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17 Highlights
18 ● New whole slide image analysis method applied to an oyster disease.

19 ● This method is used to estimate bacteria spread into oyster’s whole tissues.

20 ● Bacteria quantification by this method is coherent with molecular results from 

21 qPCR.

22 ● The method brings new insights into Vibrio aestuarianus infection pattern.
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23 Abstract
24 Growth of marine bivalve aquaculture is presented as a potential measure to effectively 

25 provide seafood for human consumption while preserving wild populations. It can be an 

26 economic driver in coastal areas while also providing important ecosystem services 

27 such as filtration of phytoplankton and carbonate buffering. However, as with any other 

28 farming practices, increased densities of individuals in a confined space often result in 

29 disease outbreaks. Pathogens developing in these conditions can easily spread among 

30 farmed stocks, affecting all the production lines and potentially causing adverse 

31 economic consequences, spreading over large areas and eventually affecting wild 

32 populations as well. Development and implementation of early detection methods for 

33 pathogen infection are imperative to maintain and expand aquaculture activities. In this 

34 context, a new method to quantify and characterize infection by Vibrio aestuarianus in 

35 the Pacific oyster, Magallana gigas, based on image analysis of histological slides 

36 stained by immunohistochemistry is presented. The method is used to automatically 

37 measure the proportion of tissue infected by IHC-stain bacteria from each image and to 

38 characterize bacteria spread in the tissue. The proportion of tissue infected by IHC-

39 stained bacteria and spatial dispersion indexes, used to characterize 2D bacterial 

40 dispersion, were directly associated with the quantity of bacteria previously measured 

41 by qPCR. All of these results suggest a pattern of infection where V. aestuarianus tends 

42 to be more clustered and less randomly spread in the organism with increased infection. 

43 Advantages, limitations, and potential ways to improve the method are discussed.
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44 Keywords
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46 slide image
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47 1. Introduction
48 Emerging pathogens represent one of the most significant threats to the growth and 

49 sustainability of aquaculture industries worldwide (Lupo et al., 2016) and the outbreak of 

50 aquatic animal diseases related to intensive production practices is of major concern for 

51 the industry, local population living from this activity and the ecosystem (Boyd and Clay, 

52 1998; Griffiths et al., 2018; Landos et al., 2021). Past severe disease outbreaks have led 

53 to significant economic destruction and negative social consequences (Carnegie et al., 

54 2016). Disease outbreaks often occur from a combination of different factors such as 

55 climate change (Barange, 2018; Garrabou et al., 2022; Li et al., 2023; Wright et al., 2023), 

56 environmental pollution (Kalkan and Altuğ, 2020; Kathijotes et al., 2015; Landos et al., 

57 2021), habitat alteration (Barange, 2018), geographic expansion of disease (Barange, 

58 2018; Carnegie et al., 2016), and invasive species (Green et al., 2016; Wright et al., 2023; 

59 Yang et al., 2021). Aquaculture practices, which confine animals at high density in specific 

60 areas, and often involve manipulation and transfer of farmed animals from one location 

61 to another, are another source of stress which can entail conditions conducive to the 

62 outbreak and propagation of infectious agents (Carnegie et al., 2016; Palacios et al., 

63 2010). All these factors can directly impact the prevalence and severity of disease 

64 outbreaks in both farmed and wild aquatic populations (Landos et al., 2021). In a world 

65 where the human population continues to grow, bivalve mollusc farming is a privileged 

66 sector due to the importance of these protein-rich animals for human consumption. In this 

67 context, aquaculture can play a strategic role in terms of safe food production and 

68 sustainable economic and social development (Noger-Huet et al., 2022; Petrosillo et al., 

69 2023). The development of new methods for disease detection in marine shellfish is 
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70 essential to detect diseases as early as possible and apply contingency measures to 

71 contain their spread to other aquaculture facilities (Carnegie et al., 2016). 

72 The Pacific oyster Magallana gigas, indigenous to Northeast Asia, is the most cultivated 

73 species in the world (Chaney and Gracey, 2011), including France, where the yearly 

74 production in 2022 was estimated at 85,000 tons (FAO, 2022). Since the early 1990s, 

75 Pacific oysters have been hit by mass mortality in many areas of the world (Arzul et al., 

76 2017; Burge et al., 2018; Castinel et al., n.d.; EFSA Panel on Animal Health and Welfare 

77 (AHAW), 2015; McCombie and Samain, 2007; OIE, 2019). These outbreaks, either due 

78 to the presence of the virus OsHV-1 or the bacteria Vibrio aestuarianus, have had a major 

79 impact on oyster production in France and, also on a wider scale, in Europe (EFSA Panel 

80 on Animal Health and Welfare (AHAW), 2015). Alarmingly, the prevalence of these 

81 pathogens in European oyster populations appears to be increasing in the last decades 

82 (Carnegie, 2020).  Consequences of infection by  V. aestuarianus on M. gigas range from 

83 non-lethal to lethal effects, leading to behavioral change (Elston, 1993), pathological 

84 reaction (Garnier et al., 2007), and ultimately to death (Parizadeh et al., 2018b). Oysters 

85 are frequently moved between spat collection sites or hatcheries and oyster farming 

86 locations in France, as well as between France and various European countries (Arzul et 

87 al., 2022). Therefore, the lack of efficient transport control and detection systems can 

88 contribute to the widespread transmission of pathogenic agents and diseases (Carnegie 

89 et al., 2016; Fuhrmann et al., 2019). In this context, the development of analysis 

90 techniques allowing early detection and accurate diagnosis of invasive species is one of 

91 the major issues in the aquaculture sector. The main detection methods currently used to 

92 assess V. aestuarianus infection in M. gigas are histopathological diagnosis together with 
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93 strain identification by polymerase chain reaction (PCR) and quantitative polymerase 

94 chain reaction (qPCR) assays to quantify infection intensity (Carnegie, 2020). 

95 Nevertheless, due to the short incubation time of the pathogenic agents (bacterial or viral) 

96 and its rapid increase in prevalence level, it remains difficult to detect infection in advance 

97 of a large-scale episode of disease by conventional surveillance methods (Parizadeh et 

98 al., 2018a; Paul-Pont et al., 2013; Whittington et al., 2019).

99 Image analysis is rapidly evolving and increasingly used in histopathology as it enables 

100 high throughput analysis of a large number of samples, offering the potential for increased 

101 diagnostic precision, improved reproducibility, and potentially reduced workload for 

102 histopathologists (Zarella et al., 2018). Production of whole slide images (WSI) involves 

103 the scanning of a microscope slide to create a single high-resolution digital file. WSI are 

104 pyramidal images of histological slides containing complex data and have a higher 

105 resolution compared to a raster graphic file which allows the detection of cellular or even 

106 sub-cellular structure (Bolte and Cordelières, 2006; Pantanowitz et al., 2011). Whole slide 

107 imaging represents a paradigm shift in histopathology with potential impacts on 

108 workflows, reproducibility, dissemination of educational material, and intra and inter-

109 institutional collaboration (Bolte and Cordelières, 2006). Although the benefits of WSI 

110 analysis are numerous, implementing such methods on routine procedures remains slow 

111 because it would require some adaptation and its complexity is still an obstacle to its 

112 widespread adoption (Aeffner et al., 2019).

113 In this article, a method to detect, quantify and characterize V. aestuarianus infection of 

114 M. gigas from WSI stained by immunohistochemistry (IHC) is proposed. M. gigas were 

115 experimentally infected with V. aestuarianus to control and create different degrees of 
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116 infection (Parizadeh et al., 2018b). The method is based on the computerized detection 

117 of V. aestuarianus stained by IHC within the WSI. The proportion of tissue infected by 

118 IHC-stained bacteria is measured and spatial spreading within the cross-section is 

119 characterized. Bacterial quantities assessed with this method are consistent with results 

120 obtained by qPCR and the method brings new details on bacterial spreading behavior.

121 2. Material & Method
122 WSI and qPCR results originated from Parizadeh (2018). WSIs were produced to 

123 assess histopathological damages in M. gigas infected under experimental conditions 

124 by V. aestuarianus against the degree of bacterial infection assessed by quantitative 

125 polymerase chain reaction (qPCR) and immunohistochemistry with the use of a 

126 polyclonal antibody (Parizadeh et al., 2018b). To summarize the original experimental 

127 set-up, specimens of M. gigas were immersed in a bacterial bath for different periods to 

128 simulate different levels of bacterial infection and individuals were sampled at different 

129 time points after infection (day 1 and day 4). Histopathological damages and localisation 

130 of IHC-stained V. aestuarianus in different tissues were assessed by histology on 

131 hematoxylin-eosin (H&E) stain slides and slides stained by IHC with a bacteria-specific 

132 polyclonal antibody. The dataset consists of 41 images of histological cross-section of 

133 M. gigas stained with H&E for histopathological assessment and 41 images of 

134 histological cross-section of M. gigas stained with IHC for localisation of the bacteria 

135 and 230 bacterial DNA quantification performed on different tissue (gills, digestive 

136 gland, mantle, abductor muscle, labial palp) from 43 specimens. qPCR results were 

137 treated individually by tissue and the overall mean was calculated for every specimen. 

138 Logarithm-transformed values were used for qPCR values. Only specimens with both 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4833230

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

wed



9

139 image and qPCR data were integrated into the current analysis (n = 38). Samples were 

140 classified into 3 infection groups according to the level of bacteria measured by qPCR, 

141 with the “control group” encompassing every control specimen, samples with a level of 

142 bacteria cells per animal ranging from 0 to 1.105 bacteria/25 ng of total DNA, falls into 

143 “early infection group”, and “advanced infection group" encompass samples presenting 

144 a level of bacteria cells above 1.105 bacteria per 25 ng of total DNA. See Table 3 and 

145 Figure A in 7.0 Supplementary Material. 

146 Original WSI and qPCR data can be found here: 

147 https://www.seanoe.org/data/00501/61299/

148 Software used for image analysis were QuPath (0.5.1), Python (3.11.5) and Fiji (2.15.0). 

149 QuPath is an open-source bioimage analysis software for digital pathology and whole 

150 slide image analysis (https://qupath.github.io/). Python is a general-purpose, object-

151 oriented programming language, it offers a comprehensive standard library to work on 

152 different types of objects (https://www.python.org/). Fiji is an image processing package 

153 distribution of ImageJ2 (https://imagej.net/software/fiji/).
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154

155 Figure 1: General workflow of the WSI analysis automated method. WSIs are fragmented into tiles for IHC detection 

156 analysis. In parallel, tissue detection is performed to get the overall tissue area per image to compute the proportion 

157 of tissue area infected by IHC-stained bacteria. IHC-stained bacteria particles are extracted from the WSI and used to 

158 perform colocalization and spatial distribution analysis.

159 Tissue detection was performed using a thresholding method in QuPath (see Method 

160 calibration for more details). Pixel dimensions were exported from QuPath for each 

161 WSI’s metadata. Tiles of a specific size (400 µm2) with a downsampling factor of 1 were 

162 generated within the area of tissue detected for each WSI and exported as raster 

163 graphics files. Tiles were converted from RGB to HSV, a lower and upper color range 

164 corresponding to IHC stained color were defined in Python. Color thresholding was 

165 performed on each tile to obtain a binary mask that selects only pixels within the defined 

166 range by lower and upper values. Black pixels are the pixels falling outside the defined 

167 color range and therefore were assumed to represent tissue with no IHC-stained 

168 bacteria present, while non-black pixels are the pixels falling within the IHC color 
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169 threshold range and were assumed to represent tissue infected by IHC-stained bacteria. 

170 Some tiles from different tissues and their respective masks are presented in Table 1. 

171 The number of non-black pixels was exported for every masked tile. The area of tissue 

172 infected by IHC-stained bacteria was calculated by multiplying the number of non-black 

173 pixels by the pixel dimensions for all tiles and summing them for each image. Values of 

174 IHC-stained bacteria area were corrected by subtracting the highest area measured in 

175 the “control” group from every sample. Specimens from “control” are assumed not to 

176 have been infected by V. aestuarianus and therefore all IHC detected in these samples 

177 are considered as artefacts.

178 WSIs were exported as raster images with HistoQC (Janowczyk et al., 2019). HistoQC 

179 is an open-source tool written in Python used to identify artefact-free areas on digitized 

180 slides.  These images were used to characterize IHC-stained bacteria colocalization 

181 and spatial dispersion within the whole cross-section. Particle distribution analysis 

182 statistically determines if particles in each image are likely to be randomly distributed, 

183 self-avoiding or clustered. The “2D Particle Distribution” function from the BioVoxxel 

184 plugin was used to characterize IHC stained particle spatial dispersion within the 

185 images (Brocher, 2023). It calculates the nearest neighbor distance (NND) for each 

186 particle and computes the theoretical NND. The measured mean NND is used as a 

187 cluster index, it was statistically compared using a t-test to the theoretical mean NND to 

188 determine particle distribution (Lagache et al., 2015) (Figure 1).

189 Statistical analysis was performed using R (version 4.3.1). A 0.05 significance level was 

190 used for all statistical tests. Wilcoxon test is a non-parametric test used to determine if 

191 two independent groups present a significant difference in their median value. Wilcoxon 
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192 test was used to determine if the median of the distribution from the proportion of tissue 

193 infected by IHC stained bacteria, mean quantity of bacteria cells, mean NND and spatial 

194 dispersion indexes were significantly different from 0. Kruskal-Wallis test followed by 

195 Dunn’s test was used to compare the proportion of tissue infected by IHC-stained 

196 bacteria, mean NND and spatial dispersion index, between infection groups. The 

197 Kruskal-Wallis test is a non-parametric test used to reveal statistically significant 

198 differences between the medians of several independent groups. Dunn’s test performs 

199 pairwise comparisons between each independent group and tells which groups are 

200 statistically significantly different. Kendall correlation test was used to assess the linear 

201 relationship between bacterial quantity and, the proportion of tissue infected by IHC-

202 stained bacteria in each image as well as the relationship between the proportion of 

203 tissue infected by IHC-stained bacteria and with spatial dispersion index. Logarithmic 

204 regressions were used to model the relationship between the mean quantity of bacteria 

205 (log10) per sample, as a predictor variable, the proportion of tissue infected by IHC-

206 stained bacteria, as well as the relationship between the proportion of tissue infected by 

207 IHC-stained bacteria and the dispersion index. The F-value tells whether the regression 

208 model provides a better fit to the actual data than a model with no predictor variables.

209 All scripts used for image and data analysis are available on the following repository: 

210 https://github.com/ValentinGeslin/OYSTER

211 2.1. Method calibration
212 2.1.1. Colocalization
213 Colocalization is the spatial correlation between objects, it reveals whether different 

214 objects are localized within a certain area or not. It was used to assess if detected IHC-
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215 stained bacteria were localized within the tissue or not. Characterisation of IHC-stained 

216 bacteria colocalization within the whole tissue was performed on Fiji with the JaCoP 

217 plugin using an object-based colocalization measurement (Bolte and Cordelières, 

218 2006). Object-based colocalization measurements refer to a colocalization method 

219 where objects of interest are first segmented from the image, then their spatial 

220 relationships are measured. This type of colocalization method was used because it is 

221 generally considered less sensitive to image noise and statistically more robust than 

222 pixel-based methods (Lagache et al., 2015). Pearson’s correlation coefficient was used 

223 to express the correlation between colocalized objects, and the linear equation 

224 describing the relationship between objects in IHC-detected images and mask tissue 

225 images was calculated by a linear regression with the slope of the regression providing 

226 the rate of association between the objects (Brocher, 2023). Pearson's coefficient 

227 provides an estimate of the goodness of this approximation with its value ranging from 1 

228 to -1, with 1 standing for complete positive correlation, 0 standing for no correlation, and 

229 -1 for a negative correlation (Lagache et al., 2015). Pearson’s correlation coefficient 

230 represents the degree of colocalization. The colocalization coefficient ranges from -

231 0.006 to 0.356 with a median value of 0.007. Individual values can be found in Table 3 

232 in 7.0 Supplementary Material. The median of Pearson’s correlation coefficient exhibits 

233 significant difference between the 3 groups (Kruskal-Wallis, p-value < 0.05). The 

234 median colocalization index for the “control” and “early infection” group was not 

235 significantly different from 0 (Wilcoxon test, p-value > 0.05) while “advanced infection” 

236 has a median value of 0.20 (Figure 2).
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237
238 Figure 2: Pearson’s coefficient value per image and category. Pearson’s coefficient value for the control and early 

239 infection cohort ranges from -0.006 to 0.02, while for the advanced infection group Pearson’s coefficient value ranges 

240 from 0.07 to 0.35 with a median value of 0.20. 

241 2.1.2. Tissue detection parameters
242 The influence of tissue detection parameters on the proportion of tissue positive to IHC-

243 stained bacteria was evaluated using 5 different sets of parameters which were judged 

244 optimal by visual assessment. For all images, the detection of tissue infected by IHC-

245 stained bacteria was not significantly different for the 5 sets of parameters (Kruskal 

246 Wallis test, p-value > 0.05).

247 2.1.3. Tile size variability
248 Incidence of tile size variability on the proportion of tissue positive to IHC stained 

249 bacteria was assessed for seven different tile sizes and no significant difference was 
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250 found (Kruskal Wallis test, p-value > 0.05), meaning that tile size does not significantly 

251 influence detection and quantification of IHC stained V. aestuarianus in the images.

252 Table 1: Some tiles from different tissues sorted by condition. On original tiles, different tissues (gills, digestive gland, 

253 mantle, abductor muscle, labial palp) are visible with IHC-stained bacteria (pink color) when infected. Masked tiles 

254 display only IHC-stained bacteria if present in the original tile.

Infection 
status Tile Gills Digestive 

gland Mantle Abductor 
muscle Labial palp

Original 
tile

Control

Masked 
tile

Original 
tile

Early 
infection

Masked 
tile

Original 
tile

Advanced 
infection

Masked 
tile

255
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256 3. Results
257 3.1. Quantity of bacteria in whole organism
258 The quantity of bacteria in whole organisms was obtained by calculating the mean 

259 quantity of bacteria measured in different tissues (gills, digestive gland, mantle, muscle, 

260 and labial palp) for each specimen. The 3 conditions (control, early infection and 

261 advanced infection) reflect the quantity of bacteria distribution (Figure A - 

262 Supplementary Material) and they exhibit significant differences between them (Kruskal-

263 Wallis test, p-value < 0.05) with the “control” group presenting a median quantity of 

264 bacteria cells per animals not significantly different from 0 (Wilcoxon test, p-value > 

265 0.05) while the median quantity of bacteria cells per animals for “early infection” and 

266 “advanced infection” group were significantly higher than “control” group (Dunn’s test, p-

267 value < 0.05), with a median value of 0.46 for “early infection” group and 6.93 for 

268 “advanced infection” group (Figure 3).

269 3.2. Proportion of tissue infected by IHC-stained bacteria
270 The median value of the proportion of tissue infected by IHC-stained bacteria was 

271 significantly higher than 0 (Wilcoxon test, p-value < 0.05) for the 3 categories, with the 

272 “advanced infection” group being significantly higher than the two other groups (Dunn’s 

273 test, p-value < 0.05). “Control” and “early infection” groups display the proportion of 

274 tissue infected by IHC-stained bacteria ranging from 0% to 0.09%, while the proportion 

275 of tissue infected by IHC-stained bacteria for the “advanced infection” group ranges 

276 from 1.47% to 26.53%, with a median value of 9.19% (Figure 3).
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277
278 Figure 3: Quantity of bacteria cells (log10) per 25ng of total DNA (left) and proportion of tissue area (%) infected by 

279 IHC stained bacteria per images and for the different groups (right). The mean values of the quantity of bacteria cells 

280 for the control, early infection and advanced infection groups were respectively 0, 0.46, and 6.82. With mean quantity 

281 of bacteria cells from the control and early infection group being not significantly different from 0 (Wilcoxon test, p-

282 value < 0.05) and the advanced infection group being significantly higher than the 2 other groups (Dunn’s test, p-

283 value > 0.05). The mean value of the proportion of tissue infected by IHC-stained bacteria for control, early infection 

284 and advanced infection group are respectively 0%, 0.005% and 13.20%. The proportion of tissue area infected by 

285 IHC-stained bacteria for the advanced infection group was significantly higher than the 2 other groups (Dunn’s test, p-

286 value > 0.05). The advanced infection group significantly stands out from the 2 other groups for the quantity of 

287 bacteria cells (log10) per sample and the proportion of tissue area (%) infected by IHC-stained bacteria per image.
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288 3.3. Relationship between quantity of bacteria and 
289 proportion of tissue infected by IHC stained bacteria per 
290 sample
291 A Spearman’s rank correlation was used to test the strength and direction of the 

292 relationship between the proportion of tissue infected by IHC-stained bacteria and the 

293 mean quantity of bacteria measured by qPCR (Figure 4). A significant positive 

294 correlation was found between these two variables (tau = 0.59, p-value < 0.05). To 

295 better describe the monotonic relationship between the area of tissue infected by IHC-

296 stained bacteria and the mean quantity of bacteria per sample the following logarithmic 

297 regression model was fitted to the data:

298 y = 3.42 +  0.59 * ln(x)

299 The overall F-value of the model was 43.91 (p-value < 0.05) with an adjusted R squared 

300 of 0.53 (Figure 4).
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301

302 Figure 4: Relationship between proportion of tissue infected by IHC stained bacteria and mean quantity of bacteria 

303 (log10) per image and category. Control and early infection samples display a relatively low proportion of tissue 

304 infected by IHC-stained bacteria (min = 0%, max = 0.09%) and mean quantity of bacteria cells (min = 0, max = 2.20) 

305 compared to the advanced infection group where values from the proportion of tissue infected by IHC stained 

306 bacteria range from 1.47% to 26.53% and values from mean quantity of bacteria (log10) range from 6.01 to 7.39. The 

307 overall F-value of the logarithmic regression model is 43.91 with a corresponding p-value lower than 0.05, which 

308 indicates that the model fits the data.

309 3.4. Spatial characterisation of IHC-stained bacterial 
310 infection
311 3.4.1. Spatial dispersion
312 The 3 conditions exhibit significant statistical differences between them for t-test value 

313 (Kruskal-Wallis test, p-value < 0.05) representing whether or not spatial dispersion of 

314 IHC stained bacteria follows a specific pattern or is random. “Control” and “early 

315 infection” groups do not manifest significant differences between them (Dunn’s test, p-
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316 value > 0.05) while the “advanced infection” group presents a value significatively higher 

317 than 0 (Wilcoxon test, p-value < 0.05). Values can be found in Table 3 in 7.0 

318 Supplementary Material. A significant positive correlation was found between the 

319 proportion of tissue infected by IHC-stained bacteria and t-test values (tau = 0.74, p-

320 value < 0.05).

321 3.4.2. Cluster index
322 Another proxy used to assess and characterize bacterial dispersion is the cluster index, 

323 it represents the average minimal distance between IHC-stained bacteria and therefore 

324 if bacteria tend to form clusters or not. The standard deviation of the mean NND is 

325 informative about spatial dispersion homogeneity, or if particles tend to be clustered 

326 (lower standard deviation) or randomly dispersed (higher standard deviation). It ranges 

327 from 82.49µm to 8862.10µm with a median value of 243.27µm, and from 89.01µm to 

328 8342.25µm with a median value of 849.27µm respectively for the “control” and “early 

329 infection” groups. Individuals from the “advanced infection” group present mean NDD 

330 ranging from 46.81µm to 64.79µm with a median value of 54.40µm (Figure 5). Individual 

331 values can be found in Table 3 in 7.0 Supplementary Material. A significant difference in 

332 mean NDD value is observed between individuals from the advanced infection group 

333 and the two other groups (Dunn test, p-value < 0.05) while the control and early 

334 infection group do not present significant differences between them (Dunn test, p-value 

335 > 0.05). The 3 infection groups exhibit a significant difference in their standard deviation 

336 of mean NDD (Kruskal-Wallis test, p-value < 0.05). It indicates that bacteria in the 

337 advanced infection stage tend to be more clustered than at an early infection stage 

338 (Figure 5). 
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339

340 Figure 5: Distribution of mean nearest neighbor distance (NDD) between particles per sample infection status (left) 

341 and mean NDD (with standard deviation) between particles per image and category (right). The mean NDD between 

342 particles for the control and early infection cohort ranges from 82.49µm to 8862.10µm, while for the advanced 

343 infection group values range from 46.81µm to 64.79µm with a median value of 54.40µm.

344 4. Discussion
345 In this article, an image analysis method to detect, quantify and characterize IHC-

346 stained V. aestuarianus infection from WSI of M. gigas was presented. The method is 

347 based on the separation of IHC-stained bacteria from other features in the images and 

348 its analysis. Different characteristics such as area, mean NDD and spatial dispersion of 

349 IHC-stained bacteria are analyzed in each image and linked to the level of infection 

350 measured by qPCR in the corresponding samples. Significant correlations were found, 

351 and a logarithmic regression model fitting the data was computed. It supports the claim 

352 that this image analysis method might be complementary to the qPCR method being 
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353 currently the gold standard to assess bacterial infection in M. gigas. Results from image 

354 analysis methods generally conform to the results from the original research (Parizadeh 

355 et al., 2018b). The spread and quantity of bacteria in tissue is positively associated with 

356 the degree of bacterial infection (Parizadeh et al., 2018b). However, the image analysis 

357 method allows a more detailed quantification and characterisation of this relationship. 

358 The level of bacteria measured by qPCR is weakly related to the exposure duration. 

359 Therefore, grouping the samples according to the level of bacterial infection rather than 

360 their exposure duration seems to be more biologically relevant as V. aestuarianus is 

361 suspected to have an asynchronous infection behavior, with an initial infection by a few 

362 bacteria cells in the hemolymph where the bacteria will multiply until it reaches a critical 

363 number of pathogenic cells who will then quickly colonize other tissue (Parizadeh et al., 

364 2018a). Results from the image analysis method are conformed to qPCR results; the 

365 proportion of tissue infected by IHC-stained bacteria is positively related to the mean 

366 quantity of bacteria. However, the quantities respectively quantified by the two methods 

367 are not completely aligned. Despite that V. aestuarianus was not detected by qPCR in 

368 individuals from the control group, the proportion of tissue infected by IHC-stained 

369 bacteria was not equal to 0. On the contrary, significant bacterial level was detected in 

370 some specimens from the “early infection” group, these same individuals do not exhibit 

371 corresponding value of tissue area infected by IHC-stained bacteria. For some 

372 specimens from “control” and “early infection” categories, small areas positive to IHC 

373 stained bacteria were measured and bacteria-like cells were identified by visual 

374 assessment; however these minute signs of bacterial presence within the tissues were 

375 not always picked up by qPCR (Table 2). The opposite was also observed, in samples 
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376 where V. aestuarianus was detected by qPCR but not showing any signs of it on the 

377 image (Table 1). On the other hand, the quantity of bacteria measured by qPCR in the 

378 “advanced infection” cohort is significantly higher than in the two other groups and 

379 similarly for the proportion of tissue infected by IHC-stained bacteria. The discrepancy 

380 between qPCR results and the results obtained by image analysis could arise from 

381 multiple factors. First, the quantity of bacteria considered in the analysis was obtained 

382 by aggregating measurements performed in different tissues (gills, digestive gland, 

383 mantle, muscle, labial palp) but as it was mentioned previously, V. aestuarianus is 

384 suspected to have an asynchronous infection pattern, so its spread might not be similar 

385 in the different tissue of M. gigas and as cross-section does not always contain the 

386 same proportion of the different tissue, some organs might be under or over-

387 represented in the images (Zarella et al., 2018). Another factor to consider is that some 

388 bacteria might be washed away during histological preparation, particularly because of 

389 the poor conservation of circulatory fluids – haemolymph-, therefore bacterial infection 

390 from the image analysis method might be underestimated. Finally, qPCR methods can 

391 detect as few as 103 bacteria from small pieces of tissues (mg) (Saulnier et al., 2009). 

392 But in the first infection steps, this analytical threshold can limit bacterial detection. 

393 Despite these potential limitations, this finding supports that the image analysis method 

394 could be complementary to qPCR as it has a good sensitivity to minute infection signs. 

395 Mean NND and dispersion index were used to characterize bacterial spread in the 

396 tissue. These two indicators were positively correlated to the proportion of tissue 

397 infected by IHC-stained bacteria as well as the quantity of bacteria measured by qPCR. 

398 It comforts the actual pathogenesis model for V. aestuarianus associated disease, V. 
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399 aestuarianus tends to develop in clusters with increased bacterial infection (Parizadeh 

400 et al., 2018a). With this quantitative approach, we are now able to propose a spatial 

401 representation of disease progression characterizing the spatial dynamics of infection of 

402 M. gigas by V. aestuarianus on a fine scale. Based on this approach, pathogenesis 

403 induced by V. aestuarianus in M. gigas can be summarized in several successive 

404 stages: (1) initial penetration and colonization (2) bacterial multiplication at entry sites 

405 (3) dispersion and invasion of connective tissues. Finally, the progression of the disease 

406 was associated with an increase in bacterial clusters in all the animal tissues, confirming 

407 the septicemic characteristics of V. aestuarianus infection (Figure 6).

408

409 Figure 6: Schematic representation of the different stages of pathogenesis and biological pathway of infection 

410 induced by V. aestuarianus in M. gigas based on the WSI method combined with qPCR. 

411 4.1. Limitations and potential ways for improvement
412 Digital pathology offers several potential benefits over traditional histopathological 

413 methods and provides solutions to some of the key issues associated with the manual 
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414 assessment of tissue samples (Madabhushi and Lee, 2016). However, limitations 

415 inherent to digital slide image analysis need to be addressed before further spreading of 

416 the method and adoption into routine procedures. Pre-analytical steps are prone to 

417 artifact generation including improper tissue placement (folding, tearing, air bubbles), 

418 improper reagents (over or under-staining, stain batch variation), and poor microtomy 

419 (thickness variances, knife chatter) (Aeffner et al., 2017). Slides digitization also 

420 represents another potential source of artifacts generation, such as blurriness, lighting, 

421 and contrast issues (Mulrane et al., 2008). Most of these pre-analytical steps can be 

422 automatized and standardized to decrease the degree of variability and the odds of 

423 artifact generation (Webster and Dunstan, 2014). Therefore, process automatization 

424 and standardization should be encouraged in routine analysis, along with appropriate 

425 quality control procedures to assess potential bias throughout the workflow (Aeffner et 

426 al., 2019). Ideally, an experienced pathologist should stay involved in the whole analysis 

427 and perform different quality control procedures along the workflow to assess the 

428 influence of the different factors potentially interfering with the analysis (Carnegie et al., 

429 2016). A potential way to improve the method would be to analyze the different tissues 

430 present in the WSI separately using a tissue detection method before the analysis 

431 (Bándi et al., 2017). It could potentially help to improve the method by refining bacterial 

432 infection at the tissue level instead of cross-section as it is now, and it could bring more 

433 insight into pathogenesis and intra-inter organ infection patterns. 

434 Another limitation comes from the problem of estimating the abundance of IHC stains in 

435 histological tissue. As previously mentioned, the color range defined by upper and lower 

436 HSV values to detect IHC-stained bacteria is arbitrary and relies only on expert 
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437 assessment. Extending or on the contrary reducing the threshold color range will affect 

438 the number of pixels detected and ultimately the area covered by IHC-stained bacteria 

439 detected in the images. Threshold values used for tissue detection and IHC detection 

440 are subjective as it was determined by trial-and-error, and chosen parameters were the 

441 ones giving the most satisfactory results in terms of tissue detected, artifacts removal 

442 and IHC detection according to the operator. As it has been extensively documented, 

443 visual assessment by pathologists can be influenced by inherent cognitive and visual 

444 biases (Wolf et al., 2015). Therefore, running a sensitivity test on each of these 

445 parameters before the analysis could help to build more objective tools to set these 

446 parameters.

447 Further research should be carried out to validate the assumption that IHC-stained 

448 bacteria detected on the slide are representative and, in some way, quantitatively 

449 related to the abundance of the antigen present in the tissue section, which in turn is 

450 related to the absolute number of bacteria in the original tissue (Taylor and Levenson, 

451 2006). Moreover, this method quantifies bacterial spread only on a small portion of the 

452 organ as a 2D slide is not representative of the complexity of an entire organ. Bacterial 

453 infection dynamics in an organ and a whole organism might be more complex than what 

454 the method can reveal from a single cross-section. Although the existence of an 

455 inherent bias, if acknowledged and taken into consideration, might not limit the use of 

456 the method as the results can be considered relative and not absolute, it would already 

457 constitute a significant improvement compared to the qualitative assessment given by 

458 traditional methods. Implementation of WSI is a multifaceted and inherently 

459 multidisciplinary endeavor requiring contributions from different fields. Improved 
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460 understanding of current challenges to implementation, as well as the benefits of this 

461 kind of method, can help prospective users identify the best means to achieve their 

462 goals. 

463 Another important aspect of the methodology presented here is that it relies solely on 

464 open-source software, and the code was made publicly available through an online 

465 repository. Privileging open-source and open-access material was done to promote the 

466 development and use of such image analysis methods in the field of environmental 

467 histopathology. Moreover, it could facilitate method improvement and implementation in 

468 routine analysis. This image analysis method seems at least as efficient as the qPCR 

469 method to detect and quantify bacterial infection in M. gigas, and its usage could 

470 potentially be adopted in routine tests to improve early detection of V. aestuarianus 

471 outbreak in aquaculture facilities. However, pre-analytical steps in WSI preparation 

472 need to be standardized as these steps are prone to artifact generation and may 

473 generate variability in the outcome and further research should be carried out on the 

474 early infection phase to elucidate the dissimilarity between bacterial quantity measured 

475 by qPCR and the proportion of tissue infected by IHC stained.

476 Table 2: Examples of tiles from early infection groups showing evidence of bacterial infection and their respective 

477 mask.

Image Infection status Original tile Masked tile

16049-8-3401002 Control
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16049-8-3401002 Control

16049-8-3401002 Control

16049-6-3301002 Control

16049-6-3301002 Control

16049-6-3301002 Control
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675 7. Supplementary material

676

677 Figure A: Histogram of the quantity of bacteria (log10) measured by qPCR by group. All individuals from the control 

678 group have a null level of bacteria cells. Individuals from the early infection group range from 0 to 2.9 with most of the 

679 samples expressing a level of bacterial infection equal to 0. The level of bacterial infection in the advanced infection 

680 group ranges from 1.19 to 17.81. The mean from the control and early infection groups are not significantly different 
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681 while the mean of the advanced infection group was significantly different from the two other groups (Dunn’s test - p-

682 value < 0.05).
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683 Table 3: Samples information

Sample name
Code 

image

Original 

image

Image of 

IHC stain 

bacteria 

detected

Trea

tmen

t

Infecti

on 

status

Mean 

bacter

ial 

quanti

ty 

(log10

) / 

(sd)

Propo

rtion 

of 

tissue 

infect

ed by 

IHC 

staine

d 

bacter

ia (%)

Coloc

alizati

on 

coeffi

cient 

(Pear

son’s 

correl

ation 

value)

Disper

sion 

coeffic

ient (t-

test 

value)

Mean 

neare

st 

neigh

bor 

distan

ce 

value 

(µm)

16045-1-

101002

I_J1_

1

Infec

ted 

J1

Early 

infecti

on

0 (0)
2.86e-

03
0.001 79.60

1681.

38

16045-2-

16110141B00

901002

I_J1_

2

Infec

ted 

J1

Early 

infecti

on

0 (0)
2.53e-

02
0.003

128.6

7

189.1

9

16045-3-

16110141B01

001002

I_J1_

3

Infec

ted 

J1

Early 

infecti

on

0 (0)
1.48e-

02
0.002

86.01

6

766.0

6
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16045-4-

201002

I_J1_

4

Infec

ted 

J1

Early 

infecti

on

2.20 

(3.559

820e+

02)

1.51e-

04
-0.001

77.08

7

3026.

11

16045-5-

16110141B01

101002

I_J1_

5

Infec

ted 

J1

Early 

infecti

on

0.30 

(4.472

136e+

00)

4.28e-

02
0.012

137.3

6

154.9

0

16045-6-

301002

I_J1_

6

Infec

ted 

J1

Early 

infecti

on

0 (0)
6.54e-

05
0 NA

8342.

25

16045-8-

16110141B01

201002

I_J1_

8

Infec

ted 

J1

Early 

infecti

on

0 (0) 2.65e-

02
0.009

149.3

3

206.2

8

16045-9-

16110141B01

301002

I_J1_

9

Infec

ted 

J1

Early 

infecti

on

0 (0)
3.24e-

05
-0.005 NA

3465.

50

16045-10-

16110141B01

401002

I_J1_

10

Infec

ted 

J1

Early 

infecti

on

0 (0)
7.73e-

05
0 NA

5748.

03

16045-11-

16110141B01

501002

I_J1_

11

Infec

ted 

J1

Early 

infecti

on

0 (0)
2.40e-

04
0.001 NA

3267.

29
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16045-13-

601002

I_J1_

12

Infec

ted 

J1

Early 

infecti

on

2.11 

(2.884

528e+

02)

1.25e-

04
0 NA

3166.

51

16045-14-

16110141B01

601002

I_J1_

13

Infec

ted 

J1

Early 

infecti

on

1.48 

(6.209

026e+

01)

3.78e-

03
-0.002 91.80

932.4

7

64852
I_J1_

14

Infec

ted 

J1

Early 

infecti

on

0.30 

(4.472

136e+

00)

1.00e-

02
-0.006

147.6

7

250.7

2

64853
I_J1_

15

Infec

ted 

J1

Early 

infecti

on

0 (0)
3.96e-

04
0 NA

1243.

77

16045-16-

701002

I_J4_

1

Infec

ted 

J4

Early 

infecti

on

0.83 

(1.520

526e+

01)

8.32e-

02
0.013

182.8

9

135.3

5

16045-17-

801002

I_J4_

2

Infec

ted 

J4

Early 

infecti

on

0.96 

(1.559

487e+

01)

4.92e-

02
0.011

149.5

9

265.7

6
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16045-18-

901002

I_J4_

3

Infec

ted 

J4

Early 

infecti

on

0 (0)
1.07e-

01
0.019

194.4

0
89.01

16045-19-

1001002

I_J4_

4

Infec

ted 

J4

Early 

infecti

on

1.25 

(4.024

922e+

01)

2.43e-

02
0.008

150.4

9

172.7

4

16045-20-

1101002

I_J4_

5

Infec

ted 

J4

Early 

infecti

on

0.34 

(4.919

350e+

00)

1.25e-

01
0.022

194.6

9
89.50

16045-21-

1201002

I_J4_

6

Infec

ted 

J4

Early 

infecti

on

0 (0)
1.56e-

02
0.005

111.7

3

162.5

4

16045-22-

16110141B01

701002

I_J4_

7

Infec

ted 

J4

Early 

infecti

on

0.38 

(5.366

563e+

00)

4.06e-

05
0 NA

2789.

74

16045-23-

16110141B01

801002

I_J4_

8

Infec

ted 

J4

Early 

infecti

on

0 

(4.472

136e-

01)

1.60e-

04
0 NA

5256.

96
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16045-24-

16110141B01

901002

I_J4_

9

Infec

ted 

J4

Advan

ced 

infecti

on

6.93 

(4.899

656e+

06)

5.74 0.267
360.6

6
52.93

16045-25-

1301002

I_J4_

10

Infec

ted 

J4

Advan

ced 

infecti

on

7.15 

(9.153

557e+

06)

6.76 0.305
448.6

2
52.23

16045-28-

16110141B02

001002

I_J4_

11

Infec

ted 

J4

Advan

ced 

infecti

on

7.13 

(2.617

816e+

07)

3.17 0.206
318.6

6
64.79

16045-29-

16110141B02

101002

I_J4_

12

Infec

ted 

J4

Advan

ced 

infecti

on

6.92 

(1.144

631e+

07)

1.86 0.143
281.0

3
62.83

16045-31-

16110141B02

201002

I_J4_

13

Infec

ted 

J4

Advan

ced 

infecti

on

6.39 

(2.441

083e+

06)

1.29 0.157
435.7

3
54.39

16045-32-

1701002

I_J4_

14

Infec

ted 

J4

Advan

ced 

6.01 

(1.271
8.36 0.322

475.1

4
46.81
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infecti

on

880e+

06)

64854
I_J4_

15

Infec

ted 

J4

Advan

ced 

infecti

on

7.12 

(1.154

655e+

07)

2.17 0.163
364.2

0
60.30

64856
I_J4_

16

Infec

ted 

J4

Advan

ced 

infecti

on

7.09 

(8.058

702e+

06)

5.31e-

01
0.074

293.6

1
63.33

64857
I_J4_

17

Infec

ted 

J4

Advan

ced 

infecti

on

6.38 

(4.098

913e+

06)

8.77 0.356
548.6

9
47.50

16049-2-

3101002

C_J1

_1

Cont

rol 

J1

Contr

ol
0 (0)

1.01e-

02
0.002 96.65

570.5

0

16049-3-

3201002

C_J1

_2

Cont

rol 

J1

Contr

ol
0 (0)

5.76e-

02
0.011

169.9

4

123.9

7

16049-5-

16110141B00

201002

C_J1

_3

Cont

rol 

J1

Contr

ol
0 (0)

9.10e-

04
0 NA

8862.

10
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16049-6-

3301002

C_J4

_1

Cont

rol 

J4

Contr

ol
0 (0)

1.11e-

01
0.016

155.0

1
82.49

16049-7-

16110141B00

301002

C_J4

_2

Cont

rol 

J4

Contr

ol
0 (0)

2.77e-

02
0.006

134.6

6

243.2

7

16049-8-

3401002

C_J4

_3

Cont

rol 

J4

Contr

ol
0 (0)

1.07e-

01
0.021

198.7

5
92.49

16049-10-

16110141B00

401002

C_J4

_4

Cont

rol 

J4

Contr

ol
0 (0)

1.17e-

02
0 96.75

712.5

3

684
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