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Abstract
Xanthomonas campestris pv. campestris expresses a chromosomally encoded class A -lactamase BlaXc. Basal expression and induction of blaXc require the transcriptional factor AmpRXc and the peptidoglycan-monomers permease AmpGXc. NagZ is a -GlcNAcase which cleaves GlcNAc-anhMurNAc peptides (peptidoglycan-monomers) to generate anhMurNAc-peptides. In many bacteria, anhMurNAc-peptides act as activation ligands for AmpR. Nevertheless, the role of NagZ in -lactamase induction differs among species. In this paper, we studied the roles of nagZXc in the regulation of blaXc and pathogenicity in X. campestris pv. campestris. Our data showed that cells lacking nagZXc dramatically reduced the basal expression and induction of blaXc, suggesting that anhMurNAc-peptides, products of NagZXc, are required for blaXc expression regardless of the presence or absence of inducers. Expression of blaXc is regulated via an ampG-nagZ-ampR pathway. Pathogenicity assay demonstrated that an ampGXc mutant excited more severe symptoms than the wild-type; on the contrary, the nagZXc mutant became less virulent. To our knowledge, this is the first demonstration of a link between the ampG or nagZ defects and the pathogenicity in a plant pathogen.
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1. Introduction
Bacterial cell wall, peptidoglycan (PG) or murein, forms a rigid barrier to maintain the shape and internal turgor pressure of the cell. In gram-negative bacteria, the glycan moiety of murein is a polymer of disaccharide (GlcNAc-MurNAc) (Harz et al., 1990; Vollmer, 2008), with a 1,6-anhydroMurNAc (anhMurNAc) residue at the end of the strand (Quintela et al., 1995). A short peptide chain (L-Ala-D-Glu-meso-A2pm-D-Ala) is connected to the lactyl group of MurNAc (Caparros et al., 1993). Cross-linkage between peptide chains stabilizes the peptidoglycan mesh network. During cell growth, peptidoglycan is continuously remodeled by keeping a dynamic balance between synthesis and degradation. Several murein hydrolyases hydrolyze peptidoglycan to release GlcNAc-anhMurNAc-tri, tetra and pentapeptides (PG momomers) which can be recycled into the cytoplasm through the inner membrane permease AmpG for regeneration of new cell wall precursor (Cheng and Park, 2002; Johnson et al., 2013; Park and Uehara, 2008; Wyckoff et al., 2012). In Escherichia coli, cells recycle about 45% of their cell wall per generation (Goodell, 1985). The internalized PG monomers are not only processed for regeneration of new cell wall precursor (Park and Uehara, 2008), but also play the role as signaling molecules for the induction of -lactamase (Hanson and Sanders, 1999; Jacobs et al., 1994). 
In the cytoplasm, NagZ (-N-acetylglucosaminidase, -GlcNAcase) is the first cytoplasmic PG monomers-degradation enzyme which cleaves the (1-4) glycosidic bond of GlcNAc-anhMurNAc peptides to generate anhMurNAc-peptides (Cheng et al., 2000). AnhMurNAc-peptides are further digested by AmpD (N-acetylmuramyl-L-alanine amidase) to release peptides for recycling to produce the murein precursor, UDP-MurNAc-pentapeptide (Lee et al., 2009). Studies using AmpC -lactamase systems in E. coli and Pseudomonas aeruginosa demonstrated the transcription factor AmpR is required for ampC induction, and that the binding of UDP-MurNAc-pentapeptide or anhMurNAc-peptides to AmpR represses or activates, respectively, the transcription of ampC (Hanson and Sanders, 1999; Jacobs et al., 1994). During normal growth, anhMurNAc-peptides are rapidly removed by AmpD to keep a low basal expression of -lactamase (Jacobs et al., 1995). -lactam antibiotics inhibit the cell wall synthesis, resulting in an accumulation of cytoplasmic anhMurNAc-peptides, and thus activating the -lactamase expression (Johnson et al., 2013; Minami et al., 1980; Zeng and Lin, 2013). Mutations in ampD, as well as in some non-essential penicillin-binding proteins, such as mrcA in Stenotrophomonas maltophilia and dacB in P. aeruginosa, perturb the cytoplasmic pool of anhMurNAc-peptides and then derepress the expression of -lactamase (high-basal expression in the absence of inducer) (Cavallari et al., 2013; Huang et al., 2012; Jacobs et al., 1995; Kong et al., 2010; Lee et al., 2009; Zamorano et al., 2010; Zamorano et al., 2011). Divergent effects of nagZ mutation on -lactamase expression have been reported: E. coli nagZ inactivation reduced the expression of the Citrobacter freundii ampC gene carried on a plasmid (Votsch and Templin, 2000); In P. aeruginosa, mutation in nagZ attenuates ampC expression, and NagZ is critical for basal-level ampC derepression in ampD and dacB mutants (Asgarali et al., 2009; Zamorano et al., 2010). In S. maltophilia, NagZ is required for the AmpD-dependent, but not for the MrcA-dependent, derepression of -lactamase expression (Huang et al., 2012). Furthermore, its -lactamase expression induced by cefuroxime and piperacillin was significantly reduced in a nagZ mutant; however, -lactamase expression induced by aztreonam, cefoxitin or carbenicillin was not affected by the nagZ mutation (Huang et al., 2012).
     Xanthomonas campestris pv. campestris is the causal agent of black rot disease in cruciferous plants (Williams, 1980). It expressed a chromosomally-encoded class A beta-lactamase, BlaXc, which is essential for resistance to penicillin and carboxypenicillins, such as carbenicillin and ticarcillin (Yang et al., 2011). Our previous studies have demonstrated that BlaXc is expressed at a moderate level in the absence of -lactam inducer (Yang et al., 2011). Expression of blaXc can be further induced by -lactam antibiotics, however, with a long lag period (Yang et al., 2011). AmpR and AmpG are both essential for the basal level expression and inducibility of blaXc, suggesting that the expression of blaXc is linked to cell wall recycling (Yang et al., 2013; Yang et al., 2011). A homolog of nagZ has been identified in the genome of X. campestris pv. campestris. In this report, we characterize the roles of nagZXc in the expression of blaXc and pathogenicity.

2. Materials and methods 
2.1 Bacterial strains, plasmids, media, and growth conditions
Bacterial strains and plasmids used in this study were listed in Table 1. Unless otherwise specified, bacteria were grown in conditions as previously described (Yang et al., 2011). 

2.2 Construction of mutant and complementary/ promoter-proving plasmids of nagZXc
A 1018 bp PCR amplification product containing the entire coding region of nagZXc was synthesized using Pfu DNA polymerase (Promega, Madison, WI, USA), with the chromosomal DNA of X. campestris pv. campestris str. 17 (Xc17) (Yang et al., 2009) as the template and the oligonucleotides NagZ-F: 5′-CCCGGGagtccccaacatgcttc-3′ and NagZ-R: 5′-AAGCTTcaggcaagtgttccgaaag-3′ as the primers. The PCR product was cloned into the EcoRV site of plasmid pBB (Yang et al., 2009) to form pBBnagZ. A gentamicin resistance cassette, excised from pUCGM (Yang et al., 2009), was inserted into the SalI site of pBBnagZ to form pBBnagZ::Gm. A nagZ mutant, XcnagZ, was selected from double-crossover recombinants of pBBnagZ::Gm with Xc17 chromosome as previously described (Yang et al., 2009). 
To construct a complementation plasmid, the nagZXc gene was excised from pBBnagZ by SmaI and HindIII, and then subcloned into the broad host range vector pBBAD22k (Yang et al., 2009) to form pBBADnagZXc. Expression of nagZ in pBBADnagZXc was under the regulation of E. coli araBAD promoter which is expressed at a modulate basal-level in the absence of arabinose inducer in X. campestris pv. campestris (Yang et al., 2009). 
 The nagZXc promoter region, PnagZXc (554 bp), was amplified from the Xc17 chromosome by PCR with the primers nagZp-F (5′-CTCGAGcgccagcgcgcgctgttg-3′) and nagZp-R (5′-TCTAGAgttggggactcccgggcc-3′). The amplicon was cloned into the XhoI and XbaI sites of pFY13-9 (Yang et al., 2009) to form a PnagZXc-lacZ transcriptional fusion (pFYnagZ).
2.3 Quantitative Real-Time PCR (qRT-PCR)
Total RNA was extracted from exponential cultures of Xc17 and XcnagZ using the Total RNA purification kit (GMbiolab, Taichung Taiwan). Residual DNA was removed by the treatment of RNase-free DNase (GMbiolab, Taichung Taiwan). The cDNA was synthesized using the MMLV Reverse Transcriptase 1st-Strand cDNA Synthesis Kit (Epicentre, Madison, WI. USA). Quantitative RT-PCR was performed with the programmed ABI Prism 7000 Sequence Detection System (Applied Biosystems) using the Smart Quant Green Master Mix (Protech Technology Enterprise Co., Ltd). The cDNA of hpt, and deoD were amplified using the primer pairs Hpt-F (5′-cgatgcgatcgcgcgcgac-3′) and Hpt-R (5′-ggtagcgggtggcgtgcag-3′); and DeoD-F (5′-gatcgactacacctggggc-3′) and DeoD-R (5′-gtggcgccatagcatccac-3′), respectively. The cycle threshold (CT) values were normalized against that of 16S rRNA amplified with the primers 16S-F (5′-agtgaacgctggcggcag-3′) and 16S-R (5′-gctgcctcccgtaggagt-3′). The relative fold change of transcript in XcnagZ in comparison to that in Xc17 was calculated with the 2-CT method. Each experiment was performed three times.

2.4 Antibiotic susceptibility testing 
The antibiotic susceptibility was determined in the Mueller-Hinton medium by a twofold micro-dilution method according to the guidelines of the Clinical Laboratory Standards Institute (CLSI, 2006). Each inoculum contained ca. 5 x 105 CFU. Minimal inhibitory concentrations (MICs) of each antibiotic were read after 24 h of incubation at 28℃.

2.5 Determination of promoter activity
To determine the promoter activity of blaXc and nagZXc, overnight cultures of strains containing pFYbla or pFYnagZ were adjusted in fresh media to an initiation OD550 of 0.35. Promoter activities were monitored by determining the -galactosidase activities in the presence or absence of -lactam inducer (cefoxitin 16 g/ml) as previously described (Yang et al., 2009). 

-lactamase activity assay	
Overnight cultures of Xc17 and its derived strains were adjusted in fresh media to an initiation OD550 of 0.35 and then cultivated at 28℃. The -lactamase activity in each culture was analyzed at three time points: 1, 4 and 7 h after subculture, with methods described previously (Yang et al., 2011). Since cefoxitin inhibits BlaXc activity, ampicillin (25 g/ml) was used as an inducer for BlaXc activity assays. Activity was calculated using a molar absorption coefficient of 20500 M-1cm-1 for nitrocefin. One unit (UBla) of -lactamase activity was defined as the amount of enzyme required to hydrolyse one nmol of nitrocefin per min at 28℃. 

- N-acetylglucosaminidase assay
Overnight cultures were adjusted in the LB medium to an initiation OD550 of 0.35 and cultured for 5 h before harvest. In the induction group, cells were subcultured in the same medium with 0.2% arabinose. Cells were collected by centrifugation, washed and resuspended in 1 ml of Tris buffer (pH 7.4) before sonication. The-GlcNAcase activity was determined with a spectrophotometric method by using p-nitrophenyl--GluNAc (pNP-GlcNAc, Sigma, USA) as substrate (Huang et al., 2012). The cell lysate (0.5 ml) was incubated with 0.4 ml of pNP-GlcNAc (1 mM) for 30 min at 28℃ and then the reaction was stopped by adding 0.1 ml of 2.5 M K2CO3. Activity was calculated using a molar absorption coefficient of 17800 M-1cm-1 for p-nitrophenol at 405 nm. One unit (U-GlcNAcase) of -GlcNAcase activity was defined as the amount of enzyme required to hydrolyse one nmol of pNP-GlcNAc per min at 28℃. The specific activity (U-GlcNAcase/mg) was defined as U-GlcNAcase per mg of total protein. The protein concentration was determined using the Bio-Rad protein assay reagent (Ca, USA), with bovine serum albumin used as the standard.

2.7 Western blot
Western blot was carried out using anti-BlaXc polyclonal antisera as described previously (Yang et al., 2011).

2.8 Pathogenicity 
Pathogenicity tests were carried out by wound-infection assay. For each round of infection, 10 l (ca. 1 x 107 CFU) of the fresh cultures of Xc17, XcampG or XcnagZ, and the corresponding complementation strain were inoculated onto wounds (artificially damaged with scissors) on the same leaf of a 6-week-old potted cabbage plant. The same volume of distilled water (DI) was used as a negative control. Infected leaves were collected and photographed after 2 weeks of culture in a controlled chamber with 12/12 h day/night cycle at 22℃. The size of leaf on each picture was adjusted to its real size. The lesion areas were measured by using the Adobe Photoshop version 5.5 software (Adobe Systems, Inc.). The paired T-test analysis was applied to compare the results exist for 18 rounds of independent inoculation experiments for each mutant. 

3. Results
3.1 NagZXc is a -GlcNAcase 
An ortholog of nagZ (nagZXc) was identified in Xc17. NagZXc shares 100%, 85%, 48% and 45% of protein identity to NagZs of X. campestris pv. campestris str. ATCC33913, S. maltophilia, P. aeruginosa and E. coli, respectively. To characterize the function of nagZXc, a nagZ::Gm insertional mutant (XcnagZ) and its complementation strain XcnagZ(pBBADnagZXc) were constructed from Xc17 (Yang et al., 2009). In agreement with the observation with E. coli, XcnagZ did not have any apparent defect in growth rate in comparison with the parental strain under laboratory conditions (data not shown). To determine whether the insertion by a Gmr cassette caused any polar effects on the downstream genes, qRT-PCR was performed to compare the expression of hpt and deoD, the two genes located downstream of nagZXc, in XcnagZ and Xc17. The results showed that the relative fold changes of the hpt and deoD transcripts (2-CT) were about 1.9 ± 0.6, and 1.6 ± 0.7, respectively, in XcnagZ in comparison with those in Xc17, suggesting that the expression of hpt, deoD was not affected by our mutagenesis system.
To investigate whether nagZXc possesses a -GlcNAcase activity, pNP-GlcNAc was used as a substrate to assay the enzyme activity in whole cell lysates. The results (Fig. 1) showed that the inactivation of nagZXc reduced about 40% of the enzyme activity in comparison with that in Xc17 (from 2.7 ± 0.3 to 1.6 ± 0.1 U-GlcNAcase/mg). In a medium without arabinose, the -GlcNAcase activity was partially restored in the complementation strain XcnagZ(pBBADnagZXc) (2.1 ± 0.1 U-GlcNAcase/mg). Addition of an nagZXc gene in Xc17, i. e. Xc17(pBBADnagZXc), did not further increase the activity (2.6 ± 0.2 U-GlcNAcase/mg). Adding 0.2% arabinose to the medium induced the -GlcNAcase activity to 10.1±1.8 U-GlcNAcase/mg in XcnagZ(pBBADnagZXc) and 11.6±1.1 U-GlcNAcase/mg in Xc17(pBBADnagZXc). These demonstrated that NagZXc does possess a -GlcNAcase activity. Since inactivation of nagZXc did not abolish all the -GlcNAcase activity, Xc17 might possess other protein(s) that hydrolyze pNP-GlcNAc. 

3.2 NagZXc autoregulated its own expression
To assess the regulation of nagZXc, the -galactosidase activity from pFYnagZ, harboring a PnagZXc-lacZ transcriptional fusion, was measured in Xc17, XcampR (an ampR mutant), XcampG (an ampG mutant) and XcnagZ with or without the addition of a non-substrate inducer (16 g/ml cefoxitin). As shown in Table 2, the expression from PnagZXc was not inducible by cefoxitin, nor affected by ampR mutation. However, PnagZXc activity was slightly decreased (about 20%) in XcampG and was significantly decreased (about 50%) in XcnagZ, suggesting that NagZXc autoregulated its own expression. This observation is different from what reported in S. maltophilia in which expression of nagZ is non-inducible by -lactam antibiotic and not dependent on AmpR, AmpN, AmpG or NagZ. Since NagZ is not a DNA-binding protein, the autoregulation is probably through an indirect manner of which the mechanism is unknown.

3.3 Loss of nagZXc increased the susceptibility of Xc17 to -lactam antibiotics
AnhMurNAc-peptides are activation ligands for AmpR. To know if nagZXc is required for -lactam antibiotics resistance in Xc17, the susceptibility of XcnagZ to -lactam antibiotics was investigated by the broth micro-dilution method. The minimal inhibitory concentrations (MIC) of antibiotics in XcnagZ, compared to those of Xc17, were reduced significantly: ampicillin from 256 to 16, and ticarcillin, carbenicillin and cefuroxime from 128 to <4 (g/ml). As what was observed in XcampR, Xcbla and XcampG (Yang et al., 2013; Yang et al., 2011), NagZXc was not required for the resistance against cefoxitin. Complementation with a wild type nagZXc in a plasmid restored the antibiotic resistance of XcnagZ to the level of Xc17. Overexpression of nagZXc in Xc17 did not increase the -lactam resistance. 

3.4 NagZXc activity is required for the basal expression and induction of blaXc 
To further investigate if the augmentation of -lactam susceptibilities in XcnagZ is due to a reduction of -lactamase production, the blaXc promoter (PblaXc) activity was analyzed by a PblaXc-lacZ transcriptional fusion (Yang et al., 2011). Like what we have shown in our previous works, PblaXc was constantly expressed in the absence of inducer and its expression can be further induced by -lactam antibiotics (Table 2). A mutation in nagZXc significantly reduced the PblaXc activity to only 39% of that of Xc17 in the absence of an inducer (the average of three measurement time points: 112±13 v. s. 286±34 Miller units). The PblaXc activity of XcnagZ was only 22% of that of Xc17 (160±9 v. s. 733±1 Miller units) at the 7th hours after induction by cefoxitin (a non-substrate inducer). A similar result was observed by using ampicillin (a substrate of BlaXc) as an inducer (data not shown), indicating that these two -lactam antibiotics induce blaXc expression via a similar NagZ-dependent pathway. Although the basal expression of PblaXc in XcnagZ was only slightly compensated by pBBADnagZXc, the inducibility of PblaXc can be restored to the wild type level in XcnagZ(pBBADnagZXc). The addition of pBBADnagZXc to Xc17 had no significant effect on PblaXc. The expression of PblaXc in Xc17(pBBADnagZXc) and XcnagZ(pBBADnagZXc) cannot be further induced by 0.2% of arabinose (data not shown), indicating that NagXc has no dosage effect on the production of -lactamase. 
Western blotting data demonstrated that Xc17 synthesized a 31 kDa BlaXc protein (Fig. 2, lane 1) and the quantity of BlaXc augmented after induction (Fig. 2, lane 5). BlaXc was absent in the blaXc mutant (Xcbla as a negative control) (Fig. 2, lanes 2 and 6) and XcnagZ (Fig. 2, lanes 3 and 7) and reappeared in XcnagZ(pBBADnagZXc) (Fig. 2, lanes 4 and 8).
Beta-lactamase activity assay reconfirmed the phenomena observed from promoter assay (Table. 3). XcnagZ exerted a very low basal -lactamase activity (about 0.09±0.08, 0.21±0.04 and 0.29±0.02 UBla/ml at 1, 4 and 7 h, respectively) and the activities were only slightly increased after induction (about 0.1±0.08, 0.15±0.13 and 0.73±0.07 UBla/ml at 1, 4 and 7 h, respectively). Complementation with a nagZXc gene partially restored the enzyme activity of XcnagZ, in which the basal and induced enzyme activities were returned to 0.47±0.09, 1.29±0.026, 2.08±0.016 and 0.49±0.068, 1.19±0.01, 2.78±0.07 UBla/ml at 1, 4 and 7 h, respectively. Overexpression of the NagZXc gene increased the basal enzyme activity, from 0.38±0.11, 0.92±0.01, 1.61±0.07 UBla/ml in Xc17 to 0.63±0.08, 1.35±0.18, 2.49±0.14 UBla/ml in Xc17(pBBADnagZXc) at 1, 4 and 7 h, respectively. However, there is no significant difference between their induced activities, 0.39±0.1, 1.36±0.13, 4.2±0.63 UBla/ml for Xc17 and 0.66±0.04, 1.77±0.27, 3.89±0.40 UBla/ml for Xc17(pBBADnagZXc) at 1, 4 and 7 h, respectively. The low expression level and enzymatic activity of BlaXc in XcnagZ is in accordance with the high susceptibility of XcnagZ to -lactam antibiotics. 

3.5 NagZXc is required for the full pathogenicity of Xc17 
It has been reported that peptidoglycan from X. campestris pv. campestris is a strong elicitor of the innate immunity in Arabidopsis thaliana (Erbs et al., 2008). To investigate whether a perturbation of peptidoglycan recycling may interfere with the pathogenicity or not, the pathogenicity of XcnagZ and XcampG, an ampGXc mutant which was expected to release more PG monomers out of the cell, was tested by wound infection assay (Fig. 3A). Since the host plants used in this research were not true-breeding, a large deviation of was observed. To overcome this problem, the paired T-test was used to compare the lesion area provoked by the mutant strain to that of Xc17, and to that of its complementary strain infected on the same leaf. As shown in Fig. 3B, XcampG (3.6 ± 1.8 cm2) caused more severe symptoms than its parental strain Xc17 (2.5 ± 1.4 cm2), P=0.03. Complementation with ampGXc significantly reduced the lesion to its normal size (2.5 ± 1.6 cm2) (P=0.045) (Fig. 3B). On the other hand, only 25% of XcnagZ infections exerted symptoms and their lesions (0.2 ± 0.2 cm2) were significantly smaller than those of Xc17 (1.9 ± 1.30 cm2) (P=0.001) (Fig. 3B). Complementation with pBBADnagZXc partially restored the virulence, with an average lesion area of 0.8 ± 0.6 cm2 (P=0.003) and 70% of infections showing syndromes (Fig. 3B). 

4. Discussion
PNP-GlcNAc is an artificial chromophoric substrate for -GlcNAcase, such as the O-GlcNAcases in metazoans (Schimpl et al., 2010); and the glucosaminidases and chitobiases in bacteria (Chitlaru and Roseman, 1996; Park et al., 2000). In this work we showed that the inactivation of NagZXc decreased about 40% of the activity for pNP-GlcNAc. It is inconsistent with an observation with S. maltophilia, in which the nagZSm mutant is completely devoid of any activity against pNP-GlcNAc (Huang et al., 2012). In E. coli and P. aeruginosa, inactivation of nagZ also completely depleted their -GlcNAcase activity (Cheng et al., 2000; Asgarali et al., 2009). To explain this difference, we hypothesize that another enzyme in Xc17 might also have an activity against pNP-GlcNAc. Just like what has been reported in V. furnissii, in which at least three enzymes, ExoI, ExoII (a homolog of NagZ) and chitobiase, hydrolyze PNP-β-GlcNAc (Chitlaru and Roseman, 1996). In the genome of X. campestris pv. campestris str. ATCC33913 many proteins, such as XCC3814, XCC1250, XCC4106, XCC1775, XCC1090 and XCC2892, like NagZ, harbor a Glyco_hydro_3 domain (Pfam accession No. pfam00933). These proteins, in addition to nagZXc, might hydrolyse pNP-GluNAc. Since inactivation of nagZXc significantly increased the susceptibility to -lactam antibiotics and perturbed the basal expression and induction of BlaXc, NagZXc should be the main -GlcNAcase involved in murein recycling and -lactamase regulation. 
So far, we have shown that AmpR, AmpG and NagZ are required for the basal expression and induction of blaXc (Yang et al., 2013; Yang et al., 2011), suggesting that the major activation molecules for blaXc, like what have reported in other Gram negative bacteria, are anhMurNAc-peptides or their derivatives. Unlike ampGXc or ampRXc mutants that are completely devoid of -lactamase activity (Yang et al., 2013; Yang et al., 2011), a weak basal-expression and induction of blaXc, from 0.29 to 0.73 UBla/ml, with an induction ratio of 2.5, remained detectable in XcnagZ (Table 3). It is not unexpected, as previously discussed; another minor -GlcNAcase can be able to process muropeptides and generates activation ligand for AmpR in the absence of NagZXc. 
Recently, a multiple-activation-molecules model for -lactamase regulation has been proposed. In S. maltophilia, the anhMurNAc-peptide produced by NagZ plays an essential role in the AmpD-deficiency-driven -lactamases derepression (Huang et al., 2012). But NagZ is not required for -lactamases derepression in the mrcA mutant (Huang et al., 2012). Different -lactam antibiotics induce -lactamases expression via either a NagZ dependent or a NagZ independent pathway (Huang et al., 2012). In P. aeruginosa, anhMurNAc-peptides are activator molecules responsible for the derepression of -lactamases in ampDs and dacB/PBP4 mutants, but not for induction by -lactam antibiotics (Asgarali et al., 2009; Zamorano et al., 2010). X. campestris pv. campestris differs from these two species in its relatively high basal -lactamase expression. In this paper, we showed that nagZXc is required for the basal expression and induction of blaXc with either a non-substrate or a substrate inducer. All the information that we have obtained until now suggests that various signals regulate the expression of blaXc through a common AmpG-NagZ-AmpR pathway. However, this simple model cannot exclude the probability that cells produce different activation ligands upon receiving different signals. Further experiments focusing on enzymes act downstream of NagZ, such as ampD genes, and penicillin-binding proteins are required to get a more detailed picture of the system.
During bacterial pathogenesis, peptidoglycan is a strong elicitor which triggers the activation of the host’s innate immune system (Sukhithasri et al., 2013). The PG monomers shed by Neisseria gonnrhea, Bordetella pertussis and Helicobacter pylori are also important virulence factors (Melly et al., 1984; Rosenthal et al., 1987; Viala et al., 2004). The naturally inefficient PG recycling system resulting from an insertional inactivation of ampG in B. pertussis (Nigro et al., 2008) and a low efficient AmpG in N. gonnrhea (Woodhams et al., 2013) increases the release of PG monomers and plays an important role in the pathogenesis of these bacteria. Peptidoglycan from X. campestris pv. campestris is also a strong elicitor of the innate immunity in A. thaliana (Erbs et al., 2008). In accord with B. pertussis and N. gonnrhea, we observed that ampGXc mutation resulted in an augmentation in the severity of symptom, suggesting that the perturbation of internalization of PG monomers in XcampG might increase the release of PG monomers to the environment and thus contribute to the virulence. To our knowledge, this is the first demonstration of a link between AmpG defect and pathogenicity in a plant pathogen. 
In this paper we also showed, for the first time, that NagZXc is required for the full virulence of Xc17. Although the role of nagZXc on pathogenicity is still unknown, it not unsuspected, since that several murein recycling-related genes have been reported to be involved in pathogenicity. Mutation in an ampD homologue results in a decreased virulence in the plant pathogen Ralstonia solanacearum (Tans-Kersten et al., 2000). Similarly, in Salmonella enterica serovar typhimurium, ampD mutation decreases virulence in mice (Folkesson et al., 2005). A mutant of mltE, coding for a membrane-bound lytic murein transglycosylase, in Erwinia amylovora causes smaller lesions in immature pears compared to the wild type (Zhao et al., 2005). In our case, although XcnagZ exhibits a normal growth rate in the laboratorial environment, the perturbation of cytoplasmic muropeptides recycling might affect the regulation of virulence factors or the in vivo fitness during infection.

5. Acknowledgements
We thank Mr. Alec Chen for careful proofreading. This study was supported by Asia University (grants 101-asia-22 and 102-asia-41) to R. M. Hu and by Ministry of Science and Technology of Taiwan (grant NSC 102- 2632- E- 468- 00- MY3) to J. P.Tsai.

6. References
[bookmark: _ENREF_1]Asgarali, A., Stubbs, K.A., Oliver, A., Vocadlo, D.J., Mark, B.L., 2009. Inactivation of the glycoside hydrolase NagZ attenuates antipseudomonal beta-lactam resistance in Pseudomonas aeruginosa. Antimicrob. Agents. Chemother. 53, 2274-2282.
[bookmark: _ENREF_2]Caparros, M., Pittenauer, E., Schmid, E.R., de Pedro, M.A., Allmaier, G., 1993. Molecular weight-determination of biosynthetically modified monomeric and oligomeric muropeptides from Escherichia coli by plasma desorption-mass spectrometry. FEBS. Lett. 316, 181-185.
[bookmark: _ENREF_3]Cavallari, J.F., Lamers, R.P., Scheurwater, E.M., Matos, A.L., Burrows, L.L., 2013. Changes to its peptidoglycan-remodeling enzyme repertoire modulate beta-lactam resistance in Pseudomonas aeruginosa. Antimicrob. Agents. Chemother. 57, 3078-3084.
[bookmark: _ENREF_4]Cheng, Q., Li, H., Merdek, K., Park, J.T., 2000. Molecular characterization of the beta-N-acetylglucosaminidase of Escherichia coli and its role in cell wall recycling. J. Bacteriol. 182, 4836-4840.
[bookmark: _ENREF_5]Cheng, Q., Park, J.T., 2002. Substrate specificity of the AmpG permease required for recycling of cell wall anhydro-muropeptides. J. Bacteriol. 184, 6434-6436.
[bookmark: _ENREF_6]Chitlaru, E., Roseman, S., 1996. Molecular cloning and characterization of a novel beta-N-acetyl-D-glucosaminidase from Vibrio furnissii. J. Biol. Chem. 271, 33433-33439.
[bookmark: _ENREF_7]Clinical and Laboratory Standards Istitute, 2006. Performance Standards for Antimicrobial Susceptibility Testing of Bacteria. 14th Informational Supplement. Clinical and Laboratory Standards Institute, Wayne, PA. 
Erbs, G., Silipo, A., Aslam, S., De Castro, C., Liparoti, V., Flagiello, A., Pucci, P., Lanzetta, R., Parrilli, M., Molinaro, A., Newman, M.A., Cooper, R.M., 2008. Peptidoglycan and muropeptides from pathogens Agrobacterium and Xanthomonas elicit plant innate immunity: structure and activity. Chem. Biol. 15, 438-448.
[bookmark: _ENREF_8]Folkesson, A., Eriksson, S., Andersson, M., Park, J.T., Normark, S., 2005. Components of the peptidoglycan-recycling pathway modulate invasion and intracellular survival of Salmonella enterica serovar Typhimurium. Cell Microbiol. 7, 147-155.
[bookmark: _ENREF_10]Goodell, E.W., 1985. Recycling of murein by Escherichia coli. J. Bacteriol. 163, 305-310.
[bookmark: _ENREF_12]Hanson, N.D., Sanders, C.C., 1999. Regulation of inducible AmpC beta-lactamase expression among Enterobacteriaceae. Curr. Pharm. Des. 5, 881-894.
[bookmark: _ENREF_13]Harz, H., Burgdorf, K., Holtje, J.V., 1990. Isolation and separation of the glycan strands from murein of Escherichia coli by reversed-phase high-performance liquid chromatography. Anal. Biochem. 190, 120-128.
[bookmark: _ENREF_15]Huang, Y.W., Hu, R.M., Lin, C.W., Chung, T.C., Yang, T.C., 2012. NagZ-Dependent and NagZ-Independent Mechanisms for beta-Lactamase Expression in Stenotrophomonas maltophilia. Antimicrob. Agents. Chemother. 56, 1936-1941.
[bookmark: _ENREF_16]Jacobs, C., Huang, L.J., Bartowsky, E., Normark, S., Park, J.T., 1994. Bacterial cell wall recycling provides cytosolic muropeptides as effectors for beta-lactamase induction. EMBO J. 13, 4684-4694.
[bookmark: _ENREF_17]Jacobs, C., Joris, B., Jamin, M., Klarsov, K., Van Beeumen, J., Mengin-Lecreulx, D., van Heijenoort, J., Park, J.T., Normark, S., Frere, J.M., 1995. AmpD, essential for both beta-lactamase regulation and cell wall recycling, is a novel cytosolic N-acetylmuramyl-L-alanine amidase. Mol. Microbiol. 15, 553-559.
[bookmark: _ENREF_18]Johnson, J.W., Fisher, J.F., Mobashery, S., 2013. Bacterial cell-wall recycling. Ann. N. Y. Acad. Sci. 1277, 54-75.
[bookmark: _ENREF_19]Kong, K.F., Aguila, A., Schneper, L., Mathee, K., Zamorano, L., Reeve, T.M., Juan, C., Moya, B., Cabot, G., Vocadlo, D.J., Mark, B.L., Oliver, A., 2010. Pseudomonas aeruginosa beta-lactamase induction requires two permeases, AmpG and AmpP. BMC. Microbiol. 10, 328.
[bookmark: _ENREF_20]Lee, M., Zhang, W., Hesek, D., Noll, B.C., Boggess, B., Mobashery, S., 2009. Bacterial AmpD at the crossroads of peptidoglycan recycling and manifestation of antibiotic resistance. J. Am. Chem. Soc. 131, 8742-8743.
[bookmark: _ENREF_22]Melly, M.A., McGee, Z.A., Rosenthal, R.S., 1984. Ability of monomeric peptidoglycan fragments from Neisseria gonorrhoeae to damage human fallopian-tube mucosa. J. Infect. Dis. 149, 378-386.
[bookmark: _ENREF_23]Minami, S., Yotsuji, A., Inoue, M., Mitsuhashi, S., 1980. Induction of beta-lactamase by various beta-lactam antibiotics in Enterobacter cloacae. Antimicrob. Agents. Chemother. 18, 382-385.
[bookmark: _ENREF_24]Nigro, G., Fazio, L.L., Martino, M.C., Rossi, G., Tattoli, I., Liparoti, V., De Castro, C., Molinaro, A., Philpott, D.J., Bernardini, M.L., 2008. Muramylpeptide shedding modulates cell sensing of Shigella flexneri. Cell Microbiol. 10, 682-695.
[bookmark: _ENREF_25]Park, J.K., Keyhani, N.O., Roseman, S., 2000. Chitin catabolism in the marine bacterium Vibrio furnissii. Identification, molecular cloning, and characterization of A N, N'-diacetylchitobiose phosphorylase. J. Biol. Chem. 275, 33077-33083.
[bookmark: _ENREF_26]Park, J.T., Uehara, T., 2008. How bacteria consume their own exoskeletons (turnover and recycling of cell wall peptidoglycan). Microbiol. Mol. Biol. Rev. 72, 211-227.
[bookmark: _ENREF_27]Quintela, J.C., Caparros, M., de Pedro, M.A., 1995. Variability of peptidoglycan structural parameters in gram-negative bacteria. FEMS. Microbiol. Lett. 125, 95-100.
[bookmark: _ENREF_28]Rosenthal, R.S., Nogami, W., Cookson, B.T., Goldman, W.E., Folkening, W.J., 1987. Major fragment of soluble peptidoglycan released from growing Bordetella pertussis is tracheal cytotoxin. Infect. Immun. 55, 2117-2120.
[bookmark: _ENREF_29]Schimpl, M., Schuttelkopf, A.W., Borodkin, V.S., van Aalten, D.M., 2010. Human OGA binds substrates in a conserved peptide recognition groove. Biochem. J. 432, 1-7.
[bookmark: _ENREF_32]Sukhithasri, V., Nisha, N., Biswas, L., Anil Kumar, V., Biswas, R., 2013. Innate immune recognition of microbial cell wall components and microbial strategies to evade such recognitions. Microbiol. Res. 168, 396-406.
[bookmark: _ENREF_33]Tans-Kersten, J., Gay, J., Allen, C., 2000. Ralstonia solanacearum AmpD is required for wild-type bacterial wilt virulence. Mol. Plant Pathol. 1, 179-185.
[bookmark: _ENREF_34]Viala, J., Chaput, C., Boneca, I.G., Cardona, A., Girardin, S.E., Moran, A.P., Athman, R., Memet, S., Huerre, M.R., Coyle, A.J., DiStefano, P.S., Sansonetti, P.J., Labigne, A., Bertin, J., Philpott, D.J., Ferrero, R.L., 2004. Nod1 responds to peptidoglycan delivered by the Helicobacter pylori cag pathogenicity island. Nat. Immunol. 5, 1166-1174.
[bookmark: _ENREF_35]Vollmer, W., 2008. Structural variation in the glycan strands of bacterial peptidoglycan. FEMS. Microbiol. Rev. 32, 287-306.
[bookmark: _ENREF_36]Votsch, W., Templin, M.F., 2000. Characterization of a beta-N-acetylglucosaminidase of Escherichia coli and elucidation of its role in muropeptide recycling and beta -lactamase induction. J. Biol. Chem. 275, 39032-39038.
[bookmark: _ENREF_37]Williams, P.H., 1980. Black rot: a continuing threat to world crucifers. Plant Dis. 64, 736-742.
[bookmark: _ENREF_38]Woodhams, K.L., Chan, J.M., Lenz, J.D., Hackett, K.T., Dillard, J.P., 2013. Peptidoglycan fragment release from Neisseria meningitidis. Infect. Immun. 81, 3490-3498.
[bookmark: _ENREF_39]Wyckoff, T.J., Taylor, J.A., Salama, N.R., 2012. Beyond growth: novel functions for bacterial cell wall hydrolases. Trends Microbiol. 20, 540-547.
[bookmark: _ENREF_41]Yang, T.C., Chen, T.F., Tsai, J.J., Hu, R.M., 2013. AmpG is required for BlaXc beta-lactamase expression in Xanthomonas campestris pv. campestris str. 17. FEMS. Microbiol. Lett. 340, 101-108.
[bookmark: _ENREF_42]Yang, T.C., Leu, Y.W., Chang-Chien, H.C., Hu, R.M., 2009. Flagellar biogenesis of Xanthomonas campestris requires the alternative sigma factors RpoN2 and FliA and is temporally regulated by FlhA, FlhB, and FlgM. J. Bacteriol. 191, 2266-2275.
[bookmark: _ENREF_43]Yang, T.C., Tsai, M.J., Tsai, J.J., Hu, R.M., 2011. Induction of a secretable beta-lactamase requires a long lag time in Xanthomonas campestris pv. campestris str. 17. Res. Microbiol. 162, 999-1005.
[bookmark: _ENREF_44]Zamorano, L., Reeve, T.M., Deng, L., Juan, C., Moya, B., Cabot, G., Vocadlo, D.J., Mark, B.L., Oliver, A., 2010. NagZ inactivation prevents and reverts beta-lactam resistance, driven by AmpD and PBP 4 mutations, in Pseudomonas aeruginosa. Antimicrob. Agents. Chemother. 54, 3557-3563.
[bookmark: _ENREF_45]Zamorano, L., Reeve, T.M., Juan, C., Moya, B., Cabot, G., Vocadlo, D.J., Mark, B.L., Oliver, A., Kong, K.F., Aguila, A., Schneper, L., Mathee, K., 2011. AmpG inactivation restores susceptibility of pan-beta-lactam-resistant Pseudomonas aeruginosa clinical strains. Antimicrob. Agents. Chemother. 55, 1990-1996.
[bookmark: _ENREF_46]Zeng, X., Lin, J., 2013. Beta-lactamase induction and cell wall metabolism in Gram-negative bacteria. Front Microbiol. 4, 128.
[bookmark: _ENREF_47]Zhao, Y., Blumer, S.E., Sundin, G.W., 2005. Identification of Erwinia amylovora genes induced during infection of immature pear tissue. J. Bacteriol. 187, 8088-8103.

7. Legends to figures
Figure 1
he-GlcNAcase activity assay using pNP-GlcNAc as a substrate in cell extracts of Xc17, XcnagZ, XcnagX(c) (XcnagZ complemented with pBBADnagZXc) and Xc17(o) (Xc17 harboring pBBADnagZXc). Arabinose (0.2%) was added (+) to induce the expression of nagZXc from pBBADnagZXc.
Figure 2
Western blot detected BlaXc protein (31 kDa, indicated by the arrow) in Xc17, Xcbla, XcnagZ and XcnagX(c) (XcnagZ complemented with pBBADnagZXc). The blaXc-deficient mutant Xcbla was used as a negative control (lanes 2 and 6). M represents the protein size marker (in kDa). Overexpression of blaXc was induced with cefoxitin (16 g/ml).

Figure 3
Genes involving in peptidoglycan recycling pathway affect virulence of X. campestris pv. campestris. (A) Symptoms producedon leaves 14 days after inoculation by Xc17 (a), XcampG (b) and XcampG(pRKXc-G) (c) (left); and Xc17 (a), XcnagZ (d) and XcnagZ(pBBADnagZ) (e) (right). Deionized water (DI) was used as a negative control. (B) The average lesion areas caused by different strains. Values are the mean ± SD from 18 measurements. 
