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Abstract 23 

Gut health is a key determinant of profitability and sustainability in swine production. 24 

Swine Dysentery, caused by Brachyspira hyodysenteriae, is a severe enteric disease 25 

affecting animal health and performance. Restrictions on antimicrobial use have 26 

increased the need for alternative strategies, including plant-derived phytobiotics, which 27 

may support intestinal health and host responses. This study evaluated the efficacy of a 28 

novel phytobiotic feed additive in an experimental Swine Dysentery challenge model. 29 

Thirty weaned piglets were assigned to a challenged positive control group, a challenged 30 

phytobiotic-supplemented group, or a non-challenged phytobiotic-supplemented negative 31 

control group. Faecal shedding, clinical signs, growth performance, and colonic 32 

histopathology were assessed over 28 days post inoculation. 33 

All challenged pigs shed B. hyodysenteriae at least once. However, phytobiotic-34 

supplemented pigs showed fewer qPCR-positive faecal samples than positive controls, 35 

shorter shedding, and reduced proportions of diarrhoeic and dysentery-like faeces. Fewer 36 

pigs were classified as Swine Dysentery positive in the phytobiotic group, although not 37 

significantly. Histopathology showed reduced intraluminal crypt infiltrate, reaching 38 

values comparable to the negative control. Growth performance differed moderately 39 

among groups. 40 

Overall, the additive did not prevent infection but reduced bacterial shedding and clinical 41 

outcomes, supporting its use as a complementary strategy for Swine Dysentery control 42 

under experimental challenge conditions. 43 

 44 
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Background  49 

Gut health, a concept which could be defined as normal physiological functioning of 50 

digestive organs and intestinal lining that support digestion and absorption of nutrients, 51 

immune function and balanced microbiota composition with lack of harmful 52 

disturbances, such as infections. Gut health largely determines the potential profitability 53 

of pig production and guarantees a reduced environmental impact and safe pork products 54 

(1,2). Conversely, intestinal infectious diseases directly affect animal growth, feed 55 

conversion, and increase cost associated to treatments and mortality rates (3�7). 56 

Regulations towards prudent antimicrobial use have limited the tools available and 57 

increased the complexity of control in enteric diseases over the last two decades (8�10). 58 

This situation demands novel control measures focused on improving and maintaining 59 

gut health such as probiotics (11,12) postbiotics (13), prebiotics (14) and phytobiotics-60 

phytochemicals (15�17).  61 

Phytobiotics were first defined as plant-derived natural bioactive compounds that can be 62 

incorporated into diets to enhance the performance and health of animals (18). The 63 

biotechnological development of novel phytobiotics has gained relevance, given their 64 

reported effects on microbiota modulation, reduction of oxidative stress, and 65 

antimicrobial properties (15,19�22). In this sense, studies conducted in nursery (19,21) 66 

and grow-finish pigs (15,23) have exhibited meaningful antibacterial activity against 67 

swine enteropathogenic bacteria, including multidrug-resistant isolates (21,24). Among 68 

the phytobiotics tested, a wide variety of plant secondary metabolites has been described 69 

with different mechanisms depending on the bioactive compounds involved, including 70 

phenolic compounds such as thymol, carvacrol and eugenol; aromatic aldehydes such as 71 

cinnamaldehyde; terpenes such as menthol and citronellol; and bioactive constituents 72 

derived from turmeric, red pepper, and rosemary (22,24�29).  73 



Swine Dysentery (SD) is an insidious enteric disease classically observed in grower�74 

finisher pigs (5,32,33). and produced by Brachyspira hyodysenteriae (onwards 75 

abbreviated as B. hyo), a Gram-negative, β hemolytic, anaerobic spirochete. Brachyspira 76 

suanatina and Brachyspira hampsonii, this later mostly in North America (31,32), have 77 

also been implicated in SD outbreaks (33,34). Clinically, the disease is characterized by 78 

severe mucohaemorrhagic diarrhoea, marked inflammation of the large intestine, 79 

epithelial necrosis, and alterations in mucin production and the mucus layer structure 80 

(35,36). Antimicrobial therapy halts the progression of the disease and prompts the 81 

recovery of infected animals. However, the number of molecules available to treat SD is 82 

limited to macrolides, pleuromutilins, lincosamides and aminoglycosides (37) and recent 83 

studies have demonstrated that their efficacy is limited by the development of antibiotic 84 

resistance (38). In this sense, there is an urgent need to explore alternative therapies which 85 

can help to reduce antimicrobial use or complement them in the control of SD. 86 

Phytobiotics against SD have been poorly investigated, and the available evidence 87 

remains limited despite their potential as supportive strategies for improving intestinal 88 

health and resilience. This study evaluated the efficacy of a novel nano-emulsified 89 

phytochemical feed additive, formulated with rosemary, carvacrol, thymol, 90 

cinnamaldehyde, and turmeric, in an experimental swine dysentery challenge model using 91 

weaned pigs infected with Brachyspira hyodysenteriae. The infection outcome was 92 

assessed through pathogen shedding, clinical disease development, histopathological 93 

lesion scoring, and pig growth performance. 94 

Materials and methods 95 

Brachyspira hyodysenteriae culture 96 

Brachyspira hyodysenteriae B204 strain (ATCC 31212) was used for the experimental 97 

challenge. The strain was cultured in Columbia agar plates with 5% defibrinated sheep 98 



blood (Oxoid, UK) for 72 h at 37.5 °C under a strict anaerobic atmosphere (80% N2, 10% 99 

H2, and 10% CO2), maintained using a Whitley A35 Anaerobic Workstation (Don Whitley 100 

Scientific, UK). 101 

 102 

Experimental design  103 

The study was conducted at the biosafety level 2 animal facility of the University of León 104 

and was approved by the Ethical Committee on Animal Experimentation of the University 105 

of León (OEBA-ULE-007-2025) and the regional government (Junta de Castilla y León). 106 

All experimental methods and procedures were performed in accordance with the relevant 107 

guidelines and regulations. Thirty crossbred piglets (Landrace x Large White x Pietrain x 108 

Duroc) four-weeks-old (average weight ∼ 7 kg) were supplied from a commercial farm 109 

in León, Spain. All were confirmed as free of B. hyo, B. pilosicoli and Salmonella spp. by 110 

culture at the beginning of the study. Pigs were randomly distributed in three different 111 

groups with equal number of male and female within each group: challenged (positive 112 

control; n = 12), challenged and supplemented with the phytobiotic (phytobiotic; n = 12), 113 

and not challenged but supplemented with the phytobiotic (negative control; n = 6). Each 114 

experimental group was allocated to an individual box with controlled temperature 115 

ranging between 20-25 ºC. Pigs were individually identified using ear tags for monitoring 116 

and data collection. Pigs had ad libitum feed (composition of feed and phytobiotic in 117 

supplementary file 1) and water access. 118 

After 7-day acclimation period to ensure proper adjustment to the housing conditions, 119 

handling procedures, and environment, pigs belonging to groups positive control and 120 

phytobiotic, were challenged over three consecutive days (days 0, 1, and 2 of the 121 

experiment) with a Columbia agar plate with 5% defibrinated sheep blood (Oxoid, UK) 122 

grown with the B. hyo B204 strain (ATCC 31212). Only plates exhibiting a growth over 123 



90% of the plate surface, containing approximately 1 × 108 spirochetes, were used for the 124 

challenge.  125 

Faecal monitoring was performed daily by digital rectal stimulation. Faeces were scored 126 

as described previously (39)  with values ranging from 0 to 4 (0 = normal faeces; 1 = soft 127 

faeces; 2 = liquid diarrhoea; 3 = diarrhoea with mucus; 4 = bloody diarrhoea). All faecal 128 

samples were stored at −80 ºC for later analysis (DNA extraction and B. hyo qPCR 129 

quantification). Weight was recorded periodically, starting with an initial measurement at 130 

the pigs arrival (day -7; W1), just before the challenge (day 0, W2), during the challenge 131 

monitoring period (day 14 and day 21 post inoculation hereafter P.I., W3, W4), and at the 132 

end of the study (day 28, W5). The average daily gain (ADG) was subsequently 133 

determined for each individual pig and for each experimental group respectively whereas 134 

average daily feed intake (ADFI) and feed conversion ratio (FCR) were calculated at the 135 

group level based on total feed intake and total body weight gain for each treatment group. 136 

Severely affected pigs (faecal score 3 to 4 for two consecutive days) received a rescue 137 

treatment with a three-day regimen of lincomycin (Linalten®, Spain) administered 138 

intramuscularly at a dose of 1 mL per 10 kg of body weight. 139 

Euthanasia was performed on days 27 and 28 P.I. Pigs were first sedated with midazolam 140 

(0.5 mg/kg) and ketamine (10 mg/kg), then euthanized via intravenous administration of 141 

pentobarbital (140 mg/kg).  During necropsy, colon contents were collected through an 142 

incision at the apex of the spiral colon and stored at - 20 °C until processing. A section of 143 

the apex sections (at least 5 cm in length, together with the associated lymph nodes, were 144 

washed with PBS as and fixed in 10% buffered formalin for subsequent staining and 145 

microscopic examination. 146 

DNA extraction  147 



Faecal and intestinal content DNA was extracted using a commercial stool DNA 148 

extraction kit following the manufacturer's instructions (Stool DNA Purification Kit, 149 

EurX, Poland). Briefly, extraction was performed from 200 mg of faecal or intestinal 150 

content, and DNA was finally eluted in 100 µl.    151 

Detection and quantification of B. hyo by quantitative real-time PCR (qPCR) 152 

The quantification of B. hyo in faecal and intestinal content samples was estimated by 153 

quantitative PCR (qPCR) in the QuantStudio 1 Flex System (Applied Biosystems, USA) 154 

using specific B. hyo primers targeting the NOX gene, BRACHY-F (5´-TTG CTA CTG 155 

GTT CTT GGC CTG-3´) and BRACHY-R (5´-GAA TGC TTC TAT AAG TTC AAC 156 

ACC TAT-3´), with a TaqMan-specific probe (Thermo Scientific, USA), BRACHY-157 

PROBE (FAM-5�-CGA AGG CTT AAA ACA AGA AGG A-3�-BHQ) (40). The reaction 158 

was carried out in a 20 μL volume containing 10 μL of maxima probe qPCR Master Mix 159 

(Thermo Scientific, USA), 0.2 μL of BRACHY-Probe at 10 μM (Applied Biosystems, 160 

USA), 0.3 μL of each primer, 7.08 μL of nuclease-free water (Thermo Fisher Scientific, 161 

USA), 0.12 μL of ROX 5 μM (Thermo Fisher Scientific, USA), and 2 μL of template 162 

DNA. An in-house standard curve was used to convert Ct values into bacterial counts per 163 

gram of faeces (bacteria/g of faeces). The curve was generated from ten-fold serial 164 

dilutions of B. hyo B204 (initial titre 108 bacteria/g of faeces; range 108 to 103 bacteria/g of 165 

faeces). The detection limit was established at 103 bacteria/g of faeces. A B. hyo shedder 166 

was defined as an animal with at least one positive faecal sample to B. hyo qPCR with a 167 

load ≥ 3.0 log₁₀ (103 bacteria/g of faeces). A pig was defined as SD positive when it had 168 

qPCR-positive faecal samples with a B. hyo concentrations above 10³ bacteria/g of faeces 169 

and, among those positive samples, met at least one of the following faecal-score criteria: 170 

three or more days with a faecal score of 2 or higher, two or more days with a faecal score 171 

of 3 or higher, or one day with a faecal score of 4. 172 



Histopathological evaluation of colon lesions 173 

Tissue samples from the apex of the spiral colon were fixed in 10% buffered formalin for 174 

48 h, processed using conventional histological techniques, and stained with 175 

haematoxylin�eosin (H&E) for microscopic examination. Histopathological assessment 176 

was performed independently by two blinded veterinary pathologists following a 177 

methodology developed by the Department of Anatomy and Comparative Pathology and 178 

Toxicology of the University of Córdoba, Spain. 179 

Lesions were evaluated using a semiquantitative scoring system based on three main 180 

parameters: 181 

1. Mucosal epithelial status (0�5): 0 = normal, unaltered epithelium (simple 182 

columnar); 1 = areas with flattened or detaching epithelium; 2 = focally extended 183 

flattened epithelium; 3 = focal erosion (loss of epithelium); 4 = focally extended 184 

erosions; and 5 = ulceration reaching the lamina propria. 185 

2. Inflammatory infiltrate in the lamina propria (0�4): evaluated by intensity and 186 

distribution as 0 = absent; 1 = infiltrate without crypt separation; 2 = infiltrate with 187 

focal crypt separation; 3 = multifocal crypt separation; and 4 = diffuse crypt 188 

separation. 189 

3. Intraluminal crypt infiltrate (0�4): determined by counting crypts with infiltrate 190 

foci in five fields using a 10× objective, where 0 = absent; 1 = 1�5 crypts with 191 

infiltrate foci; 2 = 6�10 crypts; 3 = >10 crypts; and 4 = presence of giant cells 192 

within crypts. 193 

The baseline histopathological score was calculated as the sum of these three main 194 

parameters (maximum 13 points). Where observed, additional findings including 195 

haemorrhage (+1) and the presence of Balantidium coli (+1) were added to this baseline, 196 

allowing for a maximum cumulative score of 15 points. 197 



 198 

Statistical analysis 199 

All statistical analyses and graphs for comparing among treatments (phytobiotic, positive 200 

control and negative control) were performed using R software (v. 4.5.2) (41) within R-201 

studio environment (v. 2026.01.1) (42). Differences in the proportion of qPCR-positive 202 

samples were tested using Fisher�s exact test while differences in the proportion of 203 

diarrhoea (faecal score ≥ 2 vs < 2) and dysentery-like faeces (faecal score ≥ 3 vs < 3) 204 

were assessed using Pearson�s chi-square tests. The proportion of SD-positive pigs 205 

between groups was also assessed using a chi-square test. 206 

The risk of disease onset (SD-positive) was analysed using Kaplan�Meier curves, and 207 

potential differences were tested using the log-rank test (43). Shedding duration (days) 208 

and number of medication events per pig were compared using the Wilcoxon rank-sum 209 

test (Mann�Whitney U) while comparison of B. hyo concentration among qPCR-positive 210 

samples was performed using the Kruskal�Wallis test (two-group non-parametric 211 

comparison) on the log10-transformed scale.  212 

For growth performance, linear models were fitted with ADG as the outcome and 213 

cumulative faecal score (sum), group, and their interaction (group × faecal score) as 214 

predictors. Models were fitted for the full period (0�27 P.I. days) and separately for each 215 

interval (0�14 days, 14�21 days, and 21�27 days). The same modelling approach was 216 

repeated after stratifying the dataset by health status at the time of scoring (healthy vs SD-217 

positive). Evidence for differential ADG�faecal score associations between groups was 218 

assessed via the interaction term. All analyses were performed in R using dplyr/tidyr 219 

package (v. 1.2.1 and v. 1.3.2) for data handling (44,45), lme4 for mixed-effects modelling 220 

(v. 2.0-6) (46) and emmeans (v. 2.0.4) to estimate group-specific slopes and test between-221 



group differences via pairwise contrasts of marginal trends (positive control vs 222 

phytobiotic; two-sided p-values, no multiplicity adjustment) (47).  223 

Group differences in the histopathology scores (total score, mucosal epithelial damage, 224 

inflammatory lamina propria infiltrate/crypt separation, and intraluminal crypt infiltrate) 225 

were tested using one-way ANOVA, followed by pairwise between-group comparisons. 226 

Results 227 

Brachyspira hyodysenteriae shedding outcome and faecal score results 228 

During the follow-up period (day 27-28 P.I.) the 12 pigs in each challenged group shed 229 

B. hyo in faeces in at least one point while no samples in the negative control group tested 230 

positive for B. hyo. The number of positive samples in the positive control group was 111 231 

out 276 samples (40.2%) in the phytobiotic group compared to 76 of 276 (27.5%) in the 232 

phytobiotic group (p = 0.002). 233 

A mean excretion period of 9.25 days per animal was observed in the positive control 234 

group, which was significantly longer than the 6.33 days observed in the phytobiotic 235 

group (p = 0.03) (Fig. 1). The analysis of the mean concentration of B. hyo in positive 236 

faeces (Fig. 2) revealed no significant differences between the positive control group 237 

(5.91 log₁₀ bacteria/g of faeces) and the phytobiotic group (6.23 log₁₀ bacteria/g of faeces). 238 

The study examining the evolution of faecal scores in shedding pigs was conducted 239 

starting on day 5 P.I. which coincided with the first B. hyo qPCR positive sample. The 240 

positive control group attained an average faecal score of 1.52, the phytobiotic group 241 

recorded a mean value of 0.93, and the negative control arrange a mean value of 0.33. 242 

Additionally, a cumulative measurement was performed by aggregating the faecal scores 243 

recorded from days 5 to 27 P.I., resulting in values of 29.67 and 20.17 for the positive 244 



control and phytobiotic groups, respectively. The statistical analysis primarily aimed to 245 

distinguish between normal faeces (scores of 0–1) and diarrhoea (scores ≥2) (Fig. 3). The 246 

positive control exhibited diarrhoea in 91 out 260 faecal samples (37.0%), compared to 247 

58 out 262 (22.1%) in the phytobiotic group (p = 0.001). A subsequent analysis was 248 

conducted to compare the proportion of dysenteric faeces (scores 3�4), recording 53 out 249 

260 samples in the positive control group (20.4%) and 31 out 262 samples in the 250 

phytobiotic group (11.8%) (p = 0.01). 251 

Swine Dysentery outcome results 252 

A total of eight pigs were recorded as SD positive in the positive control group, compared 253 

with five pigs in the phytobiotic group, with no statistically significant differences 254 

between groups. Disease outcome was further assessed using a Kaplan�Meier curve to 255 

compare the time to disease onset between groups (Fig. 4). The log-rank test did not reveal 256 

significant differences between the survival curves. Similarly, no significant differences 257 

were observed in the proportion of qPCR-positive samples or in the shedding period 258 

(Figs. 1 and 2). 259 

Faecal scores, diarrhoea incidence, dysenteric faeces, bacterial excretion levels, and the 260 

number of medication administrations were comparable in SD positive animals between 261 

positive control and phytobiotic groups. Although the positive control group showed 262 

slightly higher mean faecal scores, cumulative faecal scores, and medication 263 

requirements, none of these differences reached statistical significance. Overall, the 264 

phytobiotic group showed a lower number of SD positive animals and medication events, 265 

but the clinical outcomes among SD positive animals did not differ significantly from 266 

those observed in the positive control group. 267 



Histopathological analyses  268 

The histopathological evaluation of the colonic mucosa revealed differences in the overall 269 

mean lesion score among experimental groups (Figs. 5 and 6).  270 

The negative control group exhibited the lowest mean score (3.50 ± 1.26), representing 271 

the baseline structural integrity of the tissue. In contrast, the positive control group 272 

recorded the highest degree of tissue damage (5.60 ± 1.75), showing a statistically 273 

significant increase compared to the negative control. The phytobiotic group presented 274 

an intermediate overall score (4.58 ± 1.48), positioning between the healthy baseline and 275 

the severe tissue damage observed in the untreated infected animals. 276 

Regarding the individual parameters, a detailed assessment showed that the negative 277 

control group displayed a well-preserved colonic mucosa, characterized only by isolated 278 

areas of flattened epithelium (1.58 ± 0.66). Conversely, both the phytobiotic and positive 279 

control groups showed a greater extent of focal epithelial flattening and greater 280 

interindividual variability, yielding mean scores of 1.87 ± 1.44 and 1.81 ± 1.25, 281 

respectively. Evaluation of the lamina propria demonstrated a mild presence of immune 282 

cells with minimal crypt separation in the negative control group (1.75 ± 0.61). In 283 

contrast, the positive control group exhibited a severe inflammatory response, 284 

predominantly characterized by a dense neutrophilic infiltrate that resulted in a marked 285 

separation between crypts (2.31 ± 0.51). The phytobiotic group displayed an 286 

inflammatory response in this layer (2.29 ± 0.45) comparable to that of the positive 287 

control group, with crypt separation predominantly occurring in a focal and occasionally 288 

multifocal distribution.  289 

Notably, the assessment of intraluminal infiltrate within the crypts revealed the most 290 

marked histological difference between the challenged groups; while the positive control 291 

group exhibited a prominent accumulation of inflammatory cells within the crypts (1.45 292 



± 0.93), the phytobiotic group displayed a minimal intraluminal infiltrate (0.41 ± 0.46). 293 

Consequently, for this parameter, the phytobiotic-treated animals where similar to the 294 

negative control group (0.16 ± 0.40), effectively differentiating their lesional pattern from 295 

that of the positive control group.  296 

 297 

Production parameters 298 

Assessment of growth performance based on ADG, FCR, and ADFI revealed a consistent 299 

ranking among treatments (Fig. 8, Supplementary file 2). Overall, the negative control 300 

showed the highest ADG and the most favourable FCR (1.376), whereas the positive 301 

control exhibited the poorest feed efficiency (FCR, 1.487). The phytobiotic group 302 

consistently displayed intermediate performance, with an overall FCR of 1.465. 303 

Interval-based analyses of ADG (W1�W2, W2�W3, W3�W4, and W4�W5) showed that 304 

growth performance varied over time, with the negative control consistently 305 

outperforming the other groups. This difference became more evident during the final 306 

interval (W4�W5), when the negative control reached an ADG of 0.687 kg/day. The 307 

phytobiotic group followed a similar but less pronounced pattern, reaching 0.531 kg/day, 308 

whereas the positive control showed a more limited improvement, with an ADG of 309 

0.468 kg/day. Feed efficiency was generally better in the negative control, while the 310 

positive control and phytobiotic groups displayed greater fluctuations across intervals. 311 

Interval-based analyses of ADFI showed that feed intake varied over time, decreasing in 312 

all groups during W2�W3 before recovering in W3�W4 and increasing further during the 313 

final interval (W4�W5). In this final interval, ADFI reached 0.990 kg/day in the negative 314 

control and 0.862 kg/day in the phytobiotic group, compared with 0.675 kg/day in the 315 

positive control. This late increase in feed intake coincided with the improvement in ADG 316 



observed in the negative control and, to a lesser extent, in the phytobiotic group, whereas 317 

the positive control maintained both lower feed intake and lower growth performance. 318 

Further analysis of growth dynamics (ADG) and clinical burden (cumulative faecal score) 319 

were tested for between-group differences by the group × faecal score interaction. 320 

Analyses included each interval time period (W2�W3, W3�W4, and W4�W5) and were 321 

additionally stratified including all animals and by health status at the time of scoring 322 

(sheeder vs SD�positive). 323 

At the overall level (D0�27 PI; W2�W5), no significant between-group differences were 324 

observed in the ADG�faecal score relationship. Likewise, when these models were fitted 325 

using data from all animals, no significant differences in slopes were detected during the 326 

W2�W3 and W3�W4 intervals. In contrast, during the final interval (W4�W5), the 327 

negative association between faecal score and ADG was significantly attenuated in the 328 

phytobiotic group compared with the positive control (interaction p = 0.030). Stratified 329 

analyses showed that, among healthy pigs, slope differences were better for the 330 

phytobiotic group in the W3�W4 (p = 0.009) and the W4�W5 intervals (p < 0.001) 331 

compared to the positive control. Among SD positive animals in both groups, a significant 332 

between-group difference was detected in the W3�W4 interval (p < 0.001), driven by a 333 

markedly stronger negative slope in the positive control and an essentially flat 334 

relationship in the phytobiotic group. 335 

 336 

Discussion  337 

The present study evaluates a novel commercial phytobiotic, formulated with plant 338 

extracts and essential oils, in an experimental model of SD induced by B. hyo. Challenge 339 

models offer an opportunity to evaluate control strategies under controlled conditions, 340 



removing potential external factors which may bias field studies (36). On the other hand, 341 

the high dose usually used to guarantee the success of the infection may overcome the 342 

protective action of the active compounds. The findings of the study indicate that the 343 

tested product may contribute to the prevention and alleviation of SD caused by B. hyo, 344 

as reflected by a reduction in the prevalence of qPCR-positive samples, the number of 345 

shedding days per group, the overall mean faecal score, and the severity of 346 

histopathological lesions in the colon. 347 

Overall, the in vivo results suggest that the phytobiotic intervention did not completely 348 

prevent the occurrence of B. hyo shedding, as the same number of shedding pigs was 349 

observed in both challenged groups. However, when the total shedding was considered, 350 

the phytobiotic decreased the proportion of qPCR-positive samples, leading to a 31% 351 

relative reduction in positivity among shedding pigs. Furthermore, the duration of 352 

shedding was significantly reduced in the phytobiotic group by 32%, equivalent to 353 

approximately three less days of shedding. From a disease management perspective, these 354 

findings are particularly relevant, since reducing both the percentage of positive samples 355 

and the duration of bacterial excretion may decrease environmental contamination and 356 

infection pressure during SD outbreaks, which is a key strategy to limit disease spread 357 

not only within a batch but also to subsequent batches of pigs. Infection success depends 358 

strongly on the quantity and persistence of bacteria shed into the environment; therefore, 359 

greater shedding increases faecal�oral transmission and intensifies the exposure of pen-360 

mates through environmental contamination (48�50). This reduction in shedding was 361 

accompanied by improved faecal outcomes, particularly regarding diarrhoea and 362 

dysentery-like diarrhoea, suggesting a protective effect in the phytobiotic group, where 363 

the clinical disease process appeared to be limited, as reflected by a significantly better 364 

overall faecal score and relative reduction of both diarrhoea and dysentery-like diarrhoea. 365 



To the best of the authors� knowledge, only a limited number of studies have evaluated 366 

the specific mitigation of SD using essential-oil-based phytobiotic blends. Previous in 367 

vivo studies have likewise supported the potential of essential-oil-based phytobiotic 368 

supplementation for controlling SD with a formulations containing essential oils derived 369 

from thyme, oregano, and coriander, together with chestnut extract. This supplementation 370 

prevented the development of severe diarrhoea, with supplemented pigs showing only 371 

normal or soft faeces and an improved clinical response. However, B. hyo remained 372 

detectable by culture and PCR throughout the 21-days trial, indicating control of clinical 373 

disease rather than bacterial clearance (51). In a subsequent field study, a phytobiotic 374 

composed of essential oils from thyme, oregano, and coriander, chestnut extract, and 375 

clinoptilolite progressively reduced diarrhoea, with no clinical cases observed from week 376 

3 onwards. In this case, supplementation was associated with a reduction in the faecal 377 

load of B. hyo which fell below the detection limit only at the end of the seven-week study 378 

(52).  379 

 380 

Notably, the effect of the phytobiotic was not statistically evident among SD�positive 381 

pigs, which showed similar mean B. hyo shedding during the acute phase and a similar 382 

shedding duration to non-supplemented challenged pigs. Although the differences did not 383 

reach statistical significance, the mean faecal score among clinically affected pigs was 384 

0.48 points lower in the phytobiotic group than in the positive control group. A similar 385 

non-significant trend was observed for therapeutic requirements, with pigs receiving the 386 

phytobiotic requiring, on average, 2.2 fewer days of medication than untreated challenged 387 

pigs. Only one pig in the phytobiotic group required a second treatment cycle, whereas 388 

four pigs in the positive control group required a second and, in some cases, a third cycle. 389 

The comparable positive correlation between B. hyo shedding and faecal score in both 390 



challenged groups suggests that the phytobiotic did not alter the relationship between 391 

bacterial excretion and clinical severity. Overall, these findings indicate that the 392 

phytobiotic did not prevent infection or substantially alter shedding dynamics once 393 

clinical disease was established. However, its association with lower bacterial excretion 394 

and disease expression at the group level may help limit relapse and reduce transmission 395 

pressure within the pen. Consistently the lower therapeutic requirements may be related 396 

to the reduced clinical severity rather than to an additional protective effect during the 397 

acute phase. 398 

 399 

Multiple mechanisms of action have been described for essential oil compounds, 400 

depending on the nature and composition of the product tested. Some of them can support 401 

beneficial bacterial populations, preserve microbial balance, reduce intestinal pH, 402 

reinforce epithelial barrier integrity or modulate oxidative and inflammatory responses 403 

(15,19,20,53�55). Some of these mechanisms are particularly relevant in B. hyo 404 

pathogenesis, as neutrophil-driven inflammation which can promote the internalization 405 

of tight-junction proteins, removing them from the apical membrane and weakening the 406 

paracellular seal. In addition, similar formulations may help counteract the oxidative 407 

stress and mitochondrial dysfunction associated with SD which may contribute to disease 408 

development (56), by activating pathways that upregulate antioxidant enzymes and other 409 

protective proteins involved in cellular stress and inflammatory responses (15,17,19). 410 

Overall, these combined effects on the microbiota, epithelial barrier, and redox balance 411 

provide a coherent mechanistic framework for interpreting the reduced expression of 412 

acute disease observed in the present study and the subsequent containment of infection 413 

dynamics at the pen level. 414 



Although no significant differences were detected in the mucosal epithelial status or 415 

lamina propria inflammatory infiltrate between the challenged groups, the intraluminal 416 

crypt infiltrate was significantly reduced in the phytobiotic group, reaching values 417 

comparable to the negative control. This parameter quantifies intraluminal inflammatory 418 

foci within colonic crypts. In acute SD, clinically affected pigs develop microscopic 419 

haemorrhagic colitis with abundant neutrophil infiltration in the lamina propria and 420 

lumen, which leads to the formation of intraluminal foci (57). Therefore, the reduction 421 

observed in the phytobiotic group indicates an attenuation of the active and exudative 422 

components of colitis at the crypt level. This aligns with experimental SD scoring systems 423 

that incorporate crypt lesions and abscesses as key indicators of severity (58,59). Finally, 424 

the lack of significant differences in mucosal damage or lamina propria infiltrate between 425 

the challenged groups may reflect the spatially heterogeneous and stage-dependent nature 426 

of SD lesions. 427 

Growth performance outcomes (ADG and FCR) should be interpreted as supportive 428 

endpoints in enteric challenge models, because reductions in growth are often driven by 429 

time-varying decreases in feed intake and increased maintenance costs during infection 430 

(60). Consistent with this framework, experimental B. hyo infection has been shown to 431 

markedly impact ADG and FCR negatively with the largest performance penalties 432 

matching the onset and peak of clinical disease (60). Previous challenges evaluating 433 

phytobiotic supplementation, reported an improved feed efficiency in supplemented pigs 434 

compared with infected controls (51,61,62). In our study, the phytobiotic group showed 435 

an intermediate performance profile between the non-challenged negative control and the 436 

challenged positive control. However, the distance from the positive control was smaller 437 

when summarised across the full period. Notably, the phytobiotic-related effect was most 438 

evident in the ADG�faecal score relationship in the late phase of the study (the last two 439 



measured intervals), where the phytobiotic attenuated the growth penalty associated with 440 

increasing clinical burden compared with the positive control. This phase-specific 441 

protection in phytobiotic animals prevents a decline in ADG during the acute phase of 442 

SD, facilitates recovery, and establishes the basis for restoration from a higher level than 443 

the positive control.  444 

 445 

Conclusions 446 

This B. hyo experimental challenge provides a proof-of-concept evidencing that the tested 447 

phytobiotic can support SD control. The most consistent benefits were observed at the 448 

group level, with reduced qPCR positivity and a shorter shedding period, together with 449 

an improved faecal-score profile and a reduction of the severity of histopathological 450 

lesions in the colon, which is consistent with lower infection pressure and reduced within-451 

pen re-exposure. Effects within SD positive animals were less evident; however, trends 452 

toward fewer medication days and retreatment cycles suggest a potential contribution to 453 

relapse control. Growth performance outcomes were not markedly separated from the 454 

positive control when summarized across the full period, but the treatment attenuated the 455 

growth penalty associated with acute disease. Histopathology showed a selective effect, 456 

with reduced inflammatory intraluminal crypt infiltrate reaching levels comparable to the 457 

negative control despite similar mucosal epithelial and lamina propria scores between the 458 

challenged groups. Future studies should evaluate and clarify underlying mechanisms, 459 

particularly microbiota modulation, epithelial barrier function, and redox/inflammatory 460 

pathways. Phytobiotic strategies, such as the one evaluated here, represent a useful 461 

complementary approach to reduce reliance on antibiotics within integrated SD control 462 

programs. 463 
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Figures 500 

Figure 1. Shedding period, expressed in days, by treatment group and health status. 501 

Violin plots with embedded boxplots show the distribution of shedding time for the 502 

phytobiotic (Phytob) and the positive control groups, shown separately for shedder 503 

animals and Swine Dysentery (SD) positive animals. Points represent individual animals, 504 

diamonds indicate group means, and labels indicate the mean shedding time and the 505 

number of animals included in each group 506 

Figure 2. B. hyodysenteriae shedding load by treatment group and animal status. 507 

Boxplots show the distribution of B. hyodysenteriae load, expressed as log10 bacteria/g 508 

of faeces, in the phytobiotic group (Phytob) and positive control group, shown separately 509 

for shedder animals and Swine Dysentery (SD)-positive animals. Points represent 510 

individual qPCR-positive samples, boxes indicate the interquartile range, horizontal lines 511 



indicate medians, and whiskers show the data range. Labels indicate group means. 512 

Between-group comparisons were performed using the Wilcoxon rank-sum test, with p-513 

values shown above each panel. 514 

Figure 3. Faecal score and infection-status matrices in pigs during the experimental 515 

period. On the top, colour matrices show the temporal evolution of individual faecal 516 

scores by sampling day, stratified by treatment group: phytobiotic group (Phytob) at the 517 

top and positive control group at the bottom. Faecal consistency was scored as follows: 518 

0, normal faeces; 1, semi-solid faeces; 2, liquid diarrhoea; 3, diarrhoea with mucus; and 519 

4, haemorrhagic diarrhoea. Diarrhoeic samples were defined as faecal score ≥ 2, and 520 

dysenteric diarrhoea as faecal score ≥ 3. White-highlighted animal IDs indicate animals 521 

not classified as Swine Dysentery (SD) positive, whereas non-highlighted IDs indicate 522 

SD positive animals. On the bottom, heatmaps show the temporal evolution of B. hyo 523 

shedding load and faecal score for each pig during the experimental period, stratified by 524 

treatment group: Phytob at the top and positive control at the bottom. Numerical values 525 

within cells indicate B. hyo concentration, expressed as log10 bacteria/g of faeces, for 526 

qPCR-positive samples, defined as Quantity_log ≥ 3.0. White-highlighted animal IDs 527 

indicate animals not classified as SD-positive, whereas non-highlighted IDs indicate SD-528 

positive animals. Black cells represent non-sampled timepoints or animal death. Black-529 

bordered squares indicate medicated animals. 530 

Figure 4. Kaplan�Meier curves showing the probability of remaining free from 531 

diarrhoea during the experimental period by treatment group. Survival probability 532 

represents the proportion of pigs that had not yet developed diarrhoea at each sampling 533 

day. Diarrhoea was defined as a faecal score ≥ 2. Curves are shown for the phytobiotic  534 

group (Phytob) and the positive control group. Shaded areas represent 95% confidence 535 



intervals. The number of animals at risk at each sampling day is shown below the plot. 536 

Differences between-group were assessed using the log-rank test (χ² = 2.06, p = 0.151). 537 

Figure 5. Colon lesion score by treatment group. Bar plot showing the total colon 538 

lesion score in the phytobiotic group (Phytob), positive control group, and Negative 539 

Control group. The total colon lesion score was calculated as the sum of the mucosal 540 

epithelium score, lamina propria score, and crypt damage score. Bars represent group 541 

means, error bars indicate variability around the mean, and black points represent 542 

individual animals. Pairwise statistical comparisons are shown above the plot; ns 543 

indicates non-significant differences, and * indicates a statistically significant difference 544 

between groups (p < 0.05). 545 

Figure 6. Representative colon tissue sections by treatment group and histological 546 

compartment. Representative haematoxylin and eosin-stained colon sections are shown 547 

for the Negative Control, phytobiotic group (Phytob), and Positive Control group. 548 

Columns correspond to the evaluated histological compartments: mucosal epithelium, 549 

inflammatory infiltrate in the lamina propria, and intraluminal crypt infiltrate. Images 550 

were selected as representative sections based on the average score for each analysed 551 

compartment within each treatment group. Scale bars are shown in each image. 552 

Figure 7. Performance metrics by treatment group across the experimental period. 553 

Line plots on the left show feed conversion ratio (FCR), average daily feed intake (ADFI), 554 

and average daily gain (ADG) by experimental week interval (W1�W2, W2�W3, W3�555 

W4, and W4�W5). Points represent observed group means, with numerical values 556 

displayed above each point. Treatment groups are shown as phytobiotic group (Phytob) 557 

in green, Positive Control pigs in blue, and Negative Control pigs in black. Heatmaps on 558 

the right show the percentage difference for the Positive Control and Phytob groups 559 



relative to the Negative Control group for each week interval and for the overall 560 

experimental period. Red indicates lower values than the Negative Control group, 561 

whereas blue indicates higher values. 562 

Figure 8. Relationship between average daily gain and faecal score by animal status 563 

and time interval. Scatterplots show average daily gain (ADG; kg/day per pig) as a 564 

function of cumulative faecal score within each interval, displayed separately for D0�14, 565 

D14�21, and D21�27, and stratified by all animals, Swine Dysentery (SD) positive 566 

animals, and non SD positive animals. Points represent individual pigs, with labels 567 

indicating animal ID, and are coloured by treatment group: Positive Control in blue and 568 

Phytobiotic-treated pigs (Phytob) in green. Solid lines represent group-specific linear fits 569 

from models including the Group × faecal score interaction within each interval and 570 

animal-status category. Annotation boxes report the between-group difference in slope 571 

between Positive Control and Phytob (Δβ = βPositive Control − βPhytob) and the 572 

interaction p-value testing whether the association between ADG and cumulative faecal 573 

score differs between treatment groups. 574 
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