes or help to enhance LOB1

expression in ‘Pera’ leaves. Thus, in addition to LOB1, we eval-

uated the expression levels of LOB2, LOB3 and DIOX, identified

previously as putative PthA targets (Pereira et al., 2014). We found

that LOB1 expression was significantly reduced in ‘Tahiti’ leaves

infiltrated with each of the single pthA mutants, indicating that

not only PthA4, but also PthAs 1 and 3, activate LOB1 transcription

in this host (Fig. 4A). However, although PthA4 activates LOB1 in

‘Pera’ leaves, confirming previous results (Hu et al., 2014; Li et al.,

2014; Pereira et al., 2014), PthA1 seems to repress LOB1 transcrip-

tion in this host, as higher LOB1 expression levels were detected

in ‘Pera’ leaves infiltrated with the D1 mutant relative to the wild-

type bacterium (Fig. 4A). No significant differences in LOB1 expres-

sion were observed in ‘Pera’ plants challenged with the D3 mutant

relative to the wild-type bacterium, suggesting that PthA3 induces

LOB1 transcription only in ‘Tahiti’ plants (Fig. 4A).

LOB2 (orange1.1g040761m.g) and LOB3 (orange1.1g

036534m) were also induced by X. citri in ‘Pera’ sweet orange

and ‘Tahiti’ lemon; however, PthAs 1, 3 and 4 do not seem to

Fig. 3 Additive effect of PthAs on bacterial growth in planta. Leaves of sweet orange and lemon plants were infiltrated with bacterial suspensions (106 cells/mL) and

the growth of wild-type Xanthomonas citri (WT) and respective pthA-deletion mutants (D) was monitored at 2 and 14 days after bacterial inoculation. The double

(D1-4 and D3-4) and triple (D1-3-4) pthA-deletion mutants grew significantly less well than the respective single mutants and the WT bacteria in all the citrus hosts

tested, suggesting an additive effect of PthAs on bacterial growth in planta. Bacterial growth, expressed in colony-forming units (CFU)/cm2 of leaf, is the mean of

three biological replicates. The error bars denote standard deviations, whereas the asterisks above the bars indicate statistically significant differences between

X. citri and mutant-inoculated plants (P< 0.05).
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influence LOB2 expression in ‘Tahiti’ or LOB3 expression in ‘Pera’

plants (Fig. 4B,C). LOB2 expression in sweet orange appears to

depend on PthA1, as significantly lower levels of LOB2 transcripts

were detected in ‘Pera’ leaves in response to the D1 mutant rela-

tive to the wild-type X. citri (Fig. 4B). On the other hand, and con-

trary to previous observations (Pereira et al., 2014), a deletion in

pthA4 enhanced LOB2 expression in ‘Pera’ leaves. The slight

increase in LOB3 expression in ‘Tahiti’ plants infiltrated with the

single pthA mutants also suggests that PthAs 1, 3 and 4 repress

LOB3 expression in this host (Fig. 4C).

The citrus DIOX gene (orange1.1g017949m), identified previ-

ously as a potential direct target of PthA4 and PthAw, is highly

induced in citrus epicotyls expressing PthA4 (Hu et al., 2014;

Pereira et al., 2014). Therefore, we tested whether PthA1 or

PthA3 could also modulate DIOX transcription in ‘Pera’ relative to

‘Tahiti’ plants. We found that, although DIOX is up-regulated

by X. citri and by the single pthA mutants in ‘Pera’ and ‘Tahiti’

leaves, deletion in pthAs 1, 3 or 4 substantially reduces DIOX expres-

sion in ‘Pera’, but not ‘Tahiti’, leaves (Fig. 4D). These results confirm

previous data showing that DIOX is induced in response to X. citri

infection in ‘Pera’ leaves and that its expression is not altered by

PthA2, nor entirely dependent on PthA4, in citrus epicotyls (Pereira

et al., 2014). Taken together, these results indicate that LOB2 and

DIOX might also function as canker S genes and that PthAs 1 and 3

contribute to their expression in ‘Pera’, but not ‘Tahiti’, plants.

LOB1 induction is not sufficient to elicit canker on

citrus

We observed that, in spite of the high levels of LOB1 induced by

the D1 and D3 mutants in ‘Pera’ compared with ‘Tahiti’ leaves,

Fig. 4 Differential PthA-dependent induction of LOB (LATERAL ORGAN BOUNDARIES) and DIOX (citrus dioxygenase) genes in sweet orange and lemon plants.

Expression levels of LOB1, LOB2, LOB3 and DIOX in ‘Pera’ and ‘Tahiti’ leaves infiltrated with the wild-type (WT) Xanthomonas citri or the single pthA-deletion

mutants (D1, D3 and D4), 72 h post-inoculation. (A) PthAs 1, 3 and 4 are required for LOB1 induction in lemon, whereas only PthA4 is important for LOB1 induction

in ‘Pera’ sweet orange. However, PthA1 seems to repress LOB1 transcription in this host. (B, C) LOB2 and LOB3 are induced by X. citri in ‘Pera’ and ‘Tahiti’ plants;

however, PthAs 1, 3 and 4 do not alter significantly LOB2 expression in ‘Tahiti’ or LOB3 expression in ‘Pera’ plants. LOB2 expression in ‘Pera’ sweet orange appears

to require PthA1, but not PthA3 or PthA4. (D) The DIOX gene is also induced by X. citri WT and respective single pthA mutants in ‘Pera’ and ‘Tahiti’ leaves; however,

deletion in pthA 1, 3 or 4 significantly reduces DIOX expression in ‘Pera’, but not in ‘Tahiti’, leaves. The error bars denote standard deviations, whereas the asterisks

above the bars indicate statistically significant differences between X. citri and mutant-inoculated plants (P< 0.05).
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canker pustules developed normally in ‘Tahiti’, but were reduced

in ‘Pera’ leaves, when challenged with the pthA1- and pthA3-

knockout mutants (Figs 1 and 4A). In addition, although LOB1

expression decreased by approximately 95% in ‘Tahiti’ compared

with a 50% reduction in ‘Pera’ leaves infiltrated with the D4

mutant, canker lesions did not develop in any of these hosts

(Figs 1 and 4A). These results suggest that there is either a thresh-

old of LOB1 expression necessary to promote canker or that LOB1

induction alone is not sufficient for canker development in these

hosts.

To investigate this idea, we measured the expression levels of

LOB1 in ‘Pera’ sweet orange and ‘Mexican’ lime leaves infiltrated

with X. aurantifolii ‘C’, in comparison with X. citri, as X. aurantifo-

lii ‘C’ causes canker in ‘Mexican’ lime, but HR in ‘Pera’ (Fig. 5A)

(Cernadas et al., 2008). We found, surprisingly, that LOB1 was

weakly induced in the compatible interaction in ‘Mexican’ lime,

and highly induced in both the compatible and incompatible inter-

actions in ‘Pera’ (Fig. 5B). Therefore, LOB1 induction does not

always correlate with canker development in citrus plants.

We also investigated the expression levels of LOB2, LOB3 and

DIOX in ‘Pera’ and ‘Mexican’ lime leaves in response to X. citri or

X. aurantifolii ‘C’ infection. Although LOB2 and LOB3 expression

did not seem to correlate with either canker development or

defence response in these hosts, the expression of DIOX was sub-

stantially reduced in the HR response elicited by X. aurantifolii ‘C’

in ‘Pera’ leaves (Fig. 5B). Together, these results suggest that

LOB1 induction per se is not sufficient for canker formation and

that DIOX might contribute to disease development.

CsDIOX is structurally related to 2OGDs

The protein encoded by the citrus DIOX gene belongs to the

2OGD family of enzymes that use iron and 2-oxoglutarate as

cofactors. Members of this family catalyse many different reac-

tions, including hydroxylation, halogenation, demethylation, epi-

merization, among others (Farrow and Facchini, 2014; Martinez

and Hausinger, 2015). In plants, 2OGDs play important roles in

the biosynthesis and metabolism of numerous compounds, such

as flavonoids, coumarins, glucosinolates, gibberellins, ethylene,

auxin and salicylic acid (Farrow and Facchini, 2014).

The citrus DIOX protein (CsDIOX) is closely related to the Ara-

bidopsis and tobacco feruloyl-CoA 60-hydroxylase 1 (F60H1), which

catalyses the conversion of feruloyl-CoA into 60-hydroxylferuloyl-

CoA during the synthesis of the coumarin scopoletin (Sun et al.,

2014, 2015). To gain insights into the possible biochemical func-

tion and substrate specificity of CsDIOX, we generated a structural

model of CsDIOX based on the Arabidopsis AtF60H1 crystal struc-

ture (Sun et al., 2015). Our molecular model suggests that CsDIOX

is structurally very similar to AtF60H1 (Fig. 6A). In addition to hav-

ing the typical protein fold and topology of the 2OGD family, all

the amino acid residues responsible for the binding of the iron

atom (H234, D236, H292), 2-oxoglutarate (N217, Y219, R302,

S304) and substrate feruloyl-CoA (F150, S152, R213, N215, I237,

F308) are structurally conserved in the CsDIOX model (Fig. 6B).

These observations indicate that CsDIOX is the orthologue of

AtF60H1 (Kai et al., 2008; Sun et al., 2015) and possibly uses

feruloyl-CoA and p-coumaroyl-CoA as substrates.

Fig. 5 LOB1 (LATERAL ORGAN BOUNDARIES 1) induction does not always

correlate with canker development. (A) Leaves of ‘Pera’ sweet orange and

‘Mexican’ lime were infiltrated with Xanthomonas citri and X. aurantifolii ‘C’,

and canker symptoms were evaluated 14 days after bacterial infiltration (106

cells/mL). In contrast with a hypersensitive response (HR) elicited by

X. aurantifolii ‘C’ in sweet orange compared with lemon, canker lesions

developed in both ‘Pera’ and ‘Mexican’ lime inoculated with X. citri. (B)

Expression levels of LOB1, LOB2, LOB3 and DIOX (citrus dioxygenase) genes in

‘Pera’ (P) relative to ‘Mexican’ lime (M) leaves in response to X. citri or

X. aurantifolii ‘C’ infection. LOB1 is weakly induced in the compatible

interactions in ‘Mexican’ lime and highly induced in both the compatible and

incompatible interactions in ‘Pera’. The expression level of DIOX, but not of

LOB1, LOB2 or LOB3, is significantly reduced in the incompatible interaction

between ‘Pera’ and X. aurantifolii ‘C’. The error bars denote standard

deviations, whereas the asterisks above the bars indicate statistically

significant differences between X. citri- and X. aurantifolii-inoculated plants

(P< 0.05).

Contribution of PthAs in canker elicitation 1229

VC 2015 BSPP AND JOHN WILEY & SONS LTD MOLECULAR PLANT PATHOLOGY (2016) 17 (8 ) , 1223–1236



Psoralen inhibits canker formation in ‘Pera’ sweet

orange

CsDIOX is also 82% identical to the Ruta graveolens 2OGD, which

converts feruloyl-CoA into scopoletin and p-coumaroyl-CoA into

2,4-dihydroxycinnamic acid (Vialart et al., 2012). As the results

shown in Figs 4D and 5B suggest that DIOX could play a role in

canker development, and psoralen, a furanocoumarin, inhibits the

p-coumaroyl- and feruloyl-CoA hydroxylase activities of R. graveo-

lens 2OGD at concentrations of 50–200 mM (Vialart et al., 2012),

we tested the effect of 0.1 and 0.5 mM psoralen on X. citri growth

and disease development. Notably, we found that psoralen inhib-

ited canker formation and the growth of X. citri in a dose-

dependent manner in leaves of ‘Pera’ sweet orange, but not

‘Tahiti’ lemon (Fig. 7), where the expression of DIOX was not

dependent on PthAs or significantly induced in response to X. citri

infection (Fig. 4D). Taken together, these results suggest that cit-

rus DIOX acts as a canker S gene in ‘Pera’ sweet orange.

Promoters of LOB1, LOB2 and DIOX show

polymorphisms at PthA sites

The differential PthA-dependent expression of LOB1, LOB2 and

DIOX genes observed between ‘Pera’ and ‘Tahiti’ plants suggests

the existence of nucleotide polymorphisms at effector-binding

sites. Thus, we sequenced the promoter regions of these genes

amplified from ‘Pera’ and ‘Tahiti’ plants and compared them with

Fig. 7 Psoralen inhibits canker formation in ‘Pera’ sweet orange. Leaves of

‘Pera’ sweet orange and ‘Tahiti’ lemon were infiltrated with a suspension of

Xanthomonas citri (106 cells/mL) in the absence or presence of 0.1 or 0.5 mM

psoralen (Ps). Canker symptoms (A) and bacterial counts (B) were evaluated

10 days after bacterial inoculation. Psoralen significantly inhibited canker

development and bacterial growth in ‘Pera’ sweet orange, but not in ‘Tahiti’

lemon. Bacterial growth, expressed in colony-forming units (CFU)/cm2 of leaf,

is the mean of three biological replicates. The error bars denote standard

deviations, whereas the asterisks above the bars indicate statistically

significant differences between means (P< 0.05).

Fig. 6 The citrus DIOX protein (CsDIOX) is structurally related to Arabidopsis

feruloyl-CoA 60-hydroxylase 1 (F60H1). (A) Superposition of the CsDIOX

structural model (cyan) with the Arabidopsis AtF60H1 crystal structure (sand),

depicting the iron atom (yellow) and 2-oxoglutarate (green) (PDB code 4XAE;

Sun et al., 2015), showing that CsDIOX displays the same folding and

topology as AtF60H1. (B) All of the amino acid residues responsible for the

binding of the iron atom (H234, D236, H292), 2-oxoglutarate (N217, Y219,

R302, S304) and feruloyl CoA (F150, S152, R213, N215, I237, F308) are

structurally conserved in the CsDIOX model.
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those of the published genomes of C. sinensis ‘Valencia’ and

C. clementina ‘Clemenules’ (Wu et al., 2014; Xu et al., 2013).

In the LOB1 promoter, we found a single nucleotide change

(C/T) and a single nucleotide deletion (G/–) flanking the character-

ized PthA4-binding site (Hu et al., 2014; Pereira et al., 2014)

among the ‘Tahiti’, ‘Valencia’, ‘Pera’ and ‘Clemenules’ promoters

(Fig. 8A). We also found an 11-nucleotide deletion 25 bp down-

stream of the PthA4 site in the ‘Tahiti’ relative to the ‘Pera’,

‘Valencia’ or ‘Clemenules’ promoters. In addition to the PthA4

site, we found putative PthA1 and PthA3 sites located 667 and

498 bp upstream of the ATG, respectively, both carrying single

nucleotide polymorphisms (SNPs) between the ‘Pera’ (A/C) and

‘Tahiti’ (A/C) promoters (Fig. 8A).

The LOB2 promoter also seems to cluster multiple PthA sites.

In addition to the PthA2 site identified previously (Pereira et al.,

2014), which overlaps with the predicted TATA box element, we

found additional PthA1, PthA2 and PthA3 sites which also present

nucleotide deletions or SNPs between the ‘Pera’ and ‘Tahiti’

sequences (Fig. 8B).

Despite many efforts, the DIOX promoter could not be ampli-

fied from several ‘Pera’ individuals, even though we tested six dis-

tinct pairs of oligos derived from the ‘Valencia’ genome (Table S1,

see Supporting Information) in multiple polymerase chain reaction

(PCRs). This suggests that this genomic region is highly polymor-

phic. Indeed, when we compared the sequence of the DIOX pro-

moter obtained from ‘Tahiti’ plants with those of ‘Valencia’ and

‘Clemenules’, we found nucleotide insertions ranging from 150 to

1230 bp located at approximately 270 bp upstream of the ATG

(not shown). Thus, the 2260-bp sequence of the ‘Tahiti’ promoter

was aligned with the corresponding sequences of the ‘Valencia’

and ‘Clemenules’ promoters (Fig. 8C). In addition to the PthA4

site described previously (Pereira et al., 2014), we found a PthA2

site that also shows an SNP between the ‘Tahiti’ and ‘Valencia’ or

‘Clemenules’ promoters (Fig. 8C). Moreover, as observed in the

LOB1 promoter, there is a 14-bp deletion flanking the PthA4 site

in the ‘Tahiti’ relative to the ‘Valencia’ or ‘Clemenules’ promoters

(Fig. 8C). According to the PlantPAN 2.0 algorithm (Chang et al.,

2008), this deletion comprise a ‘TGAC’ core-containing W box

which is bound by WRKY factors that control pathogenesis-related

and gibberellin response genes (Eulgem et al., 1999; Zhang et al.,

2004).

In addition to the predicted W box found in the DIOX pro-

moter, a PlantPAN 2.0 search identified several putative transcrip-

tion factor-binding sites in the LOB1, LOB2 and DIOX promoters.

One particular factor, Dof, attracted our attention, because Dof

sites were found near PthA sites in all three promoters (Fig. 8).

Most notably, in the DIOX promoter, two inverted Dof sites form a

palindrome located 28 bp downstream of the PthA4 site (Fig. 8C).

We also observed single nucleotide changes or deletions near or

at the Dof sites between the sweet orange and lemon sequences

(Fig. 8). Together, these results indicate that the differential PthA-

dependent expression of LOB1, LOB2 and DIOX observed between

‘Pera’ and ‘Tahiti’ plants might be influenced by the polymor-

phisms found at the PthA sites, and that WRKY and Dof factors

might play an important role in the transcriptional regulation of

these genes.

DISCUSSION

Although many Xanthomonas pathogens, including X. citri and X.

oryzae, carry multiple TAL effector genes, the precise role or con-

tribution of each of these effectors to pathogenicity is poorly

understood, as only a few have been shown to act as major viru-

lence factors (Al-Saadi et al., 2007; Wilkins et al., 2015; Yang and

White, 2004). In the case of X. citri strain 306, which carries four

PthA effectors, only PthA4 is known to play a fundamental role in

canker elicitation, whereas none seem to act as avirulence factors

on citrus (Al-Saadi et al., 2007; Hu et al., 2014; da Silva et al.,

2002; Yan and Wang, 2012).

In this study, we have shown that, although PthA4 is indispen-

sable for canker formation in all citrus varieties tested, corroborat-

ing literature data (Al-Saadi et al., 2007; Hu et al., 2014; Soprano

et al., 2013; Yan and Wang, 2012), PthAs 1 and 3 also contribute

to disease symptom development and bacterial growth in some

citrus hosts, including ‘Pera’ sweet orange. These results indicate

that TAL effectors of X. citri have a host-dependent additive or

complementary role in pathogenicity, and suggest that PthAs 1

and 3 potentiate the role played by PthA4 in canker elicitation.

This idea is consistent with the fact that PthAs 1 and 3 are not

required for LOB1 induction in ‘Pera’ plants, but for the activation

of other targets, including LOB2 and DIOX. Importantly, we show

that LOB1 induction by X. citri does not always correlate with can-

ker formation. The expression of LOB1 is, for instance, drastically

reduced in ‘Tahiti’ leaves infiltrated with the pthA-deletion

mutants (Fig. 4A), although canker lesions develop normally in

this host relative to ‘Pera’ sweet orange (Figs 1 and 2). Con-

versely, LOB1 is strongly up-regulated during the incompatible

interaction between X. aurantifolii ‘C’ and ‘Pera’ plants (Fig. 5).

These data indicate that LOB1 induction per se is not sufficient for

canker elicitation, which is in agreement with the observation that

the transient overexpression of LOB1 in transgenic citrus does not

result in the formation of canker pustules (Hu et al., 2014). There-

fore, although LOB1 appears to directly up-regulate many cell

wall-remodelling genes which are also induced by PthA4 during

canker development (Hu et al., 2014), it is unlikely that LOB1 acti-

vation alone would trigger the whole process of canker formation.

In line with this idea, we present evidence suggesting that cit-

rus DIOX, identified as a PthA4 target in two independent studies

(Hu et al., 2014; Pereira et al., 2014), might also play an important

role in canker development. The expression of DIOX is dependent

on PthAs 1, 3 and 4 in ‘Pera’ sweet orange, but not in ‘Tahiti’
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Fig. 8 Promoters of LOB1 (LATERAL ORGAN BOUNDARIES 1), LOB2 and DIOX (citrus dioxygenase) genes show nucleotide polymorphisms at PthA sites. The promoter

regions of the citrus LOB1 (A), LOB2 (B) and DIOX (C) genes were amplified from ‘Pera’ and ‘Tahiti’ plants and compared with those of the Citrus sinensis ‘Valencia’ and C.

clementine ‘Clemenules’ cultivars (Wu et al., 2014; Xu et al., 2013). The predicted PthA1-, PthA2-, PthA3- and PthA4-binding sites are boxed in yellow, green, blue and red,

respectively. The Dof- and WRKY-binding sites are coloured in grey and light grey, respectively, whereas the TATA box elements are in purple. Arrows in (C) represent a Dof

palindromic sequence. Most of the single nucleotide polymorphisms (SNPs) found in ‘Pera’ relative to ‘Tahiti’ plants are also present in ‘Valencia’ and ‘Clemenules’ cultivars.
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lemon (Fig. 4D). In addition, psoralen, an inhibitor of 2OGD (Via-

lart et al., 2012), significantly attenuates canker formation and

bacterial growth in ‘Pera’, but not ‘Tahiti’, plants (Fig. 7).

Although the biological function and substrate specificity of

CsDIOX have not yet been demonstrated, our molecular modelling

studies strongly suggest that CsDIOX is the orthologue of the

Arabidopsis and R. graveolens F60H1 enzymes (Fig. 6), and can

thus catalyse the ortho-hydroxylation of feruloyl-CoA and/or

p-coumaroyl-CoA (Kai et al., 2008; Sun et al., 2015; Vialart et al.,

2012). The question that arises is therefore how the CsDIOX activ-

ity could lead or contribute to citrus canker development in ‘Pera’

sweet orange.

One possible mechanism might involve the action of

cinnamoyl-CoA reductases (CCRs), which convert cinnamoyl-CoA

esters, including feruloyl-CoA, p-coumaroyl-CoA and caffeoyl-CoA,

into their corresponding cinnamyl aldehydes during the synthesis

of lignin monomers (Xue et al., 2015; Zhou et al., 2010). It has

been shown that the Arabidopsis CCR1 enzyme mediates the cell

proliferation exit for leaf development and that the ccr1 mutant

exhibits increased cell proliferation and high levels of ferulic acid

(Xue et al., 2015). Because CCR1 preferentially uses feruloyl-CoA

as substrate, it is possible that 6-hydroxylferuloyl-CoA, the product

of the CsDIOX reaction, inhibits the activity of CCR1, leading to a

cell proliferation response similar to that of the loss of CCR1 (Xue

et al., 2015; Zhou et al., 2010). Moreover, the role of CCR1 pro-

teins in lignin biosynthesis and cell division is also linked to the

activities of caffeic acid O-methyltransferases (COMTs) and

caffeoyl-CoA 3-O-methyltransferases (CCOAOMTs), which provide

the substrates for CCR1 (Xue et al., 2015; Zhou et al., 2010). Inhi-

bition of COMT and CCOAOMT in Arabidopsis results in low levels

of ferulic acid and decreased cell division (Xue et al., 2015). As

ferulic acid itself induces cell proliferation in Arabidopsis, it would

be interesting to investigate whether 6-hydroxylferulic acid can

also stimulate cell division during canker formation.

It is also notable that many COMT, CCOAOMT and CCR genes

are preferentially up-regulated by X. aurantifolii ‘C’ during its

incompatible interaction in ‘Pera’ sweet orange (Cernadas et al.,

2008). We initially interpreted this pattern of COMT, CCOAOMT

and CCR gene induction as part of the X. aurantifolii-elicited HR,

in which increased lignin biosynthesis reinforces the plant cell

wall to restrict pathogen attack (Cernadas et al., 2008). However,

in the light of the data reported by Xue et al. (2015), it is possible

that the citrus COMT, CCOAOMT and CCR pathway also helps to

restrict cell division during canker formation. The fact that the cit-

rus DIOX gene is induced in ‘Pera’ leaves at much lower levels by

X. aurantifolii ‘C’ relative to X. citri (Fig. 5B) is consistent with the

idea that DIOX plays an opposing role in the COMT, CCOAOMT

and CCR pathway. Moreover, the observation that PthA4 up-

regulates a second F60H1 gene (XP_006488907.1) and that EBEs

for PthAs are found in a number of citrus DIOX-related 2OGD

genes (Pereira et al., 2014) also suggests that this lignin biosyn-

thetic pathway is differentially modulated by X. citri, leading to

cell hyperplasia.

The differential PthA-dependent expression of LOB1, LOB2

and DIOX observed between ‘Pera’ sweet orange and ‘Tahiti’

lemon plants is not only associated with the presence or absence

of specific PthA sites in the promoters of these genes, but also

with the occurrence of SNPs or nucleotide deletions found adja-

cent to or within such PthA sites (Fig. 8). A single nucleotide dele-

tion in the X. oryzae PthXo2 EBE in the rice bacterial blight S gene

Xa25 (OsSWEET13) is, for instance, sufficient to abrogate effector-

associated gene activation (Zhou et al., 2015). In another rice bac-

terial blight S gene, OsSWEET14, an 18-bp deletion within the

binding sites targeted by several TAL effectors also confers resist-

ance against many X. oryzae strains of various geographical ori-

gins (Hutin et al., 2015). Therefore, the presence of nucleotide

polymorphisms at PthA sites is strong evidence of a host adapta-

tion to evade effector target recognition.

Near the PthA sites, we also found several putative Dof sites

in the LOB1, LOB2 and DIOX promoters. Dof factors control the

transcription of many plant genes. In Arabidopsis, Dof5.8

represses the auxin response, leading to impaired vein formation

in leaves (Konishi and Yanagisawa, 2015), whereas DAG1 nega-

tively regulates the gibberellin biosynthetic gene AtGA3ox1, which

encodes a CsDIOX-related 2OGD (Gabriele et al., 2010). In maize,

Dof factors interact with HMGB (high-mobility group B) proteins,

which facilitate Dof binding to naked DNA or to nucleosomes

(Cavalar et al., 2003; Grasser et al., 2007; Krohn et al., 2002;

Yanagisawa, 1997).

The interaction between Dof and HMGBs is of particular note,

as all PthAs from strain 306 interact with the citrus HMGB1 pro-

tein (de Souza et al., 2012). Mammalian HMGB1 interacts with

the TATA-binding protein (TBP) to repress transcription, whereas

transcription factor TFIIA binds TBP to disrupt the HMGB/TBP com-

plex and activate transcription (Das and Scovell, 2001; Dasgupta

and Scovell, 2003; Sutrias-Grau et al., 1999). Considering that Dof

factors act as transcription repressors and that PthAs bind at or

close to TATA box elements of citrus promoters, it is possible that,

similar to TFIIA, PthAs could displace Dof/HMGB or alter the

recruitment of factors at TBP sites to promote transcription

initiation.

EXPERIMENTAL PROCEDURES

Bacterial strains and growth conditions

Escherichia coli DH5a cells were grown in Luria–Bertani (LB) medium at

37 8C for 16 h, whereas X. citri strain 306 (da Silva et al., 2002) and X.

aurantifolii ‘C’ strain ICMP 8435 (Cernadas et al., 2008) were grown in LB

medium without NaCl (LBON) at 28 8C for 48 h. When required, ampicillin
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(100 mg/mL) and/or kanamycin (50 mg/mL) were added to the growth

medium.

Construction of pthA-deletion mutants

The single (D1, D3), double (D1-3, D1-4, D3-4) and triple (D1-3-4) pthA-

knockout mutants of X. citri were obtained by homologous recombination

following the same procedure as used to obtain the pthA4-deletion

mutant (D4), described previously (Soprano et al., 2013). To generate the

D1 and D3 mutants, DNA fragments of �1.0 kb, flanking the coding

regions of pthA1 and pthA3, were amplified using the pairs of oligos

PthA1F1/PthANR1 and PthANF2/PthA1R2, and PthA3F1/PthANR1 and

PthANF2/PthA3R2, respectively (Table S1 and Fig. 1A). The PCR fragments

corresponding to the upstream and downstream regions of each pthA

gene were ligated through the NdeI sites and cloned into the HindIII and

EcoRI sites of the suicide vector pNPTS138 to create an in-frame deletion

(Andrade et al., 2014). The constructs were verified by DNA sequencing

and used to transform X. citri cells by electroporation. Bacterial colonies

were selected on LBON plates supplemented with ampicillin and kanamy-

cin, or with ampicillin and 5% sucrose. Kanamycin-sensitive colonies that

grew in the presence of sucrose were selected and PCR tested for the

absence of pthA genes after two recombination events (Fig. S1B, see Sup-

porting Information). Despite many efforts, we were unable to select a

pthA2-deletion mutant. To confirm the pthA1 and pthA3 knockouts, the

DNA fragments encompassing the deleted loci were amplified with oligos

PthA1F1/PthA1R2 and PthA3F1/PthA3R2, respectively, and sequenced

with oligo seqPthANF, which covers the in-frame deletion regions (Table

S1 and Fig. S1A, C).

The double (D1-3, D1-4, D3-4) and triple (D1-3-4) pthA-deletion

mutants were generated using the single mutants in successive rounds of

deletion. The double and triple pthA mutants were also confirmed by PCR

analysis and DNA sequencing (Fig. S1B).

Plant growth and bacterial inoculations

The sweet orange (‘Pera’, ‘Valencia’, ‘Hamlin’, ‘Sorocaba’ and ‘Natal’) and

lemon (‘Tahiti’ and ‘Mexican’ lime) varieties were obtained from certified

nurseries as ‘pathogen free’ and maintained in glasshouse conditions.

Leaves were infiltrated with water suspensions of 105 or 106 cells/mL of

X. citri, X. aurantifolii ‘C’ or the pthA-deletion mutants, previously grown

on LBON plates for 48 h at 28 �C. The wild-type bacteria and correspond-

ing pthA-deletion mutants were infiltrated in nine distinct leaves from

three independent plants of the same citrus variety. The inoculated plants

were monitored daily for the appearance of canker symptoms.

Bacterial growth analysis

The growth of X. citri and pthA-deletion mutants in leaf tissues was eval-

uated as described previously (Cernadas et al., 2008). Discs of leaf sectors

infiltrated with approximately 106 bacterial cells were removed at 2 and

14 days after bacterial inoculation and ground in 1 mL of sterile water.

Serial dilutions of the bacterial suspensions were plated on LBON supple-

mented with ampicillin, and bacterial colonies were counted from three

independent leaf extractions. The experiment was repeated three times

and statistically significant differences between treatments (X. citri vs.

mutant-inoculated plants) were calculated using Student’s t-test with

P< 0.05.

Plant RNA extraction and reverse transcription-

quantitative polymerase chain reaction (RT-qPCR)

analysis

Total RNA extraction and RT-qPCR analyses were conducted as described

previously (Pereira et al., 2014). The oligonucleotides used as primers

were designed using Applied Biosystems (Foster City, CA, USA) Primer

Express 2.0 software (Table S1). PCR amplifications were carried out using

the 7500 system ‘Universal’ cycle condition in an ABI Prism 7300 instru-

ment (Applied Biosystems), and the gene encoding citrus actin was used

as internal control for normalization (Mafra et al., 2012). Total RNAs from

three different leaves were used in the PCRs as independent biological

replicates, and three technical replicates for each biological sample were

considered for statistical two-tailed Student’s t-test to compare the

changes in gene expression between treatments. The relative gene

expression levels among samples were determined using 7000 System

SDS software (Applied Biosystems) with default parameters.

Psoralen treatment

Leaves of ‘Pera’ sweet orange and ‘Tahiti’ lemon were infiltrated with a

water suspension of X. citri (106 cells/mL) in the absence or presence of

psoralen. Psoralen at 50 mM was dissolved in 100% ethanol and added to

the bacterial cell suspensions at 0.1 and 0.5 mM final concentrations. Etha-

nol was also added to the bacterial cell suspensions at 0.2% or 1.0% final

concentrations to serve as controls for psoralen treatments. Psoralen or

ethanol at the concentrations used did not affect the growth of X. citri in

culture medium (not shown). To maintain the active pools of the inhibitor,

psoralen or ethanol was infiltrated into the inoculated leaf sectors on the

third and sixth days of bacterial inoculation. The experiment was per-

formed using nine infiltrated leaves from three plants of each citrus culti-

var. Canker symptoms and bacterial counts were evaluated at 10 days

after bacterial infiltration. Statistically significant differences between

treatments were calculated using Student’s t-test with P< 0.05.

Cloning and sequencing of promoter regions of citrus

genes

Genomic DNA of ‘Pera’ sweet orange and ‘Tahiti’ lemon was extracted

from leaves using the cetyltrimethylammonium bromide (CTAB) method

(Doyle and Doyle, 1987). The quality and quantity of DNA were verified by

gel electrophoresis and UV spectroscopy. The promoter regions of LOB1,

LOB2 and DIOX were amplified by PCR using 1.0 mg of genomic DNA,

125 nM of each primer and Platinum Taq, following the recommendations

of the manufacturer (Thermo Fisher Scientific Inc., Waltham, MA). The oli-

gonucleotides used as primers for LOB1, LOB2 and DIOX (Table S1) were

designed based on the DNA sequences of the citrus genomes (Wu et al.,

2014; Xu et al., 2013). After amplification (1 3 94 �C for 4 min, followed

by 35 3 94 �C for 30 s, 55 �C for 30 s and 72 �C for 70 s), the PCR frag-

ments were cloned into the pGEM T-Easy vector (Promega, Madison, WI,

USA) and sequenced. The promoter sequences were aligned using CLUSTAL

Omega software at http://www.ebi.ac.uk/Tools/msa/clustalo/.
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Molecular modelling studies

The three-dimensional structural model of CsDIOX was generated with

the SWISS-MODEL server at http://swissmodel.expasy.org/, applying

default parameters and using the Arabidopsis thaliana AtF60H1 crystal

structure (PDB code 4XAE; Sun et al., 2015) as the search model. Struc-

tural alignments of the CsDIOX model with AtF60H1 were performed with

PyMOL (DeLano, 2002).
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online

version of this article at the publisher’s website:

Fig. S1 Construction of pthA-deletion mutants. (A) Strategy

used for the deletion of the pthA genes in Xanthomonas citri

strain 306. Schematic view of pthA1, pthA3 and pthA4 loci

depicting the oligonucleotides (arrows) used to generate the

1.0-kb fragments flanking the pthA coding regions (blue). The

oligonucleotides PthA1F1, PthA1R2, PthA3F1, PthA3R2,

PthA4F1 and PthA4R2 are specific for each pthA locus,

whereas PthANR1 and PthANF2 are common to all pthAs. The

bars below represent the approximate length of the DNA frag-

ments. (B) Confirmation of the pthA deletions by polymerase

chain reaction (PCR). DNAs from the single (D1, D3 and D4),

double (D1-3, D1-4 and D3-4) and triple (D1-3-4) mutants

were amplified using the indicated oligonucleotides shown in

(A) and resolved on agarose gel. The approximately 2.0-kb PCR

bands corresponding to the 1.0-kb fragments flanking the pthA

genes are indicative of the specific pthA deletions in each

mutant background. (C) Examples of sequencing chromato-

grams of D1, D3 and D4 mutants showing the respective in-

frame pthA deletions. The amino acid sequences encoded by

the mutated pthA loci are indicated. The 2.0-kb fragments

obtained with the specific PthAF and PthAR oligos were

sequenced using oligo seqPthANF.

Table S1 Oligonucleotides used for the gene expression analy-

ses, promoter cloning and sequencing, and pthA-deletion

mutant construction and verification.
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