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Abstract: Antimicrobial resistance is a global health crisis, partly contributed by inappropriate use of antibiotics. The 26 

increasing emergence of multidrug resistant infections has led to the resurgent interest in bacteriophages as an 27 

alternative treatment. Current procedures assessing susceptibility and breadth of host range to bacteriophage are 28 

conducted using large-scale manual processes that are labor-intensive. The aim here was to establish and validate a 29 

scaled down methodology for high-throughput screening in order to reduce procedural footprint. Bacteriophages were 30 

isolated from wastewater samples and screened for specificity against 29 clinical Pseudomonas aeruginosa isolates and 31 

PA01 using a spot test (2 µL/ drop). Host range assessment was performed on four representative P. aeruginosa isolates 32 

using both double agar overlay assay on petri dishes and 24-well culture plates. The breadth of host range of 33 

bacteriophages that exhibited lytic activity on P. aeruginosa isolates were corroborated between the current standard 34 

practice of whole plate phage assay and 24-well phage assay. The high correlation achieved in this study confirms 35 

miniaturization as the first step in future automation that could test phage diversity and efficacy as antimicrobials. 36 

 37 

Keywords: bacteriophages; phage therapy; host range 38 

 39 

1. Introduction 40 

Antimicrobial resistance (AMR) to both commonly used and last line antibiotics is increasing and adds an extra burden 41 

to healthcare systems [1–4]. Treatment is particularly challenging in those with chronic lung diseases such as cystic 42 
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fibrosis (CF) and bronchiectasis where airways become chronically infected by pathogens such as Pseudomonas 43 

aeruginosa (P. aeruginosa) [5–7]. With little investment into the development of new antibiotics to counteract the issue of 44 

multidrug resistant (MDR) infections, alternative treatments are being sought. Bacteriophage (phage) therapy has been 45 

identified as a potentially useful strategy [8,9,18–20,10–17]. While it has a history of use in Eastern Europe [21–26] for 46 

decades, interest in the West was eclipsed with the advent of effective antibiotics [27–29].  47 

 48 

A major obstacle in translating phage therapy into standard clinical practice, is that most in vitro and in vivo validations 49 

still need to be performed by academic research laboratories [8,10,12]. Further complications arise due to a lack of 50 

standardized procedures in research settings for the screening and selection of the phages for therapeutic use, which 51 

contrasts with current diagnostic practices in clinical and industrial laboratories. Academic research laboratories 52 

typically depend on manual manipulation of resources and labor, creating an “automation gap” [30]. This phenomenon 53 

does not exist in a clinical laboratory due to the necessity of a fast turnaround time (TAT), with the delivery of accurate 54 

results guiding treatments and improving clinical outcomes. One area in laboratory medicine: clinical chemistry, was 55 

among the first to implement automation, and observed a significant increase in both productivity and reduction of 56 

operational costs [31]. Turnaround time remains a benchmark and performance indicator of any current 57 

clinical/diagnostic laboratory audited by appropriate regulatory bodies [32].  58 

 59 

Microbiological diagnoses have one of the slowest reported TAT. Many laboratories still engage in manual processes 60 

since they receive a diversity of sample types, however, the incubation time needed for traditional bacteria culture 61 

growth remains a significant contributor [33,34]. In the context of phage therapy and other associated therapeutic 62 

pipelines, this has a significant impact since the isolation and purification of phage are laborious and has a high 63 

procedural footprint in the laboratory. Furthermore, testing of host range via the traditional double agar overlay method 64 

is both relatively time-consuming and inefficient. Furthermore, the screening of phage efficacy also requires a vast 65 

number of laboratory consumables that can escalate exponentially with increasing number of phages and bacterial 66 

strains tested. Here we described a miniaturized host range screening assay against clinical isolates of P. aeruginosa 67 

developed in our laboratory to improve productivity and reduce procedural footprint.  68 

 69 

2. Results 70 

2.1 Isolation and purification of bacteriophages 71 

A panel of 30 P. aeruginosa isolates (29 clinical isolates and PA01) was used as propagating hosts for the isolation and 72 

purification of phages. Wastewater samples were filtered through 0.22 µm bottle-top filters to remove debris and 73 

microorganisms prior to the isolation of phages. Positive phage activity was observed as a zone of clearing on a streak 74 

of a single P. aeruginosa isolate after 24 hours enrichment of filtered wastewater with a single isolate of P. aeruginosa as 75 

a zone of clearing (Figure 1a, left panel). Whole plate agar overlay of the enriched wastewater with P. aeruginosa showed 76 

plaques of different morphologies. A single plaque was picked and filtered for purification of phages (Figure 1b, right 77 

panel). Phages were purified over three rounds using whole plate agar overlay. Plaques retained similar morphologies 78 

through purification rounds (Figure 1b). Observed plaques included clear (Figure 1c; 1), clear with an uneven hazy ring 79 

(Figure 1c; 2), clear with bullseye (Figure 1c; 3), opaque with bullseye (Figure 1c; 4) and opaque (Figure 1c; 5) 80 

morphologies, indicating diversity in phage populations from waste water samples. A total of 231 phages were isolated 81 

after three rounds of purification.  82 

 83 
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 84 

Figure 1. Phage isolation and purification. (a) Phage activity was tested against P. aeruginosa isolate (left panel). Whole plate agar 85 

overlay was performed to observe different morphologies present in the enriched wastewater sample. (b) Phages were selected and 86 

purified through three rounds of purification, plaque morphology was observed to exhibit similar zones of clearing. (c) Various 87 

plaque morphologies were observed from the whole plate agar overlay assay with the enriched wastewater samples.  88 

 89 

2.2. Optimization of host range screening using miniaturized phage assay 90 

To optimize the amount of Luria-Bertani Lennox (LB) overlay agar required per well, a range of agar volumes were 91 

tested and visually inspected the next day following an overnight static incubation at 37°C (Supplementary Table 1). 92 

Overlay agar at a volume of 350 µL per well of the 24-well culture plate was found to be optimal for overnight incubation, 93 

without dehydrating the agar. Furthermore, the final purification step of phage isolation only yielded ~750 µL of phage 94 

suspended in SM buffer after passing through a 0.22 µm syringe filter. Thus, it was necessary to identify the minimal 95 

amount of phage suspension needed for host screening to avoid both consumption of the sample, and any additional 96 

phage propagation. Results showed that a volume using 2 µL of purified phages was sufficient to conduct miniaturized 97 

host range screening (Supplementary Table 1).  98 

 99 

2.3. TAT of each assay  100 

Comparisons of time required for each step within both assays were performed in triplicate using four P. aeruginosa 101 

isolates (three clinical isolates and one laboratory reference strain). Completion of the first step of host range screen 102 

consisting of the inoculation of overlay agar) of a single purified phage suspension against a single P. aeruginosa isolate 103 
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required 77±2 minutes using the whole plate phage assay, while the 24-well phage assay required significantly less time 104 

with 16.5±2 minutes (Student’s t test; p<0.0001) (Figure 2a; Supplementary Table 2). Miniaturization of the host range 105 

screening saved approximately 60 minutes per phage sample against a single bacterial isolate. Extrapolation of the time 106 

saved when the breadth of host range was tested against 30 P. aeruginosa isolates resulted in a calculated reduction of 107 

1,815 minutes (30.25 hours; 78.6%) when using the miniaturized assay.  108 

 109 

The second step of the host range screen involves spot testing of phages on agar. It was found to require ~0.5 minutes 110 

(30 seconds; ±5 seconds) per phage sample per bacterial isolate using the whole plate phage assay, while the 111 

miniaturized 24-well phage assay required significantly less time at ~0.12 minutes (5 seconds; ±1 second) (Student’s t 112 

test; p<0.0016) (Figure 2b: Supplementary Table 2). Since host range screening was performed on 30 P. aeruginosa 113 

isolates in this study, ~11.0 minutes was calculated to be saved using the miniaturized assay.  114 

 115 

 116 

Figure 2. Comparison of the time required to screen a single phage suspension via whole plate phage assay (purple) or 24-well phage 117 

assay (orange). (a) The approximate amount of time needed to perform the inoculation of P. aeruginosa into molten overlay agar and 118 

pouring it onto either a LB agar plate for the whole plate phage assay or into an empty well for the 24-well phage assay. (b) Using 119 

pre-labelled and prepared phage suspension in the order of choice, the approximate time required to perform a spot test was 120 

observed to be less for the 24-well phage assay when compared to the whole plate phage assay. All data points as well as mean ± SD 121 

are shown from triplicate values obtained from the 4 isolates assessed.   122 

 123 

2.4. Assay sensitivity and specificity 124 

To assess assay specificity and sensitivity, phage suspensions (2 µL) were spotted onto both whole plate and 24-well 125 

phage assay plates in triplicate and visualized after 18 hours incubation at 37°C under aerobic conditions over different 126 

days. Data generated revealed that the miniaturized phage assay had a sensitivity and specificity score of 94.6% and 127 

94.7% respectively (Table 1). The positive predictive value (PPV) was calculated at 86.4% and the negative predictive 128 

value (NPV) at 98% which indicated that for every 100 P. aeruginosa isolates tested, ~13 would potentially be a false 129 

positive while 2 might be a false negative. 130 

 131 
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Table 1. Sensitivity and specificity of 24-well phage assay 132 

24-well phage 

assay 

     Drop on plate         phage assay 

(spot test) 

Predictive value 

(%) 

Positive Negative  

Test positive 229 36 86.4 

Test negative 13 646 98.0 

Total 242 682  

    

Sensitivity (%) 94.6 94.7  

    

 133 

2.5. Assay sensitivity to low titers of phages 134 

Sensitivities of the miniaturized 24-well phage assay to low titers of phages were then measured using a series of serially 135 

diluted phages. Both specificity and negative predictive value could not be calculated as the phages used in this 136 

experimental setup were measured against their respective propagating hosts, and hence no negative results were 137 

generated. The sensitivity of the miniaturized assay at low titers of phages was found to be 90.2%, which indicated that 138 

for every 100 P. aeruginosa isolates tested, ~9 may be a false positive.  139 

 140 

Table 2. Sensitivity and specificity of 24-well phage assay to low titers of phages 141 

 24-well phage 

assay 

Drop on plate phage assay (spot 

test) 

Predictive 

value 

 Positive (/23) Negative (/23) (%) 

Test 

positive 

109 PFU/mL 23 0 100 

 107 PFU/mL 23 0 

105 PFU/mL 19 0 

103 PFU/mL 18 0 

  83 0  

     

Test 

negative 

109 PFU/mL 0 0  

107 PFU/mL 0 0 

105 PFU/mL 4 0 

103 PFU/mL 5 0 

  9 0  

     

Total  92 0  

     

Sensitivity 

(%) 

 90.2   

 142 

2.6. Zones of clearance observable from whole plate vs. miniaturized 24-well phage assay 143 

Plaque morphology was initially graded and classified into three categories: clear, opaque and no lysis from the whole 144 

plate phage assay. Further inspection of plaques revealed that both clear and opaque zones were present with varying 145 
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morphologies. Firstly, completely clear plaques were observed and found to have zones of clearances that did not 146 

appear opaque (Figure 3a-b). Furthermore, within clear plaques, pinpoint colonies of bacteria could be observed 147 

following incubation (Figure 3a: yellow arrow). Secondly, opaque plaques were also seen and identified as having 148 

partial zones of clearance (Figure 3c) or a bullseye morphology (Figure 3d) with an accompanying ring-like formation.  149 

 150 

Using the developed miniaturized 24-well phage assay, plaque morphologies could also be visualized and classified 151 

with the same categories as the whole plate phage assay. The various plaques morphologies, namely clear and opaque, 152 

were also identified and comparable to that seen using the larger scale whole plate assay. Plaque morphologies of each 153 

plaque were also found not to be affected by the position of spot-test (Figure 3e) and overlay agar.  154 

 155 

             156 

Figure 3. Visual inspection of zones of clearance demonstrated that morphology of the lytic activity were comparable between the 157 

whole plate phage assay and 24-well plate assay. The zones of clearance were not affected by the location of wells assigned nor 158 

modified based on the epi-light reflection and refraction when images were captured using the ChemiDoc XRS+ system. (a, b) Clear 159 

zones of lytic activity were observed on both the whole plate phage assay and 24-well phage assay, denoted by “1” and “2” 160 

respectively. (c) Turbid zones of clearance were observed on both methods, denoted by “3”. (e) Bullseye morphology of the plaques 161 

were observed on both the whole plate phage assay as well as the 24-well phage assay as denoted by “4”.  162 

 163 

3. Discussion 164 

Here, we describe a novel methodology to perform large scale testing of phage host range using inoculated overlay agar 165 

in a microtiter culture plate, which was found in our hands to be sensitive and accurate. Using 231 isolated phages 166 
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propagated with 30 isolates of P. aeruginosa, we screened for their host range using both whole plate and 24-well 167 

miniaturized phage assays against four selected P. aeruginosa isolates. The miniaturized assay reported was found to be 168 

highly sensitive and specific at 94.6% and 94.7% respectively when compared to results derived from the whole plate 169 

phage assay. At the same time, the PPV of the 24-well phage assay when screened using all 231 phages against 30 P. 170 

aeruginosa isolates was 86.4% (Table 1) while 23 phages at low concentrations were 100% (Table 2). While this could be 171 

an inflation of PPV due to the higher prevalence of known positive populations, it highlights the usability of the 172 

screening tool described [35]. This is in line with the current process of host range screening using phages that were 173 

previously identified specific against the infective pathogens. Using various clinical isolates, this methodology was 174 

corroborated and could be used in the future to complement diagnostic tests. Furthermore, while this method utilized 175 

P. aeruginosa clinical isolates, it should be possible to adapt it, with modifications, to other bacteria including 176 

Staphylococcus aureus, which also causes respiratory infections in CF and has developed antibiotic resistance [36–39]. 177 

 178 

To complement diagnostic tests, the assay needs to be able to improve the TAT of current clinical laboratory standards. 179 

In a microbiology diagnostic laboratory, positive culture blood reporting timeline is routinely recorded. The results 180 

generated in approximately 72 hours consists of gram stains, pathogen identity and antimicrobial susceptibility test 181 

(AST) [40,41]. Specifically, in CF, sputum and swab samples are routinely collected during an active infection [42–44]. 182 

However, the TAT time for such cultures is not routinely recorded and may vary between laboratories due to differing 183 

local regulatory guidelines. Therefore, the miniaturized assay can be compared to the benchmark of a positive blood 184 

culture. While advancements were made to shorten the TAT from the initial flagging of positive blood cultures for both 185 

identification and AST [45–47], processes used to identify phage efficacy against the infective pathogen are still manual 186 

and time-consuming. 187 

 188 

Phages can be isolated from a wide variety of sources, such as environmental or clinical samples, and may not be 189 

abundantly present. Therefore, the ability to screen for positive activity across a range of phage concentrations is both 190 

important and necessary. Throughout the purification process, phages are typically not propagated to a high titer. After 191 

the final purification step of phage isolation, titer still remains unknown and it is a time consuming process to perform 192 

subsequent titrations. While sensitive, our test was also specific, detecting as low as 103 PFU/mL at 100% PPV (Table 2). 193 

Also, as shown by our results, we yielded only 750 µL of purified phages suspended in SM buffer after filtration. Thus 194 

it is important that our methodology was able to use both low concentrations of phages at a minimum volume to 195 

accommodate requirements to screen more bacterial isolates, which it was able to achieve easily.  196 

 197 

While we have described a method that decreases the anticipated hours of manual labor significantly, further 198 

automation could also be applied. For example, larger volumes of phages could be utilized in the spot test step to cover 199 

the entire surface of the overlay agar, resulting in positive activity throughout the well. In addition, a spectrophotometer 200 

could be used to read the turbidity (optical density; OD) of the inoculated agar as an automated process. However, 201 

caution has to be exercised in the reliability of the results due to possible resistant colony growth in the middle of the 202 

clearing, giving rise to a false negative readout. Phage plaques and zones of clearing often display different 203 

morphologies, with some having a bullseye phenotype as identified in this study (Figure 3d). This could also result in 204 

a false negative result since spectrophotometers measures OD through the center of designated areas. 205 

 206 

In order to enhance the morphology of phage plaques, tetrazolium salt dyes were used, however these are known to 207 

adversely affect phage kinetics and suppress plaque titers [48]. However, an automated microtiter plate reader has been 208 

described in literature using the OmniLog™ system to measure phage kinetics with the addition of tetrazolium salt 209 
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dyes. The system utilizes the redox chemistry reaction to track the changes of bacterial viability after the application of 210 

phage formulations [49,50]. Using this chemical reaction, Adaptive Phage Therapeutics, Gaithersburg, MD have 211 

developed the Host Range Quick Test™ (HRQT™) under their sole proprietorship. While the HRQT™ had shown to 212 

be able to screen 5000 phages against one bacterial strain under 18 hours [51], this method may not be applicable to the 213 

majority of laboratories as it requires specific equipment that is not readily available. The HRQT™ also solely measures 214 

the kinetics of aerobic bacteria, but not anaerobes. However, our miniaturized phage assay could be applied to anaerobic 215 

phage screening as well. A limitation in our described methodology is the inability to track the emergence of resistant 216 

bacteria after the application of phages due to the test results being an endpoint readout. However, this could be 217 

overcome with a phage kill-curve experiment with varying titers after the identification of potential phages for 218 

therapeutic applications.    219 

 220 

Overall, the assay has shown to be effective in reducing the TAT and manual labor hours in the laboratory. The 221 

miniaturized assay did not compromise both sensitivity and specificity at the reduction of time required. Although the 222 

sensitivity, specificity and predictive values could vary between research and diagnostic laboratories due to personnel 223 

and equipment differences, modifications could be performed to suit the workflow of laboratories. The usability and 224 

complementation of the 24-well phage assay screening methodology for therapeutic applications must be distinguished 225 

in the phage screening for therapeutic application process. In conclusion, we have demonstrated that miniaturization 226 

is the first step towards automation to test for efficacy and diversity of phages. Ultimately, based on high-throughput 227 

screening of phages against multiple pathogens, individual sequencing of bacteria and the application of machine 228 

learning could allow for in silico testing of individual pathogen susceptibility to catalogued libraries of phages.  229 

  230 

4. Materials and Methods 231 

4.1 Bacterial strains, culture conditions and inoculum preparations 232 

All 29 clinical isolates of P. aeruginosa used were derived from individuals with cystic fibrosis unless otherwise stated. 233 

A laboratory reference strain of P. aeruginosa (PA01; ATCC 15692) was obtained from the University of Western 234 

Australia, Department of Microbiology Culture Collection (MCC) [52]. Overnight cultures of P. aeruginosa isolates were 235 

then propagated by inoculating a single colony of P. aeruginosa in LB Lennox broth (Becton Dickinson, USA) and 236 

incubating overnight at 37°C with orbital shaking (120 rpm).  237 

 238 

4.2 Bacteriophage isolation and purification 239 

Wastewater samples were collected from the Subiaco Wastewater Plant (Shenton Park, Western Australia, Australia), 240 

enriched, and screened for phages that were able to infect any member of the panel of 29 P. aeruginosa clinically-derived 241 

isolates (Supplementary Table 3) or PA01 [53,54]. Specifically, water samples were initially filtered through a 0.22 µm 242 

bottle-top filter (Nalgene™ Rapid-Flow™, ThermoFisher, USA), then supplemented with 1 M CaCl2 and 1 M MgCl2 to 243 

achieve a final concentration of 0.1 M CaCl2 and 0.1 M MgCl2. Double strength LB broth supplemented with a final 244 

concentration of 1 mM CaCl2 and 1 mM MgCl2 was added to the filtrate for 24-48 hours to enrich for phages. Enriched 245 

LB broth was then centrifuged at 4000 rpm for 10 minutes at room temperature (RT) and supernatants filtered through 246 

0.22 µm syringe filters. Filtrates were then spot tested (drop-on-plate) on the P. aeruginosa isolates they were enriched 247 

with for lytic activity that had previously been line streaked on LB agar and air-dried for 15 minutes at RT. Five 248 

microliters of the filtrate was applied onto each streak and air-dried for another 15 minutes at RT. Agar plates were 249 

incubated under aerobic conditions at 37°C for 18 hours and phage presence determined via clearance visualization on 250 

the bacterial streaks. LB broth supplemented with 0.4% bacteriological agar (Becton Dickinson, USA) and 1 mM CaCl2 251 

and 1 mM MgCl2 were routinely used as semi-solid media (overlay agar) [55]. Plaques were selected and purified in the 252 
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propagating host via three purification rounds. Resulting stable phages (n= 231) were then propagated to a high titer 253 

and stored in SM buffer (100 mM NaCl, 8 mM Mg·SO4, 50 mM Tris-HCl, pH 7.5) at 4°C for further analysis.  254 

 255 

4.3 Phage propagation to high titers 256 

High titer phage stocks were propagated using solid media propagation as described [53]. Briefly, 100 µL of overnight 257 

culture was inoculated with 100 µL of purified phage suspension and incubated for 5 minutes at RT to allow adsorption 258 

of phages to the propagating host. Three milliliters of overlay agar being maintained at 55°C was added to the phage- 259 

host mixture and poured gently over LB agar plates. These were then incubated under aerobic conditions at 37°C for 24 260 

hours, after which, plates were visually inspected for whole plate clearance. Five milliliters of SM buffer was then added 261 

to and evenly dispensed over the propagated plate and allowed to incubate for 15 minutes with gentle rocking at RT. 262 

Afterwards, the SM buffer was collected from the plate and filtered through 0.22 µm syringe filter. Phage titers were 263 

then enumerated using double agar overlay assay as described previously [55,56] and stored at 4°C.  264 

 265 

4.4 Whole plate phage assay 266 

Host range testing was performed using the gold standard whole plate phage assay, with modifications [55]. Here, 100 267 

µL of overnight P. aeruginosa cultures were inoculated into 3 mL of molten overlay agar that was being maintained at 268 

55°C. Inoculated overlay agars were then poured over LB agar plates, gently rocked to ensure an even spread and air- 269 

dried for 15 minutes at RT. Afterwards, 2 µL of purified phage suspension was dropped onto the agar and bacterial 270 

plates incubated for 18 hours at 37°C under aerobic conditions. Positive activity was then determined via visual 271 

confirmation of clearing and/ or plaque formation. Turbidity of zones of clearance were also assessed and graded (clear, 272 

opaque or no lysis). Negative activity was determined via no observable clearing or plaque formation. Phages with the 273 

broadest host range (active against ≥ 20/ 30 P. aeruginosa isolates) were serially diluted 10-fold from 109 to 103 PFU/mL 274 

and assayed (drop-on-plate) for plaque detection at 109, 107, 105 and 103 PFU/mL. Sterile SM buffer was spot tested onto 275 

overlay agar with and without P. aeruginosa as negative and media controls. Images of whole plate phage assay were 276 

captured using a ChemiDoc XRS+ imaging system using the epi-light filter (BioRad, USA).   277 

 278 

4.5 Miniaturized phage assay 279 

Assessment of host range against P. aeruginosa clinical isolates were repeated on a miniaturized scale, utilizing 24-well 280 

culture plates (Nunc™, ThermoFisher, USA). Briefly, 350 µL of overlay agar, inoculated with P. aeruginosa, were 281 

dispensed into each well of a 24-well culture plate and air-dried for 15 minutes at RT. Overnight cultures were 282 

inoculated proportionately to the amount needed to fill the required wells (100 µL of bacterial culture into 3 mL of 283 

molten overlay agar). Overlay agar with and without P. aeruginosa (350 µL) was also dispensed into an empty well on 284 

the 24-well culture plate to serve as negative and media controls. Two microliters of purified phage suspension was 285 

then added via droplet addition to assigned wells and plates were incubated overnight at 37°C under aerobic conditions. 286 

The following day, wells were inspected for positive or negative activity via manual visualization for zones of clearing 287 

or plaques and graded manually for the turbidity of zones of clearance (clear, opaque or no lysis). Serially diluted 288 

phages (10-fold increments: 109 to 103 PFU/mL) were then assayed (drop-on-plate) for plaque detection at 109, 107, 105 289 

and 103 PFU/mL. Images of 24-well phage assay was captured using ChemiDoc XRS+ imaging system using the epi- 290 

light filter. 291 

 292 

4.6 Statistics 293 
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Whole plate and miniaturized phage assays were performed in triplicate and replicated across 4 clinical isolates. All 294 

data points are presented as mean ± SD. Statistical analysis across methodologies of whole plate and miniaturized phage 295 

assays was performed with paired t-test, where a p-value < 0.05 was considered significant. (GraphPad Prism 9, USA).  296 

 297 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Table S1: Optimization of 298 

media and phage volumes required for 24-well phage assay, Table S2: Breakdown of time required for individual steps 299 

of the host range screening for one bacterial isolate, Table S3: List of P. aeruginosa isolates used in the experimental 300 
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