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Disruption of de novo purine biosynthesis in Pseudomonas

fluorescens Pf0-1 leads to reduced biofilm formation and a

reduction in cell size of surface-attached but not planktonic

cells

Shiro Yoshioka, Peter D Newell

Pseudomonas fluorescens Pf0-1 is one of the model organisms for biofilm research. Our

previous transposon mutagenesis study suggested a requirement for the de novo purine

nucleotide biosynthesis pathway for biofilm formation by this organism. This study was

performed to verify that observation and investigate the basis for the defects in biofilm

formation shown by purine biosynthesis mutants. Constructing deletion mutations in 8

genes in this pathway, we found that they all showed reductions in biofilm formation that

could be partly or completely restored by nucleotide supplementation or genetic

complementation. We demonstrated that, despite a reduction in biofilm formation, more

viable mutant cells were recovered from the surface-attached population than from the

planktonic phase under conditions of purine deprivation. Analyses using scanning electron

microscopy revealed that the surface-attached mutant cells were 25~30% shorter in

length than WT, which partly explains the reduced biomass in the mutant biofilms. The

laser diffraction particle analyses confirmed this finding, and further indicated that the WT

biofilm cells were smaller than their planktonic counterparts. The defects in biofilm

formation and reductions in cell size shown by the mutants were fully recovered upon

adenine or hypoxanthine supplementation, indicating that the purine shortages caused

reductions in cell size. Our results are consistent with surface attachment serving as a

survival strategy during nutrient deprivation, and indicate that changes in the cell size

may be a natural response of P. fluorescens to growth on a surface. Finally, cell sizes in WT

biofilms became slightly smaller in the presence of exogenous adenine than in its absence.

Our findings suggest that purine nucleotides or related metabolites may influence the

regulation of cell size in this bacterium.
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22 Abstract

23 Pseudomonas fluorescens Pf0-1 is one of the model organisms for biofilm research. Our 

24 previous transposon mutagenesis study suggested a requirement for the de novo purine 

25 nucleotide biosynthesis pathway for biofilm formation by this organism. This study was 

26 performed to verify that observation and investigate the basis for the defects in biofilm formation 

27 shown by purine biosynthesis mutants. Constructing deletion mutations in 8 genes in this 

28 pathway, we found that they all showed reductions in biofilm formation that could be partly or 

29 completely restored by nucleotide supplementation or genetic complementation. We 

30 demonstrated that, despite a reduction in biofilm formation, more viable mutant cells were 

31 recovered from the surface-attached population than from the planktonic phase under conditions 

32 of purine deprivation. Analyses using scanning electron microscopy revealed that the surface-

33 attached mutant cells were 25~30% shorter in length than WT, which partly explains the reduced 

34 biomass in the mutant biofilms. The laser diffraction particle analyses confirmed this finding, 

35 and further indicated that the WT biofilm cells were smaller than their planktonic counterparts. 

36 The defects in biofilm formation and reductions in cell size shown by the mutants were fully 

37 recovered upon adenine supplementation, indicating that purine shortages caused reductions in 

38 cell size. Our results are consistent with surface attachment serving as a survival strategy during 

39 nutrient deprivation, and indicate that changes in the cell size may be a natural response of P. 

40 fluorescens to growth on a surface. Our findings suggest that purine nucleotides or related 

41 metabolites may influence the regulation of cell size in this bacterium. 

42

43
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44 Introduction 

45 ATP and GTP are the purine nucleotide triphosphates that are essential to drive many 

46 cellular processes in all living organisms. ADP and GDP are utilized as DNA precursors after 

47 being converted to the deoxy forms by ribonucleotide reductase (Neuhard and Nygaard, 1987). 

48 AMP and GMP are the dephosphorylated forms of the above nucleotides and synthesized either 

49 in a de novo synthesis pathway or in a salvage pathway (Neuhard and Nygaard, 1987). In the de 

50 novo purine biosynthesis pathway, inosine monophosphate (IMP) is sequentially synthesized 

51 from 5-phosphoribosyl--diphospahte (PRPP) in 11 enzymatic steps, where some reactions 

52 require ATP to proceed.　AMP and GMP are synthesized separately from IMP as the common 

53 intermediate. Therefore, the biosynthesis of purine nucleotides has a high energy cost. For this 

54 reason, another biosynthesis pathway, salvage pathway, is designed to scavenge and recycle the 

55 purine bases arising from nucleic acid turnover; adenine, guanine, and hypoxanthine are 

56 converted into AMP, GMP and IMP, respectively, by phosphoribosyltransferases (Neuhard and 

57 Nygaard, 1987). The fact that most bacteria possess both de novo purine biosynthesis pathway 

58 and salvage pathway indicates vital role of this pathway in bacteria. 

59 The importance of the de novo purine biosynthesis in bacterial growth has been repeatedly 

60 described in the literature. If one of the genes in de novo purine biosynthesis pathway is 

61 disrupted, the mutant becomes purine auxotroph. In other words, the mutant is not able to grow 

62 unless the exogenous purine bases such as adenine and hypoxanthine are supplied. Purine 

63 requiring mutants of some pathogenic bacteria have been found to be avirulent in murine models 

64 of infection, implying that the purine requiring mutants stop growing when exogenous purines 

65 are not available at the sites of infection, leading to attenuated infection (Bacon, Burrows & 

66 Yates, 1951; Gerber, Hackett & Franklin, 1952; Straley & Harmon, 1984; Wang et al, 1996; 

67 Polissi et al., 1998; Pilatz et al., 2006; Samant et al., 2008; Jenkins et al., 2011). Furthermore, 

68 recent research has highlighted the role of the purine nucleotide biosynthesis on biofilm 

69 formation and symbiosis with nematode, insect or plant roots (Han et al., 2006; Ge et al., 2008; 

70 An and Grewal, 2011; Kim et al., 2014a). In these studies, significant reductions in biofilm 

71 formation and defects in symbiotic ability were observed for the purine auxotrophic mutants, 

72 emphasizing important roles of the purine biosynthesis pathway in biofilm formation and 

73 symbiosis (Han et al., 2006; An and Grewal, 2011; Ge et al., 2008; Kim et al., 2014a). 

74 The purine nucleotide derivative c-di-GMP is a central player in the regulation of biofilm 

75 formation. Generally, increase in cellular level of c-di-GMP facilitates biofilm formation. This 
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76 compound is synthesized from two molecules of GTP by diguanylate cyclases (DGCs) 

77 possessing GGDEF domain (Paul et al., 2004; Ryjenkov et al., 2005), and degraded by 

78 phosphodiesterases (PDEs) containing either EAL or HD-GYP domain (Christen et al., 2005; 

79 Schmidt, Ryjenkov & Gomersky, 2005; Ryan et al., 2006). As these enzymes typically contain 

80 regulatory domains, the synthesis and degradation of c-di-GMP is influenced by environmental 

81 factors. 

82 While DGCs and PDEs have the primary role in controlling the c-di-GMP level, previous 

83 work suggested that nucleotide pools impact c-di-GMP levels (Monds et al., 2010; Kim et al., 

84 2014b). The disruption of the purT gene in the de novo purine biosynthesis pathway decreased 

85 cellular concentration of c-di-GMP, leading to defect in the biofilm formation by Burkholderia 

86 species (Kim et al., 2014b). Increase in c-di-GMP level was observed for the apaH mutant of 

87 Psudomonas fluorescens Pf0-1, which is caused by promotion of the de novo purine biosynthesis 

88 through increased level of di-adenosine tetraphosphate (Ap4A) (Monds et al., 2010). As for the 

89 purine auxotrophic mutants of P. fluorescens, biofilm formation could be impaired because the 

90 cellular concentrations of c-di-GMP may be decreased due to a reduced pool of GTP.

91 P. fluorescens Pf0-1 is a soil bacterium that promotes plant growth by forming biofilms on 

92 roots (Haas and Defago, 2005). This bacterium forms a biofilm using LapA, a large cell-surface 

93 adhesion protein with a molecular weight of ~520kDa (Hinsa et al., 2003). The secretion and 

94 localization of LapA is regulated by LapD that binds c-di-GMP (Monds et al., 2007; Newell, 

95 Monds & O�Toole, 2009). To identify the DGC genes involved in biofilm formation by this 

96 bacterium, we previously performed transposon mutagenesis and found that more than 50 genes 

97 are involved in the biofilm formation (Newell et al., 2011b). Among the mutants impaired in 

98 biofilm formation, the transposon insertions occurred in the purH, purL, purM, purF, and purK 

99 genes in de novo purine nucleotide biosynthesis pathway (Table S3 in Newell et al., 2011b). We 

100 therefore hypothesized that the de novo purine biosynthesis pathway is essential for the biofilm 

101 formation by this bacterium, as reported for other bacteria. 

102 In this study, we sought to determine the basis for the biofilm formation defects observed in 

103 these mutants. To verify the requirement of the purine biosynthesis genes in biofilm formation, 

104 we constructed clean deletion mutants and performed functional complementation with 

105 exogenous genes and purine bases. Using electron scanning microscopy and a laser diffraction 

106 particle analyzer, we demonstrate that the surface-attached cells have smaller cell size compared 

107 to the planktonic cells and that the biofilm cells for the purine-depleted mutants became smaller 
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108 than the WT cells.  These data suggest purine auxotrophs of P. fluorescens are capable of 

109 surface attachment, but produce less biofilm biomass due to the impact of purine deprivation on 

110 growth and cell size.

111
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112 Materials & Methods 

113 Strains and media. Strain SMC4798 was used as the wild-type (WT) P. fluorescens Pf0-1, 

114 which expresses fully functional three-hemagglutinin (HA)-tagged LapA (Monds et al., 2007; 

115 Newell, Monds, & O�Toole, 2009; Newell et al., 2011b; Boyd et al., 2014). Escherichia coli 

116 S17-1 (pir) was used for cloning and conjugation. P. fluorescens and E. coli were routinely 

117 cultured with LB medium in a test tube or on a solidified LB medium with 1.5 % agar at 30°C 

118 and 37°C, respectively. Saccharomyces cerevisiae strain InvSc1 (Life Technologies) was used to 

119 construct plasmids for clean deletion and complementation, as previously described (Shanks et 

120 al., 2006). Gentamycin (Gm) was used at 30 g/ml for P. fluorescens and at 10 g/ml for E. coli. 

121 Chloramphenicol (Cm) was used at 30g/ml. For biofilm assay, K10T-1 medium that has been 

122 used in this laboratory and consisted of 50mM Tris-HCl (pH 7.4), 0.2% Bacto tryptone, 0.15% 

123 glycerol, 0.61mM MgSO4, and 1mM K2HPO4, was used (Monds et al., 2006). Purine bases were 

124 added to K10T-1 to a final concentration of 0.2mM. Arabinose was used to induce expression of 

125 the PBAD promoter from pMQ72 vector at a final concentration of 0.1% (wt/vol). 

126 Biofilm formation assay. Biofilm formation assays were performed using a polyvinyl 

127 chloride 96-well round-bottom microtiter plate (Corning 2797). Aliquots (1.5l) of liquid 

128 cultures grown overnight in LB medium was added to 100l of K10T-1 medium in the microtiter 

129 plate, and statically incubated at 30°C for 6hrs. After incubation, the liquid cultures were 

130 discarded, and the biofilm cells were stained with 0.1% (wt/vol) crystal violet (CV) in water. 

131 Twenty minutes later, the microtiter plates were rinsed with water three times, and air dried. 

132 Quantification of the biofilm cells was performed as previously described (Monds et al., 2007). 

133 In brief, 150l of 30% acetic acid (vol/vol) was added to the microtiter plate to solubilize the CV, 

134 and 125l of this solution was transferred into a flat-bottom microtiter plate. A microplate reader 

135 Vmax (Molecular Devices) was used to read the absorbance at 550nm.  

136 Constructs for clean deletion and complementation. The pMQ30 and pMQ72 vectors 

137 were used for clean deletion and complementation, respectively. Clean deletion mutants were 

138 prepared as follows. A ~1kbp pair of PCR fragments was amplified from upstream and 

139 downstream of the target genes. The fragments were cloned into pMQ30 in parallel. Deletion 

140 constructs were transferred into P. fluorescens by conjugation, and transconjugates were selected 

141 on LB plates containing Gm and Cm. After confirming the single-crossover events by PCR, the 

142 strains were cultured overnight in the absence of any antibiotics and then spread on LB medium 

143 agar plate containing 5% (wt/vol) sucrose to facilitate the second crossover recombination. The 
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144 removals of the target genes were verified by PCR, and all mutants resulted in the reduced 

145 biofilm in the biofilm formation assay. The pMQ72 vectors for complementation were designed 

146 to possess the ribosomal binding site (RBS) for LapD (Newell, Monds & O�Toole, 2009) and the 

147 N-terminal 6× histidine (6×His) tag. Success in construction was confirmed by DNA sequencing. 

148 The pMQ72 vectors were introduced into the P. fluorescens strains by electroporation. 

149 Measurement of numbers of planktonic and biofilm cells. Number of cells in the 

150 supernatants and biofilms were determined by a serial dilution method. After incubation for 

151 biofilm assay, the supernatants were removed, and the wells were washed twice with 100l of 

152 PBS buffer consisting of 10mM Na2HPO4, 2mM KH2PO4, 137mM NaCl, and 2.7mM KCl. An 

153 aliquot (100l) of the PBS buffer was added to the wells, and the biofilm cells were collected 

154 using a disposal cotton swab (Shimada et al., 2012). The cotton swab was then put into an 

155 Eppendorf tube, and the well was washed twice with 100l of the PBS buffer. The washed 

156 buffers were transferred into the Eppendorf tube each time. After adjusted to 1mL, the solution 

157 was vigorously vortexed and used for the serial dilution to determine the numbers of the cells. 

158 Typically, 10l of the diluted solutions were put onto the solidified LB medium plate, and 

159 incubated at 30°C until the colonies became large enough to count. The experiments were 

160 replicated four times for each sample, and the numbers of the colonies on the LB plates were 

161 counted to calculate averages and standard deviations. This procedure was performed at least 

162 twice. Successful removal of the biofilm cells from the wells was confirmed by staining the 

163 microtiter plates with CV, where the residual stain was negligible for all cases. 

164 Measurement of the total cellular concentrations of ATP. The cellular concentrations of 

165 ATP for the planktonic and biofilm cells for the WT and mutants were measured using a 

166 BacTiter-Glo Microbial Cell Viability Assay kit from Promega (Madison, USA), and were 

167 expressed in relative light unit (RLU). The measurements for RLU were performed using a 

168 Lumitester C-100 from Kikkoman (Japan). The planktonic and biofilm cells derived from the 

169 biofilm assay were used for the measurements, as described above. For the measurements of the 

170 planktonic cells, 100l of the supernatants were mixed with 100l of the BacTiter-Glo reagent. 

171 After incubated at ~5min, RLUs were measured. For biofilm cells, the attached cells were finally 

172 diluted to 10-fold with the PBS buffer. Each 100l was used for the RLU measurements. The 

173 experiments were repeated four times for each sample, and the averages and standard deviations 

174 were calculated. The Student�s t-test was performed to see difference between WT and the 

175 mutants.
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176 Measurement of cell surface LapA by dot-blot. Bacteria were grown statically in K10T-1 

177 with or without 0.2mM adenine for the indicated incubation period, or shaking at 250rpm as 

178 indicated. Then cells were harvested and resuspended at a cell density of OD600=0.25 in PBS, 

179 and spotted in 5l aliquots onto nitrocellulose membrane filters. After drying, blots were blocked 

180 for 2 hours with a 1% solution of Bovine serum albumin (BSA) in Tris-Buffered Saline (pH 7.4) 

181 containing 0.1% Tween (TBST). Then blots were probed for the HA-tagged LapA protein with 

182 anti-HA antibody (Fisher Scientific, RB1438P0) at a concentration of 2g/ml in TBST 1% BSA. 

183 After 3 washes of 10 minutes each in TBST, blots were probed with a horse radish peroxidase-

184 conjugated secondary antibody (Fisher Scientific, PI-31460) at a concentration of 80ng/ml, then 

185 rinsed, imaged and quantified as previously described (Newell et. al, 2009).

186 Scanning electron microscopy. Scanning electron micrographs were obtained for the 

187 biofilms formed inside the 96-well microtiter plate, followed by platinum ion sputtering (MSP-

188 1S magnetron sputter, Vacuum Device Inc., Japan). A desktop scanning electron microscopy 

189 Phenom ProX (Phenom World, The Netherlands) was employed with the accelerating voltage of 

190 10kV. To obtain information on cell size, the electron micrographs were analyzed using Phenom 

191 ParticleMetric software (Phenom World, The Netherlands). From each micrograph, single cells 

192 were automatically identified using the following parameters: minimum contrast, 0.50; merge 

193 shared borders, 0.25~0.35; conductance, 0.25~0.30; minimum detection size (%), 0.50. After 

194 manually removing the non-cell-derived small particles and the aggregated cells from the data 

195 collections, the histograms and parameters such as circumscribed circle diameter and circle 

196 equivalent diameter were automatically obtained. Five to eighteen SEM images were used to 

197 collect more than 1,000 of the circumscribed circle diameters for each analysis, which depended 

198 on the numbers of the cells in each micrograph. Analyses were performed at least three times for 

199 each sample. 

200 Laser diffraction particle analysis. Size distributions of the planktonic and biofilm cells 

201 were measured using a laser diffraction particle analyzer LA-960 (Horiba, Japan). Particle size 

202 analysis was performed with the software equipped with the device. In this analysis, the software 

203 calculates the size of particles based on the Mie theory, which assumes the particles to be 

204 spherical (Eshel et al., 2004). Because the mutants did not grow well in K10T-1 medium, it was 

205 anticipated that the amounts of the cells were not enough for the measurements. We therefore 

206 used a prototype 200l volume microcell for the measurements, which is not commercially 

207 available currently. The biofilm formation assays were performed with 10ml of K10T-1 in a 
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208 standard 50ml centrifugal tube made of polypropylene. After static incubation at 30°C for 6h, the 

209 planktonic cells were collected by centrifugation (7.4k rpm for 2min), and the cell-free 

210 supernatants were discarded so that the residual bacterial solutions were roughly 200l. The 

211 bacterial cells were resuspended using a micropipette, and then placed into the microcell using a 

212 disposable plastic syringe. For the measurement of biofilm cells, the 50ml tubes were washed 

213 twice with the PBS buffer, and then 10 ml of the fresh buffers were added. The biofilm cells 

214 were dispersed using an ultrasound homogenizer VC-130 equipped with a 2mm microtip (Sonics 

215 & Materials, Inc.). The amplitude was set to 20~25%. The dispersed biofilm cells were collected 

216 by centrifugation and used for the measurements as described above. The measurements were 

217 repeated at least three times for each sample. 

218
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219 Results 

220 Mutants incapable of de novo purine biosynthesis show reduced biofilm formation, but are 

221 rescued by addition of adenine and hypoxanthine. Our previous transposon mutagenesis study 

222 indicated that the genes involved in the de novo purine nucleotide biosynthesis are required for 

223 normal biofilm formation by P. fluorescens Pf0-1 (Newell et al., 2011b). To verify this, we 

224 constructed the clean deletion mutants for eight genes among total of eleven genes located in the 

225 pathway from PRPP to IMP, and examined their biofilm formation (Fig. 1A). Both PurN and 

226 PurT catalyze the same enzymatic step from 5-phosphoribosylglycinamide (GAR) to 5�-

227 phosphoribosyl-N-formylglycinamide (FGAR). Since it was anticipated that the deletion of one 

228 of the genes would be compensated by the other, we did not make mutants for these genes. For 

229 the purB mutant, we were unable to delete the gene despite repeated attempts. We therefore did 

230 not investigate these three genes in this study. As shown in Fig. 1A, biofilm formation by the 

231 mutants was reduced to less than half of that by WT, which confirms the transposon mutagenesis 

232 study. 

233 To test whether these mutations were sufficient to explain the decrease in biofilm, we 

234 performed a complementation analysis, reintroducing each gene on a plasmid (Fig. 1B). 

235 Sufficient restoration of the biofilm formation was observed for complemented strains of purD, 

236 purH, purL, purC, and purK. The recovery of biofilm formation was partial for 

237 complemented strains of purM, purF, and purE (Fig. 1B). Instead, full recovery of biofilm 

238 formation for these three mutants was achieved by the addition of adenine (final conc. 1mM) to 

239 the medium (Supporting Fig. S1).

240 We next examined the effect of adding purine bases to the growth medium on biofilm 

241 formation by WT and three mutants, purH, purC, and purK, was examined (Fig. 1C). Due to 

242 low solubility of xanthine in the medium, the concentration of the purines added to the K10T-1 

243 medium were set to 0.2mM in this experiment. In the salvage pathway, adenine, guanine, 

244 hypoxanthine and xanthine are converted to the corresponding nucleotides by adenine 

245 phosphoribosyltransferase and hypoxanthine-guanine phosphoribosyltransferase and xanthine 

246 phosphoribosyltransferase. In E. coli and Salmonella, it is known that addition of adenine, 

247 hypoxanthine, and guanine to the medium recovers the growth of the purine auxotroph mutants 

248 (Neuhard & Nygaar, 1987). This is because these bacteria possess adenosine deaminase and 

249 GMP reductase that convert adenosine and GMP to inosine and IMP, respectively, enabling the 

250 bacteria to synthesize both AMP and GMP from these purine bases. 
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251 The biofilm phenotypes shown in Fig. 1C indicated that only adenine and hypoxanthine were 

252 able to recover the same level of biofilm formation as that of WT. On the other hand, addition of 

253 guanine or uric acid did not affect biofilm formation. BLAST searches indicated that P. 

254 fluorescens Pf0-1 possesses a homologous gene (Pfl01_0671) to the adenosine deaminase of E. 

255 coli with sequence identity of 28%, but there was no hit for the GMP reductase, suggesting lack 

256 of the latter enzyme in this microorganism. Interestingly, xanthine and oxidized purines, 

257 isoguanine and 8-hydroxyguanine, slightly promoted biofilm formation by purH and purK. 

258 Incorporation of xanthine into DNA and RNA was previously reported for E. coli mutants that 

259 cannot convert IMP to XMP or AMP (Pang et al., 2012). A similar mechanism may work for this 

260 case. In contrast, caffeine, theobromine and theophylline that are the methylated derivatives of 

261 xanthine were insensitive to the biofilm formation by WT, purH and purK. Very minor 

262 inhibitory effect was found for purC (Fig. 1C). 

263 Growth of the surface-attached cells of the mutants became slower than WT. As shown 

264 in Fig. 1D, the biofilm formation by WT reached maximum at around 6hrs and then started to 

265 decline, which could be caused by dispersal of the cells due to nutrient deficiency (see Newell et 

266 al., 2011a). In contrast, the amounts of biofilms by the purH, purC, and purK mutants 

267 reached maxima at around 9~12hrs (Fig. 1D), indicating that the growth of the surface-attached 

268 cells of the mutants were slower than WT. 

269 Mutations cause growth defect in the planktonic cells. One of the reasons for the reduced 

270 biofilm formation by the mutants could be a growth defect in the medium used in the assay, 

271 K10T-1. The supernatant for WT in the biofilm formation assay gradually became cloudy due to 

272 the growth of the cells. On the other hand, those for the mutants were clear and did not become 

273 turbid. To compare the growth of the cells during planktonic culture in this medium, changes in 

274 the absorbance at 590nm (OD590) were monitored for WT and the above three mutants (purH, 

275 purC, and purK) (Fig. 2A). It was apparent that the OD590 for mutants did not change during 

276 6hrs, indicating that the mutants were not able to grow in K10T-1 medium. Addition of adenine 

277 into the medium rescued mutant growth, as the OD590 started to rise sharply at around 4hrs, as 

278 observed for WT (Fig 2B). This result is consistent with the recovery of the biofilm formation in 

279 the presence of adenine, as shown in Supporting Fig. S1. It therefore seems likely that reduced 

280 biofilm formation by mutants in de novo purine biosynthesis pathway is due, in part, to the 

281 inability to grow in K10T-1 medium.

282 Mutations lead to purine deprivation in both planktonic and biofilm cells. Since the 

PeerJ reviewing PDF | (2015:08:6253:1:0:NEW 19 Nov 2015)

Manuscript to be reviewed

PeerJ PrePrints | https://dx.doi.org/10.7287/peerj.preprints.1307v2 | CC-BY 4.0 Open Access | rec: 19 Nov 2015, publ: 19 Nov 2015



283 mutants lack one of the genes in the biosynthesis pathway in the IMP synthesis, and demonstrate 

284 a growth defect in K10T-1 medium in the absence of purine supplementation, we predicted that 

285 the cellular concentration of purine nucleotides should be lower in the mutants than in the WT in 

286 K10T-1. Using the luciferase-based ATP assay we measured the relative concentrations of ATP 

287 in both planktonic and biofilm cells. In Fig. 2C, the black and grey bars indicate ATP contents 

288 for the planktonic and biofilm cells, respectively. The total ATP contents in the planktonic cells 

289 of the mutants were almost 20-times lower than that of the WT cells. Similarly, those in the 

290 surface-attached cells of the mutants were roughly 10-times lower than that of WT. These results 

291 indicate that the cellular concentrations of purines are likely to be reduced in the mutant cells. 

292 Purine biosynthesis mutations alter the proportion of attached verses planktonic cells 

293 in static culture. Although biofilm formation by the mutants was reduced to less than half of 

294 that by WT (Fig. 1A), it conversely suggests that certain numbers of mutant cells were attached 

295 to the surface as biofilms. To examine this more closely, the numbers of cells in the planktonic 

296 and attached populations were determined (Fig. 2D). It is known that LB medium contains 

297 substantial amounts of nucleic acids derived from yeast extract. Therefore, it is not surprising 

298 that the mutants grew well in LB medium, which was used to culture the inoculum for the 

299 biofilm assay (black bars in Fig. 2D).

300 Comparing dark and light grey bars in Fig. 2D provides information on the proportion of 

301 biofilm cells versus planktonic cells, respectively. The fraction of the total cells that were 

302 attached to the surface was larger for the purC (~69%), purK (~75%) and purH (~48%) 

303 mutants, compared to that for WT (~16%). These data seem to indicate that the mutants exhibit a 

304 growth defect in planktonic culture in K10T-1, and are consistent with the growth curves shown 

305 in Fig. 2A. They are also consistent with the survival of cells under purine deprivation in the 

306 biofilm mode of growth.

307 Secondly, it should be noted that the cell numbers of the biofilms for the purH and purK 

308 mutants were almost the same as that of WT. Remember that the CV staining of purH mutant 

309 biofilms was reduced to ~40% of the WT (Fig. 1A). One explanation for the reduction in biofilm 

310 biomass by the purH mutant could be a reduction in cell size of the purH mutant compared to 

311 that of WT. In contrast, the cell number from the biofilm of the purC mutant was one-order of 

312 magnitude lower than the others. Therefore, reduction in cell number should also be considered 

313 as a contributor to reduced biofilm formation by the mutants. Altogether, these observations 

314 provided a hypothesis that the reduction in biofilms by the mutants is originated from the 
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315 reduction(s) in cell sizes and/or cell numbers for the biofilm cells. 

316 Purine deprivation reduces amount of the surface adhesin, LapA in the planktonic cells. 

317 Biofilm formation by P. fluorescens Pf0-1 requires initial attachment via the cell surface adhesin, 

318 LapA (Hinsa et al., 2003; Boyd et al., 2014). The amount of this protein on the cell surface is 

319 controlled by internal signals via the binding of c-di-GMP to LapD (Monds et al., 2007; Newell 

320 et al., 2009). We next addressed whether the pur mutants were capable of attachment via LapA, 

321 despite showing reduced ATP levels which could influence cellular GTP and c-di-GMP 

322 concentrations. To test LapA levels during initial attachment, cells were incubated statically in 

323 K10T-1 medium for 1 hour with or without adenine. Next, cells were harvested and probed for 

324 cell surface LapA by dot-blot. We found the LapA level was significantly reduced in the purH, 

325 purC and purK mutants compared to WT (P < 0.001, Wilcoxon Sum Rank Test), however the 

326 reduction was not more than 40% (Fig. 2E). By comparison, deletion of lapD has been shown to 

327 reduce cell-surface LapA by >90% (Newell et al., 2009). Addition of adenine to the medium 

328 significantly increased LapA localization to the cell surface in all of the mutants (P < 0.001), but 

329 had no impact on LapA localization in the WT (Fig. 2E). Only in the case of the purH mutant 

330 did adenine supplementation restore the LapA level to one indistinguishable from WT (P > 0.5), 

331 while the purC and purK mutants were partially restored to 88% and 92% of WT, respectively. 

332

333 We hypothesized that further reduction in cell surface LapA might be observed for the 

334 mutants after prolonged incubation in the absence of adenine. To test this, cells were incubated 

335 in K10T-1 for 9 hours under aerated conditions. These cells showed a greater reduction in cell 

336 surface LapA relative to WT than that seen during the initial attachment phase (purH 20%, 

337 purC 13%, and purK 14% of WT level; Fig. 2F). Altogether, the LapA quantification results 

338 are consistent with the pur mutants attaching to surfaces via the LapA adhesin, albeit at a lower 

339 level than that of WT, and indicate that purine deprivation reduces the amount of LapA on the 

340 cell surface of planktonic cells.

341 Cell size is altered by purine deprivation, and by surface attachment independent of 

342 purine deprivation. From the cell counting experiments (Fig. 2D), the numbers of the surface-

343 attached cells of the purH and purK mutants were not significantly different from that of WT, 

344 while the amounts of biofilms by the mutants were less than half of WT (Fig. 1A). To explain the 

345 reduction in the biofilm formation by the mutants, we hypothesized that the mutant cells in 

346 biofilms became smaller than WT. To test this, SEM images for WT and the three mutants 
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347 cultured in K10T-1 were obtained (Fig. 3A). These data indicated that the amounts of the mutant 

348 cells in each view field of the SEM image were less than that of WT, which seems contradict to 

349 the results in the cell numbers (Fig. 2D). However, this is not unexpected because the mutant 

350 cells are seen at wider region in the wells of the microplate than WT whose biofilm cells are 

351 observed only at the air-liquid interface (Fig. 1A). To clarify the difference in the cell sizes 

352 between WT and the mutants, the SEM images were analyzed by measuring the circumscribed 

353 circle diameter of individual cells as an approximation for the length of the cell (described 

354 further in Materials & Methods). We used the Wilcoxon Sum Rank test to compare the medians 

355 (Table 1). The medians for the circumscribed circle diameter for the purH, purC, and purK 

356 mutants were 1.31, 1.35, and 1.43m, respectively, and became significantly smaller than WT 

357 (1.87m) by 25~30%. 

358 As the impaired biofilm formation by the mutants was restored by the supplementation of 

359 adenine (Fig. 1C), we expected that the cell sizes for the mutants would return to the equivalent 

360 size of WT. Figure 3B shows the electron micrographs and histograms obtained for the adenine-

361 supplemented biofilm cells of WT and the mutants. Against our expectation, the WT cells 

362 showed a slightly smaller size (1.82m) compared to that (1.87m) in K10T-1 medium. Growth 

363 inhibition of E. coli by adenine supplementation has been known, which has been supposed to be 

364 attributed to inhibition of the de novo biosynthesis of pyrimidine nucleotides (Hosono & Kuno, 

365 1974) or depletion of cellular concentrations of GTP (Levine & Taylor, 1982) and PRPP 

366 (Shimosaka et al., 1984). Similar mechanisms may work for the WT strain of P. fluorescens Pf0-

367 1, resulting in the observed slight shrinkage of the biofilm cells in the presence of adenine. The 

368 circumscribed circle diameters of the purH, purC, and purK mutants when adenine was 

369 added to K10T-1 were 1.59, 1.70, and 1.63m, respectively. This represents a significant 

370 increase in mutant cell size due to the addition of adenine, ranging between 14-26%, suggesting 

371 that adenine supplementation can partially rescue the defect in cell size shown by the mutants 

372 (Table 1). 

373 As stated above, biofilm formations by WT and the mutants showed time-dependent changes 

374 (Fig. 1D). At later than 6hrs, the amounts of biofilms by the mutants gradually increased and 

375 came close to that of WT. These observations suggest that the biofilm cells of the WT become 

376 smaller while the mutant cells become larger due to the cell growth. To elucidate this point, we 

377 obtained the SEM images for the biofilm cells at 9hrs, and the median sizes of the surface-

378 attached cells were determined (Fig. 3C and Table 1). 
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379  WT cells became significantly smaller (1.44m) than that at 6hrs (1.87m; P < 0.01), at 

380 longer incubation time. In contrast, the median sizes for the purH, purC, and purK mutants 

381 were 1.54, 1.42, and 1.61m, respectively (Fig. 3C and Table 1), all significantly larger than 

382 those at 6hrs but still smaller than the original size (WT at 6hrs, 1.87m; see P values in Table 1). 

383 The increases in cell sizes (Fig. 3C) and amounts of biofilms (Fig. 1D) observed for the mutants 

384 may indicate gradual cell growth of the surface-attached cells despite purine limitation. 

385 Biofilm cells are smaller than planktonic cells. As revealed by the SEM analyses, the 

386 biofilm cells of the mutants possess smaller cell sizes than WT.  The observation seems to be 

387 similar to that happens when bacteria are placed under condition like carbon starvation (Östling 

388 et al., 1993) or undergo what are typically called reductive divisions (Roszak & Colwell, 1987; 

389 Nyström, 2004). In the latter case, cell number increases without significant increase in biomass, 

390 which accompanies decrease in the cell size (Roszak & Colwell, 1987; Nyström, 2004). The 

391 reason for our observation may be ascribed to survival of the mutants on the surface under the 

392 purine limitation. This is an interesting hypothesis, but has not been confirmed yet. One way to 

393 test this is to know the sizes of the planktonic cells and compare those of the biofilm cells. 

394 To get insights into the cell sizes for the planktonic cells, the size distributions for the 

395 planktonic cells were measured using a laser diffraction particle analyzer (Fig. 4). We compared 

396 the mode diameters that are the highest peak of the frequency distribution and represent the most 

397 commonly found cell (particle) sizes in the sample. To show distribution width for each analysis, 

398 D10, D50 (median), and D90 are shown in Table 2. 

399 Shown in Fig. 4A are the frequency distributions for the planktonic cells of WT cultured in 

400 K10T-1 (solid line) and K10T-1+adenine (dashed line). Note that the solid line almost 

401 overlapped the dashed line, indicating little change in the size of planktonic cells with or without 

402 adenine. The mode diameter for WT cells grown in both conditions was 1.86m. Biofilm cells 

403 were also analyzed after removal from the surface, which is shown in the dotted line in Fig. 4A. 

404 The mode diameter of WT cells growing in a biofilm was significantly smaller than that of the 

405 planktonic cells in K10T-1 (1.62m vs. 1.86m; t-test, P < 10-10), suggesting that the change in 

406 life style from the planktonic to the surface-attached makes the cell size smaller for the WT cells 

407 (Table 2). 

408 A reduction in the sizes of biofilm cells compared to planktonic cells was also observed for 

409 the mutants (Table 2). The mode diameter measurements of the mutant planktonic cells in K10T-

410 1 medium ranged from 1.86m to 1.94m but were not significantly different from WT (P < 
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411 0.05; t-test). In contrast, the mode diameters of the mutant biofilm cells were significantly 

412 smaller than planktonic or WT biofilm cells. The mode diameters were 1.08m for the purH 

413 and purC mutants and 1.13m for the purK mutant, which corresponds to 30~33% reduction 

414 in size compared to WT biofilm cells (P < 0.001, t-test) and a 42-44% reduction compared to the 

415 planktonic cells of each strain (P < 0.002, t-test). These results are consistent with the SEM 

416 analyses that indicated 25~30% of reductions in the circumscribed circle diameters for mutant 

417 biofilm cells compared to WT.

418 Supplementation of adenine had minimal effects on the size planktonic mutant cells, 

419 indicating that the planktonic cells of the mutants maintain the same cell size irrespective of 

420 purine levels in the growth medium (Table 2; difference from same strain without adenine not 

421 significant by t-test, P > 0.05). In summary, the laser diffraction particle analyzer data revealed 

422 significant differences between the size of planktonic and biofilm cells for the pur mutants and 

423 the WT. They also corroborate the observation by SEM that the surface-attached mutant cells 

424 have a smaller cell size than that of WT. Taken together with our analysis of CFU in the 

425 planktonic vs. attached phases of static cultures (Fig. 2D), these data suggest major differences in 

426 the physiology of attached cells under purine limitation compared to their free-floating 

427 counterparts. 

428

PeerJ reviewing PDF | (2015:08:6253:1:0:NEW 19 Nov 2015)

Manuscript to be reviewed

PeerJ PrePrints | https://dx.doi.org/10.7287/peerj.preprints.1307v2 | CC-BY 4.0 Open Access | rec: 19 Nov 2015, publ: 19 Nov 2015



429 Discussion 

430 In this study, we sought to determine the basis for the defects in the biofilm formation by the 

431 purine auxotrophic mutants of P. fluorescens Pf0-1, in which one of the genes involved in the de 

432 novo purine biosynthesis pathway to IMP was disrupted. We found that the attached biomass in 

433 the mutant biofilms was less than half of that in WT biofilms in K10T-1 medium (Fig. 1A). As 

434 this biosynthesis pathway is essential for most of bacteria, many studies have shown that the 

435 disruption of the genes in this biosynthesis pathway also impact virulence, biofilm formation and 

436 symbiosis. Our results confirm that the purine auxotrophic mutants of P. fluorescens Pf0-1 show 

437 a reduced biofilm phenotype and provide details as to the mechanisms involved. 

438 Synthesizing our results, we propose that the biofilm phenotype of the pur mutants is 

439 influenced by several factors. First, the mutations resulted in modest but significant reductions in 

440 cell surface LapA (Fig. 2E), which likely reduces the number of cells that initially attach to the 

441 surface. This is consistent with the lower density of attached cells observed by SEM (Fig. 3 and 

442 Table 1). Second, as the exogenous purine supply is exhausted during static growth in K10T-1 

443 the proliferation of the mutants is likely slowed due to purine limitation; this judgment is based 

444 on planktonic growth and biofilm cell counts (Fig 2A and 2D). The growth defect observed in 

445 the absence of purine supplementation is one major contributing factor in the decrease in biofilm 

446 formation.

447 A third factor influencing the biofilm phenotype of the pur mutants is changes in cell size. 

448 Under purine limitation, attached cells became reduced in size, about 25-30% smaller than WT 

449 by SEM (Fig. 3). This is consistent with the results from the laser diffraction particle analyses 

450 which also indicated a 30-33% size reduction for the mutants (Fig. 4 and Table 2), while the two 

451 methods utilize different theories to obtain the cell sizes. The attached mutant cells were 

452 significantly smaller than attached WT cells at 6 hours when the greatest difference in attached 

453 biomass is observed by the CV assay (Fig. 1D). The amount of attached biomass and biofilm cell 

454 sizes for the WT and mutants converge at 9 hours, likely due to the gradual elongation of mutant 

455 cells and potentially shortening of WT cells, which we predict experience some nutrient 

456 limitation by this time (Fig. 1D and 3). 

457 One interesting finding of this study is the difference between attached and planktonic 

458 mutant cells. These differences are evident in the change in cell size upon purine limitation (Fig. 

459 4), as well as in the larger number of viable cells recovered from the biofilm compared to the 

460 planktonic population for purC and purK (Fig. 2D). Additionally, the size of biofilm cells 
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461 increased in response to adenine supplementation, while the planktonic cells did not (Fig. 3 vs. 

462 Fig. 4). Combined with the modest increase in mutant biofilm cell size between 6 and 9 hours, 

463 and ATP measurements (Fig. 2C), these data argue that purine-limited biofilm cells are 

464 metabolically active.

465 Although the result in Fig. 2D indicated that the number of the biofilm cells was decreased 

466 one-order of magnitude for the purC mutant, the ATP assay revealed that the total amount of 

467 ATP for this mutant was similar to those of the purH and purK mutants (Fig. 2C). These 

468 results may indicate that there are some problems in recovery process for the purC mutant after 

469 plating on a LB medium plate in the cell counting experiments. In other words, the actual 

470 number for the biofilm cells for the purC mutant may be higher than the value indicated by 

471 plate counts (Fig. 2D) and thus closer to those of the other mutants. 

472 The laser diffraction study further revealed that the biofilm cells of WT are smaller than 

473 those in the planktonic phase of the same medium (Fig. 4 and Table 2). A similar observation 

474 was reported for Staphylococcus aureus, in which differences in total cellular proteins and 

475 respiratory activity between surface-attached and planktonic cells were observed (Williams et al., 

476 1999). Therefore, our observation suggests that some metabolic differences exist between the 

477 two states. In addition, the cells sizes of WT biofilms in the presence of adenine are smaller than 

478 those in its absence (Fig. 3B and Table 1). For the purine auxotrophic mutants, the salvage 

479 pathway is the sole way to synthesize the purine nucleotides. However, for WT, the excess 

480 purine base in the medium not only suppresses the de novo purine biosynthesis pathway 

481 (Houlberg & Jensen, 1983) but also may influence other metabolic pathways, leading to the 

482 observed shrinkage of the surface-attached cells. Further study using metabolomic and/or gene 

483 expression analyses is desired to identify the mechanism behind these changes. 

484 In contrast to the surface-attached cells, the planktonic cells of the mutants remain the same 

485 cell size as WT irrespective of adenine supplementation (Fig. 4 and Table 2). As shown in Fig. 

486 2D, the numbers of the planktonic cells for the mutants were less than the inoculums, indicating 

487 cell death occurs for some planktonic cells that fail to adapt to the purine deficiency. The 

488 behavior of the planktonic cells of the mutants is different from those of Vibrio sp. and P. putida 

489 KT2442, in which the cell size reduction occurred for the planktonic cells soon after they were 

490 placed under carbon limitation (Amy & Morita, 1983; Östling et al., 1993; Givskov et al., 1994). 

491 This is an interesting observation as it indicates the surface-attached forms of the mutants are 

492 more suitable for survival rather than the planktonic ones under the purine shortage. 
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494 Conclusions 

495 This study examined purine auxotrophic mutants of P. fluorescens Pf0-1 to elucidate the 

496 basis of the defects they display in biofilm formation. We found significantly more viable mutant 

497 cells attached to the surface than in the planktonic phase, indicating that the surface-attached 

498 mode of growth is suitable for survival of the mutants under the purine shortage. ATP 

499 measurements and the observed increases in cell size between 6 and 9 hours also suggest that 

500 mutant biofilm cells are metabolically active. Using SEM and a laser diffraction particle analyzer, 

501 we demonstrated that the surface-attached mutant cells have smaller sizes than WT and that the 

502 surface-attached WT cells were smaller than the planktonic ones. The latter observation indicates 

503 that some modulation of cell size is a natural response of P. fluorescens to the biofilm 

504 environment. The reduction in the cell numbers and sizes in mutant biofilms could be main 

505 factors to explain the reduced biofilm formation by the mutants. The data presented here 

506 provides a new view on the relationship between purine deficiency and biofilm formation. 

507

508

509 Abbreviations 

510 CV crystal violet 

511 SEM scanning electron microscopy

512

513
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Figure 1(on next page)

Effect of the mutation of the genes in the de novo purine nucleotide biosynthesis on

biofilm formation.

(A) A quantitative biofilm assay comparing WT and the clean deletion mutants. Data are the

mean absorbance of dissolved crystal violet stained biomass at 550nm m �������� �������	��

(SD) (n = 7). Representative images for the biofilms are shown above the graphs. The

experiments were performed several times, and the representative one is shown. The

asterisks (*) indicate significant differences in absorbance at 550nm (OD550) relative to that of

WT (P < 0.01 in two-tailed Student � �
���� �������
 ����� ���������� ��� � ������������

biofilm assay to examine complementation of the genes for the clean deletion mutants (gray

bars). The pMQ72 vector with each gene was introduced into the parent strain. The WT strain

contained an empty pMQ72 vector. Arabinose was added to the medium at a concentration

of 0.1% to induce the gene expression. Strains without the pMQ72 vector are shown in black

bars as references. Data are the mean absorbance at 550nm m b� �n = 7). Representative

images for the biofilms with the gene complementation are shown above the graphs. The

asterisks (*) indicate significant differences in absorbance at 550nm (OD550) relative to that of

WT (P < 0.01 in two-tailed Student � �
���� �������
 ����� ���������� ��� ����������� ����

performed several times, and one of the results is indicated. (C) A quantitative biofilm assay

for WT (black), fpurH (dark gray), fpurC (gray), and fpurK (light gray) in the presence of

various purine bases. Data are the mean absorbance at 550nm m b� �n = 8). Asterisks (*)

show a statistically significant difference in absorbance relative to the medium without

exogenous purines (P < 0.01 in two-tailed Student � t-test assuming equal variance). Each

purine base was added to the medium at concentration of 0.2mM. The experiments were

done at least twice. (D) Time-dependent changes in biofilm formations by the WT and

mutants strains in K10T-1. Data at each time point are the mean absorbance at 550nm m b�

(n = 7). The experiments were done duplicate, and one of which is shown.

PeerJ reviewing PDF | (2015:08:6253:1:0:NEW 19 Nov 2015)

Manuscript to be reviewed

PeerJ PrePrints | https://dx.doi.org/10.7287/peerj.preprints.1307v2 | CC-BY 4.0 Open Access | rec: 19 Nov 2015, publ: 19 Nov 2015



0 

0.5 

1 

0 

0.2 

0.4 

0.6 

0 

0.5 

1 

Figure鈀 1退ഀ

A退ഀ B退ഀ

O
D

5
5

0
 

O
D

5
5

0
 

C退ഀ

*退ഀ*退ഀ
*退ഀ

*退ഀ
*退ഀ *退ഀ*

*退ഀ
*退ഀ
*退ഀ

*退ഀ *退ഀ *退ഀ*退ഀ *退ഀ*退ഀ

O
D

5
5

0
 

D退ഀ

*退ഀ
*退ഀ

*退ഀ *退ഀ*退ഀ*退ഀ*退ഀ *退ഀ

*退ഀ *退ഀ *退ഀ *退ഀ
*退ഀ

*退ഀ

*退ഀ

0鈀 

0.1鈀 

0.2鈀 

0.3鈀 

0.4鈀 

0.5鈀 

0.6鈀 

0鈀  2鈀  4鈀  6鈀  8鈀  10鈀  12鈀 

WT鈀 

purH鈀 

purC鈀 

purK鈀 

Time鈀 (h)退ഀ

O
D
5
5
0
退ഀ

WT退ഀ

�purH退ഀ

�purC退ഀ

�purK退ഀ

PeerJ reviewing PDF | (2015:08:6253:1:0:NEW 19 Nov 2015)

Manuscript to be reviewed

PeerJ PrePrints | https://dx.doi.org/10.7287/peerj.preprints.1307v2 | CC-BY 4.0 Open Access | rec: 19 Nov 2015, publ: 19 Nov 2015



Figure 2(on next page)

Analyses of the planktonic and biofilms cells and quantification of cell surface LapA.

(A) Time-dependent change in cell density for WT ((� ��� !"# $%!��!& ')purH (*�+ ,purC (-�

and ,purK (.�� /� 012341 $#�/%$ '�5&675��8# �! 9:2�$; $#�� < =)+ n = 8). The

experiments were performed in the same volume as the biofilm formation assay, and were

done in at least twice. (B) Time-dependent change in cell density for WT ((� ��� !"# $%!��!&

(,purH (*�+ ,purC (-� ��� ,purK (.�� >"#� 1$? ��#�/�# >�& ���#� !6 !"# $#�/%$

(absorbance at 590nm; mean < =)+ n = 8). The experiments were done duplicate. The

asterisks (*) show statistically significant difference in number of the cells compared to that

of WT (P < 0.01 in two-tailed Student@& !4!#&! �&&%$/�A #B%�C D�7/��8#�E 'F� ?#�&%7#$#�!& 6G

total amounts of ATP in planktonic and biofilm cells for WT and mutants. Data are the means

RLU < =) 'n = 4). The asterisks (*) show statistically significant difference in RLU relative to

that of WT (P < 0.01 in two-tailed Student@& !4!#&! �&&%$/�A #B%�C D�7/��8#�E ')� HGG#8! 6G !"#

mutations on numbers of the cells in inoculums, biofilms and supernatants. The black, dark

gray, and light gray bars indicate number of the cells in the inoculum (t=0hrs), biofilms

(t=6hrs), and supernatants (t=6hrs), respectively, for WT and the three mutants (,purH,

,purC and ,purC); mean < =)+ n = 4. The experiments were done duplicate. Significant

differences (P < 0.01) were determined by two-tailed Student@& !4!#&! �&&%$/�A #B%�C

variance and indicated with asterisks (*). (E) Cell surface LapA quantification at 6hrs. Strains

were grown statically in K10T-1 with or without 0.2mM adenine for 1 hour, then harvested

and probed for LapA-HA by dot blotting. All mutants showed a significant reduction in LapA

level compared to WT (* P<0.001, Wilcoxon Sum Rank Test). Addition of adenine significantly

increased LapA on all of the mutants, and in the case of purH restored a WT level of LapA. (F)

Cell surface LapA quantification at 9hrs. Strains were grown for 9 hours with aeration in

K10T-1, then LapA measured as in (E). All mutants showed a significant reduction in LapA

level compared to WT (* P<0.0001, Wilcoxon Sum Rank Test).
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Figure 3(on next page)

Effect of the mutations on sizes of the biofilm cells.

(A) Scanning electron micrographs showing the differences in cell size of the biofilm cells

between WT and the mutants (IpurH, IpurC and IpurC) in K10T-1 at 6hrs. The white bars

represent 5rJK LMN MOPQRSTUJP PMRVW XNYRV QMN JOZTRSTU[MP UTN QMN R\Q[\Q ]UQU ^TRJ QMN

Phenom ParticleMetric software shown with minor modifications on the axes and labels for

clarity. The medians of the circumscribed circle diameters are indicated on the each

histogram. The analyses were performed three times for each strain, and one of them is

shown in the figure. Five to fifteen SEM images were used to collect the circumscribed circle

diameters of more than 1,000 cells for each analysis. (B) Scanning electron micrographs

showing changes in the cell sizes upon supplementation of 0.2mM adenine into K10T-1 at

6hrs. The white bars indicate 5rJK LMN MOPQRSTUJP YUXNYN] VOQM QMN JN]OUWP UTN PMRVW

below the micrographs. The analyses were performed three times for each strain, and one of

them is represented. To collect the circumscribed circle diameters of over 1,000 cells, five to

seven SEM images were used. (C) Scanning electron micrographs showing changes in the cell

sizes of the biofilm cells when cultured at 9hrs in K10T-1. The white bars indicate 5rJK LMN

histograms labeled with the medians are shown below the micrographs. The analyses were

performed three times for each strain, and one of them is shown in the figure. Twelve to

eighteen SEM images were used for the analyses.
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Figure 4(on next page)

The size distributions for the planktonic and biofilm cells of WT and mutants obtained

using a laser diffraction particle analyzer.

Panel A, B, C, and D show the size distribution for WT, _purH, _purC, and _purK, respectively.

For each panel, the size distributions for planktonic and biofilm cells cultured in K10T-1

medium are shown in solid and dotted lines, respectively. The dashed lines indicate the size

distributions for the planktonic cells cultured in the medium with 0.2mM adenine. The

measurements were performed three times for each, and one of the results are shown in the

figure. See Table 2 for the statistics of the repeated measurements.
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Table 1(on next page)

Summary of the circumscribed circle diameters (`ac deg hi jkl nop aqnjkns etnjukpl

by the SEM analyses.

The parentheses indicate the P values obtained by the Wilcoxon Sum Rank test. a P value

when compared to the WT values in the same media. b P value when compared to the same

strain in K10T-1 medium at 6hrs. * The asterisks indicate no statistically significant difference

in size relative to that of WT in the same medium (P > 0.05).
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1 Table. 1. Summary of the circumscribed circle diameters (m) for WT and the mutants 

2 obtained by the SEM analyses. 

WT purH purC purK

K10T-1

at 6hrs

Median

P (Wilcoxon)

Mean ± S.D.

1.87

1.96 ± 0.59

1.31

(< 2.2E-16)a

1.35 ± 0.39

1.35

(< 2.2E-16)a

1.40 ± 0.42

1.43

(< 2.2E-16)a

1.53 ± 0.48

+ 0.2mM 

adenine

at 6hrs

Median

P (Wilcoxon)

P (Wilcoxon)

Mean ± S.D.

1.82

(0.002373)b

1.89 ± 0.57

1.59

(< 2.2E-16)a

(< 2.2E-16)b

1.68 ± 0.56

1.70

(2.99E-10)a

(< 2.2E-16)b

1.76 ± 0.54

1.63

(< 2.2E-16)a

(< 2.2E-16)b

1.74 ± 0.56

K10T-1

at 9hrs

Median

P (Wilcoxon)

P (Wilcoxon)

Mean ± S.D.

1.44

(< 2.2E-16)b

1.48 ± 0.43

1.54

(2.36E-11)a

(< 2.2E-16)b

1.65 ± 0.60

1.42

(0.1079)a, *

(9.98E-05)b

1.45 ± 0.38

1.61

(2.20E-16)a

(< 2.2E-16)b

1.69 ± 0.40

3 The parentheses indicate the P values obtained by the Wilcoxon Sum Rank test.

4 a P value when compared to the WT values in the same media.

5 b P value when compared to the same strain in K10T-1 medium at 6hrs. 

6 * The asterisks indicate no statistically significant difference in size relative to that of WT in the 

7 same medium (P > 0.05). 

8

9
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Table 2(on next page)

Summary statistics for cell size of WT and mutants obtained by a laser diffraction

particle analyzer.

Values represent mean v wxyz{y|{ {}~�yx��z ��| x�|}} �z{}�}z{}zx �}yw�|}�}zxw� a The

D50 is the median that is defined as the diameter where half of the population lies below this

value. In the same way, 10 percent of the distribution lies below the D10, and 90 percent of

the population lies below the D90. Standard deviations for D10 and D90 values were all

below 0.05. * Significantly smaller than planktonic cells of the same strain grown in K10T-1

by Student�w x�x}wx� �������� # Significantly smaller than WT biofilm cells by Student�w x�x}wx�

P<0.001.
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1 Table �� Summary statisti�� for ���� si�� of WT and mutants obtained by a laser diffra����� 

2 �������� analy���� ���� ¡ represent mean ± standard deviation for three independent 

3 measurements.

¢£¤¥¦§¦£¤¨ Summary Statistics WT purH purC purK

©ª«¤¬§£¤¦­ in 

K10T-1 at 6hrs

Mode size (m)

D10 (m)a

D50 (m)a

D90 (m)a

Mean size (m)

1.86 ± 5x10-4

1.14 ± 4x10-3

2.13 ± 7x10-3

4.78 ± 2x10-2

2.62 ± 9x10-3

1.94 ± 0.14

1.16 ± 2x10-3

2.14 ± 2x10-3

4.40 ± 4x10-3

2.52 ± 1x10-3

1.94 ± 0.14

1.18 ± 6x10-3

2.12 ± 2x10-2

4.41 ± 5x10-3

2.52 ± 4x10-3

1.94 ± 0.15

1.12 ± 9x10-3

2.12 ± 6x10-3

4.38 ± 4x10-3

2.49 ± 9x10-4

©ª«¤¬§£¤¦­ in 

K10T-1 + 

0.2mM adenine 

at 6hrs

Mode size (m)

D10 (m)a

D50 (m)a

D90 (m)a

Mean size (m) 

1.86 ± 6x10-4

1.16 ± 4x10-4

2.14 ± 5x10-3

4.67 ± 2x10-2

2.59 ± 9x10-3

1.85 ± 6x10-4

1.15 ± 2x10-2

2.04 ± 1x10-2

4.94 ± 4x10-2

2.62 ± 2x10-2

2.03 ± 0.15

1.12 ± 5x10-3

2.15 ± 1x10-2

4.60 ± 2x10-2

2.57 ± 1x10-3

1.85 ± 2x10-3

1.14 ± 1x10-2

2.07 ± 2x10-2

4.71 ± 5x10-2

2.56 ± 2x10-2

®¦£¯¦ª° in 

K10T-1 at 6hrs

Mode size (m)

D10 (m)a

D50 (m)a

D90 (m)a

Mean size (m) 

*1.62 ± 6x10-4

1.08 ± 3x10-3

1.69 ± 6x10-3

3.15 ± 2x10-2

1.98 ± 9x10-3

*±1.08 ± 6x10-4

0.72 ± 1x10-3

1.20 ± 1x10-3

2.37 ± 1x10-3

1.44 ± 1x10-3

*±1.08 ± 6x10-5

0.76 ± 5x10-4

1.25 ± 4x10-4

2.43 ± 3x10-4

1.49 ± 3x10-4

*±1.13 ± 8x10-2

0.77 ± 3x10-2

1.32 ± 3x10-2

2.49 ± 3x10-2

1.52 ± 3x10-2

4 a The D50 is the median that is defined as the diameter where half of the population lies below 

5 this value. ²³ the same way, 10 percent of the distribution lies below the D10, and 90 percent of 

6 the population lies below the D90. Standard deviations for D10 and D90 values were all below 

7 0.05.

8 * Significantly smaller than planktonic cells of the same strain grown in K10T-1 by Student´¡ t-

9 test, µ¶·¸··¹¸

10 º Significantly smaller than WT biofilm cells by Student´¡ t-test, µ¶·¸··»¸
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