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Abstract: The alpha (CPA), beta (CPB) and epsilon (ETX) toxins of Clostridium perfringens are responsible causing diseases that are 14 
difficult to eradicate and that have lethal potential in production animals. Vaccination of herds is still the best control strategy. 15 
Recombinant clostridial vaccines have shown good success at inducing neutralizing antibody titers and appear to be a viable alter- 16 
native to the conventional production of commercial clostridial toxoids. Research is still needed on the longevity of the humoral 17 
immune response induced by recombinant proteins in immunized animals, preferably in target species. The objective of this study 18 
was to measure the humoral immune response of cattle immunized with trivalent vaccines containing the recombinant proteins 19 
alpha (rCPA), beta (rCPB), and epsilon (rETX) of C. perfringens produced in Escherichia coli at three different concentrations (100, 20 
200, and 400 µg) of each protein for 12 months. The recombinant vaccines containing 200 µg (RV2) and 400 µg (RV3) yielded 21 
statistically similar results at 56 days and performed better throughout the study period because they induced higher neutralizing 22 
antibody titers and were detectable for up to 150 and 180 days, respectively. Regarding industrial-scale production, RV2 would be 23 
the most economical and viable formulation, as it achieved results similar to RV3 at half the concentration of recombinant proteins 24 
in its formulation. However, none of the vaccines tested induced the production of detectable antibody titers on day 365 of the 25 
experiment, the time of revaccination typically recommended in vaccination protocols, reiterating the need for research in the field 26 
of vaccinology to achieve greater longevity of the humoral immune response against these clostridial toxins in animals, in addition 27 
to the need to discuss the vaccine schedules and protocols adopted in cattle production. 28 

Keywords: immunology; biotechnology; antibody curve; recombinant alpha protein; recombinant beta protein; recombinant epsi- 29 
lon protein; serum neutralization; vaccine protocols. 30 
 31 

1. Introduction 32 
Brazil has a herd of more than 214 million cattle and produces approximately 10 million tons of meat for internal 33 

and external consumption, making it one of the main beef-producing and beef-exporting countries in the world [1]. 34 
Brazilian cattle production faces health challenges from diseases that are difficult to eradicate, such as clostridiosis, 35 
which are responsible for causing herd mortality, resulting in economic losses of approximately US $350 million per 36 
year for the national agribusiness production sector [2–4]  37 

Clostridium perfringens is an aerotolerant, Gram-positive, endospore-forming anaerobic bacillus that is ubiquitous 38 
and is commensal in the gastrointestinal tract of humans and other healthy animals [5,6]. This bacterium can produce 39 
an average of 20 toxins, which are currently classified into seven toxinotypes (A-G) based on the presence of six main 40 
toxins: alpha (CPA), beta (CPB), epsilon (ETX), iota (CPI), enterotoxin (CPE) and NetB [6–9]. They cause important 41 
myonecrotizing, neurological, and enteric conditions in production animals [2,3]. The acute and lethal effects caused 42 
by these toxins hinder the treatment of affected animals, and vaccination is still the most effective strategy for the 43 
control and prevention of these diseases [2,9]. 44 
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The commercial clostridial vaccines available on the market are mostly polyvalent and are composed mainly of 45 
toxoids, which are formaldehyde-inactivated clostridial toxins [3,10]. However, the production of these conventional 46 
toxoids has disadvantages because it requires well-characterized and properly preserved stable strains, specific cul- 47 
ture media, a controlled anaerobiotic environment, and several inactivation and detoxification stages, making the 48 
industrial process laborious, in addition to requiring rigorous biosafety protocols [11,12]. In addition, commercial 49 
vaccines are not produced by uniform protocols, showing significant variations in antigen concentrations between 50 
different batches [3,13,14], and in some cases, incomplete toxin inactivation can occur, bringing a potential risk of 51 
residual toxicity to animals [2]. 52 

Recombinant clostridial vaccines are viable alternatives to conventional commercial production [2–4,10,11,15– 53 
20], eliciting the production of neutralizing antibodies to within the levels required by law. However, studies on the 54 
modulation of the animal immune system are still needed to establish the longevity of the humoral immune response 55 
induced by different doses of recombinant proteins [3]. Thus, the objective of the present study was to investigate the 56 
1-year dynamics of the neutralizing antibody titers of cattle immunized with trivalent vaccines containing the recom- 57 
binant proteins alpha (rCPA), beta (rCPB), and epsilon (rETX) of C. perfringens produced in Escherichia coli. 58 

2. Results 59 
2.1. Safe vaccine formulations for use in cattle 60 

The sterility test did not indicate fungal or bacterial growth in any of the three produced recombinant vaccine 61 
formulations during the 21 days of observation. In the safety test, the animals did not show any type of local or sys- 62 
temic reaction, indicating the absence of toxicity. 63 
2.2. Antibody vary according to the vaccine formulation 64 

The neutralizing antibody titer varied according to vaccine formulation, as did the number of animals that pre- 65 
sented and maintained each titer throughout the study. At 56 days, all vaccines had induced a humoral immune re- 66 
sponse, but RV2 and RV3 were the only vaccines to achieve 100% (8/8) seroconversion against the three toxins, while 67 
the commercial vaccine only reached 100% seroconversion against the ETX toxin (Table 1). The RV1 vaccine, contain- 68 
ing 100µg, had the lowest seroconversion percentages: 37.5% (3/8) against CPA and CPB, 62.5% (5/8) against ETX. The 69 
animals in the negative control group (G5) showed no detectable anti-CPA, anti-CPB, or anti-ETX titer over the 12 70 
months of the study and are not included in the comparison tables.  71 

Table 1. Percentage of animals immunized with the commercial (COMV) and recombinant trivalent vaccines (RV1, RV2, RV3) 72 
that showed the minimum antibody titers required by law for antitoxin alpha (anti-CPA), beta (anti-CPB), and epsilon (anti- 73 
ETX) at 56 days after the first vaccination. 74 

        a Seroconversion rate 
 

 Vaccines 
Anti-CPA (56 days) Anti-CPB (56 days) Anti-ETX (56 days) 

COMV 37,5% 75% 100% 
RV1 37,5% 37,5% 62,5% 
RV2 100% 100% 100% 
RV3 100% 100% 100% 

a Seroconversion rate according to the minimum neutralizing antibody values required by the Brazilian Ministry of Agriculture, Livestock, and 75 
Food Supply (MAPA). 76 

 77 
The Kruskal-Wallis test showed that vaccine type affected the production of anti-CPA (X2(3) = 19.265; p < 0.0002), 78 

anti-CPB (X2(3) = 19.544; p < 0.0002), and anti-ETX titers (X2(3) = 26.347; p < 0.000000). The RV2 and RV3 vaccines were 79 
statistically similar in their induction of mean titers of antibodies against CPA, CPB, and ETX, being the only formu- 80 
lations to induce the minimum levels against the three toxins required by law (4, 10, and 2 IU/mL, respectively). These 81 
two groups had significantly higher mean titers than the others. The p-values of the pairwise comparisons using 82 
Dunn’s post hoc test indicated that COMV differed from RV2 and RV3 in the induction of mean titers for anti-CPA 83 
(respectively, p < 0.02; p < 0.004), anti-CPB (p < 0.005; p < 0.006), and anti-ETX (p < 0.02; p < 0.01), at 56 days after 84 
immunization. COMV was statistically equal to RV1 against the three toxins analyzed and only reached the minimum 85 
required titer of antibodies against the ETX toxin, whereas RV1 did not reach the minimum level required by interna- 86 
tional law against any toxin (Figure 2). 87 
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Figure 2. Analysis of the mean titers of alpha (anti-CPA), beta (anti-CPB), and epsilon antitoxins (anti-ETX) of Clostridium 89 
perfringens in cattle immunized with the commercial vaccine (COMV) or with the recombinant trivalent vaccines (RV1, 90 
RV2, RV3) on day 56 after the first vaccination. Lowercase letters indicate whether the groups were significantly different 91 
when compared by Dunn’s post hoc test (p < 0.05). The dashed lines show the minimum level of neutralizing antibody 92 
titers against each toxin required by law (4, 10, and 2 IU/mL for alpha, beta, and epsilon, respectively). (A) Mean titers of 93 
neutralizing antibodies against CPA; (B) mean titers of neutralizing antibodies against CPB; (C) mean titers of neutralizing 94 
antibodies against ETX. 95 

2.3.The amount of recombinant protein influences the longevity of the humoral immune response  96 
The mean titers of antibodies against CPA, CPB, and ETX peaked at 56 days and remained detectable only until 97 

day 180 after the first vaccination. Starting on day 210, no experimental group showed the minimum antibody titer 98 
established by law against the CPA, CPB, or ETX toxin of C. perfringens (4, 10, 2 IU/mL) by the seroneutralization 99 
technique. On day 56, only the recombinant formulations RV2 and RV3 achieved mean antibody titers higher than the 100 
minimum values, and both showed a similar behavior throughout the study, with higher antibody titers than the 101 
commercial vaccine and RV1. However, of all vaccines, only RV3 induced detectable neutralizing antibody titers 102 
through day 180. 103 

The RV1 and COMV groups did not reach the minimum mean antibody values at nearly any time in the study 104 
period and presented longevity up to 120 and 150 days, respectively. Starting on day 90, all vaccine groups showed a 105 
reduction in antibody titers, but the mean anti-ETX values remained within the required by law for a longer time than 106 
anti-CPA and anti-CPB did (Figure 2). 107 

 108 
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Figure 2. (A) Mean titers of Clostridium perfringens alpha antitoxin (anti-CPA) in cattle immunized with the commercial 110 
vaccine (COMV) and cattle given the recombinant trivalent vaccines (RV1, RV2 and RV3) on days 56, 90, 120, 150 and 180 after 111 
the first vaccination. (B) Mean titers of Clostridium perfringens beta antitoxin (anti-CPB) in cattle immunized with the commer- 112 
cial vaccine (COMV) or a recombinant trivalent vaccine (RV1, RV2 and RV3) on days 56, 90, 120, 150 and 180 after the first 113 
vaccination. (C) Mean titers of Clostridium perfringens epsilon antitoxin (anti-ETX) in cattle immunized with commercial vac- 114 
cine (COMV) or a recombinant trivalent vaccine (RV1, RV2 and RV3) on days 56, 90, 120, 150 and 180 after the first vaccination. 115 

3. Discussion  116 
Recombinant proteins have shown promising results in the induction of neutralizing antibodies in different spe- 117 

cies, reaching the minimum titers required by law and higher than those obtained with commercial vaccines [3,4,15– 118 
21]. However, most of these studies involve potency tests, evaluating the production of neutralizing antibodies only 119 
at 56 days after the first vaccination, only two of them involving vaccines against botulism [12,18]. among those that 120 
have evaluated the duration of the induced protection time in immunized animals. This study is the first to measure 121 
the longevity of the humoral immune response of cattle immunized with trivalent vaccines containing the recombi- 122 
nant proteins alpha (rCPA), beta (rCPB), and epsilon (rETX) of C. perfringens at three different concentrations (100, 123 
200, and 400 µg) of each protein, for a period of 1 year. 124 

The measured antibody titers varied according to the vaccine formulation and over time. In the animals vac- 125 
cinated with the highest concentrations tested (200 and 400 µg), higher titers were induced than those required by 126 
law, and these were the only animals to achieve 100% (8/8) seroconversion for anti-CPA, anti-CPB, and anti-ETX on 127 
day 56. RV2 and RV3 had statistically equal mean antibody titers at 56 days, with 4.62 and 4.94 IU/mL for anti-CPA, 128 
12.1 and 12.6 IU/mL for anti-CPB, and 10.6 and 12.1 for anti-ETX, respectively, and these were the formulations that 129 
maintained the highest mean antibody titers throughout the study. These results are similar to those described by 130 
Moreira et al. [12] in cattle and by Otaka et al. [18] in buffaloes, who measured the longevity of the immune response 131 
of these animals immunized with bivalent recombinant vaccines against botulinum neurotoxins (BoNTs) C and D 132 
over 365 days. Those authors used the same concentrations adopted in the present study (100, 200, 400 µg) and demon- 133 
strated that the concentrations of 200 and 400 µg also induced higher mean and longer-lasting antibody titers than 134 
other formulations, including the commercial vaccine, which reinforces the idea that the levels of neutralizing anti- 135 
body titers and the longevity of the immune response are directly related to the protein concentration per dose used 136 
in a vaccine. 137 
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In this study, the group of animals vaccinated with RV1 did not reach the minimum mean antitoxin titers for 138 
CPA, CPB, or ETX on any of the evaluated days using the serum neutralization technique. The RV2 vaccine containing 139 
200µg was the lowest recombinant protein concentration capable of inducing 100% seroconversion in the animals 140 
against the three toxins at 56 days after vaccination and showed results statistically similar to RV3 in regard to the 141 
mean antibody titers throughout most of the study. Freitas et al.[19] in horses tested bivalent vaccines against C. 142 
perfringens rCPA and rCPB, obtained by the same cloning and expression technique used in the present study, at 143 
concentrations of 100, 200 and 400 µg per dose. At 56 days after immunization, the authors also found that 200 µg as 144 
the lowest concentration capable of inducing the minimum antibody titers required by law against these toxins, 145 
demonstrating that the recombinant formulations produced using this technology show similar performance even in 146 
different species. These results indicate that the 100µg formulation may contain an inadequate concentration of anti- 147 
gens that can stimulate a satisfactory and lasting immune response against these toxins but that 200 µg would be the 148 
minimum ideal concentration of recombinant proteins to induce an international law–compliant humoral immune 149 
response. In addition, RV2 showed results similar to RV3, and because it contains half the concentration of recombi- 150 
nant proteins in its formulation, it can be seen as a more economically viable option for large-scale industrial produc- 151 
tion. 152 

The commercial vaccine had a significantly lower performance than RV2 and RV3 throughout the study. In ad- 153 
dition, it induced antibody titers below the minimum values required by law in most animals against CPA and CPB, 154 
reaching a 100% seroconversion rate only against ETX at 56 days after vaccination. When compared to the recombinant 155 
formulations, COMV was statistically similar only to the weakest experimental vaccine (RV1), and regarding the lon- 156 
gevity of the induced immune response, it showed detectable antibody levels up to 150 days, but only for anti-CPB 157 
and anti-ETX. In recent years, other studies have also reported that the antibody titers induced by commercial clos- 158 
tridial vaccines were lower than those obtained with recombinant vaccines using the same adjuvant, aluminum hy- 159 
droxide [10,15–17,19]. Augusto de Oliveira et al. [22] evaluated for 1 year the humoral immune response of cattle 160 
inoculated with polyvalent commercial vaccines containing C. botulinum toxoids type C and D (BoNTs) and the C. 161 
perfringens ETX toxoid. During the study period, only 12.5% of the animals had minimum levels of neutralizing anti- 162 
bodies against all analyzed antigens, whereas the present study obtained 100% seroconversion for anti-CPA, anti-CPB, 163 
and anti-ETX at 56 days with the RV2 and RV3 formulations. As a quality control of commercial clostridial vaccines, 164 
annual potency tests are performed on model species, in which the neutralizing antibody titers are measured by the 165 
serum neutralization technique weeks after immunization of these animals, as described in MAPA norm 49 [23]. How- 166 
ever, studies indicate a discrepancy in the titers of neutralizing antibodies induced in the target species when com- 167 
pared to those obtained in animal models used in official tests [3,4].These data indicate that commercial clostridial 168 
vaccines, although approved through potency tests, have a low efficacy in the humoral immune response induced in 169 
target species, such as in cattle in the field, reaffirming the importance of renewing the discussion about animal models 170 
that more accurately reflect the potency of these formulations for commercial use. The low performance of commercial 171 
vaccines in target species may be linked to the nonuniform production process of these formulations, since their pro- 172 
duction is not based on the direct quantification of vaccine antigens, which leads to variable (sometimes too low) 173 
concentrations between batches and consequently different responses induced in animals. In addition, recent studies 174 
have reported the immunodominance of some clostridial antigens present in commercial polyvalent vaccines after 175 
observing significant differences in the levels of neutralizing antibodies induced in sheep [24] and cattle [22] against 176 
each antigen analyzed, indicating possible antigenic competition. Although this competition mechanism is not fully 177 
elucidated for clostridial vaccines, studies have analyzed the factors underlying this phenomenon in sheep immunized 178 
with different types of vaccines against Dichelobacter nodosus and reported that this term has been used to describe the 179 
tendency of some polyvalent vaccines to induce lower immune responses than those achieved with vaccines contain- 180 
ing only one component. They also highlighted that such competition may be related to the presence of many struc- 181 
turally related antigens in the formulations [25,26], another possible explanation for the low levels of protection ob- 182 
tained with commercial polyvalent clostridial vaccines. 183 

All formulations tested in this study reached their maximum peak antibody levels at 56 days, and they decreased 184 
starting on day 90 after the first vaccination. Compared with the anti-CPA and anti-CPB titers, the mean anti-ETX 185 
titers decreased more slowly and remained for longer (120 days) above the minimum values required. Moreira et al. 186 
[3] tested the immunogenicity of this recombinant trivalent vaccine in sheep, goats, and cattle, prepared with the same 187 
inputs and protocols as in the present study, and observed that rETX induced higher levels of neutralizing antibodies 188 
than rCPA and rCPB during the study, both in the potency test in rabbits and in the other evaluated species. This 189 
recombinant version of the C. perfringens ETX toxin has been shown to induce high levels of neutralizing antibodies, 190 
surpassing the titers obtained with commercial vaccines, either combined with other recombinant proteins, as in this 191 
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study, or in experiments evaluating its performance alone in a no purified version [11].The results described here 192 
indicate that rETX is a promising molecule for the production of a recombinant vaccine at the commercial level and 193 
that the differences found in the humoral immune response levels against each analyzed antigen are related to the 194 
hypothesis of antigenic competition that has been observed in commercial polyvalent clostridial vaccines [22,24] dif- 195 
ferent toxins produced by Clostridium species, as are experiments to compare the antibody titers induced by conven- 196 
tional and recombinant vaccines, mono- or polyvalent, to measure the influence of the number of vaccine antigens 197 
contained in the formulation on the level of protection generated in the animals and the duration of this response 198 
against each antigen. 199 

Regarding the longevity of the induced immune response, although the RV2 and RV3 vaccines performed better 200 
in this study, they still did not induce detectable antibody titers for longer than 6 months after the first vaccination, 201 
and starting on day 210, it was no longer possible to measure antibody titers in any of the immunized cattle from any 202 
experimental group using the serum neutralization technique. It is noteworthy that the protocols and schedules for 203 
immunization against clostridiosis recommend revaccination only annually [27], so according to the observed results, 204 
the animals immunized with COMV would in theory remain unprotected for approximately 210 days, and those vac- 205 
cinated with RV3 for 180 days, before the annual booster dose. This low longevity of the immune response was also 206 
observed by Moreira et al. [12] and Otaka et al. [18] with the use of recombinant proteins, as well as in the experiment 207 
by Augusto de Oliveira et al.[22] in which cattle immunized with commercial polyvalent clostridial vaccines showed 208 
measurable neutralizing antibody titers only up to 60 days for ETX, 120 days for BoNT C, and 180 days for BoNT D, 209 
according to the serum neutralization technique. These data indicate that the short duration of the humoral immune 210 
response is a reality observed in animals immunized with commercial toxoids or with recombinant vaccines, demon- 211 
strating the importance of planning new clostridial vaccination protocols and schedules and proposing adjustments 212 
to existing ones. The addition of more doses at smaller intervals, such as biannual revaccination or adjustments in the 213 
intervals between the first and second doses of the initial vaccination protocol, can be adopted as strategies to increase 214 
the detection period of neutralizing antibodies in sera from these animals. In addition, further studies are needed to 215 
find ways to prolong the humoral immune response induced by these recombinant vaccines, considering the efficacy 216 
results already achieved with this technology in different species [3,15,18,19] and given the limitations of conventional 217 
production. Tests involving other adjuvant molecules besides the aluminum hydroxide used in most commercial and 218 
recombinant vaccines can improve and prolong the efficacy of these vaccines [21,28] and bioinformatic tools can be 219 
used for the development of new immunogenic recombinant molecules. Rodrigues et al. [29] reported that with the 220 
aid of such tools, they designed new versions of the rCPB protein and produced an unpurified protein (rCPB-C) with 221 
high productivity, solubility, and antigenicity, which is another promising option for the development of recombinant 222 
vaccines that induce a more lasting humoral immune response. Probiotics can act as immunomodulators and enhanc- 223 
ers of the immune response of animals after vaccination [30–32] .In a recent study, ewes immunized with a formulation 224 
containing the rETX protein of C. perfringens, after supplementation with Bacillus toyonensis BCT-7112T, showed a 2- 225 
to 3-fold increase in total serum levels of anti-rETX IgG compared to the group of no supplemented animals [33], 226 
indicating that this practice can also be tested as one of the strategies to improve the immune response of cattle vac- 227 
cinated with these recombinant trivalent C. perfringens toxoids. The present study showed the influence of antigen 228 
concentrations on the levels and duration of the humoral immune response against the main toxins of C. perfringens 229 
in cattle over a 12-month interval and that it provides baseline data for future experiments aimed at obtaining ade- 230 
quate adjustments in the concentrations of these recombinant proteins as an attempt to prolong the protection period 231 
induced by this trivalent vaccine and for use in other species. 232 

4. Conclusions 233 
The 200 and 400µg recombinant vaccines were the best formulations at inducing anti-CPA, anti-CPB, and anti- 234 

ETX titers in cattle, with higher, more persistent titers detectable for a longer time than the commercial vaccine in- 235 
duced. From the standpoint of technology transfer to the animal vaccine production industry, the RV2 formulation 236 
(200 µg) would be the most economical, though both 400 and 200 µg can be considered safe and effective options for 237 
commercial production of clostridial vaccines, surpassing the limits of conventional production. However, none of 238 
the tested vaccine formulations stimulated the production of detectable neutralizing antibody titers for 1 year accord- 239 
ing to the serum neutralization test, which could suggest that the animals would not be protected if they were chal- 240 
lenged by clostridial toxins after, for example, 180 days since vaccination. Therefore, these results reiterate what has 241 
long been discussed in preventive veterinary medicine about the need to reassess the current vaccination protocols 242 
and schedules, the need to adjust revaccination periods, and the need to continuously conduct research on new vaccine 243 
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molecules and adjuvants, including the use of probiotics, to promote a longer measurable humoral immune response 244 
of animals vaccinated against the alpha, beta, and epsilon toxins of Clostridium perfringens. 245 

 246 
5. Materials and Methods 247 
5.1 Ethics declaration 248 

The study was conducted according to the norms regulated by the National Council for Animal Experimentation 249 
Control (Conselho Nacional de Controle de Experimentação Animal - CONCEA) and approved by the Ethics Com- 250 
mittee on Animal Use of the Federal University of Pará (Universidade Federal do Pará - UFPA) under registration 251 
number 2448250321. 252 
5.2 Recombinant vaccines 253 

The rCPA, rCPB, and rETX proteins were produced as described by Moreira et al. [3] In the formulation of the 254 
recombinant trivalent vaccines, the proteins produced were made at concentrations of 100µg (recombinant vaccine 1 255 
– RV1), 200µg (recombinant vaccine 2 – RV2), and 400µg (recombinant vaccine 3 – RV3), adsorbed to aluminum hy- 256 
droxide [2.5–3.5% Al (OH)3], and kept under slight stirring for 20 h at 25 °C [34]. At the end of the production process, 257 
three recombinant trivalent vaccine formulations were obtained, containing, respectively, 100 (RV1), 200 (RV2) and 258 
400 µg (RV3) of each of the recombinant proteins, rCPA, rCPB, and rETX per vaccine dose.  259 
5.3 Sterility and safety test 260 

The recombinant vaccine sterility test was performed as described in norm 49 of the Brazilian Ministry of Agri- 261 
culture, Livestock, and Supply (MAPA, for its name in Portuguese) [23]. In the safety test [18], two cattle were inocu- 262 
lated with a dose of the vaccine formulation containing 800 µg of each recombinant protein, double the dose of the 263 
vaccine with the highest concentration tested in the experiment (400 µg) and these animals were observed daily for 7 264 
days for the occurrence of local and systemic effects. 265 
5.4 Vaccination of animals 266 

A total of 40 18-month-old Nelore cattle were used, which were kept in pasture with free access to water and 267 
mineral supplementation. These animals did not have detectable levels of antibodies against CPA, CPB, or ETX ac- 268 
cording to the serum neutralization technique, performed before the beginning of the experiment, and were randomly 269 
allocated into five groups (G1-G5), each containing eight animals. The animals from G1, G2, and G3 received recom- 270 
binant vaccines RV1, RV2, and RV3 (concentrations of 100 µg, 200 µg and 400 µg), respectively, in a total volume of 2 271 
mL per dose. The animals from G4 (positive control) were immunized with 2 mL per dose of the commercial vaccine 272 
(COMV) containing aluminum hydroxide as an adjuvant and the CPA, CPB, and ETX toxoids of C. perfringens, among 273 
other clostridial toxoids. The animals from G5 (negative control) were inoculated with 2 mL of sterile saline solution 274 
(0.9% NaCl). The shots were given subcutaneously in the neck area on days 0 and 28. Blood samples were collected 275 
by jugular venipuncture on days 0, 56, 90, 120, 150, 180, 210, 240, 270, 300, 330 and 365. After collection, the samples 276 
were centrifuged in the laboratory (3000 × g, 7 min), and the sera were labeled and stored at -20 °C until titration. 277 
5.5 Evaluation of the humoral immune response 278 

Individual sera were titrated using the serum neutralization technique following the methods established by the 279 
United States Department of Agriculture [35] for detection of the alpha antitoxin (anti-CPA) and the methods de- 280 
scribed by European Pharmacopoeia (1998) [36] for the beta (anti-CPB) and epsilon antitoxins (anti-EXT). The antibody 281 
titer was calculated by the Reed and Muench method [37] and expressed in international units per milliliter (IU/mL). 282 
5.6 Statistical analysis 283 

To evaluate the effects of vaccine type on the antibody titer, the Kruskal-Wallis nonparametric statistical test with 284 
repeated measures was used because the tested data did not meet the assumptions of a parametric test. Dunn’s post 285 
hoc test was applied to significant results. The calculations were done in R 4.1 (R Development Core Team 2019). 286 
Descriptive statistical analysis was used to evaluate the antibody titer production curve for each vaccine tested over 287 
time. P-values ≤ 0.05 were considered significant. 288 
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