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Abstract 33 

Diseases caused by the fish pathogens Flavobacterium columnare and Flavobacterium 34 

psychrophilum are major contributors of preventable losses in the aquaculture industry. 35 

The persistent and difficult to control infections caused by these bacteria make timely 36 

intervention and prophylactic elimination of pathogen reservoirs important measures to 37 

combat these disease-causing agents. In the present study, we present two 38 

independent assays for detecting these pathogens in a range of environmental 39 

samples. Natural water samples were inoculated with F. columnare and F. 40 

psychrophilum cells, and pathogen levels were detected using Illumina MiSeq 41 

sequencing and droplet digital PCR. Both detection methods accurately identified 42 

pathogen-positive samples and showed good agreement in quantifying each pathogen. 43 

Additionally, the real-world application of these approaches was demonstrated using 44 

environmental samples collected at a rainbow trout aquaculture facility. These results 45 

show that both methods can serve as useful tools for surveillance efforts in aquaculture 46 

facilities, where the early detection of these flavobacterial pathogens may direct 47 

preventative measures to reduce disease occurrence. 48 

Importance 49 

Early detection of a deadly disease outbreak in a population can be the difference 50 

between mass fatality or mitigated effects. In the present study, we evaluated and 51 

compared two techniques for detecting economically impactful aquaculture pathogens. 52 

We demonstrate that one of these techniques, 16S rRNA gene sequencing using 53 

Illumina MiSeq technology, provides the ability to accurately detect two fish pathogens, 54 

F. columnare and F. psychrophilum, while simultaneously profiling the native microbial 55 
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community. The second technique, droplet digital PCR, is commonly used for pathogen 56 

detection, and the results obtained using the assays we designed with this method 57 

served to validate those obtained using the MiSeq method. These two methods offer 58 

distinct advantages. The MiSeq method pairs pathogen detection and microbial 59 

community profiling to answer immediate and long-term fish health concerns, while 60 

droplet digital PCR method provides fast and highly sensitive detection that is useful for 61 

surveillance and rapid clinical responses. 62 

 63 

Introduction 64 

Improving detection methods for bacterial pathogens is a top priority in the global 65 

aquaculture industry, as delayed detection and identification of a pathogen can lead to 66 

devastating disease outbreaks and high production losses (1). Flavobacterium 67 

columnare and Flavobacterium psychrophilum, the causative agents of columnaris and 68 

bacterial cold-water disease (BCWD), respectively, are important threats to the fish 69 

farming industry (2). Once introduced into a fish-rearing facility, these pathogens have 70 

the potential to rapidly spread and establish biofilms, allowing them to escape biocidal 71 

treatments (3, 4). Due to their speed of transmission and long-term survival on surfaces, 72 

F. columnare and F. psychrophilum are immensely difficult to control in fish farms (5, 6) 73 

and thus have contributed to major economic losses (7). 74 

Although considerable efforts have been made to control infections caused by 75 

flavobacteria over the last fifty years, rainbow trout production losses caused by these 76 

pathogens remain high. Studies point to the ability of Flavobacterium spp. to survive in a 77 

variety of environments, including aquatic and fish-host associated biomes (5, 6). 78 
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Biofilm formation and the rapid acquisition of antibiotic resistance genes reduce the 79 

efficacy of antibiotic therapies for trout. Antibiotics are often ineffective at eliminating 80 

pathogens in rearing-facilities and increase the potential for the development of drug-81 

resistant Flavobacterium species (8, 9). Genome rearrangement and mutation can also 82 

lead to antigen variation in the fish host, reducing the efficacy of new vaccines, 83 

potentially explaining why studies report a low reproducibility of results (9–11). The 84 

potential of Flavobacterium pathogens to linger in fish farms necessitates improved 85 

detection methods that allow for early detection and provide insights into potential 86 

reservoirs in aquaculture facilities.  87 

Current F. columnare and F. psychrophilum identification methods range widely 88 

depending on the need and capabilities of the laboratory performing the identification 89 

(12) and include classical biochemical (13), antigen-based, PCR-based, and DNA array-90 

based techniques (14). The detection of F. columnare and F. psychrophilum in water 91 

and surface samples is further complicated by the presence of multitudinous non-92 

pathogenic Flavobacterium species. These environments also commonly contain PCR 93 

inhibitors that can reduce the reliability of PCR-based assays (15). Furthermore, F. 94 

psychrophilum can also be challenging to identify through culture-based approaches 95 

because of its slow growth rate and overgrowth by other bacteria (16). These growth 96 

characteristics of flavobacteria present a challenge for timely identification, and 97 

alternative identification methods are needed. 98 

At aquaculture facilities, similar to natural settings, many areas can harbor 99 

pathogens and warrant careful sampling for pathogen detection. For example, after 100 

entering a facility with the incoming water, bacterial pathogens can colonize and form 101 
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biofilms on various surfaces, including the fish raceway walls, containment screens, or 102 

baffles (structures commonly used to direct the flow of water downward within 103 

raceways). Bacteria in biofilms are more resistant to common biocidal treatment 104 

methods, which is a serious problem (17). If the pathogens attach to the surfaces of 105 

water pipes or other system components, they can escape disinfection or cleaning 106 

attempts and potentially serve as sources of disease recurrence. Many of these issues 107 

are of particular concern for flow-through facilities that use untreated spring, ground, or 108 

river water. Thus, this specific type of farm could benefit from surveillance at the water 109 

inflow. However, even with strategic and frequent sampling, the success of pathogen 110 

surveillance and outbreak prevention will be contingent on rapid, sensitive, and specific 111 

detection techniques. 112 

Next-generation sequencing (NGS) has been employed in source-tracking 113 

pathogens and has the advantage of being able to detect a wide range of pathogens at 114 

once, and it is increasingly becoming an affordable tool for use in molecular 115 

epidemiology (18, 19). While diagnostic metagenomics is still an unorthodox method in 116 

fish disease diagnostics, recent studies on viral detection and persistence in aquatic 117 

habitats (20, 21) have demonstrated the potential advantages of this technique. 118 

Amplicon deep-sequencing provides an opportunity to detect the presence of lingering 119 

etiological agents (20) and may aid in preventing future outbreaks in aquaculture 120 

settings.  121 

Marker-gene surveys in particular are common and canonically performed by 122 

sequencing a variable region of the 16S rRNA gene, which is ubiquitous and allows for 123 

the discernment of bacterial taxa (22). Various approaches are available to analyze 16S 124 
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rRNA gene sequence data. While traditional approaches use a sequence clustering 125 

technique, a more recent approach identifies amplicon sequence variants (ASVs), 126 

where the amplified sequence reads are error-corrected, and identical sequences are 127 

placed into an ASV. This approach improves pathogen detection sensitivity and is 128 

implemented by packages such as QIIME 2 (23) and DADA2 (24). Each ASV is 129 

classified by comparing it to a reference dataset. Although the resolution obtained by 130 

sequencing a short region of the 16S rRNA gene is not sufficient to identify most taxa at 131 

the species level, different variable regions provide greater resolution for some taxa. 132 

Quantitative PCR (qPCR) has long been considered a gold standard for the 133 

detection and quantification of disease-causing agents. More recently, droplet digital 134 

PCR (ddPCR) has emerged as a promising advancement on qPCR. Due to its 135 

partitioning technology and robustness against inhibitory particles, ddPCR has been 136 

shown to be an efficient and sensitive approach for detecting low-copy DNA targets and 137 

has even begun to replace traditional qPCR in specific applications (25, 26). 138 

Additionally, ddPCR results report absolute counts in a sample rather than relative 139 

frequencies as are reported with NGS-based methods (27). 140 

In the present study we developed two new assays to detect two pathogenic 141 

Flavobacterium species, F. columnare and F. psychrophilum, in water and surface 142 

samples by (i) Illumina MiSeq sequencing and (ii) ddPCR. These methods will be useful 143 

detection tools for aquaculture facilities. We tested the utility of Illumina MiSeq high-144 

throughput sequencing of the 16S rRNA V4 region to detect these pathogens in 145 

inoculated water samples collected from a natural source. Subsequently, these results 146 

were independently validated using a ddPCR assay targeting a different housekeeping 147 
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gene, ATP synthase subunit alpha (atpA), which is commonly used as a genetic marker 148 

in flavobacterial typing(9). In addition, water and surface samples collected from an 149 

aquaculture facility were also tested using both methods, and the results were 150 

compared.  151 

 152 

Results 153 

Differentiation of Flavobacteria to the species level using the V4 region of the 16S 154 

rRNA gene. 155 

A conventional approach for studying microbial communities is to perform high-156 

throughput sequencing of a variable region of the 16S rRNA gene. However, accurate 157 

characterization of a polymicrobial sample and detection of specific pathogenic species 158 

require that the genetic diversity of the variable region permits species-level 159 

classification. Thus, to determine whether the V4 region of the 16S rRNA gene would 160 

suffice for species-level identification of fish pathogens of interest, we downloaded the 161 

16S rRNA gene sequences of all 143 available type strains of Flavobacterium species 162 

from the RDP database to serve as an up-to-date reference gene bank. We trimmed the 163 

sequences to the 253 base pairs of the widely used V4 region and constructed a 164 

phylogeny. The resulting phylogeny (Figure 1) and the distance matrix (data not shown) 165 

identified the closest neighbors of F. columnare and F. psychrophilum as F. 166 

verecundum and F. limicola, which differed by 4 and 6 base pairs, respectively. Using 167 

this approach, the V4 region was observed to provide sufficient resolution to identify F. 168 

columnare and F. psychrophilum to the species level. 169 
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 170 

Figure 1: 16S rRNA Gene Cladogram for the Genus Flavobacterium. Sequences of 171 

the 253 base pair V4 region of the 16S rRNA gene from Flavobacterium type strains 172 

were aligned, and a phylogenetic tree was constructed using Fasttree. Flavobacterium 173 

columnare (red) is 4 base pairs away from F. verecundum, and F. psychrophilum (blue) 174 

is 6 base pairs away from F. limicola.  175 
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MiSeq: Detection of spiked F. columnare and F. psychrophilum in natural water 176 

samples 177 

The ability to detect F. columnare and F. psychrophilum on an Illumina MiSeq 178 

was tested by inoculating and sequencing natural water samples with increasing 179 

amounts of these pathogens in three distinct dilution series (F. columnare alone, F. 180 

psychrophilum alone, or their combination). Each sample set was spiked with 10-fold 181 

dilutions of pathogen(s) (alone or in combination) over a five order of magnitude range. 182 

The relative levels of F. columnare and F. psychrophilum were normalized using a 183 

hemocytometer; however, accurate viable counts were difficult to obtain due to the 184 

clumping nature of Flavobacterium spp. Two uninoculated samples were used as 185 

controls to determine whether native F. columnare and/or F. psychrophilum could be 186 

detected and assess potential filtration system carryover between sample sets. The 187 

number of classified F. columnare and F. psychrophilum was determined using QIIME 2 188 

with a DADA2 plugin for detecting ASVs.  189 

F. columnare was detected in all inoculated water samples excluding the lowest-190 

inoculum sample (Figure 2) for both the F. columnare-only and co-inoculated sample 191 

series. F. psychrophilum was detected in all inoculated samples in both dilution series. 192 

No sequencing reads were assigned to either F. columnare or F. psychrophilum in the 193 

uninoculated controls. The average read depth of the 17 inoculated samples was 194 

43,853 reads with a standard error of the mean (SEM) of 3,636 reads. A total of 83,143 195 

reads in the entire data set were assigned to F. columnare and a total of 38,450 reads 196 

were assigned to F. psychrophilum. F. columnare was not detected in any samples 197 

where it was not expected (samples where F. columnare was not added). Only four F. 198 
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psychrophilum reads were recovered from samples where it was not expected (the 199 

highest inoculum F. columnare sample). 200 

 201 
ddPCR: Detection of spiked F. columnare and F. psychrophilum in natural water 202 

samples  203 

A ddPCR-based approach was developed to independently quantify F. 204 

columnare and F. psychrophilum cells using a single copy housekeeping gene (atpA) 205 

that has been used previously for species-level discernment in a multi-locus sequence 206 

typing scheme for flavobacteria (9). These assays were optimized, validated, and tested 207 

for specificity as described in the methods section.  208 

The atpA-ddPCR assay was used to determine the number of F. columnare and 209 

F. psychrophilum cells present in the same inoculated water samples evaluated in the 210 

Illumina MiSeq detection assay (Figure 2). As expected, the concentrations of both 211 

pathogens in each sample series mirrored the 10-fold dilutions over five orders of 212 

magnitude using the ddPCR-based assay (Figure 2). We detected ~1,000 copies of 213 

atpA per liter of filtered water in the most dilute samples. Since the F. columnare and F. 214 

psychrophilum genomes each harbor one copy of atpA, the observed copy number 215 

corresponds to 20 genome equivalents/µL of extracted DNA added to the ddPCR 216 

reaction mix (total DNA extraction volume was 50 µL).  217 

The ddPCR analysis of samples that were not inoculated allowed us to determine 218 

the background levels of F. columnare (280 cells/L) and F. psychrophilum (12,800 219 

cells/L) in the natural water samples. These counts are much higher than those 220 

obtained from the MiSeq experiment, where only a single sample, the highest inoculum 221 

F. columnare sample, had 3,750 cells/L F. psychrophilum detected (four MiSeq reads). 222 
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This discrepancy could be due to F. columnare or F. psychrophilum cells being present 223 

in the natural water source at levels below the detection limit of the MiSeq method, 224 

highlighting the superior sensitivity of ddPCR. Additionally, contamination may have 225 

occurred during sample processing or as a result of carry-over from previous filtration 226 

operations at levels the MiSeq approach could not easily detect. Lastly, unknown non-227 

target organisms may have cross-reacted with the F. psychrophilum assay. To address 228 

this discrepancy, the average background level for each method from all non-spiked 229 

samples was subtracted from the counts shown in Figure 2. 230 

For ddPCR, a no template control (NTC) as well as two positive controls 231 

containing one pathogen and one positive control containing both pathogens were 232 

assayed in parallel. The NTC was negative for both pathogens, and only the added 233 

target pathogen(s) were detected in the positive controls, indicating that the occurrence 234 

of contamination during ddPCR sample preparation is unlikely to explain the 235 

background levels of pathogens detected by ddPCR. Droplet counts per reaction 236 

ranged from 13,528 to 20,005 droplets with a median droplet count of 18,212. Overall, 237 

these data indicate that F. columnare and F. psychrophilum can be quantified over a 238 

wide range of concentrations in natural water samples using ddPCR, but proper controls 239 

must be used to ensure accuracy. 240 

 241 

Comparison of MiSeq and ddPCR Results 242 

We were interested in comparing the MiSeq and ddPCR data more directly. As 243 

16S rRNA gene MiSeq data are relative and ddPCR data are absolute, it was necessary 244 

to convert absolute numbers while accounting for multiple copies of the 16S rRNA gene 245 
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in individual bacterial cells. Using a universal 16S qPCR assay, we determined the 16S 246 

rRNA gene copy number in each sample (mean = 1.36 × 108 copies, SEM = 1.52 × 107 247 

copies). Additionally, using an estimate of the 16S rRNA gene copy number based on 248 

the taxonomic composition of these samples (28), we converted this value to the 249 

estimated total number of bacterial cells per sample (mean = 3.6 × 107 cells/mL, SEM = 250 

3.84 × 106 cells/mL; Figure 2, Supplementary Figure 2). 251 

Subsequently, using the absolute concentration data from both the MiSeq and 252 

ddPCR assays, we compared the F. columnare and F. psychrophilum counts in the 253 

spiked samples (Supplementary Table 1). Figure 2 displays the line of best fit (dotted 254 

lines) produced from a linear regression analysis using log transformed count values. 255 

Overall, the results were highly similar between the MiSeq- and ddPCR-generated data 256 

and the single and co-inoculation samples. However, for F. columnare, the limit of 257 

detection differed. In the samples that received the fewest cells, F. columnare was not 258 

detected using the MiSeq method, whereas ~1,000 F. columnare genome copies were 259 

detected with the ddPCR assay (Figure 2a). This difference in detection levels is likely 260 

due to the MiSeq producing 10-100 thousand reads and having ~100,000,000 16S 261 

rRNA gene copies in the sample, which may lead to rare sequences being drowned out 262 

by more dominant species. Overall, there appeared to be excellent qualitative 263 

agreement between the two methods. 264 

On a quantitative level, the estimated cell count values (Figure 2) obtained were 265 

highly similar between the two methods. For F. psychrophilum, the ddPCR approach 266 

yielded higher counts than the MiSeq method for 6 of 10 samples, with an average 267 

coefficient of variance (CoV) of 22%. A paired Wilcoxon signed-rank test did not support 268 
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a significant difference between the methods (p = 0.375). The F. columnare counts 269 

obtained by ddPCR were higher than those obtained with the MiSeq approach for 6 out 270 

8 samples (only considering samples where signal was detected for both methods), with 271 

an average CoV of 25.5%, a difference that was not significant using a paired Wilcoxon 272 

signed-rank test (p = 0.25).  273 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 21, 2021. ; https://doi.org/10.1101/2021.06.21.447745doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.21.447745


 

 

 274 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 21, 2021. ; https://doi.org/10.1101/2021.06.21.447745doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.21.447745


 

 

Figure 2: Comparison of MiSeq and ddPCR Assay Results. Estimated cell counts of 275 

F. columnare (red) and F. psychrophilum (blue) are shown for each of the five 10-fold 276 

dilutions assayed. Counts are shown on the y-axis as log values, while dilutions are 277 

shown on the x-axis and increase from the lowest concentration sample (5) to the 278 

highest concentration sample (1). (A) Samples inoculated with F. columnare alone, (B) 279 

F. psychrophilum alone, or (C) F. columnare/F. psychrophilum combined. The co-280 

inoculated samples (C) show F. columnare counts with circles and F. psychrophilum 281 

counts with triangles. Black circles indicate the total estimated bacterial cell count within 282 

the sample calculated using qPCR.  283 

 284 

Pathogen Detection in Environmental Samples 285 

We used both the MiSeq and ddPCR methods to evaluate water samples and surface 286 

swabs we collected as part of a microbial community survey of an aquaculture facility. 287 

Twelve samples were collected from a commercial, spring-fed, rainbow trout farm that 288 

had previously experienced periods of BCWD and columnaris disease outbreaks. Table 289 

1 shows the results of the comparison between the two assays for F. columnare. In the 290 

6 samples that were positive using the MiSeq method, the ddPCR method also yielded 291 

a positive result, while 4 of 6 samples that were negative for F. columnare using the 292 

MiSeq method yielded extremely low positive results for the ddPCR method. As 293 

observed in the previous experiment with spiked samples of lake water, these data also 294 

suggest that the MiSeq-based approach of sequencing the V4 region of the 16S rRNA 295 

gene is less sensitive than an atpA-based ddPCR assay. Alternatively, these results 296 

may also suggest that qPCR-based methods are more sensitive to contamination. As 297 
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none of the aquaculture samples contained F. psychrophilum as detected by either 298 

method, we could not perform this comparison. 299 

 300 

Table 1: MiSeq and ddPCR F. columnare Detection Results. A positive call using the 301 
MiSeq required one or more F. columnare reads when normalized to 10,000 reads. A 302 
positive call for ddPCR required 40 or more F. columnare copies to be detected per 50 303 
µL DNA extract. (+) indicates that less than 2 copies were detected per DNA extract 304 
with the ddPCR method or less than 1 read per 10,000 detected with the MiSeq 305 
method. 306 

Sample MiSeq (16S-V4) ddPCR (atpA) 

Natural Source Water (+) (+) 

Global Hatchery Outflow Water + + 

Individual Hatchery Pen Outflow Water + + 

Surface Swab from Tailscreen + + 

Adult Raceway Outflow Water 1 + + 

Adult Raceway Outflow Water 2 + + 

Surface Swab from Hatchery Baffle 1 - - 

Surface Swab from Hatchery Baffle 2 - (+) 

Surface Swab from Hatchery Baffle 3 - (+) 

Surface Swab from Hatchery Baffle 4 - (+) 

Gill Swab from Adult Fish - (+) 

Global Hatchery Inflow Water - - 

 307 

Microbial Community Analysis of Natural Water Samples 308 

 While not the focus of the present study, a high-throughput and multiplexable 309 

16S rRNA gene survey provides useful microbial community composition data as an 310 

added benefit. This advantage is particularly notable for the V4 region of the 16S rRNA 311 

gene, which serves as an ideal molecular marker for identifying the widest diversity of 312 

bacteria (29). Therefore, to further demonstrate the advantages of this approach, we 313 

sequenced and analyzed 17 biological replicates of the pelagic community of a 314 

freshwater lake (Figure 3, Supplementary Figure 3). As the water was prefiltered 315 
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through a 2 µm pore sized prefilter, we considered the cells captured on the 0.2 µm 316 

Sterivex filter to be planktonic microorganisms.  317 

 At the order level, Betaproteobacteriales dominated the community, accounting 318 

for 51.8% of all reads, with constituents present at or above 1% abundance including 319 

Flavobacteriales (20.7%), Cytophagales (5.7%), Frankiales (4.9%), Chitinophagales 320 

(4.0%), Sphingobacteriales (3.4%), and chloroplast-associated reads (1.2%) (Figure 321 

3A). A visualization of this community with the spiked Flavobacterium spp. removed is 322 

presented in Supplementary Figure 3A.  323 

 At the genus level, 20.0% of reads belonged to the genus Flavobacterium, which 324 

included the spiked Flavobacterium spp. In addition, 14.0, 8.7, 5.5% of the total reads 325 

belonged to the genera Rhodoferax, Polaromonas, and Polynucleobacter, respectively, 326 

all of which are members of the family Burkholderiaceae. An additional 14.6% of reads 327 

were assigned to the family Burkholderiaceae but could not be confidently assigned to 328 

any specific genus. Other genera present at or above 1% included Pseudarcicella 329 

(5.6%), Methylotenera (4.7%), Sediminibacterium (3.7%), Limnohabitans (2.1%), and 330 

Pedobacter (1.1%) (Figure 3B). A visualization of this community with the spiked 331 

Flavobacterium spp. removed is presented in Supplementary Figure 3B.   332 

 333 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 21, 2021. ; https://doi.org/10.1101/2021.06.21.447745doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.21.447745


 

 

 334 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 21, 2021. ; https://doi.org/10.1101/2021.06.21.447745doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.21.447745


 

 

Figure 3: Order and Genus Level Taxonomic Barplots of Water Samples. (A) Order 335 

level taxonomic breakdown for each sample. (B) Genus level taxonomic breakdown for 336 

each sample. Labels on the x-axis correspond to the dilution series. Barplots are 337 

presented as relative abundances. Flavobacterium inoculum level decreases from left to 338 

right for each series. Fc, Fp and FcFp indicate the addition of F. columnare alone, F. 339 

psychrophilum alone or their combination, respectively. NA – no assignment could be 340 

made at this taxonomic level. 341 

Discussion 342 

In the present study, we describe the use of Illumina MiSeq sequencing and 343 

ddPCR for the detection of two economically impactful fish pathogens, F. columnare 344 

and F. psychrophilum. We provide direct evidence that MiSeq sequencing of the V4 345 

region of the 16S rRNA gene allows species-level identification of F. columnare and F. 346 

psychrophilum. In addition, we describe a ddPCR assay to detect and quantify these 347 

two important fish pathogens, which were detected at similar levels independent of the 348 

method used. 349 

Overall, there was good qualitative agreement between the Illumina MiSeq and 350 

ddPCR detection of F. columnare and F. psychrophilum. Statistical testing did not show 351 

a significant difference between the quantified levels of F. psychrophilum and F. 352 

columnare using the MiSeq and ddPCR approaches. However, one important difference 353 

between the approaches is the limit of detection. Based on the ddPCR quantification 354 

data, a detection limit of ~103 F. columnare cells/L was observed for the MiSeq method, 355 

while the ddPCR method could detect 102 cells/L. The limit of detection of the MiSeq 356 

can be lowered by sequencing to a greater depth, but this would also drive up the 357 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 21, 2021. ; https://doi.org/10.1101/2021.06.21.447745doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.21.447745


 

 

overall sequencing costs. A non-targeted NGS-based detection approach requires that 358 

the organism of interest be present at a high enough concentration to yield a signal in a 359 

complex DNA background (30), which is affected by the sequencing depth. A targeted 360 

PCR approach will always outperform a non-specific approach in regard to sensitivity. 361 

From a clinical perspective, this difference in the detection limit may be inconsequential, 362 

as LD50 measurements of F. columnare and F. psychrophilum are on the scale of 108-363 

1010 cells/L for immersion or bath-based infection of rainbow trout (31, 32), well within 364 

the detectable range for NGS. Furthermore, due to the slow growth rates of F. 365 

columnare and F. psychrophilum, remediation begun at concentrations of 103 cells/L will 366 

likely be effective in keeping concentrations well below the LD50 367 

Compared to F. columnare, determining the limit of detection for F. 368 

psychrophilum was more challenging due to an apparent background level of F. 369 

psychrophilum in the water samples. This may have been caused by the true presence 370 

of F. psychrophilum, cross-reaction between an off target organism and the primers and 371 

probe, or potential carry-over within the filtration system. However, if contamination 372 

occurred or F. psychrophilum was present in the water, it was not detected by the 373 

MiSeq assay, suggesting a cross-reaction with an unknown organism was the likely 374 

cause. While the specificity of the primers and probe were bioinformatically verified, the 375 

potential for uncharacterized species presents a risk for a false positive signal arising. 376 

We observed a baseline of ~104 F. psychrophilum cells in the ddPCR analysis of 377 

negative samples. This cross-reactivity was accounted for using a baseline subtraction 378 

step for the ddPCR data. By adding a known quantity of target DNA to replicate 379 
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samples, the presence of cross-reacting DNA can be determined and accounted for in 380 

the data analysis. 381 

The benefit of the discovery power added by characterizing the microbial 382 

community provided by NGS cannot be overstated. Using this approach, associations 383 

between various bacterial taxa and the pathogen of interest can be elucidated, whereas 384 

a targeted approach would miss potential hypothesis-generating observations. The 385 

potential of other pathogenic bacteria being identified using NGS would also increase 386 

the utility of this approach and should be assessed in the future. Compared to ddPCR, a 387 

false positive signal arising from NGS is unlikely but possible in the case of primer 388 

switching or contamination from wells on the same PCR plate. However, the increased 389 

information density produced by this approach increases the odds of correctly parsing 390 

out a misidentified sequence. Additionally, it is important to note that because an 391 

abundance-filtering step is often performed during pre-processing with NGS datasets 392 

(33), low levels of false positive or contaminant reads would be removed as a normal 393 

portion of the pipeline. In addition, the inclusion of reagent, negative, and positive 394 

controls ensures that contaminants can be more readily detected and removed.  395 

The results obtained for the fish farm samples displayed good agreement 396 

between the two methods in detecting the presence/absence of F. columnare (Table 1). 397 

This result is important, as it was possible to detect this pathogen in both the water and 398 

swab samples with the MiSeq. However, the two methods showed disagreement for 399 

four surface swab samples in which extremely low levels of F. columnare were detected 400 

using the ddPCR method but not the MiSeq method. This result may well demonstrate 401 

the superior sensitivity of ddPCR in detecting extremely low levels of target sequences. 402 
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However, this finding may also indicate minor contamination or a PCR artifact leading to 403 

a false positive signal. An additional benefit to ddPCR methods is the ability to rapidly 404 

process low numbers of samples without increasing the price per sample, while many 405 

samples must be assayed at once to decrease the financial input when using the 406 

MiSeq. 407 

Although previous studies have demonstrated the potential of NGS in pathogen 408 

detection, these investigations typically used shotgun metagenomic sequencing (34, 35) 409 

or targeted approaches with genus-specific primers (36). While shotgun approaches 410 

can generally provide better resolution, they are significantly more expensive (37), 411 

suffer from background or host DNA interfering with detection (34), and require a more 412 

complex bioinformatic approach. Targeted NGS methods provide useful information on 413 

strain variation within the particular genus of interest but lose the survey capabilities 414 

borne from an unbiased approach. In the present study, we demonstrate that specific 415 

pathogens with distinct hypervariable regions in the 16S rRNA gene can be reliably and 416 

semi-quantitatively detected using a non-targeted NGS method. While not solely 417 

intended for use in diagnostic settings, we posit that an NGS-based approach to detect 418 

F. columnare and F. psychrophilum is reliable, has similar processing time compared to 419 

culture-based methods (38), and provides additional discovery power that can justify 420 

increased cost for a research group. 421 

 422 

 423 

 424 
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Methods 425 

Phylogeny of Flavobacterium type strain 16S rRNA gene sequences 426 

The 16S rRNA gene sequences were downloaded from the Ribosomal Database 427 

Project (RDP) database (39) in February 2021. The 253 bp V4 region of the 16S rRNA 428 

gene was extracted and aligned using Geneious (version 10.0.6; Biomatters, Auckland, 429 

NZ) using a Geneious alignment algorithm. A phylogeny was then constructed in 430 

Geneious using Fast Tree (version 2.1.5) (40, 41) with a generalized time reversible 431 

model. A Newick file was then exported from Geneious into iTOL (version 6) (42) for 432 

additional annotation and export.  433 

 434 

Flavobacterium cells and growth conditions 435 

The F. columnare ATCC 23463 and F. psychrophilum ATCC 49418 type strains were 436 

obtained from ATCC (Manassas, VA, USA). Strains were grown on Anacker and Ordall 437 

(A&O) agar (43) to reduce clumping (44) and incubated at 22°C for ~36 h. For liquid 438 

cultures, a single colony was grown in A&O broth for 36 h with shaking at 22°C for 36 h. 439 

 440 

Sample filtration 441 

Preparation of F. columnare- and F. psychrophilum-spiked water samples 442 

Lake water was collected to ensure that samples would contain a natural freshwater 443 

microbial community and have sufficient biomass for downstream processing. Nineteen 444 

liters of water were collected on March 29, 2019 from the Mansfield Hollow Lake in 445 

Mansfield, CT, USA (41.768568°, -72.174603°). The lake water was prefiltered before 446 

use as described in the next section. Then, the cultured bacteria were enumerated with 447 
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a hemocytometer and added to 1 L aliquots of prefiltered lake water to generate a 10-448 

fold dilution series. To ensure proper mixing, bacterial aliquots were added to 50 mL of 449 

sterile water prior to being added to 1 L of the prefiltered lake water. 450 

 451 

Water filtration 452 

A previously described filtration system (45) was employed in the present study with the 453 

following modifications. First, larger particles capable of clogging the system were 454 

removed by pumping the lake water sample through a 2 µm pore size prefilter (Sigma 455 

Aldrich, St. Louis, MO, USA, Cat # AP2502500) and collected in a sterile vacuum flask. 456 

After inoculating the filtrate, the total sample was aseptically mixed and filtered using a 457 

0.2 µm pore size Sterivex filter unit (Fisher Scientific, Waltham, MA, USA, Cat # 458 

SVGPL10RC).  459 

 460 

One liter of molecular grade water (Fisher Scientific, Cat # BP2819-1) was filtered 461 

before the experimental samples and analyzed as a system control to ensure the 462 

filtration system was sterile. The samples were filtered in the following order: 463 

uninoculated lake water; increasing concentrations of F. columnare cells; increasing 464 

concentrations of F. psychrophilum; uninoculated lake water; and increasing 465 

concentrations of 1:1 mixtures of F. columnare and F. psychrophilum. The filtration 466 

system was rinsed with 70% ethanol and molecular grade water (Fisher Scientific, Cat # 467 

BP2819-1) between each filtration group before the next sample set. After filtering, the 468 

Sterivex filter units were immediately frozen at -20°C. 469 

 470 
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DNA isolation 471 

DNA was extracted from Sterivex filters using a Qiagen (formerly MoBio) Sterivex 472 

PowerWater DNA Isolation Kit (Qiagen, Hilden, Germany) following the manufacturer’s 473 

protocol. DNA was eluted in 50 µL of buffer EB and quantified with a Qubit HS dsDNA 474 

Assay Kit (Life Technologies, Carlsbad, CA, USA), with dsDNA concentrations ranging 475 

from 4.1 to 11.8 ng/μL. 476 

 477 

16S rRNA gene amplicon sequencing on an Illumina MiSeq 478 

PCR amplification 479 

The V4 hypervariable region of the 16S rRNA gene was amplified in each sample using 480 

previously validated primers that contained dual-end adapters for indexing. PCR 481 

reactions were set-up in a total volume of 83.4 µL. Reactions contained 3 µL of BSA 482 

(New England Biosciences (NEB), Ipswich, MA, USA), 41.7 µL of Phusion 2× Master 483 

Mix (NEB), 2.5 µL of 10 µM primer mix (515F forward and 806R reverse rRNA gene V4 484 

primers with Illumina MiSeq adaptors), and 30 ng of sample DNA. Each sample was 485 

assayed in triplicate using a Bio-Rad C1000 Touch Thermocycler (Bio-Rad 486 

Laboratories Inc., Hercules, CA, USA) with the following parameters: an initial 487 

denaturation for 3 min at 94°C followed by 30 cycles of 45 sec at 94°C, 60 sec at 488 

50°C, and 90 sec at 72°C, with a final elongation step of 10 min at 72°C.  489 

 490 

Library preparation and MiSeq sequencing 491 

Triplicate reactions were pooled and assayed on a QIAxcel (Qiagen) to verify product 492 

size and determine DNA concentrations. Samples were then pooled and cleaned using 493 
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a GeneRead Size Selection Kit (Qiagen, Cat # 180514) before being diluted to 494 

approximately 4 nM for loading onto an Illumina MiSeq (Illumina, San Diego, CA, USA). 495 

An Illumina 500 cycle MiSeq Reagent Kit v2 (Illumina, Cat # MS-102-2003) was used 496 

for paired-end sequencing of all libraries. 497 

 498 

Bioinformatic processing 499 

QIIME 2 500 

16S rRNA V4 gene sequence data obtained from an Illumina MiSeq were demultiplexed 501 

through BaseSpace (basespace.illumina.com). Paired-end data was then imported into 502 

QIIME 2 (version 2019.4; https://docs.qiime2.org/2019.4/), and reads were filtered, 503 

denoised, and dereplicated using the DADA2 denoise-paired plugin (24)Sequences 504 

were taxonomically classified and compiled using the feature-classifier (46)and taxa 505 

(https://github.com/qiime2/q2-taxa) plugins. Taxonomy was assigned using a pre-506 

trained Naïve Bayes classifier based on the Silva 132 99% OTU database 507 

(https://www.arb-silva.de/documentation/release-132/), with reads trimmed to only 508 

include the region bound by the 515F/806R primer pair. Read counts for taxa of interest 509 

were obtained from the csv download function within the barplot visualization provided 510 

by QIIME 2. Default QIIME 2 processing parameters were used throughout the workflow 511 

except where otherwise noted. All commands and related parameters can be viewed at 512 

https://github.com/joerggraflab. 513 

 514 

ddPCR 515 
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Primers and probes were designed using Geneious (version 10.0.6; Biomatters) and are 516 

listed in Supplementary Table 2. A 200-bp region of the atpA gene was selected for 517 

ddPCR analysis using primers and probes unique to F. columnare and F. 518 

psychrophilum. Although a range of primer and probe concentrations were examined for 519 

optimum positive/negative droplet separation, the Bio-Rad recommendations of 900 nM 520 

primer and 250 nM probe were ultimately used to generate the data shown in the 521 

present study. The assay was also optimized using an annealing temperature gradient 522 

of 54-59°C. Optimal positive/negative droplet separation occurred at 58°C, with no 523 

improvement noted at increased temperatures and a slight decrease in the signal:noise 524 

ratio observed at 59°C. An annealing/extension temperature of 58°C was selected for 525 

use in all subsequent experiments. HaeIII was used for restriction digestion of template 526 

DNA to decrease droplet rain and, per Bio-Rad recommendations, was included within 527 

the reaction mixture after being bioinformatically and experimentally shown not to cut 528 

within the target region.  529 

Primer specificity was tested on 21 strains of bacteria including Flavobacterium spp. 530 

(including the ATCC type strains used in the present study) and other closely related 531 

genera. Probe specificity was tested on 9 F. columnare strains representing the 4 532 

groups of this species (9). The F. columnare assay was shown to be specific for group 1 533 

F. columnare (which includes the type strain used in the present study). The F. 534 

psychrophilum assay was specific for all tested F. psychrophilum strains. Neither assay 535 

reacted with non-target Flavobacterium spp., which included no cross-reactivity 536 

between the F. columnare and F. psychrophilum assays.  537 
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Dilution series of F. columnare and F. psychrophilum in water were used to determine 538 

the limit of detection for this method, which was calculated as 1 × 10-5 ng of genomic 539 

template per reaction with a limit of quantitation of 1 × 10-4 ng of genomic template per 540 

reaction. Primer specificity was tested by performing ddPCR in the presence of an 541 

excess of eukaryotic (fish) or prokaryotic [ZymoBIOMICS Microbial Community DNA 542 

Standard (Zymo Research, Irvine, CA, USA)] DNA. At excess DNA concentrations of up 543 

to 12 ng/reaction (prokaryotic) or 19 ng/reaction (eukaryotic) (~1-2 × 105 times more 544 

than genomic template), the limit of quantitation was maintained at 1 × 10-4 ng genomic 545 

template per reaction.  546 

The optimum reaction contained 1× ddPCR SuperMix for Probes (no dUTP) (Bio-Rad), 547 

900 nM forward primer, 900 nM reverse primer, 250 nM each probe, 10 U of HaeIII 548 

(NEB), and >0.1 pg of genomic template DNA. The optimum reaction conditions were 549 

as follows:10 min of activation at 95°C activation followed by 40 cycles of (30 sec of 550 

denaturation at 94°C and 1 min of annealing/extension at 58°C, with a final incubation at 551 

10 min 98°C for deactivation. Reactions and droplets were prepared according to 552 

recommendations outlined by Bio-Rad. Droplets were read and analyzed using a 553 

QX200 ddPCR system (Bio-Rad) with the QuantaSoft software package (version 554 

1.7.4.0917).  555 

 556 

One-microlter aliquots of DNA extracted from the spiked natural water samples were 557 

used to determine total numbers of pathogenic flavobacteria using ddPCR. DNA from 558 

samples with high Flavobacterium loads were diluted 1:10 to prevent droplet saturation. 559 

All reactions were simultaneously assayed in duplex to detect both F. columnare and F. 560 
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psychrophilum. For comparison to the MiSeq data, read counts were adjusted by 561 

subtracting the average read count from the non-spiked samples (7 samples for F. 562 

columnare and F. psychrophilum each). 563 

 564 

qPCR 565 

A qPCR assay for 16S rRNA gene quantification was utilized for the present study as 566 

previously described (47) (Supplementary Table 2). This assay targets the region of the 567 

16S rRNA gene bound by the 27F and 519R eubacterial primers (48, 49).  568 

 569 

qPCR was performed using an EvaGreen (dye-based) assay on a CFX96 Touch Real-570 

Time Thermocycler (Bio-Rad). Reactions were assembled using 2× SsoFast EvaGreen 571 

Master Mix (Bio-Rad), 27F and 519R eubacterial 16S primers at 300 nM final 572 

concentration, 5 µL of sample or standard DNA, and PCR-grade water to final volume of 573 

20 µL per reaction. Thermocycling conditions were as follows: 98°C for 3 min followed 574 

by 40 cycles of 98°C for 10 sec, 55°C for 30 sec with a plate read step directly following 575 

each cycle. Data analysis was performed using Bio-Rad CFX Manager (version 3.1). 576 

Single threshold quantification cycle (Cq) value determinations were made with a 577 

baseline subtracted curve fit. Baseline and threshold values were automatically 578 

determined by CFX Manager.  579 

 580 

Standards were generated from extracted F. psychrophilum genomic DNA. The genome 581 

size of the F. psychrophilum type strain (2.72 Mb) was retrieved from NCBI and used to 582 

calculate the estimated number of copies of the 16S rRNA gene per nanogram of 583 
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genomic DNA taking into account the gene copy number (6 copies). The standard curve 584 

had an efficiency of 111.2% and an R2 value of 0.991 with a slope of -3.079 and a y-585 

intercept at 33.262 (Supplementary Figure 1). 586 

 587 

All samples (diluted 1:10) fell within the range of the standard curve except two 588 

samples; the negative control F. columnare sample and F. psychrophilum sample with 589 

the second-lowest inoculum. These samples failed to amplify at the 1:10 dilution, 590 

possibly due to PCR inhibition. For these two cases, a 1:100 dilution was used for 591 

quantification, as amplification clearly occurred in these samples. Three NTCs were 592 

assayed, and two had detectable Cq values of 26.15 and 30.35. Based on the standard 593 

curve, these Cq values correspond to less than 102 bacterial cells in each reaction. This 594 

low-level detection is likely due to minor contamination and is not high enough to cause 595 

any noticeable change in calculated copies in the actual samples. 596 

 597 

The total bacterial cell count was calculated by dividing the 16S rRNA gene count by the 598 

estimated median 16S rRNA gene copies per cell in the environment, which was 599 

informed by order-level taxonomic profiling using Illumina MiSeq 16S rRNA gene 600 

sequencing. The calculation is summarized as follows: the Flavobacteriales read count 601 

was multiplied by the V4 copy number of inoculated Flavobacterium species plus the 602 

Betaproteobacteriales read count multiplied by the median gene copy number (GCN) for 603 

this bacterial order in the ribosomal RNA operon copy number database (rrnDB) 604 

(50)The resulting value was then divided by the sum of the Betaproteobacteriales and 605 

Flavobacteriales read counts. This number varied from sample to sample depending on 606 
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the proportion of Flavobacteriales to Betaproteobacteriales (the two dominant bacterial 607 

orders in these samples). Higher inoculum samples had a higher estimated average 608 

16S rRNA GCN due to F. psychrophilum and F. columnare, both with higher 16S rRNA 609 

GCN than the determined median for the Betaproteobacteriales, making up a larger 610 

proportion of the microbial milieu.  611 

 612 

Controls 613 

Samples that were not inoculated with the target strains were used as additional 614 

negative controls, resulting in 7 negative controls for each species. For F. columnare, 615 

zero reads were detected in the negative control samples. For F. psychrophilum, low 616 

levels were detected in 1 of 7 negative control samples. Additionally, for MiSeq 617 

sequencing, negative and mock community controls were assayed to account for 618 

potential contamination and PCR bias issues. Negative controls included PCR and 619 

extraction negative controls, neither of which presented a significant number of reads, 620 

indicating that contamination was not a major concern at these steps. The mock 621 

bacterial community control yielded the expected community composition as specified 622 

by Zymo Research.  623 

 624 

Data availability: Raw read data are available in the NCBI SRA database under project 625 

ID PRJNA732893.  626 

 627 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 21, 2021. ; https://doi.org/10.1101/2021.06.21.447745doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.21.447745


 

 

Code availability: Source code, including QIIME 2 processing commands and R 628 

commands used, is available at https://github.com/joerggraflab/16S-Flavobacterium-629 

Detection. 630 
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 646 

Supplementary Figure 1: Standard Curve for 647 

Eubacterial 16S rRNA Gene Quantification. Circles 648 

represent standards and x’s represent samples.  649 
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 650 

Supplementary Figure 2: Boxplot of Estimated Total 651 

Bacterial Cells as Determined by qPCR. All samples are 652 

presented in this boxplot for all dilution series, including 653 

negative samples. One outlier is noted that was the 654 

negative sample for the dilution series with F. columnare 655 

alone. The boxplot is presented in Tukey style.  656 
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 657 

Supplementary Figure 3: Order and Genus Level Taxonomic Barplots of Water 658 

Samples with Spiked Flavobacteria Removed. (A) Order level taxonomic breakdown 659 

for each sample excluding reads from F. columnare and F. psychrophilum. (B) Genus 660 
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level taxonomic breakdown for each sample excluding reads from F. columnare and F. 661 

psychrophilum. Labels on the x-axis correspond to the dilution series. Barplots are 662 

presented as relative abundances. The Flavobacterium inoculum level decreases from 663 

left to right with each series. Fc – F. columnare only, FcFp – Co-inoculation, Fp – F. 664 

psychrophilum only, NA – No assignment could be made at this taxonomic level. 665 

 666 

 667 
 668 
 669 
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Supplementary Table 1: Calculated F. columnare and 670 

F. psychrophilum Cell Counts for QIIME 2 and ddPCR.  671 

 672 

a. Cell counts shown for ddPCR are baseline adjusted 673 
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Supplementary Table 2: Primer and Probe Sequences 674 

Used for ddPCR and qPCR. 675 

 676 

 677 

 678 

 679 

 680 

 681 

 682 

 683 
 684 
 685 
 686 
 687 
 688 
 689 
 690 
 691 
 692 
 693 
 694 
 695 

Type Application Target Sequence (5'-3') Reference

AtpA_779F Forward Primer ddPCR Flavobacterium CCA CCA GGA CGT GAR GC this paper

AtpA_978R Reverse Primer ddPCR Flavobacterium GCA GAA ACG TCA CCC GC this paper

AtpA_Fc91P Probe ddPCR F. columnare [HEX] AAG CCG TTA ATG ACC CTC CCC C [BHQ1] this paper

AtpA_Fp61P Probe ddPCR F. psychrophilum [FAM] AAT GAA CCA CCA CCT TTT ACG A [BHQ1] this paper

27F Forward Primer qPCR Eubacteria AGA GTT TGA TCM TGG CTC AG Goffredo et al., 2016

519R Reverse Primer qPCR Eubacteria GWA TTA CCG CGG CKG CTG Goffredo et al., 2016
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