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Abstract 29 

Background.  In Gram-negative species, β-lactam antibiotics target penicillin binding proteins (PBPs) 30 

resulting in morphological alterations of bacterial cells.  Observations of antibiotic-induced cell 31 

morphology changes can rapidly and accurately differentiate drug susceptible from resistant bacterial 32 

strains; however, resistant cells do not always remain unchanged.  Burkholderia pseudomallei is a 33 

Gram-negative, biothreat pathogen and the causative agent of melioidosis, an often fatal infectious 34 

disease for humans.   35 

Results.  Here, we identified β-lactam targets in B. pseudomallei by in silico analysis.  Ten genes 36 

encoding putative PBPs, including PBP-1, PBP-2, PBP-3 and PBP-6, were detected in the genomes of 37 

susceptible and resistant strains.  Real-time, live-cell imaging of B. pseudomallei strains demonstrated 38 

dynamic morphological changes in broth containing clinically relevant β-lactam antibiotics.  At sub-39 

inhibitory concentrations of ceftazidime (CAZ), amoxicillin-clavulanic acid (AMC), and imipenem 40 

(IPM), filamentation, varying in length and proportion, was an initial response of the multidrug-resistant 41 

strain Bp1651 in exponential phase.  However, a dominant morphotype reemerged during stationary 42 

phase that resembled cells unexposed to antibiotics.  Similar morphology dynamics were observed for 43 

AMC-resistant strains, MSHR1655 and 724644, when exposed to sub-inhibitory concentrations of 44 

AMC.  For all B. pseudomallei strains evaluated, increased exposure time and exposure to increased 45 

concentrations of AMC at and above minimal inhibitory concentrations (MICs) in broth resulted in cell 46 

morphology shifts from filaments to spheroplasts and/or cell lysis.  B. pseudomallei morphology 47 

changes were more consistent in IPM.  Spheroplast formation followed by cell lysis was observed for all 48 

strains in broth containing IPM at concentrations greater than or equal to MICs, however, the time to 49 

cell lysis was variable.  Length of B. pseudomallei cells was strain-, drug- and drug concentration-50 

dependent.   51 
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Conclusions.  Both resistant and susceptible B. pseudomallei strains exhibited filamentation during 52 

early exposure to AMC and CAZ at concentrations used to interpret susceptibility (based on CLSI 53 

guidelines).  While developing a rapid β-lactam antimicrobial susceptibility test based on cell-shape 54 

alone requires more extensive analyses, optical microscopy detected B. pseudomallei growth attributes 55 

that lend insight into antibiotic response and antibacterial mechanisms of action. 56 

 57 

Background 58 

 The World Health Organization (WHO) identified antimicrobial resistance as one of the most 59 

important problems for human health that threatens the effective prevention and treatment of infectious 60 

diseases [1].  A 2019 Centers for Disease Control and Prevention (CDC) report on antibiotic resistance 61 

threats highlights the latest burden estimates for human health in the U.S., listing 18 resistant pathogens 62 

into one of three categories: urgent, serious and concerning [2].  Timely administration of appropriate 63 

drug therapy is essential for both patient outcomes and for combatting the spread of antibiotic resistance 64 

[3, 4].  β-lactams are the most common treatment for bacterial infections and the class accounts for 70% 65 

of antibiotic prescriptions in the United States [5].  However, increased exposure of bacteria to a 66 

multitude of β-lactams drives adaptation and has led to the production and mutation of β-lactamases, 67 

resulting in resistance [6]. 68 

 Melioidosis is a life-threatening human infection with case fatality rates that may exceed 70% as 69 

a result of ineffective antimicrobial therapy [7-9].  Naturally-acquired melioidosis infections are caused 70 

by inhalation, ingestion or exposure of broken skin to the pathogen Burkholderia pseudomallei.  This 71 

disease is endemic across tropical areas and is estimated to account for ~165,000 human cases per year 72 

worldwide, ~89,000 of which result in death [8].  The United States Federal Select Agent Program 73 

includes B. pseudomallei as a Tier 1 biological select agent.  Public health and safety could be 74 

compromised if this pathogen was deliberately misused due to ease of propagation, small infectious 75 
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dose, and high mortality rate.  Awareness of melioidosis and research into B. pseudomallei is increasing 76 

due to the heavy disease burden and the biothreat potential [10]. 77 

 β-lactams ceftazidime (CAZ), amoxicillin-clavulanic acid (AMC), and imipenem (IPM) are 78 

antibiotics used for melioidosis treatment [9]; however, treatment failures have been attributed to 79 

acquired and intrinsic B. pseudomallei drug resistance [11-13].  Drug inactivation and drug target 80 

modification are described as mechanisms of resistance.  Mutations resulting in amino acid changes in 81 

and upstream of the β-lactamase gene penA confer resistance to AMC, CAZ and IPM in strain Bp1651 82 

and to AMC in strain MSHR1655 [14-16].  In addition, a reversible gene duplication and amplification 83 

event in a chromosomal region containing penA resulted in acquired CAZ resistance [17].  Loss of the 84 

drug target penicillin-binding protein 3 (PBP-3) also contributes to CAZ-resistance in B. pseudomallei 85 

[18]. 86 

 Inactivation of specific PBPs targeted by β-lactam antibiotics induces well-defined 87 

morphological changes in other Gram negative bacteria: (i) inhibition of PBP-3 leads to formation of 88 

filaments, (ii) inhibition of PBP-2 results in the production of round cells and cell-wall deficient 89 

spheroplasts, (iii) and inhibition of PBP-1A and PBP-1B induces rapid cell lysis [19].  To date, three 90 

PBP-3 homologs have been reported in B. pseudomallei [18], but genes encoding putative PBP-2 and 91 

PBP-1 have not been identified.  Cell morphology can manifest differently when β-lactams demonstrate 92 

an affinity for multiple PBP targets.   Moreover, morphological response is dependent on the number of 93 

target PBPs present, the antibiotic concentration, and the specificities of enzyme binding sites [19].  94 

Documenting β-lactam-induced morphology changes could improve our understanding of antibiotic 95 

response and mechanisms of action as well as help identify trends that are predictive of B. pseudomallei 96 

susceptibility. 97 

Early administration of effective drug therapy is critical for positive melioidosis patient 98 

outcomes.  Rapid phenotypic β-lactam antimicrobial susceptibility testing (AST) of B. pseudomallei can 99 
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facilitate the administration of antibiotics with confirmed activity against infecting strains.  Optical 100 

screening was previously used for the rapid AST of Gram negative biothreat agents to several classes of 101 

antibiotics including aminoglycosides, tetracyclines, fluoroquinolones and β-lactams [20].  The time 102 

required to accurately determine susceptibility decreased by up to 70% compared to conventional broth 103 

microdilution (BMD) testing, but most of the antibiotic agents tested did not induce cell filamentation.  104 

Microbial growth was measured by estimating bacterial cell surface area and the automated assay could 105 

not differentiate between cell elongation and cell division of β-lactam-induced filamentous cells, 106 

including some B. pseudomallei strains grown in the presence of CAZ [20].  However, real-time video 107 

imaging by microscopy revealed antibiotic-induced cell morphology changes. 108 

Assessment of cell morphology, rather than bacterial density, was previously used to rapidly 109 

differentiate susceptible and resistant Gram negative bacteria in the presence of β-lactams [21-23] and 110 

rapid AST based on these analyses showed high categorical agreement compared to gold standard BMD 111 

results.  The morphological response of resistant strains was variable between studies; some reported 112 

that cell shape remained unchanged in the presence of β-lactams, while others observed cell swelling 113 

and filament formation.  Here, we use optical microscopy to i) study morphological responses of drug 114 

resistant and susceptible B. pseudomallei strains in broth containing β-lactams, ii) quantify cell length, 115 

shape, and response during exposure to β-lactams, and iii) investigate the usefulness of cell morphology 116 

for rapid susceptibility testing of B. pseudomallei to β-lactams.  We describe the utility of optical 117 

screening to explore trends in morphology and capture growth characteristics that maybe be indicative 118 

of specific antimicrobial response.  We also identify PBP homologs encoded in the B. pseudomallei 119 

genome which may represent the potential targets for β-lactams antibiotics and better explicate the 120 

antibacterial mechanisms of action.  121 

 122 

Materials and Methods 123 
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Bacterial strains, growth conditions and biosafety procedures.  Seven B. pseudomallei strains, 124 

including one multidrug-resistant (MDR) and two AMC-resistant (AMC-R) strains, were included in 125 

this study (Tables 1-3).  Bacterial stocks were maintained in 20% glycerol at -70°C and cultured on 126 

trypticase soy agar II with 5% sheep’s blood (SBA) (Fisher Scientific, Pittsburg, PA) at 35°C in ambient 127 

air for testing.  All work with B. pseudomallei was completed inside a class II type A2 biological safety 128 

cabinet located in a BSL-3 laboratory registered with the U.S. Federal Select Agent Program and is 129 

subject to select agent regulations (42-CFR-Part-73).  Procedures were performed by trained personnel 130 

wearing a powered air-purifying respirator and protective laboratory clothing [24].  131 

Antimicrobials and susceptibility testing by BMD.  Antimicrobial susceptibility profiles for each 132 

strain are listed in Tables 1-3.  Minimal inhibitory concentrations (MIC) were first determined by 133 

conventional BMD testing following CLSI guidelines for medium, inoculum, and incubation 134 

temperature [25].  BMD susceptibility testing panels were prepared with Cation-Adjusted Mueller 135 

Hinton Broth (CAMHB) in house. β-lactam antibiotics selected for this study were amoxicillin-136 

clavulanic acid (AMC) (Toku-E, Bellingham, WA and USP, Frederick, MD), ceftazidime (CAZ) (Sigma 137 

Aldrich, St. Louis, MO) and imipenem (IPM) (Toku-E, Bellingham, WA).  Two-fold antibiotic 138 

concentrations were tested ranging from 0.06/0.03-128/64 µg/ml AMC, 0.06-128 µg/ml CAZ, and 0.03-139 

64 µg/ml IPM.  B. pseudomallei strains were classified as resistant (R), intermediate (I), or susceptible 140 

(S) based on interpretive criteria outlined by CLSI [25].  MICs were recorded after 16 to 20 h of 141 

incubation at 35°C ambient air, with the exception of MSHR1655 (43 h).  Incubation was extended due 142 

to insufficient growth in the control well of the BMD panel.    143 

Susceptibility testing by optical screening.  An optical screening instrument, the oCelloScope 144 

(BioSense Solutions ApS, Farum, Denmark), was used for rapid β-lactam AST of B. pseudomallei 145 

strains.  As previously described in McLaughlin et al. [20], 96-well Sensititre panels (Trek Diagnostics, 146 

ThermoFisher Scientific) containing desiccated AMC, CAZ and IPM were inoculated with B. 147 
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pseudomallei cell suspensions in CAMHB with N-tris (hydroxymethyl) methyl-2-aminoethanesulfonic 148 

acid (TES) (Remel Inc., Lenexa, KS).  From overnight SBA culture growth, inocula were prepared by 149 

making a cell suspension in CAMHB to a turbidity equivalent to 0.5 McFarland standard followed by a 150 

1:50 dilution in CAMHB.  Antibiotic concentrations evaluated by optical screening-based susceptibility 151 

testing were 2/1-64/32 µg/ml AMC, 1-128 µg/ml CAZ, and 0.12-32 µg/ml IPM.  For drug 152 

concentrations tested below the Sensititre panel range, 1:2 dilutions of the desiccated antibiotic were 153 

made using the inocula as the diluent.  Cell suspensions (90 µl) were transferred to a 96-well flat bottom 154 

plate, sealed with a breathable film cover (Breathe-Easy Sealing Membranes, Sigma Aldrich, St. Louis, 155 

MO) and monitored over time by optical screening at 35°C in ambient air.  Instrument-derived growth 156 

values were recorded every 20 minutes for 18 to 24 h.  For each strain, susceptibility testing was 157 

performed with three technical replicates in two biological experiments. 158 

Growth kinetics and data analysis.  Automated growth kinetic experiments were performed using the 159 

Segmentation and Extraction Surface Area (SESA) algorithm of the oCelloScope-specific software, 160 

UniExplorer (v. 5.0.3).  Using this algorithm, bacteria were identified in a scan area based on contrast 161 

against the background, and growth values were calculated by summarizing bacterial surface area.  162 

Growth kinetic graphs represent the average growth values (n=3) ± standard deviations (SD), where 163 

indicated, from one representative experiment.  Statistical analysis of growth data defined the time (h) 164 

required to determine antimicrobial susceptibility.  The statistical significance, with a confidence level 165 

of 95% (p-value < 0.05), between a susceptible strain grown in media with and without β-lactam 166 

antibiotics over time was calculated using a two-tailed t-test.  The minimum incubation times required 167 

for β-lactam AST are reported as the average ± SD from duplicate biological experiments (n=3).  Cell 168 

lysis was observed by video imaging and the time (in h) was recorded when growth values began to 169 

decrease continuously over time.  Cell lysis time is represented as the mean time (n=3) ± SD.   170 
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Cell morphology imaging by optical screening.  Real-time imaging of B. pseudomallei broth cultures 171 

in microtiter panel wells was performed simultaneously with β-lactam AST using the oCelloScope 172 

instrument.  Images captured in CAMHB media without drug and in media containing either AMC, 173 

CAZ, or IPM at final concentrations below, at and above MICs during exponential and stationary phase 174 

growth.  From each well containing 90 µl of culture, 10 images were taken from a tilted image plane to 175 

produce a z-stack image and videos were composed of z-stack images acquired over time.  A ‘best 176 

focused’ image of 10 images was automatically selected through the UniExplorer Software and is 177 

depicted in figures.  Times (h) in which strains were exposed to antibiotics are indicated in each figure 178 

legend.   179 

Analysis of bacterial cell length.  The Segmentation task of UniExplorer was used to analyze 180 

individual cells from optical screen images of B. pseudomallei.  Unless otherwise indicated, cell length 181 

was measured after 4 h utilizing the ‘thinned length’ object feature.  For each strain analyzed, 95 to 100 182 

cells were measured in media with and without the presence of antibiotic and the distribution of cell 183 

lengths were graphically represented by histogram or dot plot.  The median cell length value is the 184 

midpoint of this distribution. 185 

Identification of penicillin binding protein homologs.  Putative PBPs in B. pseudomallei 1026b were 186 

identified using the search feature of the UniProtKB database (https://www.uniprot.org/uniprot/), an 187 

online resource for protein sequence and annotation data.  The Pfam database (http://pfam.xfam.org/) 188 

was utilized to predict conserved protein domains.  Genes encoding putative PBPs in the 1026b genome 189 

(NCBI accession # CP002833, CP002834) were used as queries to identify corresponding homologs in 190 

Bp1651 (NCBI accession # CP012041, CP012042), MSHR1655 (NCBI accession # CP008779, 191 

CP008780), and Bp6296 (NCBI accession # CP018393, CP018394), in which completed assembled 192 

genomes are publicly available on NCBI.  The nearest PBP protein homologs in Pseudomonas 193 

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted January 14, 2020. ; https://doi.org/10.1101/2020.01.13.904995doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.13.904995


aeruginosa PAO1 (NCBI accession # NP 253108) were found using NCBI Protein BLAST and percent 194 

identities were based on amino acid sequence alignments.  195 

 196 

Results 197 

β-lactam-induced cell morphology dynamics of the multidrug-resistant strain Bp1651  198 

 B. pseudomallei strain Bp1651 is resistant to AMC, CAZ, and IPM based on CLSI MIC 199 

interpretive criteria (Table 1).  Growth in broth culture of this MDR strain was monitored in real-time 200 

by optical screening in the presence of each β-lactam and in CAMHB only.  AMC, CAZ, and IPM 201 

concentrations tested included the CLSI breakpoint for susceptibility and the three successive two-fold 202 

higher concentrations.  Optical screening images captured Bp1651 cell morphology during exponential 203 

and stationary phase growth (Fig. 1A).  In media without antibiotics, cells of typical B. pseudomallei 204 

length (≤ 5 µm) were observed for Bp1651 throughout all phases of growth.  In sub-inhibitory 205 

concentrations of AMC, CAZ and IPM, filamentation was detected during exponential phase (Fig. 1A).   206 

As outlined by CLSI, drug resistance or susceptibility of B. pseudomallei by BMD testing is 207 

assessed by observations of growth or inhibition of growth at the two-fold concentrations above and 208 

below 16/8 µg/ml AMC, 8 µg/ml IPM and 16 µg/ml CAZ.  At these concentrations, the lengths of 100 209 

Bp1651 cells were each measured after 4 h using the ‘thinned length’ object feature of the UniExplorer 210 

Software.  Approximately 20% of cells exhibited filamentation (lengths ≥ 15 µm) in the presence of 211 

16/8 µg/ml AMC.  More than half of cells (62/100) remained ≤ 5 µm, similar to cells measured in broth 212 

alone. The longest cell recorded at this concentration was 29 µm (data not shown).  After 4 h at 8 µg/ml 213 

IPM and 16 µg/ml CAZ, some filamentous cells were observed with the longest cells measured at 37 µm 214 

and 46 µm, respectively.  About half of Bp1651 cells remained ≤ 5 µm at these concentrations of IPM 215 

(56/100 cells) and CAZ (47/100 cells).  Bp1651 formed fewer filaments in higher concentrations of 216 
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AMC (32/16 µg/ml ) and IPM (16 µg/ml) corresponding to ½ MIC (Table 1).  Upon reaching stationary 217 

phase growth in the presence of sub-inhibitory concentrations of antibiotics, β-lactam-induced cell 218 

filaments were no longer visible and morphology resembling cells unexposed to antibiotics was restored 219 

(Fig. 1A).  Video imaging of Bp1651 grown in IPM below the MIC captures the dynamic nature of cell 220 

morphology over time (Video 1).  In addition, the higher the drug concentration the longer cells 221 

remained elongated.   222 

Visual observation of Bp1651 growing in the presence of sub-inhibitory concentrations of CAZ 223 

revealed increasing proportions of filamentous cells with increasing drug concentrations up to 64 µg/ml.  224 

To quantify this direct relationship, the lengths of 100 cells of strain Bp1651 were measured after 4 h in 225 

CAMHB alone and in broth containing two-fold increasing concentrations of CAZ.  Histograms depict 226 

the distribution of cell lengths (Fig. 1B).  In media without drug, 95% of cells measured ≤ 5 µm.  For 227 

cells grown in broth with 8, 16, 32, or 64 µg/ml CAZ, the number of cells out of 100 with lengths ≥ 15 228 

µm increased from 5, 16, 36, and 49 at each two-fold increasing concentration.  The proportion of 229 

Bp1651 cells measuring ≤ 5 µm decreased substantially in 32 and 64 µg/ml, compared to 8 and 16 230 

µg/ml CAZ, and cells reaching lengths of > 50 µm were observed at these concentrations (Fig. 1B).  The 231 

median cell lengths for Bp1651 grown in CAMHB alone, and in broth containing 8, 16, 32, 64, and 128 232 

µg/ml CAZ were 3, 4, 6, 11.5, 14 and 10.5 µm, respectively.  The average cell lengths were slightly 233 

higher, 3.1, 5.6, 8.1, 15.1, 19.4, and 14.8 µm, respectively (Fig. 1B).  The longest Bp1651 cell length 234 

(73 µm) was recorded in 64 µg/ml CAZ.  More spheroplasts were visible after 6 h at the highest (128 235 

µg/ml) CAZ concentration tested (Fig. 1A).   236 

 Growth kinetic graphs of Bp1651 in the presence of AMC and IPM show growth inhibition in 237 

CAMHB containing 64/32 µg/ml and 32 µg/ml, respectively (Fig. S1A & Fig. S1B).  At these MICs, 238 

spheroplasts formed during exponential phase (Fig. 1A) and cell lysis began after 3.7 ± 0.0 h (AMC) 239 
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and 3.6 ± 0.2 h (IPM) (Table 1).  There was no evidence of cell filamentation at AMC or IPM MICs and 240 

median cell lengths were 4 and 3 µm, respectively.  241 

 242 

Cell morphology dynamics during B. pseudomallei β-lactam AST. 243 

 Based on CLSI interpretative criteria for BMD testing for AMC, strain MSHR1655 is 244 

categorized as resistant (MIC of 32/16 µg/ml), 724644 is intermediate (MIC of 16/8 µg/ml), Bp6788 is 245 

susceptible with an MIC at the breakpoint (8/4 µg/ml) and 1026b is susceptible (MIC of 4/2 µg/ml).  All 246 

B. pseudomallei study strains, except Bp1651, are CAZ-S and IPM-S based on conventional BMD 247 

testing (Tables 1-3).  Optical microscopy was used to generate automated growth kinetic data and to 248 

acquire complementary video imaging of cell morphology dynamics of B. pseudomallei strains in the 249 

presence of AMC, CAZ, and IPM and in a broth only control (Fig. 2 and Fig. 3).  Morphology was 250 

monitored in antibiotic concentrations less than, equal to, and greater than MICs for each strain, which 251 

includes concentrations equivalent to the CLSI susceptibility breakpoints for each drug.  All broth 252 

cultures were monitored over 18-20 h and optical screening images were captured during exponential 253 

phase growth after 6 h unless otherwise indicated.  Average kinetic graphs (n=3) for each growth 254 

condition were overlaid on optical screen images and cell morphology dynamics are described below 255 

each image.  In media without the addition of antibiotics, there was no evidence of cell elongation for B. 256 

pseudomallei, however, variable aggregation was observed between strains (Fig. 2A).  Video imaging of 257 

strain 724644 showed cells amassing in groups during the first 10 h of growth in no-drug media (Video 258 

2).  Aggregation of cells was not observed for MDR strain Bp1651 or the susceptible Bp6788 in broth 259 

media alone (Fig. 1A and Fig. S2).  260 

 261 
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AMC.  At sub-inhibitory concentrations of AMC, some filamentous cells were observed early on for the 262 

resistant, intermediate and susceptible B. pseudomallei strains (Fig. 2A, Table 1 & 2).  At ½ MIC 263 

values, the number of cells ≥ 15 µm was variable between strains and ranged from 42/100 (1026b) to 264 

93/100 (724644) (Table 2).  The shortest filaments were observed for AMC-resistant strain MSHR1655.  265 

With the exception of Bp6788, during stationary phase growth in AMC concentrations below the MIC, 266 

replication of non-elongated cells was seen for the majority of strains.  Video footage of strain 724644 267 

grown in media containing AMC equivalent to ¼ (Video 3) and ½ (Video 4) the MICs demonstrates 268 

dynamic AMC-induced cell morphology changes over time.  In the presence of 4/2 µg/ml AMC ( or ¼ 269 

MIC), cells were slightly elongated over the first few hours of growth, with replication of cells 270 

resembling those not exposed to drug following quickly thereafter.  At the CLSI breakpoint for 271 

susceptibility of 8/4 µg/ml AMC ( or ½ MIC), 724644 cell filaments are considerably longer, and 272 

replication of non-elongated cells is detected much later in stationary phase (~ 18 h).   273 

Some evidence of cell filamentation was also observed for all strains during early exponential 274 

phase growth in broth with AMC at either the MIC or at 16/8 µg/ml, a concentration used to interpret B. 275 

pseudomallei susceptibility by conventional BMD (Fig. 2A & Fig. S2).  Following initial filamentaion 276 

at MICs, formation of spheroplasts and cell lysis was observed for strains MSHR1655 and 724644 after 277 

6.1 ± 0.2 and 4.8 ± 1.0 h, respectively (Table 2).  Growth values initially increased in the growth kinetic 278 

graphs, and then subsequently decreased over time.  However, detection of spheroplast formation and 279 

cell lysis could not be used to predict MICs as 1026b and Bp6788 remained filamentous over time at 280 

these AMC levels (Fig. 2A).  Due to cell elongation, growth kinetic graphs could not accurately depict 281 

susceptibility, as microbial growth is based on changes in the surface area covered by all identified 282 

objects in a scan frame.  Broth containing 4 x MIC was required to induce cell lysis of 1026b which 283 

commenced after 5.2 ± 0.4 h.  Differences in cell morphology between strains early on at AMC MICs 284 
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are apparent by the median cell length (MCL) values (n = 97-100) calculated after four hours which 285 

range from 6 to 44 µm (Table 2).   286 

The length of 724644 cells was variable when measured in the presence of AMC below, at and 287 

above MICs for this strain.  Cells of strain 724644 were measured in media without drug after two 288 

hours, without drug after four hours when cells had begun to aggregate, and in two-fold increasing 289 

concentrations of AMC after four hours (Fig. 4a).  Distribution of cell lengths (µm) is depicted and 290 

MCLs are indicated by horizontal lines.  Consistent with B. pseudomallei size, the MCL of strain 291 

724644 grown in broth alone after two hours was 5.71 µm.  Since the thinned length algorithm may not 292 

accurately identify overlapping cells as individual cells, the objects measured after four hours are more 293 

reflective of groups of aggregated cells, and at this time the MCL was 15 µm.  At 8/4 µg/ml AMC, a 294 

sub-inhibitory concentration, the distribution of filament lengths was wide, with the longest cell 295 

reaching 126 µm (Fig. 4A).  Unlike AMC-R strain Bp1651, in which only spheroplasts were detected at 296 

the MIC (64/32 µg/ml), both filaments and spheroplasts were observed at the MIC (16/8 µg/ml) for 297 

AMC-I strain 724644.  Morphological heterogeneity of 724644 cells was documented throughout 298 

exponential phase prior to cell lysis (Fig. 4B).  A heterogenous cell population, made up of both 299 

filaments and spheroplasts, was also observed for AMC-S strain Bp6788, but only in broth containing 2 300 

x MIC (16/8 µg/ml) (Fig. S2).  While the MCL was 6 µm, 15/100 cells were ≥ 20 µm.  Increasing 301 

concentrations of AMC above the MICs induced the formation of more spheroplasts and resulted in 302 

quicker cell lysis for -R, -I and -S B. pseudomallei strains (Fig. 2A & Table 2) 303 

   304 

CAZ.  The CAZ MIC for strain 724644 was equivalent to the CLSI breakpoint for susceptibility (8 305 

µg/ml).  This strain formed long filaments in both sub-lethal and lethal concentrations of CAZ through 306 

all growth phases (Fig. 2B), with more than 90% of cells measured ≥ 15 µm after four hours (Table 2).  307 

Exposure to CAZ over time also induced long filaments for the susceptible 1026b in concentrations 308 
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greater than or equal to the MIC, but not to the same degree in sub-lethal amounts at ½ MIC value (1 309 

µg/ml) (Fig. 2B).  As a result of filamentation, instrument-derived growth values could not be used to 310 

accurately determine susceptibility to CAZ.  A wide distribution of cell lengths was noted for 724644 311 

after four hours in all concentrations of CAZ tested, with MCLs between 53.5 and 66.5 µm (Fig. 4).  312 

Cells with lengths ≥ 100 µm were also recorded at each concentration.  During exponential phase 313 

growth, CAZ induced the formation of shorter filaments for the susceptible MSHR1655 strain (Fig. 2B).  314 

In the presence of 4 and 8 µg/ml (MIC and 2 x MIC), MCLs were 22 µm.  Unlike 724644, formation of 315 

spheroplasts and cell lysis was observed for MSHR1655 exposed to inhibitory CAZ concentrations, 316 

however these morphology changes did not occur rapidly.  Cell lysis was observed after ~ 8 h in 317 

concentrations of CAZ corresponding to the 1 to 4 x MIC (Table 2).  Video imaging of MSHR1655 318 

showed morphology changes including, formation of short filaments, followed by spheroplasts and 319 

subsequent cell lysis in media containing 16 µg/ml CAZ (Video 5).  As growth values for MSHR1655 320 

decreased in later time points due to cell lysis, susceptibility based on optical screening could be 321 

determined for this strain (Fig. S1C).  At 8, 16, and 32 µg/ml CAZ, corresponding to the CLSI 322 

breakpoint and higher concentrations, susceptibility was determined after 9.2 ± 0.7, 9.3 ± 0.0, and 8.8 ± 323 

0.2 h, respectively, with a 95% confidence level. 324 

 325 

IPM:  Here, we performed rapid, optical screening-based AST and monitored IPM-induced morphology 326 

changes for five susceptible B. pseudomallei strains with MICs ranging from 0.25 to 2 µg/ml (Table 3).  327 

Unlike AMC and CAZ, cell filamentation was not observed in broth containing IPM at and above the 328 

MICs in video imaging of resistant or susceptible strains.  Instrument-derived growth values could be 329 

used to accurately monitor bacterial replication in IPM.  Since growth is inhibited for all susceptible B. 330 

pseudomallei strains at 8 µg/ml IPM based on CLSI interpretive criteria for conventional BMD, AST 331 

was performed at this concentration and at 16 µg/ml.  Due to the rapid formation of spheroplasts 332 
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followed by cell lysis induced by IPM for all B. pseudomallei strains tested, the time required to 333 

determine susceptibility was between 1.3 ± 0.9 and 3.8 ± 0.7 h in both concentrations (Table 3).  To 334 

investigate whether cell lysis observations are useful to rapidly determine the strain MIC, the time in 335 

which this event occurred was also recorded for each B. pseudomallei strain.  At these concentrations, 336 

time to cell lysis was variable between strains commencing as early as 3.0 ± 0.0 to h for 724644 and as 337 

late as 9.8 ± 0.2 h for Bp6296 (Fig. 3A & Table 3).  Optical screening images of strains captured in the 338 

presence of MICs of IPM after 10 h showed more spheroplasts were present for strains with longer times 339 

to cell lysis (Bp6296 and Bp1631) (Fig. 3B).  However, at 8 µg/ml IPM (2 to 32 x MIC values), the time 340 

range for cell lysis was narrower between strains, occurring between ~ 3.0 to 6.0 h (Table 3). 341 

In CAMHB containing IPM equivalent to ½ the MIC, cell filamentation was not observed during 342 

exponential phase growth for three of five study strains.  Though, similar to IPM-R Bp1651, a small 343 

proportion of filamentous cells was seen in video footage of IPM-S strains Bp6296 and MSHR1655 344 

during the first several hours.  Some strains displayed an extended lag phase in sub-inhibitory levels of 345 

IPM.  For instance, at ¼ MIC of IPM, after strain 724644 initially formed spheroplasts and underwent 346 

some cell lysis, a prolonged lag phase was observed until cells begin to replicate after 11 to 11.3 h (Fig. 347 

3A and Video 6).  No lag phase was observed for strain 724644 in lower concentrations of IPM, and 348 

rapid cell lysis was induced at and about the MIC (Fig. 3A).  In media containing ½ IPM MIC, both 349 

resistant and susceptible strains Bp1651 (Fig. S1B) and Bp1631, respectively, displayed a lag phase 350 

lasting ~ 9 h. 351 

 352 

In silico identification of penicillin binding proteins in B. pseudomallei.  353 

 Ten genes encoding putative PBPs were identified in B. pseudomallei 1026b using the 354 

UniProtKB database.  Based on conserved PBP domains predicted by Pfam and homology to PBPs in P. 355 

aeruginosa PAO1, strain 1026b contains five high molecular mass (HMM), multi-modular (containing 356 
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both transglycosylase and transpeptidase domains), class-A PBP-1 homologs (II0265, II0898, I3403, 357 

I1297, and II2482).  Four predicted HMM, class-B homologs containing transpeptidase domains were 358 

also identified; one PBP-2 (I3332) and three PBP-3s (I0276, II1292 and II1314) as well as one low MM 359 

class-C PBP-6 (I3098) protein which contains a D-alanyl-D-alanine carboxypeptidase domain.  NCBI 360 

Protein BLAST analyses revealed these B. pseudomallei 1026b PBP homologs share 29.2% – 45.5% 361 

identity to PBPs in P. aeruginosa PAO1.  Ten corresponding PBP homologs were also encoded in the 362 

genomes of the resistant strains Bp1651 and MSHR1655 and the susceptible strain Bp6296.   363 

 364 

Discussion 365 

Bacterial morphology is both complex and dynamic, and exposure to antibiotics can cause plasticity 366 

within a cell’s lifecycle.  PBPs are essential for bacterial cell wall synthesis and the maintenance of cell 367 

shape.  These proteins are also the targets for β-lactam antibiotics and their inactivation results in 368 

specific cell morphology changes.  Numerous variables can affect β-lactam-induced morphological 369 

changes including the concentration, the duration of the exposure, the bacterial species, and the 370 

antimicrobial susceptibility [26-28].  PBP profiles and the binding affinity and kinetic interactions of β-371 

lactams with PBPs are variable between species [29-31].  While PBPs and target affinities of β-lactam 372 

drugs are well described in E. coli, only genes encoding PBP-3 family homologs have been reported 373 

previously in B. pseudomallei, and PBP-1 and PBP-2 have not been documented.  Here we identified 10 374 

genes encoding putative PBPs in genomes of both susceptible and resistant strains, and these may 375 

represent the targets for β-lactams antibiotics.  While the binding affinities of β-lactams for B. 376 

pseudomallei PBPs have not been investigated, drug-induced morphological changes can still lend 377 

insight into bacterial response and antibacterial mechanisms of action.   378 

In E. coli, the primary affinity of amoxicillin is directed towards PBP-1s and PBP-2 [32].  The 379 

broad-spectrum β-lactamase inhibitor clavulanate binds to PBPs in both Gram-negative and -positive 380 

105 and is also made available for use under a CC0 license. 
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC 

The copyright holder for this preprintthis version posted January 14, 2020. ; https://doi.org/10.1101/2020.01.13.904995doi: bioRxiv preprint 

https://doi.org/10.1101/2020.01.13.904995


bacteria, including selectively to PBP-3 in Streptococcus pneumoniae [33].  Complementary binding to 381 

separate PBPs by a combination drug increased activity of single β-lactams used alone [33, 34].  In this 382 

work, we observed strain dependent cell morphology changes that varied based on AMC concentration 383 

and exposure time.  384 

 In sub-lethal concentrations of AMC, filament formation, to varying lengths and at variable 385 

proportions of cell populations, was evident for all B. pseudomallei strains tested.  During exponential 386 

phase growth at AMC MICs, diverse cell morphologies were observed among strains including: 387 

formation of filaments, round spheroplasts, and a heterogenous population of both.  Mixed morphologies 388 

in a cell population could indicate complementary binding to different PBPs. For all strains tested, 389 

higher concentrations of AMC at and above MIC values resulted in increased proportions of 390 

spheroplasts and/or subsequent cell lysis, which may indicate inactivation of PBP-2 and PBP-1.  This is 391 

evident in the distribution patterns of strain 724644 cell lengths at higher AMC concentrations.  The 392 

concentration of AMC that would ultimately lead to cell lysis was variable between strains and ranged 393 

from one to four times the MIC values for every B. pseudomallei strain evaluated.  A change in cell 394 

morphology from filaments to spheroplasts or lysis has also been shown to increase with the duration of 395 

β-lactam exposure [35], which we observed herein.  Morphological heterogeneity of cell populations 396 

was also observed in the presence of AMC for resistant and susceptible strains suggesting more than one 397 

PBP was inactivated.  398 

At relatively low concentrations, CAZ was shown to bind to PBP-3 and caused rapid filamentation; 399 

at higher concentrations, cephalosporins can cause spheroplast formation or bind to PBP-1 resulting in 400 

cell lysis [28, 32, 36].  Here, at early time points susceptible B. pseudomallei strains 724644 and 401 

MSHR1655 formed long and short filaments, respectively, in CAZ concentrations below, at and up to 402 

eight times the MIC.  Buijs et al. [26] studied CAZ-induced morphological changes of several Gram-403 

negative species over 4 h and found filamentation started at sub or inhibitory concentrations and could 404 
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extend far above MICs for P. aeruginosa and Acinetobacter spp.  Klebsiella spp. formed shorter 405 

filaments, and one K. pneumoniae isolate displayed no filamentation in CAZ [26].  They concluded that 406 

PBP-binding specificities, which are reflected by morphology changes, differ for each genus or isolate.  407 

Based on our observations, CAZ may have a higher selective affinity for PBP-3 over time in strain 408 

724644 which remained filamentous, whereas inhibition of a PBP-1 protein in MSHR1655 could be 409 

responsible for cell lysis at later time points.  Previously, we showed CAZ-induced filamentation 410 

occurred at concentrations corresponding to 2 to 32 x MIC for susceptible B. pseudomallei and B. mallei 411 

strains, with cell lysis occurring in some strains after filament formation [20].  412 

The resistant strain Bp1651 formed filaments early on in sub-inhibitory levels of CAZ.  Then, 413 

original cell size, resembling those cells unexposed to antibiotics, was re-established at later time points.  414 

The time to morphology restoration was concentration dependent and may be attributed to the 415 

degradation of CAZ by the β-lactamase enzyme, PenA, which has acquired mutations correlating to high 416 

activity against this antibiotic [14].  In the presence of sub-inhibitory and inhibitory concentrations of 417 

cefotaxime, extended spectrum β-lactamase producing E. coli have also been shown to form filaments in 418 

lag and early exponential growth phases and revert back to non-elongated cells in exponential and 419 

stationary phase [37].  Chen et al. [38] demonstrated that filamentation of B. pseudomallei in sub-lethal 420 

CAZ concentrations could be reversed after antimicrobial removal and that reverted bacteria developed 421 

resistance.  Other studies of P. aeruginosa showed cell morphology can be restored upon β-lactam 422 

removal [39].   423 

For both susceptible and resistant B. pseudomallei strains, bacterial populations treated with CAZ 424 

resulted in a wide distribution of cell lengths.  Bp1651 cells were shorter in the lowest and highest 425 

filament-inducing, sub-inhibitory CAZ concentrations.  These observations are consistent with 426 

morphological studies of other Gram-negative species [26].  Median cell length of strain 724644 was 427 

more independent of CAZ concentration and cells with lengths greater than 100 µm were recorded in 428 
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CAZ and AMC.  Filaments with lengths up to 93 µm in the presence of sub- and lethal concentrations of 429 

β-lactams have been observed [40].  430 

In the presence of IPM at ½ the MIC, a small proportion of filamentous cells was observed in the 431 

first few hours for the resistant strain Bp1651 and for two of five susceptible B. pseudomallei strains.  432 

Exposure to meropenem (MEM) for two hours was shown to induce filamentation in both carbapenem-433 

resistant P. aeruginosa mutants and their susceptible parents at this concentration [41].  At the IPM 434 

MIC, B. pseudomallei strains formed spheroplasts at an early growth phase, similar to A. baumannii 435 

[42].  These cells are morphologically typical of spheroplasts, with a near-perfect spherical shape and 436 

found as individuals rather than in cell arrangements like ovoid cells [43].  Future studies may assess the 437 

osmotic stability of these round cells, as spheroplasts are characteristically instable [28, 44].  438 

Satta et al. [45] defined the relationship between cell killing kinetics and PBP binding in E. coli, by 439 

demonstrating IPM concentration-dependent PBP inhibition.  Saturation of more than one PBP resulted 440 

in different rates of cell lysis.  Here, at IPM MICs (0.25 to 2 µg/ml), the exposure time resulting in 441 

bacteriolysis was variable among B. pseudomallei isolates (~ 3 to 10 h).  At 8 µg/ml, an IPM 442 

concentration used to interpret B. pseudomallei susceptibility by conventional BMD, the exposure time 443 

for induction of cell lysis narrowed (~ 3 to 6 h).  It is plausible that the rate of PBP-1 and PBP-2 444 

saturation is variable between strains and may explain the different times to bacteriolysis.  445 

After spheroplast formation and some cell lysis was observed at ½ and ¼ the IPM MIC for strains 446 

Bp1651 and 724644, respectively, morphology and exponential phase growth were restored at later time 447 

points.  In clinical isolates of E. cloacae and Klebsiella spp., carbapenem tolerance was mediated by cell 448 

wall-deficient spheroplasts [46].  It is suggested that Gram-negative pathogens have the ability to 449 

survive for extended periods without structurally sound cell walls and that morphological recovery and 450 

cell division are possible upon removal of antimicrobials [46].  β-lactam-treated isolates from patients 451 

were shown to contain spheroplasts, and the high tolerance observed for some clinical isolates cannot 452 
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solely be explained by rare persistor cells alone [46-48].  Recurrence of B. pseudomallei infection is one 453 

of the most relevant complications in melioidosis survivors and treatment and prophylaxis must be 454 

tailored to individual patients according to clinical manifestations and response [49, 50].  Investigations 455 

studying the survival of B. pseudomallei spheroplasts exposed to and then removed from the presence of 456 

IPM/MEM in vitro and in vivo may inform therapeutic decision making, especially if carbapenem levels 457 

drop or if antibiotic administration is discontinued.  458 

Novel approaches, including high-powered optical microscopy, microfluidic assays, flow cytometry, 459 

and dielectrophoresis systems, allow for cellular-level observation of bacterial morphologies [20, 21, 23, 460 

51].  These analyses have been used to develop rapid antimicrobial susceptibility tests for several Gram-461 

negative organisms.  Su et al. [23] used a dielectrophoretic system to accurately and rapidly determine 462 

susceptibility of several Gram-negative spp. to cefazolin, CAZ, cefepime, and doripenem based on 463 

morphology changes.  Within 90 min at MICs, they showed β-lactams induced cell shape changes in 464 

susceptible strains such as elongation, cell swelling or cell lysis; however, cell morphology remained 465 

unchanged for resistant strains [23].  Here, at MICs and at concentrations that would be used to interpret 466 

AMC and CAZ susceptibility by conventional BMD, both resistant and susceptible B. pseudomallei 467 

strains demonstrated morphology changes early on.  Filamentation could not be used as rapid indicator 468 

of susceptibility.  Evidence of elongation was observed for resistant strains, and cell lysis could not 469 

determine an MIC since filamentation was observed for several strains at these concentrations.  Even in 470 

IPM, the time to cell lysis was variable between strains and did not always occur rapidly.  471 

Otero et al. [22] also developed a rapid (75 min) assay to detect antimicrobial resistance of Gram-472 

negative spp. (A. baumanni, K. pneumonia, and P. aeruginosa) based on cell elongation in CAZ and 473 

established concentration ranges in which susceptible strains increased in length, but resistant strains did 474 

not.  These drug ranges were several dilutions lower than the CLSI breakpoints used for conventional 475 

BMD susceptibility testing for these pathogens.  While we performed β-lactam AST using 476 
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concentrations below, equal to, and above MICs, including at those that could be used to interpret 477 

susceptibility by BMD, it is possible that morphological differences between susceptible and resistant B. 478 

pseudomallei strains may be assessed more accurately at lower concentrations.  Choi et al. [21], 479 

developed a rapid AST based on single-cell morphological analysis and reported that some resistant 480 

Gram-negative bacteria, such as P. aeruginosa, can both deform in shape and still divide in the presence 481 

of IPM and piperacillin; this observation is accounted for in their assay.  Recent development of a 482 

microplate-based surface area assay for rapid phenotypic AST also allows for more accurate 483 

measurements of replication when bacteria filament or swell [52]. 484 

Due to the complexity and dynamic nature of bacterial morphology, developing a rapid β-lactam 485 

AST based on cell shape alone proves complicated.  We demonstrate B. pseudomallei morphology is 486 

dependent on strain, susceptibility profile, β-lactam exposure time and antibiotic concentration.  487 

Quantitative morphological data represents a snap shot in time of continuously fluctuating bacterial 488 

cells.  Observations of morphological heterogeneity of certain cell populations in the presence of β-489 

lactams highlight the need for a large number of bacteria to be tested to avoid generalizations of 490 

response.  We also showed, in sub-inhibitory concentrations, resistant strains undergo filamentation 491 

during early growth phase, similar to susceptible strains.  Despite the limited number of resistant B. 492 

pseudomallei strains available in our collection to evaluate and the biosafety and biosecurity challenges 493 

associated with working with this pathogen, trends in morphology could be used to inform both bacterial 494 

response to β-lactams and antibiotic mechanisms of action.  Identification of putative PBPs in the B. 495 

pseudomallei genome reveals the possible targets for β-lactams.  Future work characterizing these PBPs 496 

and binding affinities of β-lactams may build on this foundation.  A greater understanding of β-lactam-497 

induced cell morphology changes could contribute to more meaningful clinical decisions for melioidosis 498 

patients or provide critical strain-specific information during an outbreak or public health emergency.  499 

 500 
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Conclusions 501 

Using optical microscopy, we describe the morphology dynamics of B. pseudomallei strains with 502 

distinct AST profiles, exposed to clinically relevant β-lactam antibiotics.  Ten genes encoding putative 503 

PBPs in the B. pseudomallei genome were identified and represent potential targets for β-lactams.  Both 504 

resistant and susceptible strains exhibited filamentation during early exposure to AMC and CAZ at 505 

concentrations used to interpret susceptibility (based on CLSI guidelines).  While developing a rapid β-506 

lactam AST based on cell-shape alone requires more extensive analyses, growth attributes of B. 507 

pseudomallei reveal information about antibiotic response and antibacterial mechanisms of action. 508 
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Tables 539 

Table 1. Antimicrobial susceptibility profile and morphological analysis of MDR Bp1651. 540 

MIC Interpretative Criteria (CLSI) Strain Filamentation (4h) Time (h) cell 
lysis begins 

β-lactam 
(µg/ml) 

S I R 
 

Bp1651 
MIC 

½ MIC MIC 
MIC # Cells 

≥15 µm 
Median 
CL (µm) 

# Cells 
≥15 µm 

Median 
CL (µm) 

AMC ≤8/4 16/8 ≥32/16  64/32 (R) 6/100 5 0/100 4 3.7 ± 0.0 

CAZ ≤8 16 ≥32 
 

>128(R) 49/100* 14* 39/100* 10.5* 
filaments and 
spheroplasts* 

IPM ≤4 8 ≥16  32 (R) 8/100 4 0/100 3 3.6 ± 0.2 

Minimal inhibitory concentrations (MIC) of amoxicillin-clavulanic acid (AMC), ceftazidime (CAZ), and 541 

imipenem (IPM) were determined by conventional BMD based on CLSI guidelines. Susceptibility 542 

interpretation is defined as resistant (R), intermediate (I) or susceptible (S). Cell length (CL) was 543 

measured after 4 h and median cell length was calculated (n=100 cells).  (*) filamentation and cell lysis 544 

data in the presence of CAZ was calculated using a value of 128 µg/ml for the MIC due to concentration 545 

range in Sensititre drug panel for testing. Time to cell lysis is represented as the mean ± SD of triplicate 546 

samples based on growth kinetic data and visual observation of video imaging.   547 

 548 

 549 

 550 

 551 

 552 

 553 

 554 

 555 

 556 

 557 

 558 

 559 

 560 

 561 

 562 

 563 
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Table 2. Morphological analysis of B. pseudomallei strains in the presence of AMC and CAZ. 564 

Strain 
AMC 
MIC 

(µg/ml) 

Filamentation (4h) Time (h) cell lysis begins 

½ MIC MIC 
MIC 2x MIC 4x MIC # Cells 

≥15 µm 
Median 
CL (µm) 

# Cells 
≥15 µm 

Median 
CL (µm) 

MSHR1655 32/16 (R) 62/100 19.5 61/100 19 6.1 ± 0.2 4.0 ± 0.3 not tested 

724644 16/8 (I) 93/100 59 24/100 6 4.8 ± 1.0 2.9 ± 0.2 2.9 ± 0.2 

6788 8/4 (S)  86/97 43 82/100 42.5 
remains 

filamentous 
filaments and 
spheroplasts 

only 
spheroplasts 

1026b 4/2 (S) 42/100 12 80/97 44 
remains 

filamentous 
remains 

filamentous 
5.2 ± 0.4 

       

Strain 
CAZ 
MIC 

(µg/ml) 

Filamentation (4h) Time (h) cell lysis begins 

½ MIC MIC 
MIC 2x MIC 4x MIC # Cells 

≥15 µm 
Median 
CL (µm) 

# Cells 
≥15 µm 

Median 
CL (µm) 

724644 8 (S) 93/100 56.5 95/100 59.5 
remains 

filamentous 
remains 

filamentous 
remains 

filamentous 

MSHR1655 4 (S) 48/100 13 61/100 22 8.2 ± 0.4 8.0 ± 0.0 8.0 ± 0.3 

1026b 2 (S) 28/100 8 94/100 36 
remains 

filamentous 
remains 

filamentous 
remains 

filamentous 
The minimal inhibitory concentrations (MIC) of amoxicillin-clavulanic acid (AMC) and ceftazidime 565 

(CAZ) were determined by conventional BMD testing based on CLSI guidelines. Susceptibility 566 

interpretations are defined as resistant (R), intermediate (I), or susceptible (S).  Cell length (CL) was 567 

measured at time 4 h and median cell length at MICs was calculated (n=95-100 cells). Time to cell lysis 568 

is represented as the mean ± SD of triplicate samples based on growth kinetic data and visual 569 

observation of video imaging.  Blue indicates breakpoint for susceptibility. 570 

 571 

 572 

 573 

 574 

 575 

 576 

 577 

 578 

 579 

 580 

 581 
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Table 3. Optical screening-based IPM susceptibility testing and morphological analysis of susceptible B. 582 

pseudomallei.  583 

Strain 
IPM 
MIC 

(µg/ml) 

Filamentation   
(# Cells ≥15 µm) 

Time (h) to determine 
IPM susceptibility  Time (h) cell lysis begins  

½ MIC 8 µg/ml 16 µg/ml MIC 2x MIC 8 µg/ml  

724644 2 no 1.7 ± 0.0 1.7 ± 0.0 3.0 ± 0.0 2.9 ± 0.2 3.0 ± 0.0 

MSHR1655 1 yes (15/100) 1.3 ± 0.9 1.7 ± 0.5 3.9 ± 0.4 4.0 ± 0.7 3.6 ± 0.2 

1026b 1 no 3.8 ±0.7 2.2 ± 1.7 5.0 ± 0.7 5.3 ± 0.6 5.7 ± 0.9 

1631 0.5 no 3.7 ± 0.5 3.7 ± 0.0 9.1 ± 0.5 8.2 ± 0.8 4.6 ± 0.2  

6296 0.25 yes (6/100) 3.7 ± 0.0 3.3 ± 0.5 9.8 ± 0.2 8.3 ± 1.4 5.3 ± 0.3 

The minimal inhibitory concentration (MIC) of imipenem (IPM), determined by conventional BMD, and 584 

the time (h) required to determine susceptibility of B. pseudomallei strains (8 µg/ml and 16 µg/ml IPM) 585 

with a confidence level (CL) of 95% (p≤0.05) are listed.  All strains were monitored by optical 586 

screening 18-20 h in the presence of IPM below, at and above MICs.  Cell length was measured after 4 587 

h.  Detection of filamentation in sub-inhibitory concentrations and cell lysis at inhibitory concentrations 588 

was achieved by analysis of growth kinetic data and visual observation of real-time video imaging.  589 

590 

591 
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Figure Legends 

 

Figure 1.  Cell morphology of the MDR Bp1651 strain cultured in the presence and absence of β-

lactam antibiotics (AMC, CAZ, and IPM) (A).  Optical screen images were captured during 

exponential and stationary phase growth.  Drug concentrations (µg/ml) corresponding to the CLSI 

breakpoint for susceptibility (dotted green squares) and three or four successive two-fold increasing 

concentrations.  Blue squares represent the Bp1651 MICs and the blue line indicates the CAZ MIC is ≥ 

128 µg/ml.  Distribution of cell lengths of Bp1651 cultured in the presence and absence of CAZ (µg/ml) 

(B).  Histograms represent cells (n=100) measured (µm) after 4 h using the thinned length object feature. 

Multidrug-resistant (MDR), amoxicillin-clavulanic acid (AMC), ceftazidime (CAZ), and imipenem 

(IPM). 

Figure 2. Cell morphology of B. pseudomallei strains cultured in the presence and absence of AMC 

(A) or CAZ (B).   Optical screen images were captured after 6 h.  Growth kinetic graphs (black lines) 

represent the average growth value of triplicate samples (y-axis) over time (18 h, x-axis) and 

morphology dynamics are described below each image.  Strains are designated as resistant (R), 

intermediate resistant (I), or susceptible (S) to each antibiotic.  Indication that a small proportion of 

spheroplasts were observed (*).  Drug concentrations (µg/ml) tested were below, equal to, and above 

MICs (blue squares) for each strain.  CLSI breakpoint for susceptibility (dotted green square), 

amoxicillin-clavulanic acid (AMC), and ceftazidime (CAZ). 

Figure 3. Cell morphology of B. pseudomallei strains cultured in the presence and absence of IPM.  

Optical screen images of 724644 (A) were captured during exponential phase growth (4 h) or during 

stationary phase (20 h).  Imipenem (IPM) concentrations tested were below, equal to, and above the 

MIC (blue square).  Growth kinetic graphs represent the average growth value of triplicate samples (y-

axis) taken over time (20 h, x-axis).  Optical screen images of B. pseudomallei strains in the presence of 

IPM MICs after 10 h (B). 
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Figure 4. Cell length and morphology of strain 724644 cultured in the presence and absence of β-

lactam antibiotics.  The dot plot (A) represents the distribution of cell lengths (n=95-100) measured 

(µm) using the thinned length object feature.  Cells in media without antibiotics were measured after 2 h 

and 4 h and cell exposed to amoxicillin-clavulanic acid (AMC), ceftazidime (CAZ) and imipenem (IPM) 

were measured after 4 h.  Median cell lengths were calculated (black lines). CLSI breakpoint for 

susceptibility (green underline) and MICs (blue underline). Optical screen images taken over time (B) in 

the presence of the MIC value of AMC. 

 

Supplemental Figures 

Figure S1. Growth kinetics of B. pseudomallei strains evaluated over 18 h in the presence and 

absence of β-lactams.  Bp1651 exposed to AMC (A) and IPM (B), MSHR1655 exposed to CAZ (C) 

and 724644 exposed to IPM (D).  Drug concentrations (µg/ml) corresponding to the CLSI breakpoint for 

susceptibility (green dots) and MICs (blue dots).  Graphs represent the average ± standard deviation 

from triplicate samples. Amoxicillin-clavulanic acid (AMC), ceftazidime (CAZ), and imipenem (IPM). 

Figure S2.  Cell morphology of B. pseudomallei 6788 in the presence and absence of AMC (µg/ml).  

Optical screen images were captured after 6 h.  Amoxicillin-clavulanic acid (AMC), CLSI breakpoints 

for susceptibility (green dotted line), MIC (blue line). 
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