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Abstract

Edwardsiella ictaluri is a Gram-negative bacterium causing enteric septicemia of catfish (ESC),
leading to significant economic losses in the catfish farming industry. RT-PCR analysis is a
powerful technique for quantifying gene expression, but normalization of expression data is
critical to control experimental errors. Using stable reference genes, also known as housekeeping
genes, is a common strategy for normalization, yet reference gene selection often lacks proper
validation. In this work, our goal was to determine the most stable reference genes in E. ictaluri
during catfish serum exposure and various growth phases. To this goal, we evaluated the
expression of 27 classical reference genes (/16SrRNA, abcZ, adk, arc, aroE, aspA, atpA, cyaA,
dnaG, fumC, gbpd, gdhA, ginA, gltA, glyA, grpE, gyrB, mdh, mutS, pgi, pgm, pntA, recA, recP,
rpoS, tkt, and tpi) using five analytical programs (GeNorm, BestKeeper, NormFinder,
Comparative ACT, and Comprehensive Ranking). Results showed that aspA, atpA, dnaG, glyA,
gyrB, mutS, recP, rpoS, tkt, and tpi were the most stable reference genes during serum exposure,
whereas fumC, gbpd, gdhA, ginA, and mdh were the least stable. During various growth phases,
aspA, gbpd, glyA, gyrB, mdh, mutS, pgm, recA, recP, and tkt were the most stable, while 16S
rRNA, atpA, grpE, and tpi were the least stable. At least four analysis methods confirmed the
stability of aspA, glyA, gyrB, mutS, recP, and tkt during serum exposure and different growth
stages. However, no consensus was found among the programs for unstable reference genes

under both conditions.
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Introduction

Edwardsiella ictaluri is a Gram-negative, rod-shaped, facultative anaerobic bacterium and the
causative agent of enteric septicemia of catfish (ESC) (Hawke et al., 1981). ESC is a major
disease that negatively impacts the catfish farming industry.

Real-time reverse transcription PCR (RT-PCR) has become an essential technique for
quantifying gene expression in biological samples (Gibson et al., 1996; Purcell et al., 2011). RT-
PCR offers high sensitivity and specificity, allowing for accurate expression profiling of selected
targets in a short time (de Jonge et al., 2007; Eissa et al., 2017). This technology has facilitated
the development of various assays for detecting and quantifying viral, parasitic, and bacterial fish
pathogens (Bain et al., 2010; Griffin et al., 2009; Soto et al., 2010). In research, RT-PCR 1is used
for measuring gene expression, estimating gene copy numbers, discovering new genes, and
determining pathogen loads (Chuaqui et al., 2002; Giulietti et al., 2001; Higuchi et al., 1992).

Normalization of RT-PCR data using reference genes is crucial for accurate gene
expression analysis and error control among samples (Suzuki et al., 2000; Tanic et al., 2007). An
ideal reference gene should exhibit constant expression with minimal variation under different
experimental conditions (Thellin et al., 1999). Using an unstable or suboptimal reference gene
can lead to biased and ambiguous interpretations and conclusions (Dheda et al., 2005;
Vandesompele et al., 2002). Studies have shown that classical reference genes demonstrate
inconsistent expression across different experimental conditions (Tunbridge et al., 2011;
Vandecasteele et al., 2001). Thus, using more than one reference gene is recommended to
normalize RT-PCR data accurately (Andersen et al., 2004; Derveaux et al., 2010; Vandesompele

et al., 2002).
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Although many reference genes have been used in gene expression studies, no universal
endogenous normalizer genes have been identified. Interestingly, RT-PCR-based gene
expression studies in E. ictaluri are lacking, and to our best knowledge, there is no information
on previously used reference genes or validation studies in this bacterium. Therefore, in this
study, we aimed to identify stably expressed reference genes in E. ictaluri by assessing the
expression of 27 classical reference genes under serum exposure and during different growth

phases.

Materials and methods

Bacterial strains and culture conditions

Edwardsiella ictaluri strain 93-146 was used in this study. It was cultured in brain heart infusion
(BHI) broth or on agar plates (Difco, Sparks, MD) and incubated at 30°C with shaking at 200

rpm. Colistin was added to the growth media at 12.5 pg/ml when needed.

Reference genes, primer design, and PCR conditions

A total of 27 reference genes were selected from the literature based on the evolutionary distance
between E. ictaluri and other bacteria (Maiden et al., 1998; Urwin and Maiden, 2003; Victor et
al., 2007; Warsen et al., 2004). Table 1 contains a list of genes and their accession numbers.
Forward and reverse primers were designed for each gene (Table 2) using Primer 3 software to
amplify a product size of 100 to 150 nucleotides. Primer specificity was checked by PCR (AB
2720, Applied Biosystems) using E. ictaluri strain 93-146 genomic DNA. PCR conditions were:

94°C for 2 min; 35 cycles of 94°C for 30 s, 56°C for 30 s, and 72°C for 30 s; final extension at
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72°C for 8 min, followed by a hold at 12°C. Amplified products were verified by agarose gel

electrophoresis.

Exposure of E. ictaluri to catfish serum
Serum was collected from 1-2 kg specific pathogen-free (SPF) channel catfish obtained from the
fish hatchery at the College of Veterinary Medicine, Mississippi State University. Briefly, catfish
were anesthetized in water containing 200 mg/liter of tricaine methanesulfonate (Argent
Laboratories), and blood was collected from the caudal vein at 1% of the body weight. Then,
blood samples were allowed to clot at room temperature for 30 min and placed on ice for an
additional 30 min. Normal serum (NS) was collected by centrifugation with a Sorvall Legend RT
centrifuge (Thermo Electron Corp., Asheville, NC) at 3000 rpm for 10 min 4°C, pooled, and
stored at -80°C in aliquots of 1 ml. Heat-inactivated serum (HIS) was obtained by incubating NS
at 65°C for 45 min. Before use, serum was allowed to thaw on ice and then placed in a 30°C
water bath for 15 min for a uniform temperature.

For serum exposure, four different colonies of E. ictaluri were inoculated separately in 2
ml BHI broth and grown at 30°C in a shaking incubator for 16 h. The optical densities (ODg)
were measured using a Spectronic GENESYS 20 spectrophotometer (Thermo Electron,
Waltman, MA) and adjusted to 1.0. Fifteen ml fresh media were inoculated with the overnight
culture at 1:100 dilution and grown at 30°C until ODg reached 1.0. Ten ml cultures were
harvested by centrifugation at 4000 rpm for 10 min at 30°C and washed twice with standard cell
wash buffer (10 mM Tris pH 8.0; 5 mM magnesium acetate). Before the third wash, dissolved
bacteria in each of the four tubes were divided equally into another tube, yielding two sets of

four pellets. 1.25 ml NS and HIS were added into sets one and two, respectively. After dissolving
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99  pellets in serum, tubes were incubated at 30°C for 2 h. During the incubation, tubes were
100 inverted ten times every 30 min to mix bacteria and serum. Then, bacteria and serum mixtures
101 were transferred into 15 ml centrifuge tubes containing 3 ml of RNAprotect Bacteria Reagent
102 (Qiagen). After vortexing for 5 s at high speed, the mixture was incubated at room temperature
103 for 10 min and aliquoted into four tubes, which were stored at -80°C until total RNA isolation.
104
105  E. ictaluri growth Kinetics
106  Small and large broth cultures from 4 different E. ictaluri colonies were prepared as described
107  above, and the cultures’ ODgqo values were determined at 3, 6, 12, 18, 24, and 30 h. Five ml
108 culture was removed at 6, 9, 12, 24, 36, and 48 h and harvested by centrifugation at 4000 rpm for
109 10 min at 30°C. The pellets were resuspended in 3 ml RNAprotect Bacteria Reagent (Qiagen),
110  aliquoted, and stored at -80°C until total RNA isolation.
111
112 Total RNA isolation and cDNA synthesis
113 Total RNA was isolated from E. ictaluri following serum exposure and at different growth stages
114  using RNeasy Protect Bacteria Mini Kit (Qiagen) according to the manufacturer’s protocol. Total
115  RNA quality and quantity from each sample were measured using a NanoDrop 1000 (Thermo
116  Scientific) and an Agilent Bioanalyzer (Agilent Technologies). First-strand cDNA was
117 synthesized from 1 pg of total RNA with QuantiTect Reverse Transcription Kit (Qiagen).
118  Double-strand cDNA was synthesized using the SuperScript Double-Stranded cDNA Synthesis
119 Kit (ThermoFisher).
120

121 Expression analysis of reference genes
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122 After verification of primer specificity and amplicon size, expression of reference genes was
123 determined from 10-fold diluted cDNAs using a Stratagene Mx3005P qPCR system (Agilent
124 Technologies) with QuantiTect SYBR Green RT-PCR Kit (Qiagen). Reactions were conducted
125  in a total volume of 20 ul in a 96-well optical reaction plate (Stratagene). RT-PCR conditions
126  were as follows: 95°C for 10 min; 40 cycles of 95°C for 15 s, 55°C for 30 s, 72°C for 30 s. A
127 dissociation curve analysis was performed after 40 cycles using the following conditions: 95°C
128  for 1 min, 55°C for 30 s, and 95°C for 30s.

129

130 Stability analysis of reference genes

131 Raw CT values from qPCR were analyzed using five programs (geNorm, BestKeeper,

132 NormFinder, Comparative ACT, and comprehensive gene ranking). geNorm calculates the

133 average expression stability value (M value)based on intragroup differences and mean pairwise
134 variation (Vandesompele et al., 2002). BestKeeper evaluates stability based on the standard
135 deviation (SD) and coefficient of variation (CV) of raw CT values (Pfaffl et al., 2004).

136  NormFinder estimates intragroup and intergroup variation and combines the two values into a
137  stability value p (the lowest p is the most stable) (Andersen et al., 2004). Comparative ACT

138 compares the relative expression of “pairs of genes” within each sample (Silver et al., 2006).
139 Finally, the comprehensive ranking tool integrates results from all methods by assigning weights
140  to each reference gene and calculating the geometric mean for the final ranking (Xie et al.,

141 2011).

142

143 RESULTS

144 Edwardsiella ictaluri growth Kinetics
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145 The growth curve of E. ictaluri in BHI broth was determined by measuring the ODg at 3, 6, 12,
146 18, 24, and 30 h. As shown in Fig 1, E. ictaluri reached the early log phase at approximately 6 h,
147 and entered the stationary phase at approximately 24 h. Based on this growth curve, bacterial
148 samples were collected at early log phase (6 h), middle log phase (9 h), late log phase (12 h),
149 early stationary phase (24 h), middle stationary phase (36 h), and late stationary phase (48 h).
150

151  Expression of reference genes during serum exposure and growth

152 The expression levels of the 27 reference genes were evaluated using CT and descriptive

153 statistics (min, max, median, mean, and SD). In the serum exposure experiment (Table 3), the
154 mean CT values for reference genes ranged between 24.9 and 35.05. fumC had the highest

155  median CT value (37.11), which indicated a relatively low expression level, while dnaG had the
156  lowest median CT value (CT = 27.06), which indicated a relatively high expression level. In the
157  growth phase experiment (Table 4), the mean CT values for the tested genes ranged between
158  9.74 and 33.5. fumC had the highest median CT value (32.65), which indicated a relatively low
159  expression level, while /6s RNA had the lowest median CT value (CT = 9.79), which indicated
160  relatively high expression.

161

162  Stability of reference genes

163 The expression stability of 27 reference genes was evaluated under the tested conditions by
164  geNorm, BestKeeper, NormFinder, comparative ACt, and comprehensive ranking system.

165  Results are provided below for each analysis.

166

167 GeNorm
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168 The geNorm algorithm determines the stability of reference genes based on expression stability
169  value (M). Gene with the lowest stability value is expressed most stably. This cut-off value of
170 1.5 has been adopted widely as a criterion for selecting reference genes (Ling and Salvaterra,
171 2011; Maroufi et al., 2010; Van Hiel et al., 2009). Under serum stress, all genes except mdh and
172 gdhA had stability values below 1.5. The top 5 stable reference genes were aspA and tkt, tpi,

173 rpoS, and pntA while gltA, gbpd, ginA, mdh, and gdhA were the least stable reference genes (Fig
174 2A). For the growth experiment, 19 reference genes were below the 1.5 threshold. The top 5

175  stable reference genes were tkt and recP, mutS, pgm, and recA while adk, abcZ,16S tRNA, grpE,
176  and tpi were the least stable reference genes (Fig 2B).

177

178  BestKeeper

179 In the serum exposure experiment, all E. ictaluri reference genes lacked stability (SD > 1.00)
180  (Fig 3A). In the growth phase experiment, all E. ictaluri reference genes, except glnA4 displayed
181  good stability (SD < 1.00). The top 5 stable reference genes were 16S rRNA, abcZ, adk, arcC,
182 and cyaAd while mutS, gyrB, pgm, pntA, and gina were the least stable reference genes (Fig 3B).
183

184  Normfinder

185  Lower average stability values indicate more stable and optimal expression. In serum exposure,
186  the top 5 stable reference genes were mutS, recP, tpi, arcC, and tkt, while fumC, gltA, gbpd,

187  ginA, mdh, and gdhA were the least stable (> 2) (Fig 4A). In growth phases, the top 5 stable

188  reference genes were gyrB, pgm, glyA, recA, and mdh, whereas atpA, abcZ, 16S tRNA, grpE,
189  and tpi were among the least stable genes (> 2) (Fig 4B).

190
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191  Comparative ACT

192 The ACT method ranks all genes’ stability based on the repeatability of the gene expression

193 differences among various samples (STDEV average). In serum exposure, the top 5 stable

194  reference genes were pi, tkt, aspA, rpoS, and atpA, while fumC, gltA, gbpd, glnA, mdh, and gdhA
195  were among the least stable reference genes (> 2) (Fig SA). In growth phases, the top 5 stable
196  reference genes were gyrB, pgm, recA, mdh, and tkt, whereas 16S rRNA, grpE, and tpi showed
197  the lowest expression stability (> 3) (Fig 5B).

198

199  Comprehensive gene ranking

200  The results obtained from geNom, BestKeeper, NormFinder and comparative ACT were

201  analyzed using the comprehensive ranking tool. In serum exposure, the top 5 stable reference
202 genes were pi, tkt, aspA, mutS, and rpoS while fumC, gltA, gbpd, glnA, mdh, and gdhA were
203  among the least stable reference genes (Fig 6A). The top 5 stable reference genes in different
204  growth phases were gyrB, pgm, recA, tkt, and recP, whereas 16S rRNA, grpE, and tpi showed
205  the lowest expression stability (Fig 6B).

206

207  Most and least stable reference genes

208  During E. ictaluri serum exposure, computational programs consistently identified aspA, atpA,
209  dnaG, glyA, gyrB, mutS, recP, rpoS, tkt, and tpi as the most stable reference genes (identified by
210  at least 4 programs). Conversely, fumC, gbpd, gdhA, ginA, and mdh were the least stable

211 reference genes (identified by at least 3 programs). All five programs indicated that dnaG was

212 stable and gdhA and mdh were not stable in E. ictaluri during serum exposure.

10
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213 During different E. ictaluri growth phases, computational programs consistently

214 identified aspA, gbpd, glyA, gyrB, mdh, mutS, pgm, recA, recP, and tkt as the most stable

215 reference genes (identified by at least 4 programs). Conversely, 16S rRNA, atpA, grpE, and tpi
216  were the least stable reference genes (identified by at least 3 programs). All five programs

217  indicated that aspA, gbpd, gyrB, mdh, pgm, and recA were stable, while all programs except

218 BestKeeper indicated grpE and tpi were not stable during E. ictaluri growth.

219

220  Discussion

221  Gene expression analysis is essential for investigating gene activity in living organisms.

222 Stable reference genes are crucial for controlling errors and variations in input RNA in RT-PCR.
223 Several studies have shown that expression of many commonly used reference genes is affected
224 by growth phase, metabolic conditions, or experimental conditions (Dheda et al., 2004; Huggett
225  etal., 2005; Schmittgen and Zakrajsek, 2000). Experimental conditions causing variation in

226  expression of reference genes result in altered findings in target gene expression. Therefore,

227  accurate quantification of target gene expression requires validation of reference gene stability
228 (Huggett et al., 2005), which is often overlooked (Kozera and Rapacz, 2013). In this study, our
229 goal was to determine stably expressed reference genes in E. ictaluri under serum exposure and
230  various growth phases by assessing the expression of 27 classical reference genes.

231 The classical reference genes used in bacteria include 16S rRNA, abcZ, adk, arc, aroE,
232 aspA, atpA, cyaA, cysS, dnaG, fumC, gbpd, glcK, glnA, gltA, glyA, gmk, groEL, grpE, gyrA,

233 gyrB, mdh, mutS, pgi, pgm, pntA, purB, recA, recP, rpoB, rpoD, rpoS, sghA, tkt, tpi (Cusick et
234 al., 2015; Florindo et al., 2012; Stenico et al., 2014; Vandecasteele et al., 2001; Zhongyang Sun

235  etal., 2017). Serum stress and bacterial growth can affect gene expression in E. ictaluri. Thus,

11
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236 these conditions should provide a good assessment of the stability of reference genes. To this

237  goal, expression of 27 classical reference genes was analyzed by five different programs because
238 there is no consensus on which program is optimum for selecting reference genes (Cappelli et al.,
239 2008; Kozera and Rapacz, 2013). Comparison of outcomes of different tools can yield

240  significantly better candidates and lower the risk of artificial selection of co-regulated transcripts
241 (Ayers etal., 2007).

242 When both serum exposure and growth phases of E. ictaluri were considered, at least

243 four analysis methods indicated that aspA, glyA, gyrB, mutS, recP, and tkt reference genes were
244 stable under both experimental conditions. However, the analysis methods did not reveal

245  consensus unstable reference genes under either experimental condition.

246 We have not identified any publication reporting stability of aspA as a reference gene.

247  However, when glucose, glycerol, and acetate were used as a carbon source in minimal media,
248 expression of Escherichia coli aspA gene increased only in minimal media with glycerol and

249  acetate during the exponential growth phase (Oh and Liao, 2000), which indicates that aspA gene
250  expression could change under different experimental conditions. gly4 was a suggested reference
251  gene in medium with and without iron during the exponential and early stationary growth of

252 Actinobacillus pleuropneumoniae (Nielsen and Boye, 2005). Stability of gyr4 was verified in

253 two different media at the mid-exponential growth phase for Corynebacterium

254 pseudotuberculosis, but gyrB was excluded from the stability study due to low amplification

255  linearity (Carvalho et al., 2014). gyrB was among the most stably expressed genes in

256  Staphylococcus aureus under osmotic and acidic stress conditions (Sihto et al., 2014). It was also
257  stably expressed in Clavibacter michiganensis under nutrient-rich and host-interaction

258  conditions, as well as during a viable nonculturable state (Jiang et al., 2019). We have not

12
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259  identified any publication reporting the stability of mutS as a reference gene. However, in wild-
260  type E. coli O157:H7, the amount of MutS protein decreased about 26-fold in the stationary

261  phase compared to the exponential phase (Li et al., 2003), which implies that mutS gene

262 expression may change during bacterial growth. Information on the stability of mutS and recP as
263 reference genes is not available in the literature. Finally, the expression of #k¢ changed at

264  different temperature conditions in Streptococcus agalactiae (Florindo et al., 2012).

265 Analysis tools indicated that 16S RNA gene expression was more stable during serum
266  exposure than E. ictaluri growth, but in general, it was not among the most stable reference

267  genes. In contrast to our findings, 16S rRNA expression was the most stable reference gene in
268  Edwardsiella tarda at different growth phases (Zhongyang Sun et al., 2017). 16S rRNA was also
269  the most stable gene in Shewanella psychrophila at different hydrostatic pressures, but it was not
270  an optimal reference gene under different temperatures and salinities (Liu et al., 2018). Similarly,
271 16S rRNA was the least reliable reference gene in Bifidobacterium adolescentis exposed to bile
272 extract (Stenico et al., 2014). The usefulness of the 16S rRNA gene as a control is often doubted
273 (Vetrovsky and Baldrian, 2013). These differences may exist due to sampling at different stages
274  of bacterial growth because many housekeeping genes, as well as 16S rRNA, show increased

275  expression before the mid-exponential growth phase, and 16S rRNA gene decreases significantly
276 earlier than other reference genes at later stages of growth (Vandecasteele et al., 2001)

277 In this study, contradictory results were obtained regarding the stability of some reference
278  genes between serum exposure and growth phases. For example, atpA4, grpE, and tpi were stable
279 in serum exposure but not during E. ictaluri growth. Also, gbpd and mdh were not stable in

280  serum exposure but were stable during E. ictaluri growth. These observations show that stability

13
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of a particular reference gene may vary significantly from experiment to experiment, and
constant expression levels under different conditions are not warranted and need validation.

In conclusion, selecting suitable reference genes is critical for RT-PCR experiments, and
their stable expression should be validated under specific experimental conditions. Interestingly,
gene expression studies by RT-PCR and the use of reference genes are not well-known in E.
ictaluri. This study provides a list of potential reference genes for future gene expression studies

in E. ictaluri and related bacteria.

14


https://doi.org/10.1101/2024.08.16.608217
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.16.608217; this version posted August 16, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

289  References

290  Andersen, C.L., Jensen, J.L., Orntoft, T.F., 2004. Normalization of real-time quantitative reverse

291 transcription-PCR data: a model-based variance estimation approach to identify genes
292 suited for normalization, applied to bladder and colon cancer data sets. Cancer research
293 64, 5245-5250.

294  Ayers, D., Clements, D.N., Salway, F., Day, P.J.R., 2007. Expression stability of commonly used
295 reference genes in canine articular connective tissues. BMC Veterinary Research 3, 7-7.
296  Bain, M.B., Cornwell, E.R., Hope, K.M., Eckerlin, G.E., Casey, R.N., Groocock, G.H., Getchell,
297 R.G., Bowser, P.R., Winton, J.R., Batts, W.N., Cangelosi, A., Casey, J.W., 2010.

298 Distribution of an invasive aquatic pathogen (viral hemorrhagic septicemia virus) in the
299 Great Lakes and its relationship to shipping. PloS one 5, e10156.

300  Cappelli, K., Felicetti, M., Capomaccio, S., Spinsanti, G., Silvestrelli, M., Supplizi, A.V., 2008.
301 Exercise induced stress in horses: Selection of the most stable reference genes for

302 quantitative RT-PCR normalization. BMC Molecular Biology 9, 49.

303  Carvalho, D.M., de Sa, P.H., Castro, T.L., Carvalho, R.D., Pinto, A., Gil, D.J., Bagano, P.,

304 Bastos, B., Costa, L.F., Meyer, R., Silva, A., Azevedo, V., Ramos, R.T., Pacheco, L.G.,
305 2014. Reference genes for RT-qPCR studies in Corynebacterium pseudotuberculosis

306 identified through analysis of RNA-seq data. Antonie Van Leeuwenhoek 106, 605-614.
307  Chuaqui, R.F., Bonner, R.F., Best, C.J., Gillespie, J.W., Flaig, M.J., Hewitt, S.M., Phillips, J.L.,
308 Krizman, D.B., Tangrea, M.A., Ahram, M., Linehan, W.M., Knezevic, V., Emmert-Buck,
309 M.R., 2002. Post-analysis follow-up and validation of microarray experiments. Nature
310 genetics 32 Suppl, 509-514.

311 Cusick, K.D., Fitzgerald, L.A., Cockrell, A.L., Biffinger, J.C., 2015. Selection and Evaluation of
312 Reference Genes for Reverse Transcription-Quantitative PCR Expression Studies in a
313 Thermophilic Bacterium Grown under Different Culture Conditions. PloS one 10,

314 e0131015.

315 deJonge, H.J., Fehrmann, R.S., de Bont, E.S., Hofstra, R.M., Gerbens, F., Kamps, W.A., de

316 Vries, E.G., van der Zee, A.G., te Meerman, G.J., ter Elst, A., 2007. Evidence based

317 selection of housekeeping genes. PloS one 2, ¢898.

318 Derveaux, S., Vandesompele, J., Hellemans, J., 2010. How to do successful gene expression

319 analysis using real-time PCR. Methods 50, 227-230.

320  Dheda, K., Huggett, J.F., Bustin, S.A., Johnson, M.A., Rook, G., Zumla, A., 2004. Validation of
321 housekeeping genes for normalizing RNA expression in real-time PCR. BioTechniques
322 37,112-114, 116, 118-119.

323 Dheda, K., Huggett, J.F., Chang, J.S., Kim, L.U., Bustin, S.A., Johnson, M.A., Rook, G.A.W.,
324 Zumla, A., 2005. The implications of using an inappropriate reference gene for real-time
325 reverse transcription PCR data normalization. Analytical Biochemistry 344, 141-143.

326  Eissa, N., Kermarrec, L., Hussein, H., Bernstein, C.N., Ghia, J.-E., 2017. Appropriateness of

327 reference genes for normalizing messenger RNA in mouse 2, 4-dinitrobenzene sulfonic
328 acid (DNBS)-induced colitis using quantitative real time PCR. Scientific reports 7,

329 42427,

330  Florindo, C., Ferreira, R., Borges, V., Spellerberg, B., Gomes, J.P., Borrego, M.J., 2012.

331 Selection of reference genes for real-time expression studies in Streptococcus agalactiae.
332 J Microbiol Methods 90, 220-227.

15


https://doi.org/10.1101/2024.08.16.608217
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.16.608217; this version posted August 16, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

333 Gibson, U.E., Heid, C.A., Williams, P.M., 1996. A novel method for real time quantitative RT-
334 PCR. Genome Res 6, 995-1001.
335 Giulietti, A., Overbergh, L., Valckx, D., Decallonne, B., Bouillon, R., Mathieu, C., 2001. An

336 overview of real-time quantitative PCR: applications to quantify cytokine gene

337 expression. Methods 25, 386-401.

338  Griffin, M.J., Pote, L.M., Camus, A.C., Mauel, M.J., Greenway, T.E., Wise, D.J., 2009.

339 Application of a real-time PCR assay for the detection of Henneguya ictaluri in

340 commercial channel catfish ponds. Diseases of aquatic organisms 86, 223-233.

341  Hawke, J.P., McWhorter, A.C., Steigerwalt, A.G., Brenner, D.J., 1981. Edwardsiella ictaluri sp.
342 nov., the Causative Agent of Enteric Septicemia of Catfish. International Journal of

343 Systematic and Evolutionary Microbiology 31, 396-400.

344 Higuchi, R., Dollinger, G., Walsh, P.S., Griffith, R., 1992. Simultaneous amplification and

345 detection of specific DNA sequences. Bio/technology 10, 413-417.

346 Huggett, J., Dheda, K., Bustin, S., Zumla, A., 2005. Real-time RT-PCR normalisation; strategies
347 and considerations. Genes and immunity 6, 279-284.

348 Jiang, N., Lyu, Q., Han, S., Xu, X., Walcott, R.R., Li, J., Luo, L., 2019. Evaluation of suitable
349 reference genes for normalization of quantitative reverse transcription PCR analyses in
350 Clavibacter michiganensis. Microbiologyopen 8, €928.

351 Kozera, B., Rapacz, M., 2013. Reference genes in real-time PCR. J Appl Genet 54, 391-406.
352 Li, B, Tsui, H.T., LeClerc, J.E., Dey, M., Winkler, M.E., Cebula, T.A., 2003. Molecular analysis

353 of mutS expression and mutation in natural isolates of pathogenic Escherichia coli.

354 Microbiology (Reading) 149, 1323-1331.

355  Ling, D., Salvaterra, P.M., 2011. Robust RT-qPCR Data Normalization: Validation and

356 Selection of Internal Reference Genes during Post-Experimental Data Analysis. PloS one
357 6,¢17762.

358  Liu, S., Meng, C., Xu, G., Jian, H., Wang, F., 2018. Validation of reference genes for reverse

359 transcription real-time quantitative PCR analysis in the deep-sea bacterium Shewanella
360 psychrophila WP2. FEMS Microbiol Lett 365.

361  Maiden, M.C.J., Bygraves, J.A., Feil, E., Morelli, G., Russell, J.E., Urwin, R., Zhang, Q., Zhou,
362 J., Zurth, K., Caugant, D.A., Feavers, .M., Achtman, M., Spratt, B.G., 1998. Multilocus
363 sequence typing: A portable approach to the identification of clones within populations of
364 pathogenic microorganisms. Proceedings of the National Academy of Sciences 95, 3140-
365 3145.

366  Maroufi, A., Van Bockstaele, E., De Loose, M., 2010. Validation of reference genes for gene

367 expression analysis in chicory (Cichorium intybus) using quantitative real-time PCR.

368 BMC Mol Biol 11, 15.

369  Nielsen, K.K., Boye, M., 2005. Real-time quantitative reverse transcription-PCR analysis of

370 expression stability of Actinobacillus pleuropneumoniae housekeeping genes during in
371 vitro growth under iron-depleted conditions. Appl Environ Microbiol 71, 2949-2954.

372 Oh, M.K.,, Liao, J.C., 2000. Gene expression profiling by DNA microarrays and metabolic fluxes
373 in Escherichia coli. Biotechnol Prog 16, 278-286.

374 Pfaffl, M.W., Tichopad, A., Prgomet, C., Neuvians, T.P., 2004. Determination of stable

375 housekeeping genes, differentially regulated target genes and sample integrity:

376 BestKeeper—Excel-based tool using pair-wise correlations. Biotechnology letters 26, 509-
377 515.

16


https://doi.org/10.1101/2024.08.16.608217
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.16.608217; this version posted August 16, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

378  Purcell, M.K., Getchell, R.G., McClure, C.A., Garver, K.A., 2011. Quantitative polymerase

379 chain reaction (PCR) for detection of aquatic animal pathogens in a diagnostic laboratory
380 setting. Journal of aquatic animal health 23, 148-161.

381  Schmittgen, T.D., Zakrajsek, B.A., 2000. Effect of experimental treatment on housekeeping gene
382 expression: validation by real-time, quantitative RT-PCR. Journal of Biochemical and
383 Biophysical Methods 46, 69-81.

384  Sihto, H.M., Tasara, T., Stephan, R., Johler, S., 2014. Validation of reference genes for

385 normalization of gJPCR mRNA expression levels in Staphylococcus aureus exposed to
386 osmotic and lactic acid stress conditions encountered during food production and

387 preservation. FEMS Microbiol Lett 356, 134-140.

388  Silver, N., Best, S., Jiang, J., Thein, S.L., 2006. Selection of housekeeping genes for gene

389 expression studies in human reticulocytes using real-time PCR. BMC molecular biology
390 7, 33.

391  Soto, E., Bowles, K., Fernandez, D., Hawke, J.P., 2010. Development of a real-time PCR assay
392 for identification and quantification of the fish pathogen Francisella noatunensis subsp.
393 orientalis. Diseases of aquatic organisms 89, 199-207.

394  Stenico, V., Baffoni, L., Gaggia, F., Biavati, B., 2014. Validation of candidate reference genes in
395 Bifidobacterium adolescentis for gene expression normalization. Anaerobe 27, 34-39.
396  Suzuki, T., Higgins, P.J., Crawford, D.R., 2000. Control selection for RNA quantitation.

397 BioTechniques 29, 332-337.

398  Tanic, N., Perovic, M., Mladenovic, A., Ruzdijic, S., Kanazir, S., 2007. Effects of aging, dietary
399 restriction and glucocorticoid treatment on housekeeping gene expression in rat cortex
400 and hippocampus-evaluation by real time RT-PCR. Journal of molecular neuroscience :
401 MN 32, 38-46.

402  Thellin, O., Zorzi, W., Lakaye, B., De Borman, B., Coumans, B., Hennen, G., Grisar, T., Igout,
403 A., Heinen, E., 1999. Housekeeping genes as internal standards: use and limits. Journal of
404 Biotechnology 75, 291-295.

405  Tunbridge, E.M., Eastwood, S.L., Harrison, P.J., 2011. Changed Relative to What?

406 Housekeeping Genes and Normalization Strategies in Human Brain Gene Expression

407 Studies. Biological Psychiatry 69, 173-179.

408  Urwin, R., Maiden, M.C., 2003. Multi-locus sequence typing: a tool for global epidemiology.
409 Trends in microbiology 11, 479-487.

410  Van Hiel, M.B., Van Wielendaele, P., Temmerman, L., Van Soest, S., Vuerinckx, K.,

411 Huybrechts, R., Broeck, J.V., Simonet, G., 2009. Identification and validation of

412 housekeeping genes in brains of the desert locust Schistocerca gregaria under different
413 developmental conditions. BMC Mol Biol 10, 56.

414  Vandecasteele, S.J., Peetermans, W.E., Merckx, R., Van Eldere, J., 2001. Quantification of

415 expression of Staphylococcus epidermidis housekeeping genes with Tagman quantitative
416 PCR during in vitro growth and under different conditions. J Bacteriol 183, 7094-7101.
417  Vandesompele, J., De Preter, K., Pattyn, F., Poppe, B., Van Roy, N., De Paepe, A., Speleman, F.,
418 2002. Accurate normalization of real-time quantitative RT-PCR data by geometric

419 averaging of multiple internal control genes. Genome biology 3, RESEARCHO0034.

420  Vetrovsky, T., Baldrian, P., 2013. The variability of the 16S rRNA gene in bacterial genomes
421 and its consequences for bacterial community analyses. PloS one 8, €57923.

422 Victor, S.P., Craig, A.S., Vicky, L.v.S., Kevin, D., Phillip, H.K., 2007. Multiplex-PCR for

423 simultaneous detection of 3 bacterial fish pathogens, Flavobacterium columnare,

17


https://doi.org/10.1101/2024.08.16.608217
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.16.608217; this version posted August 16, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

424 Edwardsiella ictaluri, and Aeromonas hydrophila. Diseases of aquatic organisms 74, 199-
425 208.

426  Warsen, A.E., Krug, M.J., LaFrentz, S., Stanek, D.R., Loge, F.J., Call, D.R., 2004. Simultaneous
427 Discrimination between 15 Fish Pathogens by Using 16S Ribosomal DNA PCR and

428 DNA Microarrays. Applied and Environmental Microbiology 70, 4216-4221.

429  Xie, F., Sun, G., Stiller, JJZW., Zhang, B., 2011. Genome-wide functional analysis of the cotton
430 transcriptome by creating an integrated EST database. PloS one 6, €26980.

431  Zhongyang Sun, Jia Deng, Haizhen Wu, Qiyao Wang, Zhang, Y., 2017. Selection of Stable

432 Reference Genes for Real-Time Quantitative PCR Analysis in Edwardsiella tarda. J.

433 Microbiol. Biotechnol. 27, 112-121.

434

435

18


https://doi.org/10.1101/2024.08.16.608217
http://creativecommons.org/licenses/by/4.0/

436

437

438

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.16.608217; this version posted August 16, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY 4.0 International license.

Table 1. Reference genes in E. ictaluri being studied.

Gene Symbol

ORF #

Product

16S rRNA
abcZ
adk
arcC
arok
aspA
atpA
cyaA
dnaG
fumC
g6pd
gdhA
glnA
gltA
glyA
grpE
gyrB
mdh
mutS
pgi
pgm
pntA
recA
recP
rpoS
thkt

Ipi

NTOIEI R00010

NTO1EI 2798
NTOIEL 1123
NTOIEI 3529
NTOIEI 3555
NTOIEI 0377
NTOIEI 3910
NTOIEI 0111
NTOIEI 0525
NTOIEI 2078
NTOIEI 1607
NTOIEI 3732
NTOIEI 3863
NTOIEI 2875
NTOIEI 3190
NTOIEI 3062
NTOIEI 0004
NTOIEI 0446
NTOIEI 3249
NTOIEI 0210
NTOIEI 2893
NTOIEI 1960
NTOIEI 3241
NTO1EI 3370
NTOIEI 3250
NTO1EI 3370
NTOIEI 3785

ABC transporter ATP-binding protein
Adenylate kinase

Carbamate kinase

Dehydroshikimate reductase
Aspatase

ATP synthase alpha subunit
adenylate cyclase

DNA primase

Fumarate hydratase class I1
Glucose-6-phosphate dehydrogenase
NADP-specific glutamate dehydrogenase
Glutamine synthetase

Citrate synthase

Serine hydroxy methyltransferase
Heat shock protein GrpE

DNA gyrase subunit B

Malate dehydrogenase
Methyl-directed mismatch repair protein MutS
Glucose-6-phosphate isomerase
Phosphoglucomutase
Transhydrogenase alpha subunit
RecA protein

Transketolase

RNA polymerase, sigma factor RpoS
Transketolase

Triosephosphate isomerase
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Table 2. Primer pairs used in this study.

Primer

Forward

Reverse

Ei-16SrRNA
Ei-abcZ
Ei-adk
Ei-arcC
Ei-aroE
Ei-aspA
Ei-atpA
Ei-cyaA
Ei-dnaG
Ei-fumC
Ei-gbpd
Ei-gdhA
Ei-glnA
Ei-gltA
Ei-glyA
Ei-grpE
Ei-gyrB
Ei-mdh-
Ei-mutS
Ei-pgi
Ei-pgm
Ei-pntA
Ei-recA
Ei-recP
Ei-rpoS
Ei-tkt
Ei-tpi

agaagaagcaccggctaactc
ggatatgaccctgttcgactg
gcaggttgaaggtaaggatga
gtggccatcaactttggtaag
ttgaggcattaccctatgacg
cgaatccatctctctgetgac
ccggtacagacgggctataag
tgaagaccatcctgggtaaga
cgctgtttatcgagctggtag
gcatttctgtatctcggtgga
cctgttcagcgactcctatca
gtgatccaatttcgtgtcage
ttaccgacaccaagggtaagg
aatgattcgttccgtctgatg
gtcaggagcagcatattgagc
cggctaacgtagaacaggttg
accttcagcaatgtggttgag
cgcctgtatcggtatcatcac
tggtgcctatccactacgttc
taaatcccgtgaggcagtaga
catgccattctgacccataac
aagtacctgctgatggctctg
cgcgcetgaagttctactettc
aagtcctgtggcgtgattaca
ctggcactgctggatcttate
ctgtggcgtgattacatgaac
ccaggacgtcagtatcaatgc

ggatgcagttcccaggttaag
ggagagcaccttaaccgactt
ctggccatagtagccaatcag
agagtgctgcctctaccttcg
catgtcataacaggcgcaatc
aacgggttcaggtaggtaacg
agtcacgctggttgataatgg
gatcgatacactccgaaacca
atgggctcaataatcatgtgg
aataatggcgtttgccttctc
cagacggtgtttatgctccag
ttgaggatcgacagattgacce
tctgactcattgatgccctte
attgtcattcatgcccagttc
ctgatccacatactggcaacc
cataatttcacgctcatgctc
ccaccctcatagtggaaatga
gatgatatccagcegtcgtcac
tcgtcatacagctgcttctce
atttcacgcagcaggatagag
ttggtcgggttgtatttgatg
cgttccagaccacgtagtagce
ggggctactttgttcttgacc
cagatcatagccggtaaggtg
atccaccaggtagcgtaggtc
cagatcatagccggtaaggtg
tcgecttetttgtggtaggta
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442 Table 3. Descriptive statistics of 27 reference genes in E. ictaluri exposed to serum.

Genes Minimum Maximum Median Mean Std. Deviation
16S rRNA 23.08 32.29 31.21 29.09 3.682
arpE 25.9 34.54 33.88 31.51 3.441
aroE 25.03 33.84 32.78 30.68 3.442
abcZ 25.6 34.44 33.63 31.4 3.525
adk 26.56 35.34 33.58 31.97 3.385
1pi 24.89 33.45 32.42 30.4 3.405
arcC 19.85 28.02 26.67 24.99 3.325
aspA 20.24 29.07 27.76 25.72 3.496
cyad 24.7 34.19 32.82 30.46 3.777
atpA 21.04 29.42 28.63 26.45 3.353
fumC 28.15 40.00 37.11 35.05 4.909
dnaG 19.77 27.89 27.06 24.9 3.281
adhA 24.97 40.00 31.13 30.99 4.843
26pd 26.62 40.00 32.31 32.06 4399
glid 29.43 40.00 34.99 34.59 3.337
alnA 26.45 40.00 32.11 31.89 4.428
mdh 26.08 40 31.68 31.5 4.606
2yrB 25.43 31.97 30.81 29.1 2.966
mutS 2521 33.99 33.09 31.22 3.36
alyA 23.91 32.65 31.53 29.35 3.507
pam 28.82 35.26 34.26 32.29 3.098
i 27.31 33.59 32.62 30.76 2.984
recA 24.64 30.89 29.62 28 2.92
pntd 242 33.08 32.23 29.87 3.629
poS 24.73 33.27 32.19 30.06 3.521
recP 25.18 33.29 32.73 30.43 3.326
tkt 2521 33.97 32.72 30.67 3.478
443
444
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445  Table 4. Descriptive statistics of 27 reference genes in E. ictaluri growth.

446
Genes Minimum Maximum Median Mean Std. Deviation
abcZ 26.16 35.80 30.60 30.70 243
adk 25.88 38.47 31.19 31.99 3.45
aspA 18.40 28.85 22.28 22.97 3.27
arcC 21.38 33.41 24.24 25.57 3.47
26pd 24.24 34.83 27.86 28.20 2.98
gdh 25.76 36.38 28.20 29.73 3.47
dnaG 20.48 30.62 24.06 24.38 2.66
fume 29.61 40.00 32.65 33.55 3.21
atpA 20.14 35.37 25.96 26.39 4.92
cyad 29.16 37.30 32.86 32.49 2.29
tkt 21.92 31.66 26.68 26.66 3.33
16S rRNA 8.57 11.75 9.79 9.74 0.70
recP 22.14 31.98 26.96 27.02 3.28
rpos 24.06 32.86 26.41 27.45 2.47
pntA 22.39 33.28 25.78 26.87 3.64
recA 22.69 30.70 25.73 26.17 2.74
pgi 22.49 34.94 27.02 27.34 3.96
pam 24.74 35.11 29.00 29.17 3.34
2B 22.74 31.42 25.88 26.31 2.92
mdh 20.22 29.80 22.28 23.64 3.00
glyA 26.59 35.87 29.59 30.15 2.67
mutS 22.13 32.95 25.87 26.74 3.56
glna 21.24 34.43 25.45 26.45 4.48
gltA 23.46 34.64 26.66 28.07 3.20
aroE 26.94 36.26 30.42 30.62 2.66
a1pE 2261 34.39 28.36 27.45 3.68
ipi 2224 34.69 2827 28.16 425

447
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449  Figure Legends

450  Fig 1. Growth Kkinetics of E. ictaluri in BHI broth.

451

452 Fig 2. Expression stability of reference genes under serum exposure (A) and different
453 growth phases (B) analyzed by GeoNorm. Lower M values indicate higher stability.

454

455  Fig 3. Expression stability of reference genes under serum exposure (A) and different
456  growth phases (B) analyzed by BestKeeper gene.

457

458  Fig 4. Expression stability of reference genes under serum exposure (A) and different
459  growth phases (B) analyzed by NormFinder.

460

461  Fig 5. Expression stability of reference genes under serum exposure (A) and different
462  growth phases (B) analyzed by Comparative ACT method.

463

464  Fig 6. Comprehensive ranking of reference gene stability under serum exposure (A) and
465  different growth phases (B).

466

467
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