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SUMMARY: 27 
This protocol details a comprehensive approach for the culturing, sequencing, and de novo hybrid 28 
genome assembly of urinary bacteria. It provides a reproducible procedure for the generation of 29 
complete, circular genome sequences useful in studying both chromosomal and 30 
extrachromosomal genetic elements contributing to urinary colonization, pathogenesis, and 31 
antimicrobial resistance dissemination. 32 
 33 
ABSTRACT: 34 
Complete genome sequences provide valuable data for the understanding of genetic diversity 35 
and unique colonization factors of urinary microbes. These data may include mobile genetic 36 
elements, such as plasmids and extrachromosomal phage, that contribute to the dissemination 37 
of antimicrobial resistance and further complicate treatment of urinary tract infection (UTI). In 38 
addition to providing fine resolution of genome structure, complete, closed genomes allow for 39 
the detailed comparative genomics and evolutionary analyses. The generation of complete 40 
genomes de novo has long been a challenging task due to limitations of available sequencing 41 
technology. Paired-end Next Generation Sequencing (NGS) produces high quality short reads 42 
often resulting in accurate but fragmented genome assemblies. On the contrary, Nanopore 43 
sequencing provides long reads of lower quality normally leading to error-prone complete 44 
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assemblies. Such errors may hamper genome-wide association studies or provide misleading 45 
variant analysis results. Therefore, hybrid approaches combining both short and long reads have 46 
emerged as reliable methods to achieve highly accurate closed bacterial genomes. Reported 47 
herein is a comprehensive method for the culture of diverse urinary bacteria, species 48 
identification by 16S rRNA gene sequencing, extraction of genomic DNA (gDNA), and generation 49 
of short and long reads by NGS and Nanopore platforms, respectively. Additionally, this method 50 
describes a bioinformatic pipeline of quality control, assembly, and gene prediction algorithms 51 
for the generation of annotated complete genome sequences. Combination of bioinformatic 52 
tools enables the selection of high quality read data for hybrid genome assembly and 53 
downstream analysis. The streamlined approach for the hybrid de novo genome assembly 54 
described in this protocol may be adapted for the use in any culturable bacteria. 55 
 56 
INTRODUCTION: 57 
The urinary microbiome is an emerging area of research that has shattered a decades long 58 
misconception that the urinary tract is sterile in healthy individuals. Members of the urinary 59 
microbiota may serve to balance the urinary environment and prevent urinary tract infection 60 
(UTI)1,2. Uropathogenic bacteria invade the urinary tract and employ diverse virulence 61 
mechanisms to displace the resident microbiota, colonize the urothelium, evade immune 62 
responses and counteract environmental pressures3,4. Urine is a relatively nutrient-limited 63 
medium characterized by high osmolarity, limited nitrogen and carbohydrate availability, low 64 
oxygenation, and low pH5–7. Urine is also considered to be antimicrobial, composed of high 65 
concentrations of inhibitory urea and antimicrobial peptides such as the human cathelicidin LL-66 
378. Investigating mechanisms employed by both resident bacteria and uropathogens to colonize 67 
the urinary tract is critical to further understanding urinary tract health and developing new 68 
strategies for UTI treatment. Furthermore, as the failure of front-line antimicrobial therapies 69 
becomes more common, it is increasingly important to monitor the dissemination of mobile 70 
genetic elements carrying antimicrobial resistance determinants within populations of urinary 71 
bacteria9,10. 72 
 73 
To investigate genotypes and phenotypes of urinary bacteria, their successful culture and 74 
subsequent whole genome sequencing (WGS) is imperative. Culture-dependent methods are 75 
necessary to detect and identify viable microbes in urine samples11. Standard clinical urine 76 
culture involves plating urine onto 5% sheep blood agar (BAP) and MacConkey agar and 77 
incubating aerobically at 35 ˚C for 24 h12. However, with a detection threshold of ≥105 CFU/mL13, 78 
many members of the urinary microbiota are not reported by this method. Improved culturing 79 
techniques such as Enhanced Quantitative Urine Culture (EQUC)11 employ various combinations 80 
of different urine volumes, incubation times, culture media, and atmospheric conditions to 81 
identify microbes commonly missed by standard urine culture. Described in this protocol is a 82 
modified version of EQUC, termed here Modified Enhanced Urine Culture protocol, that enables 83 
culturing of diverse urinary bacteria and uropathogens using selective media and optimal 84 
atmospheric conditions but is not inherently quantitative. The successful isolation of urinary 85 
bacteria enables the extraction of genomic DNA (gDNA) for downstream WGS and genome 86 
assembly. 87 
 88 



  

Genome assemblies, complete assemblies in particular, enable the discovery of genetic factors 89 
that may contribute to colonization, niche maintenance, and virulence among both resident 90 
microbiota and uropathogenic bacteria. Draft genome assemblies contain a diverse number of 91 
contiguous sequences (contigs) that may contain sequencing errors and lack orientation 92 
information. In a complete genome assembly, both the orientation and the accuracy of every 93 
base pair have been verified14. Furthermore, obtaining complete genome sequences provides 94 
insight into genome structure, genetic diversity, and mobile genetic elements15. Short reads 95 
alone may identify the presence or absence of important genes but may not pinpoint their 96 
genomic context16. With enabling long-read sequencing technologies such as Oxford Nanopore 97 
and PacBio, generating closed de novo assemblies of bacterial genomes no longer requires 98 
strenuous methods such as manual closing of de novo assemblies by multiplex PCR17,18. The 99 
combination of Next Generation short-read sequencing and Nanopore long-read sequencing 100 
technologies allows the facile generation of accurate, complete, and closed bacterial genome 101 
assemblies at relatively low costs19. Short-read sequencing produces accurate yet fragmented 102 
genome assemblies generally consisting of an average of 40–100 contigs, while Nanopore 103 
sequencing generates long reads of about 5–100 kb in length that are less accurate but can serve 104 
as scaffolds to join contigs and resolve genomic synteny. Hybrid approaches utilizing both short-105 
read and long-read technologies can produce accurate and complete bacterial genomes19. 106 
 107 
Described here is a comprehensive protocol for the isolation and identification of bacteria from 108 
human urine, genomic DNA extraction, sequencing, and complete genome assembly using a 109 
hybrid assembly approach. This protocol provides a special emphasis on the steps necessary to 110 
properly modify reads generated by short-read and long-read sequencing for the accurate 111 
assembly of a closed bacterial chromosome and extrachromosomal elements such as plasmids. 112 
 113 
PROTOCOL: 114 
 115 
Bacteria were cultured from urine collected from consenting women as part of institutional 116 
review board-approved studies 19MR0011 (UTD) and STU 032016-006 (UTSW). 117 
 118 
1. Modified enhanced urine culture 119 
 120 
NOTE: All culture steps must be carried out under sterile conditions. Sterilize all instruments, 121 
solutions, and media. Clean the work area with 70% ethanol, and then set up a Bunsen burner 122 
and work carefully close to the flame to reduce the chances of contamination. Alternately, a 123 
class II biosafety cabinet may be used to maintain a sterile environment. Wear appropriate 124 
personal protective equipment (PPE) to avoid exposure to potentially pathogenic microbes. 125 
 126 
1.1. Plating glycerol-stocked urine and colony isolation 127 
 128 
1.1.1. Thaw glycerol-stocked urine at room temperature (RT). Once thawed, vortex the sample 129 
for 5 s to mix. In sterile microcentrifuge tubes, prepare 1:3 and 1:30 dilutions of the urine in 130 
sterile 1x Phosphate-Buffered Saline (PBS) to a final volume of 100 μL. 131 
 132 



  

NOTE: Glycerol-stocked urine is prepared by mixing 500 μL of undiluted urine and 500 μL of 50% 133 
sterile glycerol in cryovials and storing at -80 ˚C. 134 
 135 
1.1.2. Pre-warm agar plates at 37 ˚C for 15 min before use. Please see Figure 1 for media types 136 
and culture conditions suitable to common urinary bacterial genera. Mix the diluted urine well 137 
by pipetting before plating, plate 100 μL of the diluted urine on the desired agar plate and spread 138 
the sample using sterile glass beads. Plate 100 μL of the 1x PBS diluent on a separate plate as a 139 
no growth control. 140 
 141 
NOTE: If attempting to culture common uropathogenic species (e.g., Escherichia coli, Klebsiella 142 
spp., Enterococcus faecalis, etc.), it is recommended to use chromogenic agar (Table of 143 
Materials) as it allows easy identification of uropathogenic bacterial species (Figure 1). Colistin 144 
Nalidixic Acid (CNA) or MRS agar are useful for isolating fastidious Gram-positive species (e.g., 145 
Lactobacillus spp.) from urine known to contain Gram-negative uropathogens, which may 146 
outcompete the fastidious species in non-selective agars. 147 
 148 
1.1.3. Incubate the plate inverted in the desired atmospheric condition at 35 ˚C for a period of 149 
24 h for uropathogens and 3–5 days for fastidious bacteria (Figure 1). 150 
 151 
1.1.4. After the incubation period, remove the plates from the incubator. From each plate, pick 152 
the colonies that exhibit a unique color, morphology, or hemolytic patterns. 153 
 154 
1.1.5. Re-streak the bacterial colony using a sterile loop onto the corresponding agar and 155 
incubate the plate inverted for 2–5 days in the desired atmosphere to obtain well-isolated 156 
colonies. 157 
 158 
NOTE: If utilizing BAP for primary culture, patching colonies on chromogenic agar may provide 159 
useful information about the heterogeneity of the bacterial population in the sample. 160 
 161 
1.2. Culturing in liquid broth and glycerol-stocking bacterial isolates 162 
 163 
1.2.1. Once the isolated colonies that match the morphology of the parent colony are obtained, 164 
pick a single colony and inoculate in 3 mL of liquid broth using a sterile inoculation loop. Refer to 165 
Figure 1 for broth capable of supporting the growth of common urinary microbiota genera. Seal 166 
the agar plates with parafilm and store them at 4 °C for 2–4 days. Incubate liquid cultures in the 167 
desired atmospheric conditions for 1–5 days until the culture is visibly turbid. 168 
 169 
1.2.2. After growth is observed, vortex the culture, and then add 1 mL of the overnight culture 170 
to 500 μL of sterile 50% glycerol in a 2 mL cryovial; seal and gently mix by inversion. Prepare two 171 
glycerol stocks for each colony (one serves as a backup) and store at -80 °C. 172 
 173 
2. Identification of bacterial species by 16S rRNA gene Sanger sequencing 174 
 175 
NOTE: Microbial identity can be alternatively confirmed using Matrix-Assisted Laser Desorption 176 



  

Ionization Time of Flight Mass Spectrometry (MALDI-TOF)20. 177 
 178 
2.1. Colony-Polymerase Chain Reaction (PCR) 179 
 180 
2.1.1. Prepare a 25 μL of the PCR reaction in PCR tubes by adding 12.5 μL of 2x Taq Polymerase 181 
Master Mix, 0.5 μL of 10 μM 8F primer, 0.5 μL of 10 μM 1492R primer (Table of Materials), and 182 
11.5 μL of nuclease-free water21. 183 
 184 
NOTE: If performing PCR for multiple samples, make a reaction master mix of Taq Polymerase 185 
mix, primers, and sterile nuclease-free water. Then aliquot 25 μL into each PCR tube. 186 
 187 
2.1.2. To perform colony-PCR, swipe a well-isolated colony from the re-streak using a sterile 188 
toothpick or pipette tip. Resuspend the colony in the PCR reaction mix prepared in step 2.1.1. 189 
Gently mix. Collect the liquid at the bottom of the tube by a quick spin at 2000 x g. 190 
 191 
NOTE: Ensure the sample is free of air bubbles. Include a no-template control (NTC) sample 192 
containing the PCR reaction mix alone. 193 
 194 
2.1.3. Place the sample tubes in the thermocycler and run the following program: 95 °C for 3 195 
min; 40 cycles of: 95 °C for 30 s, 51 °C for 30 s, and 72 °C for 1 min 30 s; 72 °C for 10 min; hold at 196 
10 °C. 197 
 198 
2.2. Gel extraction and species identification 199 
 200 
2.2.1. Upon completion of the PCR run, check the PCR product on a 1% agarose gel prepared in 201 
0.5x Tris-Borate-EDTA (TBE) buffer. Prior to casting the gel, add ethidium bromide (EtBr). Then, 202 
cast the gel using combs for wells that hold at least 20 μL sample volume. 203 
 204 
CAUTION: EtBr is an intercalating agent suspected to be carcinogenic. Always wear gloves and 205 
PPE when handling it and dispose of materials containing EtBr according to the institution’s 206 
guidelines. 207 
 208 
2.2.2. When the gel is set, place the gel in the electrophoresis tank filled with 0.5x TBE buffer 209 
and remove the comb. Load the 1 kb ladder in the first well and 10–20 μL of the PCR reaction 210 
into subsequent wells. Run at 100–140 V until resolved. Visualize the gel under UV light and 211 
confirm the presence of a clearly defined band at ~1.5 kb that is absent in the NTC well. 212 
 213 
CAUTION: UV rays are harmful to skin and eyes, use an appropriate guard when visualizing the 214 
gel and wear appropriate PPE. 215 
 216 
NOTE: Colony PCR may be unsuccessful for some bacteria; proceeding with PCR from isolated 217 
gDNA is an alternate option22. 218 
 219 
2.2.3. Excise the ~1.5 kb bands using a razor and transfer the gel cuttings into clean 220 



  

microcentrifuge tubes. Proceed with gel extraction protocol as per the manufacturer’s 221 
instructions (Table of Materials). Measure the concentration of the purified DNA by microvolume 222 
spectrophotometer. 223 
 224 
NOTE: A concentration >10 ng/μL is desirable, and A260/280 between 1.7–2.0 is acceptable. 225 
 226 
2.2.4. Prepare two Sanger sequencing reactions for each sample, one using the 8F and the other 227 
using the 1492R primer in nuclease-free water according to the guidelines of any chosen Sanger 228 
sequencing service. 229 
 230 
2.2.5. Once the sequencing data is received, upload the DNA sequences to the NCBI Basic Local 231 
Alignment Search Tool (BLAST) website (blast.ncbi.nlm.nih.gov/Blast.cgi), choose Nucleotide 232 
BLAST (blastn), select the rRNA/ITS database 16S ribosomal RNA sequences (Bacteria and 233 
Archaea), and run the Megablast program. The isolate may be identified by the highest quality 234 
hit to a reference from the database. 235 
 236 
NOTE: Some bacterial species exhibit high identity in their 16S rRNA sequences and may be 237 
indistinguishable by this method alone. Speciation will require DNA homology and biochemical 238 
analyses to confidently distinguish members of the same genus23. 239 
 240 
3. Extraction of genomic DNA (gDNA) 241 
 242 
NOTE: This section utilizes reagents and spin-columns provided in the gDNA extraction kit 243 
referenced in the Table of Materials for the high yield extraction of quality genomic DNA from 244 
diverse bacterial species. Provided below are recommended modifications and instructions. 245 
 246 
3.1. Prepare kit reagents per manufacturer’s instructions. 247 
 248 
3.2. Prepare 3–10 mL cultures in appropriate sterile broth (Figure 1) by inoculating bacteria 249 
from well-isolated colonies into the media and incubating at the temperature and atmospheric 250 
pressure noted in Figure 1 until sufficient growth is observed. 251 
 252 
3.3. After overnight incubation, measure the optical density at 600 nm (OD600) of the culture 253 
using a spectrophotometer24. 254 
 255 
3.3.1. Prepare the sample for quantification by diluting overnight cultures in 1:10 ratio. Include 256 
a blank of the sterile culture media for measurement as well. Calculate the optical density by 257 
subtracting the blank reading from the sample reading and multiplying by the dilution factor of 258 
ten. 259 
 260 
3.4. Using the OD600 measurement and a pre-established OD600 to CFU/mL ratio for the 261 
species, calculate how many milliliters of culture are necessary to obtain 2 x 109 cells. 262 
 263 
3.5. Centrifuge the required culture volume for 5 min at 5000 x g to pellet. Aspirate the 264 



  

supernatant and resuspend the pellet in 200 μL cold TE buffer (pre-chill on ice at the beginning 265 
of the procedure). 266 
 267 
3.6. Centrifuge the sample for 2 min at 5000 x g. Remove the supernatant, and then resuspend 268 
the pellet in 180 μL of Enzymatic Lysis Buffer (ELB) and add 20 μL of pre-boiled RNase A (10 269 
mg/mL). For efficient lysis of Gram-positive bacteria, add 18 μL of mutanolysin (25 kU/mL). Vortex 270 
well, and then incubate the samples at 37 °C on rotator for 2 h. 271 
 272 
NOTE: It is recommended to utilize the ELB described in the manufacturer’s protocol for both 273 
Gram-positive and Gram-negative bacteria. 274 
 275 
3.7. Proceed according to the manufacturer’s instructions. 276 
 277 
NOTE: Repeat the elution steps for one or two more times to obtain additional gDNA yield, if 278 
desired. 279 
 280 
3.8. Assess the quality of extracted gDNA as instructed in section 4 and store gDNA at 4 °C if 281 
it will be used within 1 week. Alternatively, keep gDNA at -20 °C for long-term storage. 282 
 283 
4. Assessing the quality of extracted gDNA 284 
 285 
4.1. To assess the quality by gel electrophoresis, prepare 1% agarose gel as described in 286 
subsection 2.2. Prepare the sample in a clean tube: mix 1–2 μL of extracted gDNA, 3 μL of 2x 287 
loading dye on parafilm. Run the gel once loaded, and then visualize it under UV light. 288 
 289 
NOTE: Successful gDNA extraction will be evident by a discrete band at the top of the gel and 290 
minimal smearing (Figure 2A). Smearing is indicative of shearing. If no gDNA band is evident 291 
and/or smearing is substantial, repeat gDNA extraction. Consider reducing incubation times in 292 
RNase A and Proteinase K. If two bands around 1.5–3 kb are observed, this suggests RNA 293 
contamination (Figure 2B). Prepare fresh RNase A and repeat extraction. 294 
 295 
4.2. To assess the quality by microvolume spectrophotometer, measure gDNA concentration 296 
and absorbance ratio A260/280 by microvolume spectrophotometer. Concentrations >50 ng/μL 297 
and A260/280 between 1.7–2.0 are acceptable. 298 
 299 
NOTE: Low gDNA yield may be due to low input, high input, contamination of nucleases, 300 
insufficient lysis. Absorbance ratios above the range indicate RNA contamination. Repeat 301 
extraction if the gDNA quality is poor. 302 
 303 
4.3. To assess the quality by fluorometer, follow the manufacturer’s instructions to quantify 304 
gDNA concentration using High-Sensitivity assay kit and fluorometer instrument (Table of 305 
Materials). Concentration >50 ng/μL is desirable. 306 
 307 
5. Paired-end next generation short-read sequencing and library preparation 308 



  

 309 
NOTE: Short-read sequencing may be performed on various instruments at distinct read lengths 310 
and orientations. 150 bp (300 cycle) paired-end sequencing is recommended for bacterial WGS. 311 
Both library preparation and sequencing may be outsourced to core facilities or commercial 312 
laboratories. 313 
 314 
5.1. Prepare sequencing library according to the manufacturer’s instructions (Table of 315 
Materials). Follow the manufacturer’s recommended final loading library concentration; 316 
however, a recommended modification is to load the pooled library at 1.8 pM for optimal read 317 
generation on NextSeq instruments. 318 
 319 
5.2. Although optional, utilize a Bioanalyzer (Table of Materials) to assess the pooled library 320 
fragment distribution and ensure that the fragment size is 600 bp on average. 321 
 322 
6. Nanopore MinION sequencing library preparation 323 
 324 
6.1. Prepare the sequencing library according to the manufacturer’s protocol (Table of 325 
Materials). Using two barcode expansion kits allows for multiplexing of up to 24 samples on a 326 
single flow cell. It is recommended to perform library preparation in two parts, 12 samples at a 327 
time when multiplexing 24 samples. All 24 samples may be pooled as described below. 328 
 329 
NOTE: Samples may be stored at 4 °C overnight upon finishing Native Barcode Ligation – this 330 
provides a stopping point in the protocol, if necessary. At the end of the Native barcode ligation 331 
section of the library preparation protocol, it is recommended to pool equimolar amounts of each 332 
sample up to the maximum DNA mass (ng) possible. 333 
 334 
6.1.1. To do so, quantify all the samples following barcode ligation using a fluorometer (Table 335 
of Materials) per manufacturer’s instructions. Estimate the volume of the sample with the lowest 336 
dsDNA concentration, and then calculate the total dsDNA found in this sample. Use this number 337 
to determine the equimolar amounts of all the other samples that will be pooled together. 338 
 339 
NOTE: Because the equimolar calculation will maximize the amount of pooled dsDNA and thus 340 
yield a high-volume pool (>65 μL), cleanup is necessary to concentrate the pool. 341 
 342 
6.2. dsDNA pool cleanup and concentration 343 
 344 
6.2.1. Add 2.5x volume of paramagnetic beads to the DNA pool, and then gently flick the tube 345 
to mix the contents. Place the tube in the rotator for 5 min at room temperature. Spin down the 346 
sample at 2000 x g and pellet on a magnet. 347 
 348 
6.2.2. Add 250 μL freshly prepared 70% ethanol (in nuclease free water), taking care not to 349 
disturb the pellet. Aspirate the ethanol and repeat the ethanol wash 1x. 350 
 351 
6.2.3. After the second aspiration, spin down the sample at 2000 x g and place it back on the 352 



  

magnet. Pipette off any residual ethanol and allow the sample to dry for approximately 30 s. 353 
 354 
6.2.4. Remove the tube from the magnet and resuspend the pellet in 60–70 μL of nuclease free 355 
water. Incubate at RT for 2 min. Pellet the sample on the magnet until the elute is clear, and then 356 
remove the elute and transfer into a clean 1.5 mL microcentrifuge tube. 357 
 358 
6.2.5. Quantify the concentrated pool using a fluorometer, and then prepare an aliquot to 359 
proceed to the adapter ligation step: prepare 700 ng of the sample in 65 μL final volume. Retain 360 
the remainder of the pool at 4 °C for a second run to be completed once the first run is finished. 361 
 362 
6.2.6. Proceed with adapter ligation as instructed by the manufacturer and load the sample on 363 
the flow cell. Start the sequencing run. 364 
 365 
NOTE: Aspirate air and ~200 μL of storage buffer from the flow cell priming port prior to the 366 
sample loading. This is critical for the successful flow cell priming and sample loading. Use a 367 
p1000 pipette and tips when drawing and depositing solutions through the priming port of the 368 
flow cell. 369 
 370 
6.3. Sequence the library according to the manufacturer’s instructions. 371 
 372 
6.3.1. Open the operating software for sequencing and click on Start. Input a name for the 373 
experiment, a recommended nomenclature includes the run date and user’s name. Click on 374 
Continue to Kit Selection, select the appropriate library prep kit and barcode expansion pack(s) 375 
used, and then click on Continue to Run Options. 376 
 377 
6.3.2. Adjust the run length to 48 h if planning to prepare sufficient library for a second run 378 
(otherwise leave at default 72 h). Click on Continue to Basecalling. 379 
 380 
6.3.3. Check the basecalling option Config: Fast Basecalling and make sure that Barcoding is set 381 
to Enabled so that output FASTQ files will be trimmed of the barcode sequences and 382 
demultiplexed into separate directories based on barcode. Click on Continue to Output. 383 
 384 
6.3.4. Choose where to save output sequencing data. Expect approximately 30–50 Gb of data if 385 
only saving FASTQ output and >500 Gb of data if also saving FAST5 output. Uncheck the Filtering 386 
option Qscore: 7 | Readlength: Unfiltered if planning to proceed with filtering described in 387 
section 7.2, otherwise leave checked. 388 
 389 
6.3.5. Click on Continue to Run Setup, and review all the settings. If the settings are correct, 390 
click on Start, otherwise click on Back and make any necessary adjustments. 391 
 392 
6.3.6. If desired, the flow cell may be washed per the manufacturer’s instructions and reloaded 393 
with the remaining pool. Repeat the steps in 6.2 for the remaining pool once the first run is 394 
complete and the flow cell has been washed. 395 
 396 



  

NOTE: When setting up the second run, adjust the Bias voltage to -250 mV per the manufacturer’s 397 
recommendations for flow cells previously used in runs over 48 h. 398 
 399 
7. Assessing and preparing reads 400 
 401 
NOTE: A recommended directory structure is depicted in Figure 4. Create the directories found 402 
in the Desktop, namely, Long_Reads, Short_Reads and Trimmed_Reads, prior to proceeding with 403 
the computation steps below. 404 
 405 
7.1. Short reads (Figure 3) 406 
 407 
NOTE: Short reads are generated in the FASTQ format. The files contain 4000 maximum reads 408 
per FASTQ. These are often zipped (.gz archive) and organized into multiple files. Depending on 409 
the platform, barcodes are typically trimmed. Some programs accept files in the zipped format, 410 
others may require their extraction prior to importing. The reads must pass quality control (QC) 411 
steps to ensure data accuracy during genome assembly. If CLC Genomics Workbench is not 412 
available, alternate programs may be used to trim and QC short reads such as Trimmomatic25 or 413 
Trim Galore (https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) for trimming 414 
and FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) for evaluating read 415 
quality. Average short read coverage, estimated by multiplying number of reads by average 416 
read length and dividing by the genome size, is recommended to be >100x. 417 
 418 
7.1.1. Open Genomics Workbench software (Table of Materials) and import all paired-end 419 
short-read FASTQ files. Paired files will be generated automatically. 420 
 421 
7.1.1.1. Create a new folder under CLC_Data by clicking on the New at the top toolbar and 422 
selecting Folder… to store the files. Name the folder as desired, a recommended convention is 423 
using the sample ID. Save all the output from the following steps to this folder. 424 
 425 
7.1.1.2. At the top toolbar, click on the Import button and select Illumina… Navigate to 426 
and select all short-read files that correspond to the sample. Make sure that the paired reads 427 
option is selected and uncheck the Remove failed reads option. Click on Next, select Save, and 428 
click on Next again. Choose to save the imported files in the new folder created and click on 429 
Finish. 430 
 431 
7.1.2. Create a sequence list of all paired files for the isolate; this will concatenate read data into 432 
a single file for simplicity of analysis. 433 
 434 
7.1.2.1. At the top toolbar, click on the New button and select Sequence List… On the 435 
directory list on the left, select the files to be concatenated and use the arrows to move those 436 
into the selected files list on the right. Click on Next, select Save, and click on Next again. Choose 437 
to save the sequence list and click on Finish. 438 
 439 
7.1.2.2. Once the sequence list is generated, immediately rename it with the sample ID. 440 



  

 441 
7.1.3. Run the QC for Sequencing Reads tool on the sequence list: This procedure will assess the 442 
overall quality parameters of the reads generated by short-read NGS. 443 
 444 
7.1.3.1. Search for the QC for Sequencing Reads tool in the toolbox menu (bottom-left 445 
window). Double-click on the tool, and then choose the sequence list to be analyzed and click on 446 
Next. 447 
 448 
7.1.3.2. Ensure all the output options are checked and choose Save under Results 449 
Handling. Click on Next and specify to save the output files, and then click on Finish. 450 
 451 
7.1.4. Run the Trim Reads tool on the sequence list: Trimming will be done based on quality, 452 
length, and ambiguity. This process assumes the barcodes used in sequencing have been trimmed 453 
prior to this step. 454 
 455 
7.1.4.1. Search for the Trim Reads tool in the toolbox (bottom-left window). Double click 456 
on Trim Reads, and then choose the sequence list to be analyzed and click on Next. 457 
 458 
7.1.4.2. Quality trimming: set the quality score limit to 0.01 and leave ambiguous 459 
nucleotides at 2. Click on Next. 460 
 461 
NOTE: Parameters may be adjusted at user discretion; these are the recommended settings. 462 
 463 
7.1.4.3. Uncheck Automatic Read-Through Adapter Trimming (only do this if adapters 464 
have been trimmed from the reads prior to import into CLC). Click on Next and check Discard 465 
Reads Below Length, use default 15. 466 
 467 
7.1.4.4. Click on Next, check Create Report, and then choose Save. Click on Next and 468 
specify where to save the output files. Click on Finish. 469 
 470 
7.1.5. Export the trimmed sequence list: subsequent hybrid assembly and analysis will be 471 
completed outside of CLC and requires trimmed short-read files to be exported. 472 
 473 
7.1.5.1. From the directory navigation on the top left, choose the trimmed file generated 474 
in step 5.1.3, and then click on Export at the top toolbar. Select Fastq for the export file type and 475 
click on Next. Check Export Paired Sequence List to Two Files. Then, click on Next and choose 476 
the Trimmed_Reads directory to export the files to. Click on Finish. Ensure that the trimmed 477 
short-read files were exported successfully as two files (R1 and R2) with the extension .fastq. 478 
 479 
NOTE: The trimmed sequence list must be exported into two files, typically designated by CLC as 480 
R1 and R2. This is critical as downstream hybrid assembly requires short-read data input to be 481 
set up as such. 482 
 483 
7.1.5.2. Rename the exported files, please refrain from the use of spaces and special 484 



  

characters in file names. For simplicity a recommended format is trimmed_short_file.R1.fastq. 485 
 486 
7.2. Long (MinION) reads (Figure 3) 487 
 488 
NOTE: The following pipeline for the preparation of Long (MinION) sequencing reads for hybrid 489 
assembly utilizes NanoFilt and Nanostat programs26 executed by the command line. Install the 490 
tools prior to proceeding and be familiar with the basics of UNIX in order to execute these 491 
commands. Default terminals and Bash Shell are recommended. A lesson guide for common and 492 
useful terminal commands and usage is found at Software Carpentry27. The instructions below 493 
assume that the files generated will be named with the barcode nomenclature (NB01, NB02, etc.) 494 
and are saved in the Long_Reads directory. Alternatively, read filtering can be accomplished using 495 
MinKNOW when setting up the sequencing run. Average long read coverage is recommended to 496 
be >100x. Recommended average read length is >2000 bp; therefore, the number of long reads 497 
needed is lower than the number of short reads. 498 
 499 
7.2.1. Create new directories for each barcode used in the run (barcode01, barcode02, etc.) 500 
within the Long_Reads directory (Figure 4). Copy all of the .fastq files that correspond to each 501 
barcode into the appropriate folder. Combine all .fastq files for each barcode from every run. 502 
 503 
7.2.2. Open Terminal and navigate to the barcode directories within the Long_Reads directory 504 
using the cd command: cd Desktop/Long_Reads/barcode01 505 
 506 
7.2.3. Concatenate all .fastq files per barcode into a single .fastq file by executing the following 507 
command: cat *.fastq > NB01.fastq 508 
 509 
NOTE: This command combines all of the reads from each of the FASTQ files into one large, single 510 
FASTQ named NB01.fastq. 511 
 512 
7.2.4. Use NanoStat to assess read quality of the sample by executing the following command: 513 
NanoStat --fastq NB01.fastq 514 
 515 
7.2.5. Record the results by copying the output into a text or Word file for future reference. 516 
 517 
7.2.6. Use NanoFilt to filter MinION reads discarding reads with Q < 7 and length < 200 by 518 
executing the command: NanoFilt -q 7 -l 200 NB01.fastq | gzip > NB01 _trimmed.fastq.gz 519 
 520 
7.2.7. Run NanoStat on the trimmed file generated in step 7.2.6 by executing the command 521 
NanoStat --fastq NB01 _trimmed.fastq.gz 522 
 523 
7.2.8. Record the results by copying the output into a text or Word file and compare to the 524 
results from step 7.2.4 to ensure that the filtering was successful (Table 1). 525 
 526 
7.2.9. Repeat steps 7.2.2 to 7.2.8 for each barcode used in the sequencing run. 527 
 528 



  

NOTE: The NB01_trimmed.fastq.gz file generated in step 7.2.6 will be used for hybrid assembly. 529 
 530 
8. Generating hybrid genome assembly 531 
 532 
NOTE: The following assembly pipeline utilizes Unicycler19,28–30 to combine short and long reads 533 
prepared in sections 7.1 and 7.2 (Figure 3). Install Unicycler and its dependencies and execute 534 
the commands below. Short-read files exported in step 7.1.5 are assumed to be named 535 
trimmed_short_file.R1.fastq and trimmed_short_file.R2.fastq for simplicity. 536 
 537 
8.1. Organize the short-read files and long-read files into a single directory named 538 
Trimmed_Reads. The directory must contain the following. 539 
 540 
8.1.1. A .fastq.gz file for trimmed long reads (generated in step 7.1.5). 541 
 542 
8.1.2. Two .fastq files (R1 and R2) for trimmed short reads (generated in step 7.2.6). 543 
 544 
8.2. Navigate to the directory Trimmed_Reads that stores the read files using the cd command 545 
in Terminal: cd Desktop/Trimmed_Reads 546 
 547 
8.2.1. Once in the correct directory, zip the two short read files so they are also in the .fastq.gz 548 
format by executing the following command: gzip trimmed_short_file.R1.fastq 549 
 550 
8.3. Repeat step 8.2 for both R1 and R2. Check whether all the read files are now in the 551 
.fastq.gz format and verify that all the files match the same isolate. 552 
 553 
8.4. Begin the hybrid assembly using Unicycler by running the following command:  554 
unicycler -1 trimmed_short_file.R1.fastq.gz -2 trimmed_short_file.R2.fastq.gz -l NB01 555 
_trimmed.fastq.gz -o unicycler_output_directory 556 
 557 
NOTE: -o specifies the directory in which the Unicycler output will be saved, Unicycler will create 558 
this directory once the command is executed; do not generate the directory beforehand. Run 559 
time varies by computational power of the computer used as well as genome size and the number 560 
of reads. This may take anywhere from 4 h to 1 or 2 days. This protocol was performed on a 561 
CentOS Linux 7 machine with 250 Gb RAM, Intel Xeon (R) CPU with 2.5 GHz 12 practical cores and 562 
48 virtual cores. Alternatively, personal computers with 16 Gb RAM and 2.6 GHz 6-core 563 
processors can compute these assemblies at a longer processing time. 564 
 565 
8.5. When the run is complete, review the unicycler.log file to ensure no errors – record the 566 
number, size, and status (complete, incomplete) of the contigs generated. 567 
 568 
8.5.1. If incomplete contigs are identified (denoted as incomplete in the Unicycler log), re-run 569 
Unicycler in bold mode by adding the following flag to the command in step 8.4: --mode bold. 570 
 571 
NOTE: Bold mode will lower the quality threshold accepted for long read bridges during assembly; 572 



  

this may yield a complete assembly, but the assembly quality may be diminished. It is 573 
recommended to utilize bold mode only when necessary and as preliminary evidence for contig 574 
joining to be later confirmed by PCR. 575 
 576 
9. Assessing assembly quality 577 
 578 
NOTE: The following protocol utilizes Bandage31 and QUAST32, two programs that must be set up 579 
prior to use (Figure 2 and Figure 4). Bandage does not require installation once downloaded and 580 
QUAST requires familiarity with basic command-line usage. It is also recommended to assess 581 
genome completeness using Benchmarking Universal Single-Copy Orthologs (BUSCO)33. 582 
 583 
9.1. Bandage: Click on File. Then, choose Load Graph and select the assembly.gfa file that was 584 
saved to the unicycler_output_directory generated by Unicycler in step 8.4. Once loaded, click 585 
on the Draw Graph button on the left-hand toolbar and look at how the contigs (called nodes) 586 
are connected and organized to evaluate if the assembly is complete (Figure 5).  587 
 588 
NOTE: Complete assemblies are represented by single circular contigs linked at both ends (Figure 589 
5A,B). Incomplete assemblies have multiple contigs linked together or are linear (Figure 5C). 590 
Small linear contigs may not be incomplete as they may indicate linear extrachromosomal 591 
elements. Coverage, also called depth, will be noted in bandage and represents the relative 592 
abundance of the contigs to the chromosome, normalized in Unicycler to 1x. 593 
 594 
9.2. QUAST 595 
 596 
9.2.1. Within the Terminal, navigate to the folder that stores the Unicycler output using the cd 597 
command: cd Desktop/Trimmed_Reads/unicycler_output_directory 598 
 599 
NOTE: Spaces are not permitted in the path to where the assembly is located, i.e., no directories 600 
leading to the Unicycler output can have spaces in their name. Alternatively, copy the 601 
assembly.fasta file to the Desktop for easy access. 602 
 603 
9.2.2. Run QUAST by executing the following command: quast assembly.fasta -o 604 
quast_output_directory 605 
 606 
9.2.3. Review the reports generated by QUAST in the output directory quast_output_directory. 607 
 608 
10. Genome annotation 609 
 610 
NOTE: The below annotation pipeline utilizes Prokka34, a command-line tool that must be 611 
installed. Alternatively, use Prokka through the automated GUI K-Base (Table of Materials) or 612 
annotate genomes via the web server RAST35. If depositing genomes into NCBI, they will be 613 
automatically annotated using the Prokaryotic Genome Annotation Pipeline (PGAP)36. 614 
 615 
10.1. Navigate within the Terminal to the folder that stores the Unicycler output using the cd 616 



  

command (see step 9.2.1). Then, run Prokka by executing the following command: prokka --prefix 617 
sample_ID --outdir prokka_output_directory assembly.fasta 618 
 619 
NOTE: --prefix will name all output files based on the specified sample_ID. --outdir will create an 620 
output directory with the specified name where all Prokka output files will be saved. 621 
 622 
10.2. Review the annotations by opening the .tsv table and/or by uploading the .gff file 623 
generated into a sequence analysis software to visualize and analyze the annotations (Figure 6). 624 
 625 
10.3. Specific types of annotations can be generated depending on genetic factors of interest. 626 
It is recommended to start with the user-friendly tools on the Center for Genomic Epidemiology 627 
(www.genomicepidemiology.org/) web server for preliminary analysis37–41. Additional tools for 628 
detection of CRISPR-cas systems and prophage are available (Figure 3)42,43. 629 
 630 
11. Suggested practices for data democratization 631 
 632 
11.1. When possible, deposit all the raw read data as well as assembled genomes in a public 633 
repository such as NCBI Sequence Read Archive (SRA) and Genbank. Genomes are automatically 634 
annotated via the PGAP pipeline during the NCBI deposition process. 635 
 636 
REPRESENTATIVE RESULTS: 637 
This protocol has been optimized for the culture and sequencing of urinary bacteria belonging to 638 
the genera listed in Figure 1. Not all urinary bacteria are culturable by this method. Culture media 639 
and conditions are specified by the genus in Figure 1. Exemplary gel electrophoresis assessments 640 
of gDNA integrity are depicted in Figure 2. An overview of the bioinformatics pipeline for 641 
sequencing read processing, genome assembly, and annotation is described in Figure 3. A guide 642 
for computational directory structure is provided in Figure 4 to both simplify protocol 643 
understanding and provide framework for successful organization. Furthermore, included are 644 
representative complete genomes of two Klebsiella spp., K. pneumoniae and K. oxytoca, that 645 
were generated by this protocol. A representation of the assemblies generated by Unicycler is 646 
provided in Figure 5 and also includes an additional incomplete example K. pneumoniae genome.  647 
A detailed overview of each fully annotated complete genome is shown in Figure 6. Finally, a 648 
summary of sequencing read statistics is provided in Table 1 to offer a broad understanding of 649 
raw and trimmed data sufficient for the generation of high-quality closed genome assemblies. 650 
Additionally, key parameters of the two representative Klebsiella spp. genomes are listed. 651 
Genomes and raw data were deposited in Genbank under the BioProject PRJNA683049. 652 
 653 
FIGURE AND TABLE LEGENDS: 654 
 655 
Figure 1: Modified enhanced urine culture of diverse urinary genera. Chart for the agar and 656 
liquid media that may be used to culture diverse urinary genera. All culturing is suggested to be 657 
performed at 35 °C as described in subsection 1.1. Circles represent media appropriate for 658 
culturing a particular genus, colors were arbitrarily selected to distinguish one media type from 659 
another. CDC-AN BAP (red), CDC Anaerobe Sheep Blood Agar; 5% Sheep-BAP (orange), Sheep 660 
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Blood Agar; BHI (green), Brain Heart Infusion; TSB (yellow), Tryptic Soy Broth; CHROMagar 661 
Orientation (blue). aGardnerella vaginalis should be cultured on HBT Bilayer G. vaginalis Selective 662 
agar in microaerophilic atmosphere and under special broth culture requirements44. 663 
bLactobacillus iners should be cultured on 5% Rabbit-BAP plates and NYCIII broth in 664 
microaerophilic atmosphere. cLactobacillus spp. may be cultured on MRS in microaerophilic 665 
conditions. 666 
 667 
Figure 2: Genomic DNA extraction agarose gel images. Representative gel images depicting 668 
gDNA extraction outcomes. (A) Lane 1: 1 kb ladder, Lane 2: intact gDNA representing successful 669 
extraction, Lane 3: smearing indicating fragmented gDNA. (B) Lane 1: 1 kb ladder, Lanes 2 & 3: 670 
rRNA contamination denoted by two bands between 1.5 kb and 3 kb. 671 
 672 
Figure 3: Hybrid genome assembly workflow. Schematic of steps from read quality control and 673 
pre-processing to assembly annotation. Read trimming removes ambiguous and low-quality 674 
reads. Q-score and length parameters are indicated and represent the reads that are retained. 675 
Assembly utilizes both short and long reads to generate a hybrid de novo genome assembly. 676 
Assembly quality is evaluated based on completeness and correctness using specified tools and 677 
parameters. The final genome assembly is annotated for all genes and specific loci of interest. 678 
 679 
Figure 4: Bioinformatics directory structure guide. A schematic of recommended directory and 680 
file organization for the processing of short and long reads, hybrid assembly, and genome 681 
annotation and QC. Key command-line data processing steps are highlighted next to 682 
corresponding files and directories. Eliciting commands and flags (bold), input files (blue), output 683 
files or directories (red), user input such as file naming convention (magenta). 684 
 685 
Figure 5: Genome assembly graphs by bandage. Representative complete genome assembly 686 
graphs of (A) Klebsiella oxytoca KoPF10 and (B) Klebsiella pneumoniae KpPF25 and incomplete 687 
genome assembly of (C) Klebsiella pneumoniae KpPF46. The complete genome of KoPF10 688 
demonstrates a single closed chromosome and the complete genome of KpPF25 consists of a 689 
closed chromosome and five closed plasmids. The incomplete chromosome of KpPF46 consists 690 
of two interconnected contigs. Unicycler hybrid de novo assembly generates an assembly graph 691 
that is visualized by Bandage. The assembly graph provides a simplistic schematic of the genome, 692 
indicating closed chromosome and plasmids by a linker connecting two ends of a single contig. 693 
The presence of more than one interconnected contig indicates incomplete assembly. Contig size 694 
and depth can be noted in Bandage as well. 695 
 696 
Figure 6: Complete genome maps of annotated hybrid assemblies. Assembly maps generated 697 
by Geneious Prime for the complete genome of (A) K. oxytoca KoPF10 and (B) K. pneumoniae 698 
KpPF25 showing annotated genes denoted by colored arrows along plasmid backbones. 699 
Chromosomes only show rRNA and tRNA genes for simplicity. Genome annotations were 700 
performed using Prokka as indicated in section 10 of this protocol. 701 
 702 
Table 1: Representative Klebsiella spp. complete assembly characteristics. Assembly 703 
parameters of K. oxytoca strain KoPF10 and K. pneumoniae strain KpPF25. Accession numbers 704 



  

for the deposited data on NCBI are provided. Number of reads both prior to and after trimming 705 
are specified for both sequencing technologies. N50 is provided for long reads only since short 706 
reads are of a controlled length. aMLST, Multilocus Sequence Type. bCDS, Coding Sequences. 707 
cPlasmid replicon predicted using PlasmidFinder v2.1 Enterebactericeae database with 708 
parameters set to 80% identity and 60% length. The details are provided from full genome and 709 
specific annotations provided for MLST, GC Content, CDS and plasmid replicons. 710 
 711 
DISCUSSION: 712 
The comprehensive hybrid genome assembly protocol described here offers a streamlined 713 
approach for the successful culturing of diverse urinary microbiota and uropathogens, and the 714 
complete assembly of their genomes. Successful WGS of bacterial genomes begins with the 715 
isolation of diverse and sometimes fastidious microbes in order to extract their genomic DNA. To 716 
date, existing urine culture protocols either lack the necessary sensitivity to detect many urinary 717 
species or involve lengthy and extensive approaches that require extended time and resources11. 718 
The Modified Enhanced Urine Culture approach described offers a simplified yet comprehensive 719 
protocol for the successful isolation of bacteria belonging to 17 common urinary genera, 720 
including potentially pathogenic or beneficial commensal species, and both facultative and 721 
obligate aerobic or anaerobic bacteria. This in turn provides the necessary starting material for 722 
accurate sequencing and assembly of bacterial genomes and for critical phenotypic experiments, 723 
which contribute to the understanding of urinary health and disease. Furthermore, this modified 724 
culture approach provides for a more defined clinical diagnosis of viable microorganisms found 725 
in urine specimens and allows for their biobanking for future genomic studies. However, this 726 
protocol is not without limitations. It may require long incubation times depending on the 727 
organism as well as use of resources such as a hypoxia chamber or controlled incubators that 728 
may not be readily available. The use of anaerobic GasPaks offers an alternative solution but 729 
these are costly and do not always produce a sustained and controlled environment. Finally, 730 
culture bias as well as sample diversity may allow for particular organisms and uropathogens to 731 
outcompete fastidious bacteria. Despite these limitations, a culture of diverse urinary bacteria is 732 
made possible by this approach. 733 
 734 
Genomic sequencing has gained popularity with the advancement of Next Generation 735 
Sequencing technologies which tremendously increased both the yield and accuracy of 736 
sequencing data14,15. Coupled with the development of algorithms for data processing and de 737 
novo assembly, complete genome sequences are at the fingertips of novice and expert scientists 738 
alike15,45. Knowledge of overall genome organization provided by complete genomes offers 739 
important evolutionary and biological insights, including gene duplication, gene loss, and 740 
horizontal gene transfer14. Additionally, genes important to antimicrobial resistance and 741 
virulence are often localized on mobile elements, which are often not resolved in draft genome 742 
assemblies15,16. 743 
 744 
The protocol herein follows a hybrid approach for the combination of sequencing data from 745 
short-read and long-read platforms to generate complete genome assemblies. While focused on 746 
urinary bacterial genomes, this procedure may be adapted to diverse bacteria from various 747 
isolation sources. Critical steps in this approach include following adequate sterile technique and 748 



  

utilizing appropriate media and culture conditions for the isolation of pure urinary bacteria. 749 
Furthermore, the extraction of intact, high-yield gDNA is essential for generating sequencing data 750 
free of contaminating reads that may hamper assembly success. Subsequent library preparation 751 
protocols are critical for the generation of quality reads of sufficient length and depth. Therefore, 752 
it is of utter importance to handle gDNA with care during library preparation for long-read 753 
sequencing in particular, as this technology’s greatest benefit is the generation of long reads with 754 
no theoretical upper length limit. Also outlined are sections for the appropriate quality control 755 
(QC) of sequencing reads that eliminates noisy data and improves assembly outcome. 756 
 757 
Despite successful DNA isolation, library preparation, and sequencing, the nature of genomic 758 
architecture of some species may still provide an obstacle for the generation of a closed genome 759 
assembly45,46. Repetitive sequences often complicate assembly computation and despite long 760 
read data, these regions may be resolved with low confidence, or not at all. Long reads thus have 761 
to be on average longer than the largest repeat region in the genome or coverage must be high 762 
(>100x)19. Some genomes may remain incomplete and require manual approaches for 763 
completion. Nevertheless, hybrid assembled incomplete genomes are typically composed of 764 
fewer contigs than short-read draft genomes. Adjusting default parameters of the assembly 765 
algorithm or following more stringent cutoffs for read QC may help. Alternatively, one suggested 766 
approach is to map long reads to the incomplete regions in search of evidence for the most likely 767 
assembly path, and then confirm the path utilizing PCR and Sanger sequencing of the amplified 768 
region. Mapping reads using Minimap2 is suggested and Bandage offers a useful tool for the 769 
visualization of mapped reads along assembled contigs providing evidence for contig linkage47. 770 
 771 
An additional challenge to generating complete genomes lies in familiarity and comfort with 772 
command-line tools. Many bioinformatic tools are developed to offer computational 773 
opportunities to any user; however, their utilization relies on an understanding with the basics 774 
of UNIX and programming. This protocol aims to provide sufficiently detailed instructions to 775 
enable individuals without prior command line experience to generate closed genome 776 
assemblies and annotate them. 777 
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Concatenate (Step 7.2.2): 
cat *.fastq > NB01.fastq

Gzip (Step 8.2): 
gzip trimmed_short_file.R1.fastq

Unicycler (Step 8.4): 
unicycler -1 trimmed_short_file.R1.fastq.gz 
-2 trimmed_short_file.R2.fastq.gz 
-l NB01 _trimmed.fastq.gz -o unicycler_output_directory

Prokka Annotation (Step 10.1): 
prokka --prefix sample_ID --outdir prokka_output_directory assembly.fasta
QUAST Quality Assessment (Step 9.2.2): 
quast assembly.fasta -o quast_output_directory
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Accession No.
SRA Accession No.

Total No. of 

Reads 
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Reads 

(Trimmed)

N50 (bp)
Read Depth 

(x)
MLST

a

GenBank 

Accesssion 

No.

Type of 

Contig 

(circular)

Total 

Length (bp)

GC 

Content 

(%)

CDS
b
 No.

Plasmid 

Replicon
c

KoPF10 SAMN18675296 SRX10612656 (O
d
) 159,068.00     157,968.00    9,942.00      148x 48 CP072914.1 Chromosome 5,822,988 55.0 5,237 N/A

SRX10612655 (I
e
) 15,436,150     15,025,781    326x

KpPF25 SAMN17016749 SRX9774965 (O
d
) 122,782.00     121,361.00    12,528.00    154x 1440 CP065825.1 Chromosome 5,132,260 57.7 4,754 N/A

SRX9779642 (I
e
) 14,090,384     13,648,796    314x CP065826.1 Plasmid 1 213,019 54.1 213 IncFIB(K)

CP065827.1 Plasmid 2 110,785 48.6 124 UN

CP065828.1 Plasmid 3 4,444 34.1 4 UN

CP065829.1 Plasmid 4 3,674 46.4 4 Col440I

CP065830.1 Plasmid 5 3,303 46.3 3 UN

a MLST, Multilocus Sequence Type

b CDS, Coding Sequences

c Plasmid replicon predicted using PlasmidFinder v2.1 Enterebacteriaceae database with parametres set to 80% identity and 60% length 

d Oxford Nanopore Technologies (ONT) deposited read data

e Illumina deposited read data
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Rebuttal Document 
 

Thank you for your thoughtful and thorough comments. We appreciate your time in reviewing 
this manuscript and kindly accept your feedback. Please find below response and revisions 
made per your recommendations. 
 
Editorial comments: 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there 
are no spelling or grammar issues. 
Spelling and grammar issues were reviewed and corrected where needed. 
 

2. Please consider removing commercial terms (Illumina and Oxford Nanopore) from the 
title of the manuscript and replace them with generic terms. 
Commercial terms were removed from manuscript title as recommended. 
 

3. Please revise the following lines to avoid previously published work: 87-90, 646-652. 
Revisions were made and are reflected in now lines 90-93 and 797-799. 
 

4. Please revise the text to avoid the use of any personal pronouns (e.g., "we", "you", "our" 
etc.). 
Personal pronouns were excluded throughout the manuscript. 
 

5. JoVE cannot publish manuscripts containing commercial language. This includes 
trademark symbols (™), registered symbols (®), and company names before an 
instrument or reagent. Please remove all commercial language from your manuscript 
and use generic terms instead. All commercial products should be sufficiently referenced 
in the Table of Materials. 
For example: Oxford Nanopore MinION, Illumina NextSeq500, CHROMagar, DreamTaq 
Master Mix, Nanodrop, DNeasy Blood & Tissue kit, Qubit, CLC Genomics Workbench, 
Commercial terms and trademark symbols were removed where possible. Due to the 
specifics of the protocol, MinION was referenced briefly and the software for which 
specific instructions are provided such as MinKNOW and CLC Genomics Workbench 
remain listed. The steps in the protocol pertain to these commercial tools specifically and 
we feel it is necessary to include the name of the tools.  
 

6. Please include an ethics statement before the numbered protocol steps, indicating that 
the protocol follows the guidelines of your institution’s human research ethics committee. 
Ethics statement is added in lines 120-122. 

 
7. Please ensure that all text in the protocol section is written in the imperative tense as if 

telling someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions 
should be described in the imperative tense in complete sentences wherever possible. 
Avoid usage of phrases such as “could be,” “should be,” and “would be” throughout the 
Protocol. Any text that cannot be written in the imperative tense may be added as a 
“Note.” However, notes should be concise and used sparingly. Please include all safety 
procedures and use of hoods, etc. 
Imperative language corrected throughout protocol and otherwise verified to be used 
sparingly and in notes. The use of biosafety cabinet is indicated in line 130-131 and 
additional safety caution statements are added in lines 220-223, 231-232. 
 

Rebuttal Letter Click here to access/download;Rebuttal Letter;Rebuttal
Document_Final.docx
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8. Please note that your protocol will be used to generate the script for the video and must 
contain everything that you would like shown in the video. Please add more details to 
your protocol steps. Please ensure you answer the “how” question, i.e., how is the step 
performed? Alternatively, add references to published material specifying how to perform 
the protocol action. Please add more specific details (e.g. button clicks for software 
actions, numerical values for settings, etc.) to your protocol steps. There should be 
enough detail in each step to supplement the actions seen in the video so that viewers 
can easily replicate the protocol. 
Additional detail was added for software usage in section 6.3. Clarifications were added 
where necessary for protocol steps involving software and command-line usage. 
 

9. For time units, please use abbreviated forms for durations of less than one day when the 
unit is preceded by a numeral throughout the protocol. Do not abbreviate day, week, 
month, and year. Examples: 5 h, 10 min, 100 s, 8 days, 10 weeks 
All durations less than one day were adjusted according to the requested format. 
 

10. Line 181: Is the water used sterilized? 
Sterile Nuclease-free water was specified for clarification in line 198. 
 

11. Line 185-186/322-323/328: Please specify the speed of spinning in centrifugal force (x g) 
Centrifugal force for quick spin (microfuge) steps has been added. 
 

12. Please ensure that the highlighted steps do not exceed the 3-page limit. 
Verified highlighted steps are withing the 3-page limit. 
 

13. Please do not use the &-sign or the word “and” when listing authors in the references. 
Authors should be listed as last name author 1, initials author 1, last name author 2, 
initials author 2, etc. Title case and italicize journal titles and book titles. Do not use any 
abbreviations. Article titles should start with a capital letter and end with a period and 
should appear exactly as they were published in the original work, without any 
abbreviations or truncations. 
References corrected to remove &-sign or the word “and” when listing authors. Article 
titles were reviewed according to instructions. 
 

14. Figure 1: Does the color of the circle indicate anything specific. If so, please define it in 
the figure legend. 
The colors of the circles correspond to the media type listed in the column. Clarification 
was made in lines 708-711. 
 

15. Figure 2: Please remove the commercial terms (Illumina, MinION, etc.) from the figure 
and replace them by general terms. 
Illumina and MinION terms were removed, all software remains as it is important 
components of the method and may not have equivalent replacements. 
 

 
Reviewers' comments: 
Reviewer #1: 
Manuscript Summary: 
Sharon et al provide a new method to aid in assembly of complete genomes from bacterial 
isolates collected from human urine. Methods to isolate, cultivate, and characterize urinary 
microbiota is a new and exciting field with important implications in human health. Human 



urinary samples typically have low biomass in the absence of infection and low complexity. 
Here, the authors describe cultivation conditions for more than a dozen common urinary 
bacterial genera. Additionally, they provide a clear and detailed work flow for collecting, 
analyzing, and merging sequencing data from two distinct platforms: Illumina (short reads) and 
Oxford Nanopore technologies (long reads). The figures are well-designed and the discussion 
provides insightful description of the strengths and limitations of the described method. The 
ability to accurately, affordably assemble complete microbial genomes from human urine will 
expedite discovery of the urinary microbiota and its role in human health and disease. My 
specific comments, all minor, are below: 
 
Major Concerns: 
None 
 
Minor Concerns: 
Specific comments on protocol: 
1. It would be helpful to define how glycerol-stocked urine is collected. What is the process from 
fresh human urine sample (centrifugation, glycerol concentration, etc) to freezer? 
A comment was added to clarify how to prepare glycerol-stocked urine briefly in lines 141-142. 
 
2. Prepping samples for 16S amplicon Sanger sequencing was not mentioned in the abstract or 
introduction. Although full genome assembly is the main goal from this method, the 16S species 
identification protocol portion should also be mentioned in the abstract to guide readers looking 
for this particular method. 
Note was added in the abstract to reflect that 16S rRNA sequencing is used for species 
identification and described in this manuscript – line 46. 
 
3. It is unclear why certain sections (pertaining primarily to the MinION sequencing) of the 
protocol are highlighted. 
The journal requests that we highlight sections of the protocol in order to prepare a script for the 
video that will feature key components of the method. Otherwise, highlighted text does not 
indicate anything in particular. 
 
 
Reviewer #2: 
Manuscript Summary: 
The work describes the methodology for the whole genome sequencing and hybrid genome 
assembly of urinary tract bacterial isolates. The manuscript reports several essential steps in 
this process starting with the microbial isolation from urine (modified EQUC method), isolating 
total genomic DNA, preparing samples for sequencing with Illumina and Nanopore, and ending 
with consecutive hybrid assembly using Unicycler and assembly checks. The topic of the 
manuscript is highly contemporary and will be helpful for many researchers in multiple 
microbiological subfields, in and outside of urological research subfield. It is hard to see how the 
format of JoVE will play out for this particular topic, since the video is not yet complete or 
available, but with careful work on visualizing the computational work and work with the MinION 
sequencer - this manuscript/video will be invaluable for researchers who are not yet experts in 
the Next Generation sequencing (NGS) and will allow these researchers to obtain good quality, 
reliable and advanced WGS data and assembly. Showing with this detailed manurscript how to 
setup and implement good practice in WGS and genome assembly is extremely important. 
 
Again, without the video it is hard to judge, but below please find the general comments on the 
manuscript that can improve the clarity for non-specialists as they seem to be the target 



audience for this work. 
 
General comments: 
1) While describing obtaining Illumina sequencing data authors opt to just mention the protocol 
for library preparation and not to describe that Illumina sequencing might come now in 
numerous shapes and forms. At the bare minimum describe paired-end reads and usual 
number of cycles/read length to give a newcomer some gist of parameters to look for while 
ordering sequencing of this kind from the prepared libraries. Perhaps even mention that library 
preparation can also be delegated to one of the numerous companies. Mention what range of 
coverage is acceptable or a good start for WGS and de novo assembly. 
Edits were made in lines 327-331 to include a brief description of the recommended Illumina 
sequencing configuration for bacterial WGS. A note was added to suggest library preparation 
and sequencing may be performed by commercial laboratories. 
Desired coverage for short reads is now indicated in lines 449-450. 
 
2) There is a somewhat similar situation with the ONT data collection and assessment - it will be 
highly beneficial to add some general ranges or benchmarks on the length distribution, 
coverage, quality and such. 
Coverage and average length of long reads is now indicated in lines 535-537. Desired read 
quality parameters are further implied in command specifics listed in line 558. 
 
3) While the described pipeline is very efficient for many genomes, it does not always produce 
either good data or complete assemblies. Authors are very direct about this in the notes, but 
only use examples of successfully completed genomes. It might perhaps be recommended to 
add some not so successful examples. For instance: (1) add a QC report with a common 
problem of the sequencing data and describe how to alleviate it or at what stage not to proceed 
with the further analyses; (2) give an example of an assembly that does not have complete 
chromosome/plasmid - how to use -bold function and how to run PCR/Sanger to confirm? 
An example of an incomplete assembly has been added to Figure 4 (originally figure 3) to depict 
a scenario of multiple contigs in a chromosome. Further directions on how to run PCR/Sanger to 
confirm are outside of the scope and length limits of the protocol, which is focused on the 
culturing, sequencing, and genome assembly process. References are provided; however, that 
the reader may reference for these methods (17,18).  Additional troubleshooting protocols vary 
by application and therefore are not included in detail here. 
 
4) While not absolutely necessary, for the sake of guiding a novice through the complete 
process leading to full analysis and publication it will be useful to add a small section on 
depositing the data and assembly to the NCBI banks. While NCBI has a great list of instructions 
they can certainly be overlapping and confusing - hence a general description of good practices 
will be good to add: mention SRA for data, Bioproject, Biosample and an option to do automated 
annotation pipeline PGAP in-built with the NCBI deposition. 
Thank you for this comment. We agree that deposition of genomic data onto public databases is 
extremely important. Due to protocol length limits, adding detailed instructions for data 
deposition on NCBI is out of the scope of this article. However, a section was added to 
encourage data deposition into NCBI SRA and Genbank repositories – lines 679-682.  
 
5) It will be great to have the commands be highlighted by color or a very distinct formatting. 
If JoVE format does not allow it - perhaps placing each comman on a separate line will help 
stress it and make it easy to find or even copy-paste for the reader trying to reproduce the 
steps. 



Unfortunately, highlighting or utilizing distinct formatting is not allowed. New lines are also not 
permitted unless for new steps or notes. We understand the challenge and made an effort to 
bold the eliciting commands and flags and ensure commands are written in a continuous single 
line where possible. Per your recommendation below regarding folder structure, we added 
figure 3 and included key commands in a more user-friendly format to further address this 
excellent suggestion. 
 
6) Some of the data processing and assembly bits contain examples of file and directory names 
- this is extremely important in the context of this learning resource. I would suggest authors 
expand this to provide exemplary folder structure, naming strategy throughout all the steps so 
that the reader can use them directly in the initial attempts. It might also simplify the overall 
pipeline description. 
Thank you for this excellent suggestion! Naming strategy recommendations made in lines 433-
435, 521-522, 531, 539-540, 550-551, 559, 594-595, 650-651, 662-664. 
Folder structure figure (figure 3) was added to provide additional clarification on recommended 
organization of files and output data. 
 
7) It will be great to add a little bit more information about the use of Terminal/Command line: 
- Give examples what terminal/command line can be used - Unix(Mac)- default terminal; Linux - 
any terminal; Windows - ? what Shell is recommended Bash? 
- Give reference to some bootcamp or overview/beginner materials for Bash 
shell/terminal/command line; 
- Perhaps provide a very short list of essential commands like ~, ls, pwd, ./, cd, cat, grep, cp, 
mv, rm, mkdir, etc. 
Terminal/command line clarification added in line 528. Reference for bootcamp materials for 
shell also added in line 529-530 (reference 27). 
 
Minor comments and suggested edits: 
1) Page 3 line 125 - glycerol-stocked urine is mentioned but it is unclear how it is prepared (at 
least glycerol concentration) 
A comment was added to clarify how to prepare glycerol-stocked urine briefly in lines 141-142. 
 
 
2) Page 4 line 172 - there appears to be a typo - double 'be' 
Corrected in line 188. 
 
3) Page 4 lines 175 - 190 - I might have missed the oligos sequences but if those are lacking - it 
will be convenient to just report the two primers used in this text; Colony PCR might not reliably 
work for all bacteria and all DNA polymerase preparations - therefore it might be useful to add a 
note about this and perhaps refer the reader to read on other methods with addition of lysozyme 
in the resuspension solution for pretreatment or suggest testing different PCR reagents if 
unsuccessful or proceed with PCR from isolated gDNA. 
Primer sequences are reported in the Table of Materials, notes were added for clarification in 
lines 195. Further clarification on alternative to colony PCR is added in lines 234. 
 
4) The Methods interchangeably use terms broth and medium - while they are completely 
equivalent to the extent of my knowledge would it be better to stick with one or define somehow. 
This has been corrected. 
 
5) Page 6 lines 241-246 - Please change 'the dilution factor' to 'ten' or 'dilution factor of ten' 
since the proptocol rigidly calls for ten fold dilution in the 3.3.1 section. Or explain that OD600 



readings should be in a …..range to allow for linear relationship/proportionality between 
N/density and OD600. It will be highly beneficial to add references to some educational and 
methodological resource for the reader to understand OD measurements and how to establish 
the calibration curve for that. Add 'as recommended by the Blood and Tissue.. protocol' or 
similar. 
Dilution factor was clarified as recommended in line 275. Reference for OD measurement and 
calibration added in line 271 (Reference 24). 
 
6) Page 6 line 272 - are those recommended ratios of DNA solution and loading dye? Seems 
off. 
We use this amount without issue as it helps to make sure the sample sinks but an adjustment 
to loading dye concentration in line 304 was made to adjust based on standard ratios. 
 
7) Page 6 lines 275 - 280 - Example gel(s) showing the described in this note DNA preparations 
qualitites will be very helpful. 
Thank you for this suggestion. Figure 2 of example gels was added to depict successful and 
unsuccessful gDNA extractions. 
 
8) Page 8 line 368-370 - please do mention before that paired reads are being used and the two 
types of files are for those; you are describing the archiving but not mentioning GZ and that 
many programs can utilize GZ archives directly without a need to extract from archives. 
Clarification added in lines 439-442. 
 
9) Page 8 line 374 - perhaps add TrimGallore here 
Added in line 444.  
 
10) Page 9 - when describing the software options and buttons please use consistent 
capitalization for names of checked or selected. 
This has been reviewed and corrected where necessary. 
 
11) Page 11 line 499 - this note is very important and it will be helpful to give the reader some 
sense on what computer was used - perhaps some parameters of processor type, cores, 
memory? And suggest using clusters, cloud based computing or access to remote clusters? 
Specifications of machine used were added and note about basic computer parameters that can 
be appropriate are included as well in lines 603-606. 
 
12) Page 11 line 502 - it might be useful to add description how to check for contigs and their 
status, what coverage will mean and circularization. 
A note was added to clarify how incomplete contigs may be initially observed in the unicycler log 
– line 611. Further clarification on complete and incomplete contig visualization and depth was 
added in lines 630-632. 
 
13) Page 11 line 538 - Prokka is now available through fully automated GUI of K-Base 
(kbase.us) and automated PGAP option is available upon deposition to NCBI. 
Changes are reflected in lines 655-658. 
 
14) Page 12 line 560 - 'diverse fastidious'; it might be good to remind the reader that potentially 
not all bacteria will be culturable even for the…. 
Change reflected in lines 688. 
 


