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Abstract: 

Results from the present study confirmed the anti-Campylobacter activity of diphenyliodonium chloride (DIC) 

and thymol. Results further showed that concentrations as low as 0.01 mM DIC and as low as 1.0 mM thymol 

were effective in reducing Campylobacter populations to near or below our limit of detection which was 20 

cells per ml of incubation fluid. Both inhibitors were effective against our challenge strain of Campylobacter 

coli and against native Campylobacter species present in swine feces. Administration of a single DIC treatment 

was modestly more effective than a single thymol treatment in reducing Campylobacter coli concentrations in 

mixed populations of swine fecal microbes cultured anaerobically during 5 consecutive 8 h batch cultures. 

However, a single treatment with DIC was markedly superior to a single thymol treatment in reducing 

Campylobacter coli during similar consecutive batch culture of swine fecal microbes under a microaerophilic 

atmosphere. Both DIC and thymol were near equally effective in reducing Campylobacter coli when 

administered repeatedly to mixed populations of swine fecal microbes cultured anaerobically or 

microaerophilically during 5 consecutive 8 h batch cultures. There was no evidence that the bacterial 

populations were able to adapt to repeated exposure to DIC or thymol. Results from two pig feeding studies 

revealed that neither DIC or thymol adversely affected dry matter intake or live weight gain when fed for 7 days 

in diets supplemented with less than or equal to 0.00042% DIC or 0.0201% thymol (wt/wt). However, results 

suggested that effective concentrations of DIC or thymol had not reached the lower gastrointestinal tract as 

evidence by little or no treatment effects on bacterial and fermentation acid concentrations recovered from gut 

contents collected at necropsy. These results suggest that while DIC and thymol effectively kill Campylobacter 

in mixed populations of swine gut bacteria, encapsulation or other protective technologies will ultimately need 

to be developed to deliver effective concentrations of these compounds to the lower gut to enhance their in vivo 

efficacy against Campylobacter.  

 

Introduction  

Campylobacter spp. are now estimated to be the leading bacterial cause of human foodborne illness in the 

United States, causing an >1.9 million illnesses at a cost of $1,215,300,000 annually (ERS, 2007; Mead et al., 

1999). Campylobacter can also cause post-infection complications associated with acquiring immune-mediated 

neuropathies known as Guillian Barré Syndrome or Miller Fisher Syndrome (Nachamkin et al., 1998; Salloway 
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et al., 1996). More than 99% of Campylobacter infections are caused by Campylobacter jejuni; however, 

approximately 26,000 infections are caused by Campylobacter coli (CDC, 2008; Tam et al., 2003). 

Campylobacter are also recognized as reservoirs of antimicrobial resistance genes that have potential to be  

exchanged between other pathogenic and commensal bacteria (Thakur  and Gebreyes, 2005; Thakur et al., 

2006). Strategies that reduce concentrations of Campylobacter in animals before they arrive for processing are 

sought to reduce human exposures to these pathogens (Vugia et al., 2003).    

 More than 80% of pigs on a particular farm may be colonized with Campylobacter and while 

Campylobacter coli is recognized as the predominant species in swine, considerable numbers of pigs (as high as 

76%) can be colonized with Campylobacter jejuni (Jensen et al., 2006; Harvey et al., 1999). Campylobacter 

differ physiologically from most other commensal gut bacteria, however, in that they lack a key enzyme, 6-

phosphofructokinase, involved in energy metabolism (Velayudhan and Kelly, 2002) and thus are unable to 

ferment sugars and carbohydrates. Campylobacter are able to conserve energy via respiration on a variety of 

anaerobic electron acceptors, including fumarate, nitrate, sulfites as well as oxygen; the later only if at 

microaerophilic concentrations (Lee and Newal, 2006). Fermentation end products produced by other gut 

bacteria, such as H2 and formate, serve as important hydrogen donors for their respiration. Concentrations of 

anaerobic electron acceptors are typically low in gut environments; however, and thus it is unclear just how 

much growth may be supported by anaerobic respiration. Campyobacter can also utilize amino acids as energy 

substrates and we hypothesize that this is their primary means of conserving energy for growth in gut 

environments. Amino acids known to be used as energy sources include glutamate, glutamine, methionine, 

alanine and aspartate (Mohammed et al., 2004; Westfall et al., 1986). We further hypothesized and subsequently 

demonstrated that inhibition of amino acid catabolism by the purported deaminase inhibitors diphenyliodonium 

chloride and thymol markedly decreased the survivability of Campylobacter jejuni and Campylobacter coli 

during in vitro incubation with swine fecal microbes (Anderson et al., 2009). The primary objectives of the 

present study were to determine optimal doses of the inhibitors thymol and diphenyliodonium chloride needed 

to provide optimal efficacy and persistence in controlling Campylobacter in mixed populations of swine cecal 

bacteria in vitro and to determine if feed supplementation at 1X and 3X of the ascertained optimal doses 

(determined above) will effect intake, live weight gain and gut Campylobacter concentrations relative to 

untreated controls in a live weaned pig model. This research addresses the industry’s need for the development 

of practical, cost-effective multi-hurdle pathogen control strategies. 

 

Objectives:   
Objective 1. Determine optimal dose of each deaminase inhibitor, thymol and diphenyliodoium chloride, to 

achieve efficacious control of challenge species of Campylobacter within mixed populations of gut bacteria.  

Objective 2.  Determine persistence of bactericidal activity of thymol and diphenyliodoium chloride against 

challenge species of Campylobacter within mixed populations of gut bacteria. 

Objective 3.  Determine if feed supplementation at 0X, 1X and 3X of the ascertained optimal doses (determined 

above) will affect intake, live weight gain and gut Campylobacter concentrations in a live weaned pig model. 

 

Materials and methods:   

 Objective 1:  To determine the optimal doses thymol or DIC needed to achieve efficacious control of 

Campylobacter, mixed populations of porcine gut bacteria were obtained from freshly collected porcine fecal 

contents. Contents (0.6 g) were added to 300 ml anaerobic Bolton broth, mixed and then inoculated with an 

overnight culture of Campylobacter coli to achieve approximately 10
6
 CFU of C. coli/ml. This suspension was 

distributed (10 ml volumes) into 18x150 mm culture tubes containing no added inhibitor or additions of 0.25, 

0.5 or 1.0 mM thymol (prepared in ethanol) or 0.01, 0.05, 0.1, or 0.25 mM DIC (prepared in water). In earlier 

studies (Anderson et al., 2009), additional cultures were treated with an equal volume of ethanol to account for 

the ethanol used to prepare the thymol solutions; however, since results from these earlier studies found little 

effect of ethanol alone on the measure parameters the ethanol treatments were omitted from these studies. A 

second study was conducted similarly except with 0, 0.01, 0.001, 0.0001 and 0.00001 mM DIC. Treatments 

were applied as small volumes (<1% vol/vol) of concentrated stock solutions. In both studies, the mixed 
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cultures were incubated at 39
o
C under a 100% N2 gas phase. All tests were conducted in triplicate. Fluid 

samples were collected at 0, 6 and 24 h for enumeration of Campylobacter coli. In order to test the effects of 

thymol or DIC against endogenous Campylobacter spp. naturally present in swine feces, selected concentrations 

of thymol and DIC were incubated in vitro with mixed populations of porcine fecal bacteria prepared and 

incubated as above except without inoculation with the challenge Campylobacter coli strain.  

 Objective 2:  To determine the persistence of the Campylobacter-inhibiting activity of thymol and DIC, 

mixed populations of swine gut bacteria were subjected to a consecutive batch culture technique (Theodorou et 

al., 1987). Freshly collected fecal material was mixed with anaerobic or microaerophilic (N2:CO2:O2; 80:15:5) 

Bolton broth and inoculated with Campylobacter coli to achieve an initial concentration of approximately 10
5
 

CFU per ml. Ten ml volumes of the fecal suspension were distributed to 18x150 mm crimp top tubes and 

treatments were administered via addition of 100 mM thymol (prepared in ethanol) or 1 mM DIC (prepared in 

water). Tubes were sealed with rubber stoppers and then incubated at 39
o
C. After 8 h incubations, 1 ml was 

withdrawn from each tube and inoculated into a second series of tubes containing 9 ml fresh Bolton broth and 

respective treatment additions. The second series of tubes were then incubated for 8 h after which time the 

process was repeated to achieve the completion of a total of 5 consecutive batch culture series. The 8 h transfer 

interval was selected based on results from preliminary studies indicating that Campylobacter did not persist in 

untreated control cultures during consecutive transfer intervals of 16 or 24 h. During the consecutive batch 

cultures, fluid samples were collected at 0 and 8 h for enumeration of Campylobacter. In order to test how long 

the inhibitory effect persists following a single exposure to the inhibitors, a following consecutive batch culture 

experiment was conducted likewise except the inhibitors were supplemented only to the first incubation series. 

 Objective 3:   Upon determining optimal efficacious dose of the inhibitors against Campylobacter in vitro, 

two in vivo studies were conducted with weaned pigs to determine effects of feed supplementation on feed 

intake, live weight gain and gut Campylobacter concentrations. In these studies, inhibitors were supplemented 

to feed at 0X, 1X or 3X where 1X is equivalent to 0.0067% thymol and 0.00014% DIC (wt/wt). Weaned pigs 

were purchased from the Texas A&M University Animal Science Department and were transported to our 

grow-out facility at the Food & Feed Safety Unit. To accommodate individual feed administration, these pigs 

were randomly allocated to individual pens (2 pigs/pen) and acclimated to a standard commercial grower diet 

for 3 weeks before initiation of treatments. Each study was considered a replicate with 40 pigs/replicate. 

Treatments were administered by spraying each meal with 3 ml of concentrated stock concentrations of thymol 

(prepared in ethanol) or DIC (prepared in water). Meals were offered to pigs within each pen at approximately 

07:30 and 16:30 each day and consequently, each pen was considered an experimental unit. Measurements of 

feed offered and refused were recorded daily during a 7 day administration period for the first replicate but 

because of scheduling conflicts were measured only on days 3, 5, 6 and 7 of the second replicate. Ileal, cecal 

and rectal samples collected at necropsy 7 days post initiation of treatment were returned to the laboratory for 

enumeration of Campylobacter and measurement of fermentation endproducts. Cecal contents were also 

cultured to enumerate total cultureable anaerobes. Average daily gain was determined as the difference between 

live weight measures taken at the end and upon initiation of the treatment periods divided by 7 days. 

 Analytical:   Fluid samples collected at indicated times during the in vitro incubations and gut contents 

collected at necropsy were serially diluted into sodium phosphate buffered saline (pH 6.5) and plated to Campy 

Cefex agar for enumeration of Campylobacter. Colonies were counted after 48 h microaerobic (N2:CO2:O2; 

85:10:5) incubation at 42
o
C. Select fluid samples and cecal contents collected at necropsy were similarly diluted 

into anaerobic buffer (100% N2) and plated to Brucella Blood agar for enumeration of total cultureable 

anaerobes. Colonies were counted after 4 days incubation (39
o
C) under an anaerobic (N2:CO2:H2; 90:5:5) 

atmosphere. Fluid samples from the in vitro incubations and the 1:10 dilution of gut contents were analyzed 

colorimetrically for determination of ammonia (Chaney and Marbach 1962). The 1:10 dilutions of gut contents 

were also analyzed for volatile fatty acid concentrations via gas chromatography (Salnitro and Muirhead, 1975). 

Homogenized samples of feed offered and refused were dried at 100
o
C until constant weight was achieved and 

resultant dry matter percentages were used to adjust intakes to a dry matter values. 

 Statistical analysis: For the in vitro studies, tests for effects of treatment on log10 transformations of 

Campylobacter concentrations were conducted using a repeated measures analysis of variance. Tests for effect 
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of treatment on rates of ammonia accumulation and final pH and concentrations of total cultureable anaerobes 

(log10 transformations) were conducted using a general analysis of variance. For the in vivo study, tests for 

effects of treatment on dry matter intake, average daily gain, and gut concentrations of volatile fatty acids, 

ammonia and log10 transformations of bacterial counts (Campylobacter and total cultureable anaerobes) were 

accomplished using a general analysis of variance with the model statement including terms for treatment, 

replicate, pen and pig. All analyses were performed using STASTIX9 Analytical Software (Tallahassee, FL, 

USA).  

 

Results and Discussion:  

Objective 1. Determine optimal dose of each deaminase inhibitor, thymol and diphenyliodoium chloride, to 

achieve efficacious control of challenge species of Campylobacter within mixed populations of gut bacteria.  

 

In agreement with earlier research (Anderson et al., 2009), results from the studies reported here show that 

diphenyliodonium chloride (DIC) and thymol markedly reduced the survivability of Campylobacter spp. during 

in vitro culture with mixed populations of swine fecal microbes.  Results from our first study revealed that the 

1.0 mM thymol was the minimum efficacious dose needed to control of the challenge Campylobacter within 

mixed populations of gut bacteria (Figure 1A). By comparison, the minimum bactericidal concentrations of 

thymol against Escherichia coli K88, Escherichia coli O157:H7 and Salmonella Typhimurium DT104 were 

0.66, 1.10 and 1.55 mM, respectively (Si et al. 2006) and the minimum effective concentration of thymol 

against total anaerobes and coliforms within the pig small intestine were 1.72 and 2.66 mM, respectively 

(Michiels et al. 2007). 

 In the first study, all DIC treatments exhibited nearly equal control of Campylobacter was achieved 

indicating that the minimum efficacious dose of this compound had not yet been achieved (Figure 1B). 

Consistent with our hypothesis that DIC inhibits amino acid catabolism, rates of ammonia production were 

slower (P < 0.05) in all DIC supplemented when compared to unsupplemented controls (Table 1). Conversely, 

rates of ammonia production were lower than controls in cultures containing 1.0 mM added thymol but not in 

cultures treated with 0.25 or 0.50 mM thymol (Table 2). Final pH measured in thymol and DIC-treated cultures 

did not differ (P > 0.05) from that measured in controls (Tables 1 and 2). Results obtained from a second 

experiment testing additional doses of DIC clearly indicated that 0.01 mM DIC was the minimum dose needed 

to achieve efficacious control of the challenge Campylobacter (Figure 2). 

 Results from our study testing the effects of 0.01 mm DIC and 1.0 mM thymol against endogenous 

Campylobacter spp. naturally present in swine feces are presented in Figure 3. As observed in our earlier 

studies, treatment with DIC or thymol markedly reduced (P < 0.05) the survivability of endogenous 

Campylobacter by 6 h of incubation but Campylobacter was not recoverable from any of the cultures after 24 h 

of incubation (Figure 3). Total cultureable anaerobes measured after 24 h of incubation were unaffected by 

treatment (P > 0.05) and averaged 10.02, 9.69, 9.27 and 9.04 in control, ethanol, DIC and thymol-treated 

cultures, respectively (SEM = 0.23). Final pH was affected by treatment (P < 0.05), with pH being highest in 

control cultures (6.83) and lowest in DIC-treated cultures (6.52) and intermediate in thymol and ethanol-treated 

cultures (6.90 and 6.40, respectively; SEM = 0.01). These differences in final pH are not great, however, and it 

is questionable whether such minor differences would be physiologically significant.  

 

Objective 2.  Determine persistence of bactericidal activity of thymol and diphenyliodoium chloride against 

challenge species of Campylobacter within mixed populations of gut bacteria. 

                    

Results from studies testing the effects of 0.01 mM DIC or 1.0 mM thymol during consecutive batch culture 

with mixed populations of swine fecal microbes revealed that both inhibitors persistently reduced the 

survivability of Campylobacter coli (Figures 4 through 7). When administered as a single treatment to the first 

consecutive batch culture series, DIC appeared to be more effective, albeit modestly, than thymol in reducing 

Campylobacter coli concentrations under anaerobic conditions (Figure 4). However, DIC appeared markedly 

more effective than thymol in reducing Campylobacter coli concentrations under microaerophilic conditions 
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(Figure 5). When administered repeatedly at the beginning of each successive transfer, DIC again appeared to 

be modestly more effective than thymol in reducing Campylobacter coli concentrations and in this case the 

effects were similar whether incubated anaerobically or microaerophilically (Figures 6 and 7). At no time was 

a significant repopulation of Campylobacter coli observed following an initial inhibition which suggests the 

absence of an adaptive response of the microbial populations to the inhibitors.  

 

Objective 3.  Determine if feed supplementation at 0X, 1X and 3X of the ascertained optimal doses (determined 

above) will affect intake, live weight gain and gut Campylobacter concentrations in a live weaned pig model. 

 

During the feeding period, approximately 16 to 21% of the feed dry matter offered was uneaten by the time of 

the next meals offering but this was not affected (P > 0.05) by treatment (Table 3). Likewise, average daily dry 

matter intake and average daily gain calculated over the 1 week feeding trails also did not differ (P > 0.05) 

between treatments (Table 3). Consequently, we conclude that the amounts of DIC and thymol administered in 

this study were low enough to avoid causing adverse effects feed intake and animal performance. In contrast, 

Jugl-Chizzola et al. (2006) reported decreased feed intake by weaned pigs fed diets containing 1% wt/wt thyme 

(equivalent to 0.02% thymol) but not by pigs fed 0.1% thyme (equivalent to 0.002% thymol). Similarly, Trevisi 

et al. (2007) reported decreased feed intake but no adverse effects on weight gain by weaned pigs when fed 

diets containing 1% wt/wt thymol compared to pigs fed unsupplemented control diets. 

 Average daily consumption of thymol and DIC did not differ within our treatments (P > 0.05) and averaged 

77 and 243 mg thymol/pig per d and 1.6 and 5.1 mg DIC/pig per d during the course of the feeding trail. Based 

on an estimated lower gut volume of 640 ml these intakes would correspond to luminal concentrations of 

approximately 0.80 and 2.5 mM thymol and 0.008 and 0.025 mM DIC if 100% of the consumed dose passed to 

the lower tract. These concentrations are approximately 80 and 83% lower than our targeted concentrations for 

the 1X and 3X treatments, respectively. 

 Campylobacter concentrations recovered in ileal and cecal contents collected from thymol or DIC-treated 

pigs at necropsy did not differ from those recovered from pigs fed the unsupplemented control diet and 

concentrations of total cultureable anaerobes recovered from cecal contents likewise were unaffected by thymol 

or DIC treatment (Table 4). Considering that each treated pig ingested on average 80% and 83% of each 

anticipated 1X and 3X dose, respectively, we interpret the lack of a treatment effect to indicate that the 

treatments may have undergone appreciable absorption or degradation in the proximal alimentary tract. For 

instance, if 100% of each dose had passed to the lower gut then we would have anticipated luminal 

concentrations of 0.008 and 0.025 mM DIC and 0.8 and 2.5% thymol, amounts very near to or exceeding 

concentrations determined to be efficacious in our in vitro studies. In support of this hypothesis, Michiels et al. 

(2008) reported in October of last year the near complete absorption of thymol within the pig stomach and small 

intestine when administered a single dose at 13.2 mg per kg body weight. Additionally, while they observed no 

degradation of thymol in incubations simulating stomach and jejunal contents, approximately 20-30% of added 

thymol was degraded during in vitro incubations with simulated cecal contents (Michiels et al., 2008). Little is 

known regarding the potential absorption or degradation of DIC in the pig gastrointestinal tract. Campylobacter 

concentrations tended (P < 0.10) to be lower in rectal contents collected from pigs fed diets supplemented with 

DIC or thymol at the 3X level than in pigs fed the control diet but it is unclear if this can be directly attributed to 

luminal concentrations of thymol or to potential secondary effects of these inhibitors. For instance, our finding 

that concentrations of ammonia, lactate and most volatile fatty acids in ileal cecal and rectal contents were 

unaffected by thymol or DIC treatment (P > 0.05) again suggests that amounts of the inhibitors reaching these 

gastrointestinal sites were not high enough to affect production of these fermentative endproducts. We did 

observe an effect of the 1X DIC treatment on accumulations of isobutyrate and isovalerate in cecal contents, 

with concentrations being higher (P < 0.05) than in contents from pigs fed the control diet (Table 5). However, 

because these branched chain fatty acids are typical endproducts of amino acid fermentation we would have 

expected their accumulations to be decreased if the DIC treatment was inhibiting amino acid fermentation. As 

was the case here, recoveries of these branched fatty acids from gut contents are often quite low and thus 

interpretations of potential differences based on small differences must be made with caution. 
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 Both DIC and thymol, or essential oil products containing thymol, have been investigated as feed additives 

to reduce the energetically wasteful process of ruminal protein degradation in cattle with no apparent adverse 

effects on animal health (Broderick and Balthrop 1979; Chalupa et al. 1983a,b; Newbold et al. 2004). Results 

from the rumen investigations clearly implicated the potential of these compounds to inhibit amino acid 

catabolism. Varel and Miller (2000) recognized the deaminase inhibiting potential of DIC for controlling 

gaseous emissions from livestock waste and Velayudhan et al. (2004) demonstrated that a Campylobacter jejuni 

mutant deficient in the ability to catabolize the amino acid serine was unable to colonize and persist the gut of 

chickens. Our results suggest that inhibition of amino acid metabolism with these chemical inhibitors may be a 

metabolic target for the control of foodborne Campylobacter; however, it seems likely that encapsulation 

technologies will need to be employed to ensure delivery of these inhibitors to the lower gut. Some 

encapsulation technologies have already been developed for thymol (Liolios et al., 2009; Mourtzinos et al., 

2008) and thymol derivatives (Kitajyo et al., 2007). In the case of ionically charged compounds, such as DIC 

(which contains a positively charged iodine), binding to appropriate absorbents is a common method used to 

prevent absorption from the gastrointestinal tract. Future studies with cecal cannulated pigs are planned to more 

thoroughly investigate passage kinetics of these inhibitors and their encapsulated derivatives.   

 If products were successfully developed to preferentially deliver DIC or thymol to the lower 

gastrointestinal tract, then the resultant inhibition of amino acid fermentation may be nutritionally advantageous 

by increasing their availability for absorption. Additionally, successful inhibition of amino acid degradation in 

the cecum and rectum may decrease the production of potentially toxic end products, such as ammonia, amines 

(i.e., histamine, putrescine, cadaverine, piperidine, and others), volatile phenols and indoles (Apajalahti 2005; 

Hughes et al. 2000; Smith and Macfarlane 1997). From a regulatory perspective, thymol is a natural product and 

thus is considered a favorable alternative to antibiotics (Wallace 2004). Moreover, it may be feasible to 

administer either DIC or thymol as terminally applied feed additives, fed just a few days before harvesting to 

reduce the contribution of transportation to high concentrations of Campylobacter entering processing plants 

(Harvey et al. 2001). 

   

Lay Summary 

Campylobacter spp. are now estimated to be the leading bacterial cause of human foodborne illness in the 

United States, causing more than a million human illnesses at a cost exceeding $1 billion dollars annually. 

Swine carry high numbers of Campylobacter coli and occasionally can carry high numbers of the more 

pathogenic strain, Campylobacter jejuni. This project was conducted to further research and development of a 

potential anti-Campylobacter intervention showing promise to reduce these foodborne pathogens in pigs. Our 

laboratory studies confirmed that two compounds, diphenyliodonium chloride and thymol, each exhibit 

significant and persistent Campylobacter-killing activity when administered to mixed populations of swine fecal 

bacteria at doses as low as 0.01 and 1.0 mM, respectively. Results from two pig feeding studies revealed that 

neither compound adversely affected dry matter intake or live weight gain when fed for 7 days in diets 

supplemented with less than or equal to 0.00042% diphenyliodonium chloride or 0.0201% thymol (wt/wt). 

However, these treatments were ineffective in reducing Campylobacter in the lower gut most likely due to their 

absorption or degration in the stomach or small intestine. These results indicate that while these compounds 

effectively kill Campylobacter, encapsulation or other protective technologies will ultimately need to be 

developed to deliver effective concentrations of these compounds to the lower gut to enhance their efficacy 

against Campylobacter in growing swine. Future studies are planned to test such products in swine. 
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Figure 1.  Effect of varying levels of thymol (A) or diphenyliodonium chloride (DIC) (B) 

on survivablity of Campylobacter during mixed culture with porcine gut bacteria in vitro. 

Means with unlike letter designations differ (P < 0.05; SEM = 0.44 and 0.32 for A and B, 

respectively). Results show that 1.0 mM thymol and < 0.01 mM DIC achieved the most 

efficacious reductions in viable recovery of Campylobacter. 
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Figure 2.  Effect of varying levels of diphenyliodonium chloride (DIC) on survivablity of 

Campylobacter during mixed culture with porcine gut bacteria in vitro. Means with 

unlike letter designations differ (P < 0.05; SEM = 0.12). Results show that 0.01 mM DIC 

achieved the most efficacious reductions in viable recovery of Campylobacter.  
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Table 1.  Effect of varying levels of diphenyliodonium chloride (DIC) on rates of ammonia 

production and final pH during mixed culture with porcine gut bacteria in vitro. 

 

Treatment
a
 

Rate of ammonia production 

(umol/ml per h) 

 

Final pH 

None 0.36
b
 6.69

bc
 

0.01 mM DIC 0.13
c
 6.61

bc
 

0.05 mM DIC 0.12
c
 6.54

c
 

0.10 mM DIC 0.07
d
 6.63

bc
 

0.25 mM DIC 0.05
d
 7.00

b
 

SEM 0.01 0.08 

P value < 0.0001 0.0280 
a
Treatments were supplemented to mixed populations of porcine fecal bacteria cultured 

anaerobically in 10 ml Bolton broth at 39
o
C for 24 h. 

b,c
Values within columns with unlike superscripts differ (P < 0.05). 

 

 

 

 

 

 

 

Table 2.  Effect of varying levels of thymol on rates of ammonia production and final pH during 

mixed culture with porcine gut bacteria in vitro. 

 

Treatment
a
 

Rate of ammonia production 

(umol/ml per h) 

 

Final pH 

None 0.36
bc

 6.69 

0.25 mM thymol 0.52
b
 6.65 

0.50 mM thymol 0.38
bc

 6.55 

1.00 mM thymol 0.20
c
 6.66 

SEM 0.04 0.05 

P value 0.0060 0.4101 
a
Treatments were supplemented to mixed populations of porcine fecal bacteria cultured 

anaerobically in 10 ml Bolton broth at 39
o
C for 24 h. 

b,c
Values within columns with unlike superscripts differ (P < 0.05). 
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Figure 3.  Effect of diphenyliodonium chloride (DIC) and thymol on survivablity of 

endogenous Campylobacter naturally present in swine feces during anaerobic (A) and 

microaerophilic (B) in vitro culture. Means with unlike letter designations differ (P < 

0.05; SEM = 0.23 and 0.17 for A and B, respectively). Results show that treatment with 

0.01 mM DIC or thymol significantly reduced endogenous Campylobacter 

concentrations by 6 h of incubation.  
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Figure 5. Effect of an single, initial treatment (during first cultures series only) with 

diphenyliodonium chloride (DIC) or thymol on survivablity of Campylobacter coli 

during microaerophilic consecutive batch culture with mixed populations of swine 

fecal bacteria. Means denoted with † are greater than and means denoted with ‡ are 

less than initial concentrations of first incubation series (P < 0.05; SEM = 0.33). 

Results show that when administered as a single treatment to microaerophilic cultures, 

DIC was far superior to thymol in reducing the survivability of Campylobacter coli.  

 

 
Figure 4. Effect of an single, initial treatment (during first cultures series only) with 

diphenyliodonium chloride (DIC) or thymol on survivablity of Campylobacter coli 

during anaerobic consecutive batch culture with mixed populations of swine fecal 

bacteia. Means denoted with † are greater than and means denoted with ‡ are less than 

initial concentrations of first incubation series (P < 0.05; SEM = 0.41). Results show 

that when administered as a single treatment to anaerobic cultures, DIC was modestly 

superior to thymol in reducing the survivability of Campylobacter coli.  
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Figure 6. Effect of repetitive treatment with diphenyliodonium chloride (DIC) or 

thymol on survivablity of Campylobacter coli during anaerobic consecutive batch 

culture with mixed populations of swine fecal bacteria. Means denoted with † are 

greater than and means denoted with ‡ are less than initial concentrations of first 

incubation series (P < 0.05; SEM = 0.11). Results show that both DIC and thymol 

treatments reduced the survivability of Campylobacter coli and that there was no 

evidence of an adaptive response.  

 
Figure 7. Effect of repetitive treatment with diphenyliodonium chloride (DIC) or 

thymol on survivablity of Campylobacter coli during microaerophilic consecutive 

batch culture with mixed populations of swine fecal bacteria. Means denoted with † 

are greater than and means denoted with ‡ are less than initial concentrations of first 

incubation series (P < 0.05 SEM = 0.16). Results show that both DIC and thymol 

treatments reduced the survivability of Campylobacter coli and that there was no 

evidence of an adaptive response.  
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Table 3.  Performance characteristics of weaned pigs fed diets supplemented with or without 

the purported deaminase inhibitors diphenyliodonium chloride or thymol. 

 Dietary supplement
a
   

Performance 

characteristics 

 

None 

 

1X thymol 

 

3X thymol 

 

1X DIC 

 

3X DIC 

 

SEM 

 

P value 

Average daily 

DM intake (lb/d) 5.12 5.05 5.32 5.20 5.32 0.13 0.4987 

 

Feed refusals (% 

of DM offered) 20.6 21.4 16.3 17.9 16.3 2.2 0.5585 

 

Average daily 

gain (lb/d) 1.42 1.37 1.35 1.38 1.31 0.08 0.9293 
a
Equal volumes of concentrated stock solutions of thymol or diphenyliodonium chloride (DIC) 

were sprayed and mixed on each offered meal to achieve a daily offering of 1.9 or 5.7 g thymol 

(1X and 3X, respectively) or 0.04 or 0.12 g DIC (1X and 3X, respectively). Concentrated stock 

solutions of thymol and DIC were prepared in ethanol and water respectively. Control feed 

offerings were sprayed with an equal volume of distilled water. 

 

 

 

 

Table 4.  Bacteriological characteristics of gut contents from weaned pigs fed diets 

supplemented with or without the purported deaminase inhibitors diphenyliodonium chloride 

or thymol. 

 Dietary supplement
a
   

Bacteriological 

characteristic 

(log10 CFU/g) 

 

 

None 

 

 

1X thymol 

 

 

3X thymol 

 

 

1X DIC 

 

 

3X DIC 

 

 

SEM 

 

 

P value 

Campylobacter spp.        

Ileal contents 1.76 1.66 1.56 1.41 1.75 0.17 0.5316 

Cecal contents 4.82 4.53 4.15 4.24 4.69 0.26 0.3285 

Rectal contents 5.22 4.48 4.69 4.23** 4.38* 0.26 0.0707 

Total anaerobes        

Cecal  contents 9.91 9.68 9.74 9.84 9.67 0.10 0.3706 
a
Equal volumes of concentrated stock solutions of thymol or diphenyliodonium chloride 

(DIC) were sprayed and mixed on each offered meal to achieve a daily offering of 1.9 or 5.7 

g thymol (1X and 3X, respectively) or 0.04 or 0.12 g DIC (1X and 3X, respectively). 

Concentrated stock solutions of thymol and DIC were prepared in ethanol and water 

respectively. Control feed offerings were sprayed with an equal volume of distilled water. 

* Indicates values differ from controls (P < 0.10). 

**Indicates values differ from controls (P < 0.05). 
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Table 5.  Fermentation characteristics of gut contents from weaned pigs fed diets 

supplemented with or without the purported deaminase inhibitors diphenyliodonium chloride 

or thymol. 

 Dietary supplement
a
   

Fermentation 

characteristics 

(µmol/ml) 

 

None 

 

1X thymol 

 

3X thymol 

 

1X DIC 

 

3X DIC 

 

SEM 

 

P value 

Ileal contents        

Acetate 1.76 1.63 1.53 1.79 1.79 0.24 0.9142 

Propionate 0.49 0.20 0.18 0.27 0.34 0.09 0.1137 

Butyrate 0.18 0.11 0.10 0.15 0.14 0.04 0.5247 

Valerate 1.16 1.14 1.12 1.13 1.12 0.02 0.7324 

Isobutyrate 0.05 0.04 0.06 0.04 0.05 0.01 0.8928 

Isovalerate 0.02 0.02 0.01 0.02 0.01 0.01 0.5400 

Total VFA 3.66 3.15 3.00 3.41 3.45 0.35 0.6828 

Lactate 5.77 3.77 6.88 2.66 3.23 1.24 0.0954 

Ammonia 0.001 0.001 ND 0.004 ND 0.01 0.4922 

Cecal contents        

Acetate 9.72 8.51 9.57 11.04 9.69 0.82 0.3204 

Propionate 5.98 4.48 5.10 5.77 5.41 0.58 0.3908 

Butyrate 2.47 2.13 3.19 2.58 2.29 0.33 0.2052 

Valerate 1.89 1.80 1.82 1.97 180 0.11 0.7457 

Isobutyrate 0.18 0.18 0.11 0.45** 0.18 0.06 0.0012 

Isovalerate 0.23 0.21 0.12 0.55** 0.24 0.08 0.0029 

Total VFA 20.47 17.32 19.90 22.35 19.60 1.78 0.3972 

Lactate 0.17 3.63 1.53 0.08 1.39 1.16 0.2014 

Ammonia 0.005 0.021 0.005 0.012 0.018 0.01 0.8661 

Rectal 

contents 

       

Acetate 6.90 6.41 5.78 6.35 6.76 0.61 0.7355 

Propionate 2.90 2.69 2.22 2.67 2.86 0.32 0.6021 

Butyrate 1.60 1.43 1.29 1.33 1.57 0.20 0.7608 

Valerate 1.58 1.55 1.47 1.50 1.64 0.07 0.4635 

Isobutyrate 0.25 0.22 0.15 0.22 0.16 0.05 0.5917 

Isovalerate 0.32 0.20 0.20 0.30 0.21 0.05 0.4635 

Total VFA 13.56 12.50 11.12 12.38 13.18 1.20 0.6604 

Lactate 0.11 1.46 1.27 0.03 0.71 0.66 0.4284 

Ammonia 0.202 0.185 0.120 0.169 0.172 0.05 0.8038 
a
Equal volumes of concentrated stock solutions of thymol or diphenyliodonium chloride (DIC) 

were sprayed and mixed on each offered meal to achieve a daily offering of 1.9 or 5.7 g thymol 

(1X and 3X, respectively) or 0.04 or 0.12 g DIC (1X and 3X, respectively). Concentrated stock 

solutions of thymol and DIC were prepared in ethanol and water respectively. Control feed 

offerings were sprayed with an equal volume of distilled water. 

**Indicates values differ from controls (P < 0.05). 

 


