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A B S T R A C T   

A survey of drug combinations employed by the poultry industry indicates that they have played an important 
role in the control of coccidiosis in chickens. The mode of action of their component drugs is described. Ad
vantages that accrue from their use may include a reduction in potential toxicity, a broadening of their spectrum 
of activity against different species of Eimeria, activity against different stages of the life cycle, and improved 
efficacy due to synergism between component drugs. Integration of management procedures involving rotation 
of drug combinations with vaccination is desirable because this has been shown to result in a restoration of drug 
sensitivity where drug resistance is present and could contribute to the sustainable control of coccidiosis. Threats 
to the future use of the most widely used combinations, those that include ionophores, stem from the recent 
desire to eliminate antibiotics from poultry feeds.   

1. Introduction 

For many years the poultry industry has been almost entirely 
dependent upon the use of anticoccidial drugs for the control coccidi
osis, a major enteric disease of the chicken caused by apicomplexan 
parasites of the genus Eimeria (McDougald, 2008). From the 1950s on
wards, intensification of poultry production has involved raising large 
numbers of birds on deep litter in enclosed houses at ever increasing 
stocking densities. Rearing birds in this manner provides ideal condi
tions for the transmission of parasites that have an orofecal life cycle. 
Intensification was accompanied with a change of emphasis from the 
treatment of frank disease, often by including drugs in the drinking 
water, to prophylactic medication in which drugs are incorporated 
continuously in the feed to combat coccidiosis (Chapman, 2009). A 
succession of drugs, with improved efficacy, safety, and greater species 
spectrum of activity have been introduced, but one by one these were 
rendered ineffective due to the acquisition of drug resistance (Chapman, 
1997; Joyner, 1970; Ryley, 1980). One method believed to prolong the 
useful life of anticoccidial drugs has been the introduction of combina
tions of anticoccidials comprising drugs with different modes of action, 
and such combinations are widely employed by the poultry industry. 
Another approach has been the introduction of control programs in 
which the use of drugs, including combinations, is alternated with the 

use of live vaccines in order to restore drug sensitivity (Chapman and 
Jeffers, 2014). Various reasons have been put forward to justify the use 
of drug combinations, such as a reduction in potential toxicity, improved 
efficacy resulting from the synergism between component drugs, effi
cacy against different stages of the Eimeria life cycle, a greater range of 
species spectrum of activity, and reduced probability of the development 
of drug resistance. In this review, we describe combinations of anti
coccidial drugs that have been used to control coccidiosis including 
those that inhibit the folic acid pathway, co-factor uptake, electron 
transport, and ion transport across the parasite cell membrane. We 
consider the important role drug combinations have played in the past to 
control coccidiosis and their current utility for prevention of this disease. 

2. Life cycle 

Knowledge of the complex life cycle of Eimeria species is helpful in 
understanding the sites of action of anticoccidial drugs. The life cycle 
involves three successive phases, merogony, gametogony, and 
sporogony, the first two of which occur in the intestine of the bird and 
the third in the environment (Fig. 1). The infective transmission stage is 
the oocyst, which when sporulated contains four sporocysts each con
taining two sporozoites. Following ingestion of the sporulated oocyst, 
the sporozoites are released from the sporocysts and penetrate epithelial 
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cells in the intestine. This is followed by the merogonic phase of 
multiplication that results in the release of further motile stages, the 
merozoites, that invade other epithelial cells. This process is repeated 
several times and is followed by gametogony, the sexual phase of the life 
cycle, that results in the formation of new oocysts that are passed in the 
feces. The third phase of the life cycle (sporogony or sporulation), in 
which sporocysts and sporozoites are formed, occurs in the environment 
of the poultry house. A key feature of the Eimeria life cycle, with im
plications for the selection of drug resistant mutants, is the haploid state 
of the genome as all stages of the post-meiotic phase of the life cycle 
(from sporoplasm formation within the sporulating oocyst to gametes) 
are haploid and consequently subject to the selective pressure of drugs. 

Most anticoccidial drugs inhibit intracellular meront stages of the life 
cycle whereas ionophores target the motile sporozoites and merozoites 
that are present in the gut lumen (Chapman, 1997). Sites of development 
in the intestine vary for different species of Eimeria. Thus E. acervulina, 
E. mitis, E. maxima, and E. praecox develop in the duodenum and 
jejunum, E. brunetti in the lower intestine and rectum, E. necatrix in the 
lower intestine and ceca, and E. tenella in the ceca (Long et al., 1976). 
Although some older drugs are more effective against species that 
develop in the duodenum and jejunum (e.g. sulfonamides), and others 
are more effective against species that develop in the ceca (e.g. 
amprolium), more recent drugs have a broad species spectrum of 
activity. 

3. Definitions and isobologram analysis 

Several terms have been employed to describe the interactions of 
anticoccidial drugs although often insufficient data has been published 
to justify their use. Examples include “additive responses” where the 
effect of two drugs given in combination equals the mathematical 

summation of their effects when given alone, and “synergistic re
sponses” where the combined effect of two drugs is greater than the sum 
of their effects when given separately. The term “potentiation” applies to 
cases when an ineffective drug enhances the response to another drug 
and “double blockade” where two drugs act against separate compo
nents of the same biochemical pathway. 

The classic method to investigate interaction between two drugs and 
to identify synergistic responses requires a dose-response study 
involving an isobologram analysis. Typically, this involves calculation of 
an ED50 (50% effective dose) based upon the component drugs used 
alone and in combination at various concentrations (see Fig. 2). Con
centrations selected for use in drug combinations are often influenced as 
much by economic as well as scientific considerations (Ryley, 1975). 
Isobolograms have been constructed in the case of sulfadimidine and 
pyrimethamine (Kendall, 1956; Kendall and Joyner, 1956), sulfaqui
noxaline and an experimental drug (Ball, 1964), and methyl benzoquate 
and clopidol (Joyner and Norton, 1978). The effect of one drug in 
combination with another may result from molecular interactions with 
the target cell. Of the several drug interactions reported for Eimeria none 
have been fully explained biochemically. 

In this article, the chemical components of drug combinations are 
described but subsequently, to avoid repetition, the commercial names, 
listed in Table 1, are used. 

4. Anticoccidial drugs used in combinations 

Anticoccidial drugs used to control coccidiosis fall into two cate
gories, synthetic drugs (produced by chemical synthesis and often 
referred to as “chemicals”) and ionophorous polyether antimicrobials 
(ionophores) produced by fermentation. The chemical structures of 
some of the drugs used in combinations are illustrated in Figs. 3 and 4. 

Fig. 1. Life cycle of Eimeria illustrating the three phases (sporogony, merogony, gametogony) and stages affected by nicarbazin (asexual meronts) and ionophores 
(sporozoites and merozoites). Diagram based upon an illustration by Reid (1972). 
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Synthetic drugs are sometimes employed, mainly in the first feeds given 
to broiler chickens. Since the early 1970’s, however, ionophores have 
been the principal drugs used for the control of coccidiosis in this class of 
stock. 

4.1. Synthetic drug combinations 

The first anticoccidial drug combinations to be investigated, intro
duced in the 1950s, were sulfonamides and various diaminopyrimidines 
such as pyrimethamine, diaveridine, and ormetropim. Pyrimethamine 
was found to potentiate the activity of sulfanilamide, sulfamerazine, 
sulfadimidine, and sulfaquinoxaline (Horton-Smith et al., 1960; Joyner 

and Kendall, 1955; Lux, 1954). Subsequently, the interaction of sulfa
dimidine and pyrimethamine was investigated and an isobologram 
constructed based upon the dose-response of these compounds (Fig. 2A). 
This showed that their combined effect was greater than their separate 
effects indicating a synergistic interaction (Kendall, 1956; Kendall and 
Joyner, 1956). Other combinations involving sulfonamides and com
pounds such as roxarsone, nitromide and aklomide were investigated 
but are no longer available having been superseded by more effective 
drugs. The interaction of these drugs was considered to be additive 
rather than synergistic (Ryley and Betts, 1973). In the United States a 
mixture of sulfadimethoxine and ormetoprim (Rofenaid), and a mixture 
of three sulfonamides, sulfamerazine, sulfamezathine and sulfaqui
noxaline (PoultrySulfa), are approved for the treatment of coccidiosis, 
and in Australia a mixture of sulfaquinoxaline and diaveridine (Solquin). 
In some EU countries, sulfonamides and their combinations have been 
withdrawn because of concerns regarding potential for residues in edible 
tissues and transferable drug resistance (Noack et al., 2019). 

For many years, the arsenical roxarsone was included with iono
phores in poultry feeds in the United States as the combination, in some 
experiments, showed an additive effect (Bafundo et al., 1989; McDou
gald et al., 1981). Roxarsone has some anticoccidial activity against 
E. tenella (Ryley and Betts, 1973), and is said to improve growth rate and 
feed utilization, and enhance pigmentation in broilers (Jones, 2007). 
Concerns that organic arsenic present in roxarsone could transform into 
inorganic arsenic in poultry litter led in 2013 in the USA to its voluntary 
withdrawal from use (Federal Register, 2013, 2014 78 FR 69992, 79 FR 
10976). 

In the 1960s, amprolium was introduced in combinations with 
ethopabate, sulfaquinoxaline, and pyrimethamine (Amprol Plus, Pan
coxin, and Supacox respectively) primarily to obtain a broad species 
spectrum of activity but also to combat the development of resistance 
(Chapman, 1980; Ryley, 1980). Amprol Plus and sulfonamide combi
nations are still used today in some countries for the treatment of birds 
showing clinical signs of coccidiosis, but the 3 and 4 drug combinations 
(Pancoxin and Supacox) are no longer available. Treatment is usually 
undertaken by inclusion of drugs in the drinking water and is often a 
salvage operation because by the time the disease is clinically apparent 
significant mortality may have occurred. 

A combination of the quinolone methyl benzoquate and clopidol 
(Lerbek) was introduced in the 1970s for the control of coccidiosis to 
“fortify” the clopidol component (Ryley, 1975, 1980). It was demon
strated that the interaction was synergistic because the combination 
gave far better control than could be accounted for by a simple additive 
effect (Joyner and Norton, 1978) (Fig. 2B). Synergism between other 

Fig. 2. Isobolograms illustrating the synergism between (A) sulphadimidine and pyrimethamine (Kendall and Joyner, 1956; ©Elsevier) and (B) clopidol and methyl 
benzoquate (Joyner and Norton, 1978; ©Cambridge University Press). Data for E. tenella and E. maxima respectively. Reproduced with permission. 

Table 1 
Drug combinations that have been used in some countries to control coccidiosis 
in poultry1.  

Combination Concentrations 
(ppm) 

Trade names Application 

Sulfaquinoxaline +
pyrimethamine 

83.3 + 8.5 Whitsyn®* Feed 

Sulfaquinoxaline +
diaveridine 

80.6 + 20 Solquin® Water 

Sulfadimethoxine +
ormetoprim 

125 + 75 Rofenaid® Feed 

Sulfanitran + roxarsone +
aklomide 

200 + 50 + 250 Novastat®* Feed 

Sulfanitran + roxarsone +
nitromide 

300 + 50 + 250 Unistat®* Feed 

Sulfaquinoxaline +
sulfamezathine +
sulfamerazine 

0.04–0.025% PoultrySulfa®* Water 

Amprolium + ethopabate 125 + 8 Amprolmix® Feed 
Amprolium +

sulfaquinoxaline +
ethopabate 

100 + 60 + 5 Pancoxin®* Feed 

Amprolium +
sulfaquinoxaline +
ethopabate +
pyrimethamine 

100 + 60 + 5 + 5 Supacox® Feed 

Methyl benzoquate +
clopidol 

8.35 + 100 Lerbek® Feed 

Narasin + nicarbazin 50 + 50 Maxiban® Feed 
Maduramicin + nicarbazin 7.5 + 80 Gromax® Feed 
Maduramicin + diclazuril 5 + 2.5 Atozuril® Feed 
Monensin + nicarbazin 40 + 40 Monimax® Feed 

Partly based upon Noack et al. (2019) and Ryley and Betts (1973). Combinations 
with an asterisk are currently unavailable or no longer used commercially. 
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Fig. 3. Chemical structures of synthetic anticoccidials used in drug combinations.  

Fig. 4. Chemical structures of ionophore anticoccidials and nicarbazin used in drug combinations.  

H.D. Chapman and T. Rathinam                                                                                                                                                                                                            



International Journal for Parasitology: Drugs and Drug Resistance 18 (2022) 32–42

36

quinolones (amquinolate, buquinolate, and decoquinate), and clopidol 
has also been demonstrated (Challey and Jeffers, 1973). A curious 
feature of Lerbek is that repeated propagation of E. maxima in the 
presence of the drug resulted in the formation of abnormal bisporocystic 
oocysts similar in appearance to those produced by members of the 
related apicomplexan genus Isospora (Norton and Joyner, 1978). 

Nicarbazin was introduced in 1955 for the control of coccidiosis 
(Chapman, 1994a). This drug is a molecular complex of 4,4′-dini
trocarbanilide (DNC) and 2-hydroxy-4,6-dimethylpyrimidine (HDP) 
present in a 1:1 M ratio (Cuckler et al., 1955). It is thought that the 
complex results from hydrogen bonding between the complexing agent 
HDP and the urea portion of the substituted carbanilide. While DNC has 
anticoccidial activity when used alone HDP lacks activity against 
Eimeria. However, the potency of DNC is enhanced ten-fold when this 
molecule is complexed with HDP but no increase in anticoccidial effi
cacy is observed with a simple mixture of the two compounds. 

4.2. Nicarbazin - ionophore combinations 

The most recent combinations introduced are those with nicarbazin 
and the ionophores maduramicin, monensin, narasin, and semdur
amicin (Gromax, Monimax, Maxiban, Aviax Plus, respectively) (Call
ender and Jeffers, 1980; Vereecken et al., 2020). The concentrations 
employed in the components are well below those that would show ef
ficacy when given alone and therefore it was concluded that their action 
is synergistic. Thus, in the case of nicarbazin and narasin, concentrations 
ranging from 0 to 108 g/ton of nicarbazin and narasin when used alone 
and in combination were examined and a 1:1 ratio gave the best 
response (Tonkinson et al., 1987). The strains of E. tenella and 
E. acervulina used in these experiments were sensitive to both drugs, 
resistant to one drug but sensitive to the other, or resistant to both. 
Interestingly, the synergism demonstrated was significant regardless of 
the sensitivity of the parasites to the two drugs. In a recent study, the 
effect of Monimax was compared with the component drugs used 
separately (Vereecken et al., 2020). Monensin and nicarbazin, normally 
included in the feed at 100 and 125 ppm respectively, showed only 
partial efficacy at 40 ppm evaluated by weight gain and no efficacy 
evaluated by feed conversion. By contrast, the combination of 40 ppm 
nicarbazin +40 ppm monensin provided complete control of infection 
judged by greater daily weight gain, feed intake, and lower feed con
version. Currently, in major poultry producing countries, ionophore 
combinations with nicarbazin are among the most widely employed 
drugs for the control of coccidiosis in broiler chickens. Combinations of 
monensin and lasalocid, and monensin and clopidol have been reported, 
and claimed to be synergistic, but have not been utilized commercially 
(McDougald, 1977, 1978). 

4.3. Plant combinations 

In recent years there has been interest in the role that plant products, 
some of which contain compounds with anticoccidial activity, may play 
in the control of coccidiosis (Muthamilselvan et al., 2016). An example is 
a combination of quillaja and yucca that contain saponins and are often 
used to promote intestinal health and immunity in poultry (Bafundo 
et al., 2020). In a series of studies they were shown, in addition to 
improving gut health, to have beneficial effects against infections with 
Eimeria species, necrotic enteritis, and improve the effectiveness of live 
coccidiosis vaccines (Bafundo et al., 2021a,b). Synergism has been 
claimed for a 1:1 mixture of the natural alkaloid berberine and ampro
lium (Malik et al., 2016). 

5. Mode of action of anticoccidial drugs used in combinations 

5.1. Drugs that affect the folic acid pathway 

Whereas host cells are able to take up and utilize folic acid, it is 

believed that coccidia, like other apicomplexan parasites, are unable to 
do so and therefore must synthesize this co-factor. Sulfonamides act 
against Eimeria species by inhibiting this pathway, specifically the 
enzyme dihydropteroate synthetase, thus preventing the synthesis of 
dihydrofolate (Wang, 1982). A subsequent step in the pathway involves 
the reduction of dihydrofolate to tetrahydrofolate by the enzyme dihy
drofolate reductase (DHFR), this enzyme is inhibited by drugs such as 
pyrimethamine, trimethoprim, and ormetoprim. Pyrimethamine is a 
potent inhibitor of DHFR extracted from oocysts, but a less effective 
inhibitor of this enzyme obtained from chicken liver (Wang et al., 1975). 
Ethopabate, a substituted benzoic acid, was also shown to interfere with 
the folic acid pathway and shows a synergistic interaction with sulfa
quinoxaline and pyrimethamine indicating a different mode of action 
from the latter. Thus, in experiments with E. brunetti, when pyrimeth
amine was combined with ethopabate or sulfaquinoxaline, there was a 
10-fold enhancement of efficacy of the latter two drugs (McManus et al., 
1967). 

5.2. Drug that affects thiamine uptake 

Amprolium is a thiamine antagonist and competitively inhibits car
rier mediated uptake of thiamine by meronts of E. tenella. It has also been 
reported to cause abnormal oocyst wall formation and inhibit oocyst 
sporulation (Ball et al., 1987). Thiamine transport in the parasite was 50 
times more susceptible to inhibition than in the chicken (James, 1980). 
Because the drug lacks the hydroxymethyl group of thiamine it cannot 
be pyrophosphorylated and thereby participate in biochemical path
ways of thiamine metabolism (Rogers, 1962). 

5.3. Drugs that affect electron transport 

Quinolones, such as methyl benzoquate, buquinolate, amquinolate, 
and decoquinate inhibit respiration of E. tenella by blocking electron 
transport in the parasite mitochondrion (Wang, 1975, 1976). The site of 
action in the electron transport chain was identified as a point beyond 
co-enzyme Q and near cytochrome b. The pyridine clopidol also affects 
the electron transport chain but at a different point from the quinolones. 
According to Fry and Williams (1984), analysis of cytochrome spectra 
and the effects of inhibitors such as azide and cyanide upon electron 
transport indicated the presence of two biochemical pathways with 
different terminal oxidases, a proposal first made by Wang (1978). One 
of these pathways, possibly an o-type cytochrome oxidase, is believed to 
contain a binding site with a high affinity for decoquinate but low af
finity for clopidol. The other pathway, terminating in a cytochrome aa3 
oxidase, is more sensitive to clopidol than decoquinate. They propose a 
branched or parallel electron transport chain in coccidia and found that 
low concentrations of both drugs, when used in combination, caused a 
greater inhibition of electron transport than expected from a summation 
of their separate effects. The interaction of these drugs was therefore 
considered to be synergistic and data to support this contention was 
provided by Joyner and Norton (1978). 

The active component of nicarbazin (4,4′- dinitrocarbanilide or 
DNC) inhibits succinate-linked NAD reduction in beef heart mitochon
dria (Dougherty, 1974) and also inhibits an energy dependent trans
hydrogenase and the accumulation of Ca2+ ions by rat liver 
mitochondria. Whether this is relevant to its mode of action is not known 
but Wang (1978) believes it could cause the uncoupling of mitochon
drial function in coccidia. 

5.4. Drugs that affect ion transport across cell membranes 

Ionophores such as monensin, narasin, and maduramicin are able to 
transport cations across cell membranes and affect a diverse range of 
processes dependent upon ion transport (Chapman et al., 2010). They 
are accumulated in the cell membrane of sporozoites (and merozoites) 
before penetrating epithelial cells. They cause an influx of sodium ions 
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across the parasite cell membrane that results in a concomitant stimu
lation of the sodium pump (Na+/K+ ATPase) that is responsible for 
pumping excess sodium out of the cell (Smith and Galloway, 1983). This 
is an energy dependent process that results in enhanced utilization of 
ATP. Lactate production is increased indicating a stimulation of 
glycolysis and resulting in depletion of amylopectin, the carbohydrate 
energy reserve. Eventually, accumulation of sodium ions in the cell re
sults in water entering the parasite which swells and ruptures (Smith 
et al., 1981; Smith and Strout, 1979). Another explanation for the 
mechanism of action is that the drug is able to interrupt host cell inva
sion by sporozoites (del Cacho et al., 2007). The outer membrane of the 
sporozoite contains lipid rafts and a protein, flotillin-1, was identified in 
sporozoites of E. tenella at the apex of the cell, a region that mediates cell 
invasion. Monensin was found to disrupt the localization of flotillin-1 
within raft structures, resulting in the loss of ability to invade host 
cells. Support for this mode of action was that the effect was reduced in a 
monensin-resistant line of E. tenella. 

6. Rationales for using drug combinations 

6.1. Reduction in toxicity 

Most anticoccidial drugs show some toxicity if used above their 
approved use concentrations (Chapman, 2018). Overdosing usually re
sults in non-specific signs such as reduced feed intake, depression, 
incoordination, and poor growth and therefore diagnosis of toxicity may 
be difficult (Reece, 1988). A disadvantage of the practical use of sul
fonamides was that unduly high concentrations were required to control 
the cecal species E. tenella and this resulted in toxicity exemplified by a 
hemorrhagic syndrome (Ryley and Betts, 1973). However, in combina
tion with DHFR inhibitors such as pyrimethamine it was possible to 
lower the concentrations of either compound thereby reducing toxic 
effects of the drugs. Pyrimethamine is potentially toxic (Ryley and Betts, 
1973) whereas an alternative folic acid antagonist, diaveridine is much 
less so, furthermore it was effective against the cecal as well as intestinal 
species of Eimeria (Clarke, 1962, 1964). Another drug combination, 
sulfaquinoxaline plus trimethoprim, was also investigated and efficacy 
against bacterial as well as coccidial infections demonstrated (White and 
Williams, 1983). An advantage of trimethoprim and ormetoprim as 
sulfonamide synergists is that they are rapidly eliminated from avian 
species whereas pyrimethamine persists in tissues for a prolonged period 
(Goetting et al., 2011). 

Ionophores have generally been found to be safe in target animals 
receiving an approved dosage, but a long list of clinical signs has been 
reported from misuse (Dowling, 1992; Keshavarz and McDougald, 
1982). Nicarbazin also has side effects in broilers under some environ
mental conditions (Beers et al., 1989; McDougald and McQuistion, 
1980; Wiernusz and Teeter, 1995) and cannot be used in layers at its 
approved concentrations because of affects upon egg production 
(Chapman, 2017). A comparison of nicarbazin at 125 ppm and Maxiban 
at the combined approved use level of 80 ppm was undertaken in 
controlled environmental chambers under conditions designed to induce 
heat stress (Harris and Macy, 1988). Birds fed nicarbazin had signifi
cantly higher mortality, gained less weight, and had a poorer feed 
conversion ratio than those given the combination. Long et al. (1988) 
suggested that Maxiban may reduce heat distress induced mortality, as 
chicks subjected to a 42 ◦C ambient temperature had a higher surviv
ability than birds fed nicarbazin alone. An advantage of combinations 
involving ionophores and nicarbazin is that the concentrations 
employed for each drug are well below those that could result in 
toxicity. Thus in the EU, there is a zero-day withdrawal period specified 
for their inclusion in poultry feeds. As a consequence of the lack of po
tential toxicity, Monimax is approved in the EU for control of coccidiosis 
in chickens reared for laying (Bampidis et al., 2018). Furthermore, any 
concerns regarding tissue residues should be alleviated, as the depletion 
time and concentration level for the active component of nicarbazin 

(DNC) in birds given Maxiban is significantly reduced (Lima et al., 
2017). 

6.2. Broadening the species spectrum of activity 

One attribute of the sulfonamides and drugs such as ethopabate is 
their superior activity against the intestinal species of Eimeria 
(E. acervulina, E. maxima, E. brunetti) as opposed to cecal species 
E. tenella and E. necatrix (Ryley and Betts, 1973). Amprolium, however is 
more effective against E. tenella and E. necatrix than the intestinal spe
cies. The combination of amprolium with ethopabate and subsequently 
sulfaquinoxaline was therefore intended to enhance the species spec
trum of activity (Davies and Joyner, 1963; Long, 1963). In the UK, the 
inclusion of pyrimethamine even provided a 4-drug mixture (Supacox). 
Such multiple combinations of 3 and 4 four drugs are unlikely to be 
introduced today because of the costs and difficulty of obtaining product 
approval from registration authorities. 

6.3. Efficacy against different stages of the Eimeria life cycle 

Synthetic anticoccidial drugs inhibit the development of the asexual 
phases of the life cycle, principally intracellular meronts of the first and 
second generation. Sulfonamides have little activity against the first 
generation but are most effective against the second asexual cycle, a fact 
that favors their use for the treatment of birds that are already infected 
(Davies and Kendall, 1954; Kendall, 1956). Amprolium causes retarda
tion in the development of first-generation meronts and inhibition of 
oocyst sporulation whereas quinolones and clopidol prevent further 
development of sporozoites once they have penetrated intestinal cells 
(Ryley and Wilson, 1976). Nicarbazin is reported to have some effect 
against first generation meronts and suppresses development of second 
generation meronts (Chapman, 1994a; Cuckler and Malanga, 1956). 

The ionophores have been shown to kill the extracellular stages, the 
motile sporozoites and merozoites, as the drugs are taken up by the 
parasite before they penetrate intestinal epithelial cells of the host. An 
advantage of combinations that comprise ionophores and nicarbazin is 
that any motile parasites that escape the action of the ionophore are 
likely to be subsequently killed by nicarbazin due to its effects upon the 
meront generations. 

6.4. Improvement in efficacy 

A possible advantage of drug combinations is that their use may 
result in improved efficacy in the control of coccidiosis. Thus, in the case 
of the early combinations, drugs with indifferent activity were combined 
in order to give acceptable efficacy (Ryley, 1980). Ideally, in order to 
demonstrate improved efficacy it would be necessary to conduct growth 
trials, preferably conducted in floor-pens where treatments can be 
replicated, in which a combination and component drugs are employed 
at their commercially approved concentrations and current field isolates 
utilized as an infection source. Thus, in a floor-pen study, Maxiban gave 
a better final weight when included in the starter feed of broilers than 
birds given nicarbazin (Bafundo et al., 1990). It appears that no other 
such trials have been reported in the literature. 

6.5. Reduced probability of developing drug resistance 

The practice of prophylactic control of coccidiosis, in which large 
numbers of broiler chickens are given anticoccidial drugs continuously 
in the feed, has resulted in the inevitable development of drug resis
tance. The parasite is constantly exposed throughout its life cycle to 
agents designed to promote its demise (Chapman, 1982). One objective 
for the use of drug combinations is that this may reduce or delay the 
development of resistance (reviewed by Chapman, 1982). For example, 
Lerbek was introduced to take advantage of the synergistic effects noted 
between its two components and hopefully to delay the appearance of 
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drug resistance (Ryley, 1975). Anticoccidial combinations involving an 
ionophore and nicarbazin were introduced as an effective means of 
controlling ionophore-resistant coccidia (Bafundo and Jeffers, 1990). 
The principal method to develop resistance has been repeated propa
gation of parasites in birds given gradually increasing concentrations of 
drug and by this means it was shown that resistance to some develops 
rapidly (e.g. quinolones) whereas resistance to others (such as ampro
lium) develops slowly (Chapman, 1982). It has been suggested that in 
the case of quinolones resistance results from a single mutation whereas 
for amprolium several successive mutations may be involved (Chapman, 
1978). In the case of nicarbazin resistance was difficult to achieve 
(McLoughlin and Gardiner, 1967) and initial attempts to develop 
resistance to ionophores were unsuccessful (Chapman, 1976; Weppel
man et al., 1977) although subsequently decreases in susceptibility were 
observed (Chapman et al., 2010). A slight increase in reproductive 
ability of E. acervulina was found in birds given monensin after 60 
generations of selection, whereas E. tenella did not increase its repro
ductive capacity in the presence of this drug (Bafundo and Jeffers, 
1990). 

An attempt to calculate mutation rates to anticoccidial drugs in 
E. tenella indicated that for the quinolone amquinolate, the frequency of 
resistant parasites was 5.8 × 10− 8 per wild type oocyst (Weppelman 
et al., 1977). These authors believed that it should be possible to select 
resistance to optimal concentrations of other drugs providing the 
chickens are inoculated with sufficiently large numbers of oocysts. They 
were unsuccessful with amprolium, nicarbazin, and monensin but 
argued that the numbers of oocysts utilized in their experiments may 
have been insufficient and that single-step mutants might be present at 
frequencies lower than 5 × 10− 9. No evidence to support this was pro
vided. Chapman (1978) believes that initial selection of mutants resis
tant to sub-optimal concentrations of drugs may be essential for the 
subsequent selection of mutants resistant to higher concentrations. The 
nature of the Eimeria life cycle, involving repeated asexual multiplica
tion and production of haploid sporozoites and merozoites, will ensure 
that genes for any resistant mutant will be immediately expressed, and 
have a selective advantage in medicated chickens compared with drug 
-sensitive counterparts. The existence of a sexual process provides op
portunities for recombination that may permit innovative ways for 
coccidia to evade control by anticoccidials. Sexual reproduction may 
result in the generation of novel genes and the haploid endogenous 
development provides strong selection pressure to ensure that novel, 
adaptive changes are quickly fixed in the population. There have been 
several experimental studies demonstrating that new resistance pheno
types may arise by genetic recombination, a phenomenon first reported 
by Jeffers (1974a) for amprolium and decoquinate. This indicated a 
capacity for cross-fertilization, independent segregation, and the pro
duction of hybrid progeny (Chapman et al., 2013). However, such 
phenotypes require that strains employed be already resistant to the 
drugs studied (Chapman, 1984; Joyner and Norton, 1975, 1977). 

An advantage of drug combinations may be that the chance of 
selecting resistant mutants when component compounds are used 
simultaneously is much less than if those compounds are used alone 
(Bryson and Szybalski, 1955). Experimental evidence to support this was 
found by Norton and Joyner (1975, 1978) who obtained resistance to 10 
ppm methyl benzoquate and 125 ppm of clopidol after 3 propagations of 
E. maxima in medicated birds but were unable to develop resistance to a 
combination of the drugs. Furthermore, Joyner and Norton (1978) have 
argued that if there is a synergistic interaction when drugs are given 
simultaneously then a drug resistant recombinant might be eliminated 
even though it carried factors for both drugs involved. They also 
considered, that in the case of these two drugs, close physical linkage of 
contributing genetic loci may be an explanation for incompatible 
resistance combinations. An interesting phenomenon described for the 
quinolone decoquinate and clopidol (meticlorpindol) was collateral 
drug sensitivity in which strains sensitive to one compound were found 
to be sensitive to the other (Jeffers and Challey, 1973). Furthermore, this 

inverse relationship between the sensitivity to these drugs extended to a 
large number of isolates obtained from the field. This could have pro
vided an additional rationale for the use of such combinations. However, 
Joyner and Norton (1978) were unable to demonstrate collateral 
sensitivity between methyl benzoquate and clopidol in a drug sensitive 
strain of E. maxima. Although they were unable to develop resistance to 
both these drugs when administered simultaneously, they found it 
relatively easy to do so by selecting resistance to methyl benzoquate in a 
strain already resistant to clopidol (Joyner and Norton, 1978). This is 
likely the mechanism by which resistance to Lerbek appeared in the 
field. 

There have been a few other attempts to select drug resistance to 
combinations. Thus, a decrease in sensitivity of E. tenella to Novastat was 
found after five serial propagations of a sensitive strain in the presence 
of suboptimal levels of the drug (McLoughlin and Chute, 1973) and 
resistance to Maxiban could be developed after 11 serial passages of 
E. tenella in medicated birds (Tamas and Wilks, 1989). However, 
Bafundo and Jeffers (1990) found that sixty generations of selection 
were required to develop resistance to Maxiban with E. acervulina, but 
only partial resistance developed after 52 generations with E. tenella. 

6.6. Permit the acquisition of immunity 

A consequence of limited control of Eimeria infections is that suffi
cient parasites may escape the effects of a drug to allow the development 
of a protective immune response (Chapman, 1999). This could be 
desirable for coccidiosis control programs where extended withdrawal 
periods are employed (removal of drugs from the feed prior to slaughter) 
that may expose birds to infection later in life. Thus, with mixtures of 
sulfaquinoxaline and amprolium it was considered important to select 
concentrations that would not interfere with immunity development 
(Davies and Joyner, 1963). In the case of Amprol Plus, no suppression of 
the development of immunity to E. tenella was observed (Karlsson and 
Reid, 1978) and nicarbazin did not prevent acquisition of immunity to 
E. acervulina, E. tenella or E. necatrix (Cuckler and Malanga, 1956). It has 
been shown that ionophores do not prevent the acquisition of immunity 
(Chapman et al., 2010) and Jeffers (1989) believes that immunity may 
account for the effectiveness of ionophores in the field. The presence of 
low-level lesions in birds given Monimax indicates that some parasite 
recycling is occurring in the presence of the combination (Vereecken 
et al., 2020). Similarly, in a study of the drug-sensitivity of field isolates 
of E. tenella, the development of lesions was not prevented by Maxiban 
(Chapman, 1989). In view of the reduced concentrations of ionophores 
and nicarbazin in these drug combinations it seems likely that they may 
not interfere with immunity development. This, however, remains to be 
investigated. 

7. Sensitivity of strains isolated from the field to drug 
combinations 

7.1. Synthetic drugs 

Many studies have been conducted on the sensitivity of field strains 
to anticoccidial drugs but few for drug combinations (reviewed by 
Chapman, 1982; Cuckler et al., 1969; Ryley and Betts, 1973). Thus, of 
the early combinations, Novastat was unable to control field strains of 
E. tenella resistant to nicarbazin and other drugs (McLoughlin and Chute, 
1973). However, the combination has limited efficacy and therefore this 
was not considered to be acquired resistance (Ryley and Betts, 1973). 
Similarly, a decrease in sensitivity was observed in E. brunetti to a 
mixture of sulfaquinoxaline and diaveridine (Darvisul) from 1964 to 
1966 (Hodgson et al., 1969; Warren et al., 1966). Sulfaquinoxaline plus 
pyrimethamine (Whitsyn) was found effective against E. acervulina 
when evaluated by lesion scores in the upper intestine and administered 
in the drinking water, but as anticipated had no activity against the cecal 
species E. tenella (Mathis et al., 1984). The apparent lack of correlation 
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with previous reports may have been attributed to a higher drug intake 
with drinking water administration, and better absorption of the drug 
via water than the feed. 

In surveys conducted in the United States, resistance to amprolium 
combinations has been demonstrated (Jeffers, 1974b,c; McDougald 
et al., 1986). In the UK, a survey carried out by Hodgson et al. (1969) 
over a three-year period from 1964 to 1966 revealed a significant in
crease in strains of E. acervulina and E. maxima resistant to Pancoxin. 
None of the strains of E. maxima investigated by Chapman (1980) were 
sensitive to Pancoxin likely reflecting the widespread use of this com
bination. Resistance to this drug has also been reported for a strain of 
E. tenella (Ryley and Betts, 1973). Chapman (1980) also investigated the 
sensitivity of field strains of E. maxima to the four-drug mixture Supacox. 
Most isolates were sensitive suggesting that the potentiation achieved by 
the inclusion of pyrimethamine improved the efficacy of the combina
tion. The finding of 1 resistant strain and 2 that were partially resistant 
suggested that resistance might have become more widespread. How
ever, Supacox was withdrawn from commercial use before this could be 
realized. 

As already discussed, resistance could not be developed to Lerbek 
experimentally (Joyner and Norton, 1978), however field isolates of 
E. acervulina and E. maxima resistant to this combination have been 
described (Chapman, 1980; Kawazoe et al., 1991). Thus of 9 isolates of 
E. maxima obtained from broiler farms, 6 were considered resistant, 1 
partially resistant, and 2 sensitive to Lerbek (Chapman, 1980). By 
contrast, of 6 isolates from breeder farms all were sensitive. The results 
correlated with the use of the component compounds because neither 
methyl benzoquate nor clopidol had been used at breeder farms but had 
been employed extensively in broilers. Most broiler isolates had ac
quired resistance to methyl benzoquate and clopidol prior to the intro
duction of Lerbek hence the failure of the combination to control these 
strains. Lerbek would have been effective if resistance to its components 
had not emerged prior to its introduction, but unfortunately this was not 
the case (Williams, 1998). However, an investigation of the sensitivity of 
Eimeria species from Belgian broiler farms indicated a 50% improvement 
in weight gain, feed conversion and oocyst production compared with 
infected controls in birds given Lerbek (Peeters et al., 1994). Similarly, a 
limited study of field isolates from Dutch poultry farms conducted in 
2001 indicated that 7 isolates of E. acervulina, 1 of E. maxima, and 4 of 
E. tenella were sensitive to Lerbek with none resistant to the drug (Peek 
and Landman, 2003). It was not stated whether Lerbek had been pre
viously used at these farms. More recently, in a survey of the occurrence 
of Eimeria species in Colombia, no indication of resistance to the methyl 
benzoquate/clopidol combination was observed (Mesa et al., 2021). The 
observations suggest that there could be a role for older drugs and 
combinations in the control of coccidiosis if local strains could be shown 
to be sensitive to them. 

7.2. Ionophore combinations 

Chapman (1989) reported that of 15 isolates of E. tenella from broiler 
farms, 3 were resistant, 7 partially resistant, and 5 sensitive to Maxiban. 
More recently, 26 isolates of Eimeria were collected from 2003 to 2006 
in the USA and their sensitivity to nicarbazin and Maxiban investigated 
(Bafundo et al., 2008). Most isolates were sensitive to nicarbazin but 
only 22% overall were sensitive to Maxiban. Of the species present in 
these isolates, 88% of E. acervulina, 75% of E. maxima, and 29% of 
E. tenella were considered either resistant or partially resistant to this 
drug. Evidently, a considerable decline in sensitivity in the ionophore 
component of the combination had occurred which they attributed to 
the over-usage of such drugs for many years by the poultry industry. 
Strains of 3 species (E. acervulina, E. maxima, and E. tenella) were ob
tained from 13 countries throughout Europe over a period of 7 years and 
their sensitivity to Monimax, utilizing standard sensitivity tests, was 
performed (Anon, 2019a). Monimax significantly decreased lesion 
scores of all 3 species, significantly improved daily weight gain and feed 

intake, and decreased feed conversion compared with infected unmed
icated controls. Recently, the sensitivity of Brazilian field isolates of 
E. acervulina and E. maxima to various drugs, including Maxiban and 
nicarbazin plus semduramicin (Aviax Plus), indicated that strains were 
resistant to these combinations (Kraieski et al., 2021). 

Resistance to more than one drug (multiple resistance), whether 
arising through successive exposure to different drugs or genetic 
recombination between pre-existing resistant strains is widespread in 
the field and this, no doubt, is one reason why some of the older com
binations are no longer used (Chapman, 1984). 

8. Shuttle and rotation programs 

Ionophore combinations are typically employed to control coccidi
osis during the rearing of broiler chickens in so-called “shuttle pro
grams”, in which different drugs are used in successive feeds given 
during the life of a single flock (Chapman, 2001). Combinations may 
also be employed in “rotation” programs that involve the use of different 
drugs in successive flocks. The use of combination products in the first 
feed provided (starter ration) and sometimes in subsequent grower feeds 
has become a common practice. As an example, in the EU Monimax is 
recommended for use in the feed of broilers to 21 days of age followed 
by an ionophore, salinomycin or monensin. Shuttle programs were 
thought to reduce the probability of selecting drug resistant strains and 
are widely employed by the broiler industry (McDougald, 2008). 
Ideally, such alternation should be between drugs with different modes 
of action, but this is not often the case. The poultry industry is fortunate 
that, unlike many other areas of veterinary medicine, a variety of agents 
are approved for the control of coccidiosis, however, the occurrence of 
resistance to synthetic drugs and ionophores is so widespread only 
limited opportunities are available. In the only study attempting to 
simulate a rotation program, E. tenella was propagated in birds given 
alternately nicarbazin, followed by zoalene, amprolium and Unistat 
(McLoughlin and Chute, 1975). After 10 propagations for each drug, the 
strain was resistant to all except nicarbazin. They concluded that 
changing drugs does not prevent the acquisition of resistance. Resistance 
is generally thought to be stable, nevertheless, relaxation of drug se
lection pressure may be advantageous in that given time sensitive strains 
might recolonize broiler houses. Anecdotal evidence suggests that this 
may be the case for some of the older synthetic drugs, however, exper
imental evidence to support this contention is lacking. 

9. Restoration of drug sensitivity 

Ionophore combinations are also employed in rotation programs in 
which drugs and vaccines are alternated in successive flocks. Improve
ments in delivery systems for live vaccines, especially the use of spray 
cabinets in the hatchery, has allowed their economic deployment for the 
vaccination of broiler chickens. Furthermore, some vaccines comprise 
strains of Eimeria, attenuated or non-attenuated, that have never been 
exposed to drugs, and it is believed that use of such vaccines may 
repopulate broiler houses with drug-sensitive strains, thus resulting in a 
restoration of drug sensitivity. Restoration of sensitivity to monensin, 
salinomycin, and diclazuril following use of the live non-attenuated 
vaccine Coccivac has been reported (Chapman, 1994b; Chapman and 
Jeffers, 2015; Mathis and Broussard, 2006) and to monensin and 
diclazuril following use of the attenuated vaccine Paracox-5 (Peek and 
Landman, 2006). More recently, restoration of drug sensitivity to a 
range of drugs, including Maxiban and Monimax following use of the 
attenuated vaccine ADVENT has been demonstrated (Vereecken et al., 
2021). Rotation programs involving anticoccidial drugs and vaccines are 
widely utilized in the USA and many of these employ drug combinations 
as the chemotherapy component. Similar programs involving drug 
combinations have been tailored for local conditions and husbandry 
practices in other countries. 

A proposal for a rotation program involving drug combinations and 
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vaccines, based upon a diagram by Chapman and Jeffers (2015) is 
provided in Fig. 5. An annual program involving 6 successive flocks is 
illustrated. The combination may be used in both starter and grower 
feeds, in the starter feed followed by a different ionophore, or in the 
grower feed following use of a synthetic drug. Ideally, in those situations 
where an annual clean-out is conducted, removal of litter should be 
undertaken prior to vaccination in order to remove as many 
drug-resistant parasites present as possible. 

10. Future for drug combinations 

Control of coccidiosis by inclusion of drugs in poultry feeds has been 
achieved by use of synthetic compounds and ionophores. Indeed, control 
of coccidiosis by drugs and their combinations since the 1950s may be 
considered the golden age of chemotherapy. The widespread develop
ment of drug resistance, however, has led to a decline in use of some 
older synthetic compounds, and many are no longer available. In recent 
years there has been renewed interest in such drugs and several are now 
employed in programs as alternatives to ionophores. There may in the 
future, therefore, still be a role for drug combinations comprising syn
thetic drugs in the control of coccidiosis. The principal drug combina
tions employed today are those comprising ionophores and nicarbazin. 
Threats to their future use, however, are that some poultry companies, in 
order to satisfy perceived customer demands, are marketing chickens as 
“raised without antibiotics”. This has led to compromised production 
including reduced livability, increased feed costs, poor feed conversion, 
increased incidence of various disease conditions, and negative effects 
upon welfare (Cervantes, 2015; Karavolias et al., 2018). In some 

countries, the poultry meat sector has come under pressure to reduce or 
even remove the use of ionophores for the control of coccidiosis because 
they have activity against gram positive bacteria and are classified as 
antibiotics (Parker et al., 2021). It should be noted, however, that ion
ophores are not currently approved for use in human medicine (Anon, 
2019b). It is unclear, how the poultry industry will accommodate the 
likely deterioration in the health of chickens if ionophores are no longer 
available for the control of coccidiosis. As already described, several 
advantages accrue from the use of ionophore combinations, including a 
reduced probability of toxicity, efficacy against several stages of the life 
cycle, and broad species spectrum of activity against Eimeria. Further
more, one drug combination (Monimax) is approved for use in the EU for 
controlling coccidiosis in other classes of stock, that includes fattening 
turkeys, and for the rearing phase of layer birds. Nevertheless, the 
principal use of ionophores will be in broiler chickens and, despite ev
idence of resistant strains having developed, they are widely employed 
by the broiler industry and likely to remain so in the immediate future. A 
contributing factor maybe that the usage of ionophores has expanded 
because of their antibacterial properties, such as control of clostridial 
enteritis (Bafundo et al., 2008). Thus, monensin and narasin are able to 
protect birds from developing lesions of Clostridium perfringens but the 
combination of narasin and nicarbazin was unable to do so (Lanckriet 
et al., 2010). Although drug resistance has proved to be a major factor 
contributing to the failure of anticoccidial agents, rotation programs 
involving drug combinations and vaccination may be an effective means 
of controlling coccidiosis. It is concluded that several advantages may 
accrue from the use of drug combinations and that, for the present, they 
are likely to remain among the principal means to control this disease. 

Fig. 5. Rotation program comprising a yearly chicken production cycle involving six flocks given drug combinations and vaccines.  
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Further research is desirable, including the influence of combinations 
upon the acquisition of immunity, effects upon the performance of birds 
raised under different environmental conditions, and their integration in 
various management regimes including vaccination. 
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