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Abstract 

Background: Coccidiosis is a poultry disease that occurs worldwide and is caused by Eimeria species. The infection 
is associated with reduced feed efficiency, body weight gain, and egg production. This study aimed to investigate the 
current status of coccidiosis and anticoccidial resistance to anticoccidial drugs used as part of control strategies for 
this disease in Korean chicken farms.

Results: An overall prevalence of 75% (291/388) was found. Positive farms contained several Eimeria species 
(mean = 4.2). Of the positive samples, E. acervulina (98.6%), E. maxima (84.8%), and E. tenella (82.8%) were the most 
prevalent species. Compared with cage‑fed chickens, broilers and native chickens reared in free‑range manage‑
ment were more at risk of acquiring an Eimeria infection. Sensitivities to six anticoccidial drugs (clopidol, diclazuril, 
maduramycin, monensin, salinomycin, and toltrazuril) were tested using nine field samples. Compared with untreated 
healthy control chickens, the body weight gains of infected chickens and treated/infected chickens were significantly 
reduced in all groups. Fecal oocyst shedding was significantly reduced in four clopidol‑treated/infected groups, three 
diclazuril‑treated/infected groups, two toltrazuril‑treated/infected groups, one monensin‑treated/infected group, and 
one salinomycin‑treated/infected group, compared with the respective untreated/infected control groups. Intestinal 
lesion scores were also reduced in three clopidol‑treated/infected groups, one monensin‑treated/infected group, and 
one toltrazuril‑treated/infected group. However, an overall assessment using the anticoccidial index, percent opti‑
mum anticoccidial activity, relative oocyst production, and reduced lesion score index found that all field samples had 
strong resistance to all tested anticoccidial drugs.

Conclusion: The results of this large‑scale epidemiological investigation and anticoccidial sensitivity testing showed 
a high prevalence of coccidiosis and the presence of severe drug resistant Eimeria species in the field. These findings 
will be useful for optimizing the control of coccidiosis in the poultry industry.
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Background
The meat and eggs from poultry are significant sources 
of protein. Chickens are the most essential poultry spe-
cies globally; they constitute about 90% of the poultry 
population worldwide [1]. Coccidiosis is a major cause 
of immunosuppression in poultry. It is identified by the 
American Association of Avian Pathologists as one of the 
top diseases of concern affecting broiler and layer farms 
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[2]. This disease occurs worldwide and is caused by any 
one of seven Eimeria  species. Eimeria is an intracel-
lular parasite that invades the intestinal epithelial cells 
of chickens. Infection that progresses to disease causes 
mortality and production losses associated with reduced 
feed efficiency, body weight gain, and egg production in 
affected chickens [3–5].

Coccidiosis is endemic in most tropical and subtropical 
regions where farm management practices mostly include 
use of deep litter that creates environmental conditions 
that favor year-round propagation of Eimeria species. In 
practice, increasing use of intensive farming systems and 
the associated high stocking densities on farms increases 
the likelihood of disease persistence. Based on 2016 
prices, the estimated global cost of coccidiosis control is 
£10.36 billion [6]. Consistent year-by-year financial pres-
sures on the poultry industry are linked to prophylactic 
use of anticoccidial drugs (e.g., ionophores and synthetic 
chemicals) in feed or water [7]. However, development of 
drug resistance over time in different parts of the world 
have reduced efficacy of anticoccidials [8, 9]. To address 
the growing consumer demand for antibiotic-free poultry 
products and appearance of drug-resistant strains, regu-
lations implemented to ban the use of antibiotics in food-
producing animals, and natural dietary supplements and 
probiotics are being used as alternative coccidiosis con-
trol strategies [8, 10–13]. Low-dose virulent  or attenu-
ated vaccine strains of Eimeria  are also used to control 
and prevent infection [4, 14–17]. However, there is little 
cross-protection between Eimeria species, and there are 
between-species differences in susceptibility to anticoc-
cidial drugs [18, 19]. Therefore, it is crucial to accurately 
identify Eimeria species to select more effective vaccines 
and control measures.

In our previous report in 2010, the prevalence of coc-
cidiosis was 78.7% in fecal samples from 356 poultry 
farms. By using a species-specific PCR diagnostic method 
based on the internal transcribed spacer 1 sequence, E. 
acervulina and E. tenella were the most common in the 
investigated farms with 87.5% and 62.5%, respectively, 
followed by E. brunetti and E. praecox (59.3%, and 37.5%, 
respectively). The other species such as E. maxima, E. 
necatrix, and E. mitis had a prevalence of 31.3% [20]. 
There have also been studies of the use of various natural 
substances to control coccidiosis, such as aloe vera [13], 
berberine  [21], galla rhois  [22] and green tea  [23].  The 
objective of this study is to provide an up-to-date status 
of coccidiosis in Korea by investigating the occurrence 
of Eimeria infection in poultry farms and comparing the 
resistance of field Eimeria species to commercially avail-
able anticoccidial drugs. The resulting epidemiological 
data can be used to develop guidelines for control meas-
ures that are more appropriate to the current status of 
this disease.

Results
Prevalence and distribution of coccidiosis
Of the fecal samples collected from 388 chicken farms, 
291 were positive for coccidian oocysts (overall preva-
lence = 75%). The specific rates (prevalence rates) in 
chicken types were determined for broilers (84.5%), 
native chickens (81.48%), and breeder and laying hens 
(33.3–42.6%). Similarly, prevalence rates in the manage-
ment types of free-range chickens (83.0%) and caged 
chickens (41.3%) were identified (Table  1). The num-
bers of oocysts in fecal samples were < 50/g (25%), 
50–999/g (18.8%), 1,000–9,999/g (27.1%), and ≥ 10,000 
(29.1%) (Fig. 1A). The 90.2% and 96.4% of fecal samples 

Table 1 Distribution and risk factor analysis of avian coccidiosis 

OR Odds Ratio, CI Confidence Interval, NS Not significant
*** P < 0.001

Total cases (%) Cases of 
coccidiosis (%)

Specific Rates 
(%)

OR 95% CI P value

Type of Chickens
 Broiler 278 (71.65) 235 (80.76) 84.53 7.36 4.028–13.24  < 0.0001 ***

 Native chicken 27 (6.96) 22 (7.56) 81.48 5.92 2.058–15.56  < 0.001 ***

 Broiler breeder 12 (3.09) 4 (1.37) 33.33 0.67 0.2085–2.296 0.7502 NS

 Layer Breeder 10 (2.58) 4 (1.37) 40.00 0.90 0.2646–3.182  > 0.999 NS

 Lay hen 61 (15.72) 26 (8.93) 42.62 Reference

TOTAL 388 (100) 291 (100) 75.00

Type of Management
 Free‑range 313 (80.67) 260 (89.35) 83.07 6.963 4.089–11.73  < 0.0001 ***

 Caged 75 (19.33) 31 (10.65) 41.33 Reference

TOTAL 388 (100) 291 (100) 75.00
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containing ≥ 10,000 oocysts/g were from broilers and 
free-range chickens, respectively (Table 2). Positive fecal 
samples included multiple Eimeria species (mean = 4.2). 
There were 3 to approximately 5 Eimeria species in 
77.5% of the positive samples (Fig.  1B). The most prev-
alent Eimeria species were E. acervulina  (98.6%),  E. 
maxima  (84.8%), and  E. tenella  (82.8%), followed by  E. 
mitis (42.9%), E. praecox (36.4%), E. brunetti (14%), and E. 
necatrix (8.8%) (Fig. 1C).

Risk factor analysis and coccidiosis infection status
Based on the specific rates of prevalence in chicken 
types (Table 1), broilers and native chickens were about 
7.3 and 5.9 times, respectively, more at risk than laying 
hens. Free-range chickens were about 6.9 times more at 

risk than caged chickens (Table  1). With fecal samples 
containing ≥ 10,000 oocysts/g, broilers and native chick-
ens were about 8.2 and 4.9 times, respectively, more at 
risk than laying hens. Free-range chickens were about 9.4 
times more at risk than caged chickens (Table 2).

Analysis of fecal oocyst concentration indicated that 
most samples had < 50 oocysts/g (58.6%) in fecal sam-
ples obtained from caged chickens; most samples col-
lected from free-range chickens had ≥ 10,000 oocysts/g 
(34.8%) (Fig. 2A). The mean number of Eimeria species 
was not different between free-range (4.8 ± 0.7) and 
caged chickens (3.9 ± 0.6) (Fig.  2B). In general, regard-
less of chicken breed and management type, E. acer-
vulina and E. maxima were the most prevalent Eimeria 
species (Fig. 2C).

Fig. 1 Prevalence and distribution of coccidiosis in Korean chicken farms. A Frequency of the number of oocysts per gram of fecal samples. B 
Specific rate and number of Eimeria species present in positive sample. C Distribution of Eimeria species in samples

Table 2 Risk analysis with oocyst concentrations ≥ 10,000 oocyst numbers per gram of feces in individual sample 

OR Odds Ratio, CI Confidence Interval, NS Not significant
*  P < 0.05, ***P < 0.001

Total cases (%) Cases of over 10,000 
oocyst/g (%)

Specific Rates 
(%)

OR 95% CI P value

Type of Chickens
 Broiler 278 (71.65) 102 (90.27) 36.69 8.26 3.115–21.78  < 0.0001 ***

 Native chicken 27 (6.96) 7 (6.19) 25.93 4.99 1.319–16.17 0.0303 *

 Broiler breeder 12 (3.09) 0 (0) 0.00 0.00 0.00–5.698  > 0.999 NS

 Layer Breeder 10 (2.58) 0 (0) 0.00 0.00 0.00–7.060  > 0.999 NS

 Lay hen 61 (15.72) 4 (3.54) 6.56 Reference

TOTAL 388 (100) 113 (100) 29.12

Type of Management
 Free‑ranged 313 (80.67) 109 (96.46) 34.82 9.484 3.449–24.85  < 0.0001 ***

 Caged 75 (19.33) 4 (3.54) 5.33 Reference

TOTAL 388 (100) 113 (100) 29.12
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Anticoccidial sensitivity test of field samples
Nine field samples (A–I) collected from different prov-
inces were used for the anticoccidial experiment against 
six different drugs. Parameters such as body weight gain, 
oocyst production, and lesion score were measured 
(Figs.  3, 4 and 5). The nine field samples included the 
most prevalent Eimeria species (E. acervulina, E. max-
ima, and E. tenella) with 0 to 3 different Eimeria species 
depending on the sample (Additional file 1).

Compared with untreated healthy control (NC) ani-
mals, body weight gains of untreated and infected 
chickens (PC) and treated/infected chickens were sig-
nificantly reduced in all groups. There was no difference 
in body weight gain between PC and treated/infected 
chickens (Fig.  3). Fecal oocyst shedding was signifi-
cantly reduced in 4 clopidol-treated/infected groups, 
3 diclazuril-treated/infected groups, 2 toltrazuril-
treated/infected groups, 1 monensin-treated/infected 
group, and 1 salinomycin-treated/infected group, com-
pared with their respective PC groups. No oocysts were 
found in the NC groups (Fig. 4). Intestinal lesion scores 
were reduced in 3 clopidol-treated/infected groups, 1 
monensin-treated/infected group, and 1 toltrazuril-
treated/infected group. No lesion scores were found in 
the NC groups (Fig. 5).

Next, the four anticoccidial indexes, the ACI, POAA, 
ROP and RLS index, were evaluated with body weight 
gain, oocyst production and the lesion scores used above 
and survival rates (Additional file 2). The results for the 
ACI, POAA, ROP, and RLS values indicated that all field 
samples were resistant to all anticoccidial drugs (Addi-
tional files 3, 4, 5 and 6). Taken together, the results indi-
cated that all field samples had severe resistance to all 
anticoccidial drugs tested (Table 3).

Discussion
Worldwide, coccidiosis is an economically significant dis-
ease in the poultry sector. Therefore, regular epidemio-
logical monitoring of Eimeria species present in the field 
and up-to-date status of resistance to treatments are vital 
for the best selection of control and prevention strategies. 
Overall, this study found that the current prevalence of 
coccidiosis in Korea is 75% (291 of 388 farms). Compared 
with our laboratory’s previous epidemiological find-
ings of 78.7% (280 of the 356 farms) in 2010, this find-
ing was lower, but generally higher than the coccidiosis 
prevalence values reported in South Ethiopia, Pakistan, 
Nigeria, Iran, India, Turkey, and Algeria of 20.10%, 23.8%, 
31.8%, 35.2%, 39.58%, 54.3%, and 63.26%, respectively 
[1, 20, 25–30]. Factors including control methods used, 

Fig. 2 Status of coccidiosis based on level of infection and Eimeria species. A Level of infection based on the number of oocysts per gram of fecal 
samples. B Mean of numbers of Eimeria species present in positive samples. C Species‑specific distribution of Eimeria species based on the source of 
fecal samples
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timing of sampling, animal husbandry, and geographical 
variation can account for differences in prevalence, com-
pared with previous studies [31]. But, comparing the pre-
vious results for South Korea to this study suggests there 
was little progress in control for the past 10 years.

In this study, the high prevalence of coccidiosis based 
on poultry type and management type was associated 
with broilers (84.5%) and native chickens (81.48%), par-
ticularly those raised using the free-range (83.0%) man-
agement (Table  1). While these findings are contrary to 

the results of a study in Nigeria, which found the layer 
chickens have a higher prevalence rate of coccidial infec-
tion than broilers, they are consistent with the findings 
in Jordan and Iran poultry industries [32–34]. The pre-
vious studies found that the high prevalence values of 
coccidiosis in broilers are associated with deep-litter 
management with high stocking densities and poor 
farm management practices [33, 34]. In Korea, free-
range management includes use of deep litter with high 
stocking densities. This study found a high degree of 

Fig. 3 Comparison of body weight gain in field sample‑infected chickens. Five‑day‑old ROSS 308 female chickens were orally infected with 3 ×  104 
sporulated oocysts of 9 different field samples (A–I). Body weight gain (n = 20) was measured at 9 days after infection. * P < 0.05, ** P < 0.01, and 
***P < 0.001 indicate significant differences compared to untreated and healthy group (NC). The results represent mean ± SE values. NC, negative 
control; PC, untreated and infected group as a positive control; A‑I, farm samples
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association between disease occurrence and manage-
ment type; chickens raised using a free-range type of 
management had a higher coccidiosis rate. The fecal–oral 
route is the mode of transmission of the infective state of 
Eimeria species (sporulated oocysts) [35]. Use of deep 
litter provides conditions that promote oocyst accumu-
lation, sporulation, and persistence in the environment. 
Consequently, the rate of exposure or contact of chickens 
to Eimeria species increases via the contaminated litter 

or fomites. Coccidiosis prevalence in birds raised in wire 
cages is lower because fecal–oral transmission is essen-
tially stopped or reduced [36].

To reflect current infection status in the field, collected 
fecal samples were further assessed by determining OPG 
values, the numbers of Eimeria species present in a single 
positive sample, and identification of the specific Eimeria 
species in fecal samples. First, monitoring oocyst num-
ber in fecal samples provides an index of the degree of 

Fig. 4 Comparison of oocyst numbers in field sample‑infected chickens. Five‑day‑old ROSS 308 female chickens were orally infected with 3 ×  104 
sporulated oocysts of 9 different field samples (A–I). Production of oocysts per group (n = 20) was obtained from the fecal samples collected from 
days 6 to 9 post‑infection. * P < 0.05, ** P < 0.01, and ***P < 0.001 indicate significant differences compared to untreated and infected group (PC). The 
results represent mean ± SE values. NC, negative control; PC, untreated and infected group as a positive control; A‑I, farm samples
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infection and the parasite’s rate of reproduction in the 
intestines [37]. Although the OPG values in litter varied 
widely between samples, high numbers of samples with 
oocyst numbers ≥ 10,000/g were consistently found in 
broilers and free-range chickens; 56.2% of the fecal sam-
ples contained ≥ 1,000 oocysts/g (Fig.  1A). This result 
suggested that there was a considerable amount of oocyst 

output in the field and that oocysts would continue to 
accumulate, sporulate, and infect more birds. It is inter-
esting to note that even a mild infection of about 50 E. 
tenella or E. brunetti oocysts can yield several hundred 
thousand oocysts [38]. Although this OPG monitor-
ing revealed estimates of infection levels, it did not col-
lectively represent the course of infection in the flock; 

Fig. 5 Comparison of intestinal lesion scores in field sample‑infected chickens. Five‑day‑old ROSS 308 female chickens were orally infected with 
3 ×  104 sporulated oocysts of 9 different field samples (A–I). At day 7 post‑infection, five chickens from each group were randomly selected for 
intestinal lesion scoring. Lesions scores range from 0–4, following the Johnson and Reid [24] scoring technique. * P < 0.05 indicates significant 
difference compared to untreated and infected group (PC). Results represent mean ± SE values. NC, negative control; PC, untreated and infected 
group as a positive control; A‑I, farm samples
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it only provided an estimate of the numbers of oocysts 
present at the time of sampling. Long and Rowell found 
that oocyst numbers generally peak at 4–5  weeks after 
the introduction of birds [39]. Thus, further studies of the 
course of infection should include flock age and informa-
tion about litter recycling at the time of sampling.

Each species of Eimeria that infects poultry has a pre-
ferred site of infection in the bird’s gastrointestinal tract. 
Lesions can be mild or severe, depending on the magni-
tude of infection. While some studies found single-spe-
cies infections in flocks, coccidiosis mainly results from 
a mix of Eimeria species that parasitize different areas 
of the intestine [12, 40]. Consistent with this finding, the 
mean number of Eimeria present in a single sample was 
determined to demonstrate the degree of infection in the 
field and the Eimeria species present on the samples were 
identified to discriminate proper measures for control, as 
some Eimeria species are predisposing factors to necrotic 
enteritis [41]. This study found mixed populations of 
Eimeria species (mean = 4.2); 77.5% of the positive sam-
ples contained 3 to 5 Eimeria species in one fecal sample 
(Fig. 1B). This high prevalence of mixed infection in sam-
ples was consistent with findings of > 80% in Norway, 55% 
in Nigeria, and 54.28% in Algeria [25, 31, 42].

RT-PCR analysis of the positive fecal samples detected 
all Eimeria species in the fecal samples. Eimeria acer-
vulina (98.6%), E. maxima (84.8%), and E. tenella (82.8%) 
were the most prevalent species. The finding that E. 
acervulina  was the predominant Eimeria species was 
consistent with previous findings in South Korea, South-
western Nigeria, and Romania [9, 20, 43]. However, it 
was not consistent with the results of studies of free-
range chickens in Tunisia and broiler farms in Northern 
Jordan, where the prevalence of  E. acervulina  are 1.5% 
and 3%, respectively [33, 44]. The high prevalence of  E. 
acervulina  and  E. tenella  are likely attributable to the 
high oocyst production rates of both species while the 

detected high prevalence of E. maxima can be attributed 
to the high potential of this species to extensively affect a 
large portion of the intestine, compared with other spe-
cies [45]. In this study, the findings for E. brunetti (14%) 
and E. necatrix (8.8%) were consistent with the finding of 
a low species prevalence in China, but were not consist-
ent with findings in South Korea and India [19, 46, 47]. 
These differences may be associated with alterations in 
the population dynamics of the parasite brought about by 
the different reproductive potential of each Eimeria spe-
cies [45]. Also, E. brunetti and E. necatrix are more com-
mon in older birds [48].

Compared with the results of a previous study in South 
Korea performed 10 years ago, this study found that the 
prevalence of coccidiosis remains high. The mean num-
ber of Eimeria species per sample increased from 3.4 to 
4.2, accompanied by evidence of a change in population 
dynamics of the infecting species present in the field 
(Fig.  1). The varying resistance of Eimeria species to 
anticoccidials used in other countries is well-documented 
[42, 49, 50]. However, in South Korea, the drug-resistant 
strains of Eimeria species are poorly understood and 
documented. We also evaluated the sensitivities of nine 
field samples to anticoccidials. We used six anticoccidial 
drugs used in the field (clopidol, diclazuril, maduramycin, 
monensin, salinomycin, and toltrazuril). Parameters such 
as body weight gain, intestinal lesion scores, and oocyst 
production along with mortality rates were assessed. 
Treatments are considered protective when birds main-
tain weight gain and lesion scores are zero or at a low 
number [51]. Our trials found that all infected chickens 
had reduced body weight gain (Fig.  3), which is a clini-
cal manifestation of coccidiosis. But, while oocyst pro-
duction (Fig.  4) and lesion scores (Fig.  5) were reduced 
in some medicated groups, limited levels of reduction in 
lesion scores and oocyst production were found in most 
medicated groups. In general, assessment of drug efficacy 

Table 3 Overall assessment of the field samples to anticoccidial drugs

Anticoccidial drug resistance was evaluated using the anticoccidial index (ACI), percent optimum anticoccidial activity (POAA), relative oocyst production (ROP), and 
reduced lesion score (RLS). After giving each of the values of resistance (1) and non-resistance (0) to the four methods used, the overall evaluation was calculated by 
adding them together. Interpretation of results; no drug resistance (0), slightly drug resistant (1), moderately drug resistant (2) and severely drug resistant (3 or 4). A-I, 
farm samples

Treatment Farm samples

A B C D E F G H I

Clopidol 4 4 4 4 4 3 4 4 4

Diclazuril 4 4 4 4 4 4 4 4 4

Maduramycin 3 4 4 4 4 4 4 4 4

Monensin 4 4 4 4 4 4 3 4 3

Salinomycin 4 4 4 4 4 4 4 4 3

Toltrazuril 4 4 4 4 4 4 4 4 4



Page 9 of 13Flores et al. BMC Veterinary Research          (2022) 18:277  

based on a single parameter may result in inconsist-
ent findings [52]. Thus, we used a standard method for 
an overall assessment of drug sensitivity (i.e., the ACI, 
POAA, ROP, and RLS indices). Overall, the results indi-
cated that all field samples collected in this study were 
severely drug resistant to all anticoccidials evaluated, but 
particularly to diclazuril, maduramycin, and toltrazuril. 
Likewise, varying levels of drug resistance to clopidol 
[53], diclazuril [49, 54], maduramycin [55], monensin [56, 
57], salinomycin [56–58], and toltrazuril [42, 49] were 
previously reported. Similar to the findings in this study, 
presence of field isolates with multi-drug resistance to 
anticoccidials has also been reported [49, 50, 59].

Chemical anticoccidials and ionophores generally neg-
atively affect the metabolism and ion transport, respec-
tively, of the parasites [35]. However, some anticoccidials 
are not entirely efficient in all the developmental stages 
of Eimeria species [18]. The development of Eimeria spe-
cies resistance to ionophores is linked to a change in the 
biochemical composition of the parasite membrane [8]. 
In the field, husbandry practices that include the inten-
sive use of anticoccidials is often the cause of develop-
ment of resistance. The use of anticoccidials in Korea has 
decreased significantly, from about 52,612 kg in 2014 to 
23,682 kg in 2019. However, the poultry industry still uses 
anticoccidials such as clopidol, diclazuril, maduramycin, 
monensin, and salinomycin as prophylactic medications [60].

Conclusion
Taken together, the results of this study indicated that the 
prevalence of coccidiosis in South Korea remains high, 
and that over time the population dynamics and infection 
levels of  Eimeria  species have changed. Furthermore, 
there are Eimeria  species in the field with severe lev-
els of multi-drug resistance to anticoccidials. Therefore, 
it is critical to look for alternative control methods that 
consider drug-sensitivity profiles of field samples found 
in this study. Periodic monitoring of resistance, field sta-
tus, and prevalence of Eimeria species is critical, because 
knowing the patterns will be helpful for planning and 
implementation of an optimized control program.

Methods
Fecal sample collection and oocyst counting
Fecal samples were collected from 388 randomly 
selected poultry farms in Korea between December 
2019 and May 2021. All sampled farms have no history 
with the use of coccidiosis vaccine in their programs. 
The 388 fecal samples were collected from 278 broiler 
farms, 61 laying hen farms, 27 native chicken farms, 
12 broiler breeder farms and 10 laying breeder farms. 
Additionally, farms consisted of 75 cage and 313 free-
ranged types of management (Table  1). Each sample 

consisted of a pool of fresh manure collected from sev-
eral chickens or a pooled fecal sample from areas dis-
tributed in the litter of randomly selected poultry farm 
buildings. The collected samples were put into sealable 
plastic bags or screw-cap containers and were sent to 
the laboratory. One-gram fecal samples were homog-
enized in 5  ml saturated NaCl solution using a vortex 
mixer. All fecal samples were first examined for Eimeria 
oocysts using a standard McMaster technique, as pre-
viously described [20]. The number of oocysts was 
presented as the number of oocysts per gram of feces 
(OPG). The lower detection limit of the fecal examina-
tion was less than 50 OPG.

Genomic DNA extraction from oocysts
Before genomic DNA was extracted from fecal oocysts, 
positive fecal samples were diluted fivefold with phos-
phate-buffered saline (PBS, pH 7.4), homogenized 
using a vortex mixer, and then filtered using a mesh 
sieve. The materials that did not pass through the sieve 
were discarded. The filtrate was then transferred to a 
plastic centrifuge container and centrifuged for 10 min 
at 1,000 × g. The supernatant was discarded, while the 
sediment containing the oocysts was resuspended 
with PBS and washed two times using centrifugation 
(1,000 × g, for 10 min). After washing, the sediment was 
resuspended with 2.5% potassium dichromate solution 
(Samchun Chemicals, Pyongtack, Korea) and incu-
bated at 28 °C for 1–3 days with shaking and aeration to 
achieve sporulation. Oocysts sporulation was checked 
using microscopy at 100 × magnification. The samples 
were washed twice using PBS (pH 7.4) by centrifuga-
tion to remove the potassium dichromate solution. 
They were then resuspended in PBS. Genomic DNA 
extraction was performed using the QIAamp® Fast 
DNA Stool Mini Kit according to the manufacturer’s 
protocol (Qiagen, Germany).

Molecular characterization of Eimeria species using PCR
Eimeria species was determined using PCR prim-
ers (Table  4) targeting the internal transcribed spacer 1 
(ITS-1) of nuclear ribosomal DNA of each Eimeria spe-
cies. Each PCR reaction was performed in a 20  μl PCR 
premix (Bioneer, South Korea) containing 1  μl genomic 
DNA template and 10 p mol each for the forward and 
reverse primers, as previously described [20]. The cycling 
program for the primary PCR using ITS-1 primers con-
sisted of a denaturation step for 5 min at 95 °C, followed 
by 30 cycles at 95 °C for 45 s, 55 °C for 45 s, and 72 °C for 
1 min, then a final extension of 72 °C for 4 min in a ther-
mal cycler. The secondary PCR reaction with the primary 
PCR product was performed as previously described 
[61]. Briefly, initial denaturation was performed for 5 min 
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at 95 °C, then 30 cycles at 95 °C for 30 s, 58 or 65 °C for 
30 s, and 72 °C for 1 min, followed by a final extension at 
72 °C for 5 min. Each PCR product was loaded to a 1.5% 
agarose gel with ethidium bromide and was run in TAE 
buffer for 25  min. The DNA fragments were visualized 
using ultraviolet light.

Anticoccidial drug sensitivity test
Experimental design and infection
The anticoccidial drug sensitivity test was carried out 
for a total of 16  days in an experimental animal facility 
in Gyeongsang National University. Day-old ROSS 308 
female broiler chicks (Samhwa, Korea) were housed in 
cages in a coccidiosis-free environment and were given 
ad libitum access to water and feed throughout the exper-
iment. To make similar and balanced groups before treat-
ment, the weights of 5-day-old chicks were measured and 
the chicks weighing 110-125  g were randomly assigned 
to groups (n = 40/group): uninfected/untreated control 
group, infected/untreated groups and infected/treated 
groups. Treatment and infection was randomized to each 
group using = RANDBETWEEN () function in Microsoft 
Excel and the groups were randomly allocated to cages.

Anticoccidial drug sensitivity testing of nine field 
samples (Additional file  1) to the six anticoccidials 
clopidol (125  ppm), diclazuril (1  ppm), maduramycin 
(5  ppm), monensin (100  ppm), salinomycin (60  ppm), 

and toltrazuril (25 ppm) was performed. At 7 days old, 
the chicks were weighed and orally inoculated with 3 X 
 104 sporulated oocysts of the field samples to their cor-
responding group and fed a standard diet supplemented 
with anticoccidial drugs beginning 2 days before infec-
tion and continued throughout the entire experimental 
period. Oocysts used for infection were cleaned using 
flotation on 5.25% sodium hypochlorite; they were then 
washed three times with PBS. The untreated/infected 
control birds (positive control, PC) were given their 
respective inoculums, while the uninfected untreated 
control birds (negative control, NC) were given PBS. 
A dose titration trial on the nine different field sam-
ples was performed to determine the inoculation dose 
to cause a weight gain reduction of 15–25% in infected 
and unmedicated birds [63].

Birds were observed daily and the mortality was 
monitored. The following parameters were measured: 
body weight gain, oocyst number/g and lesion scores. 
Body weight gain (n = 20) was measured each bird at 
9  days post-infection. Fecal samples were collected 
from 6 to 9 days post-infection and were homogenized 
using a blade grinder. Two 20-ml samples were col-
lected from each suspension. Samples were diluted in 
saturated NaCl, and oocysts were counted microscopi-
cally using a McMaster counting chamber. Total oocyst 
numbers were calculated using the formula: [total 

Table 4 Specific primers targeting the Internal Transcribed Spacer Region‑1 (ITS‑1) of different Eimeria species in chickens

Species Primer sequences 5’-3’ Expected amplicon 
size (bp)

Annealing 
Temperature (°C)

References

ITS‑1 F AAG TTG CGT AAA TAG AGC CCTC variable 56 [62]

R AGA CAT CCA TTG CTG AAA G

E. acervulina F GGG CTT GGA TGA TGT TTG CTG 145 65 [61]

R GCA ATG ATG CTT GCA CAG TCAGG 

E. brunetti 1 F CTG GGG CTG CAG CGA CAG GG 183 58 [62]

R ATC GAT GGC CCC ATC CCG CAT 

E. brunetti 2 F GAT CAG TTT GAG CAA ACC TTGC 311 65 [61]

R TGG TCT TCC GTA CGT CGG AT

E. maxima 1 F GTG GGA CTG TGG TGA TGG GG 205 65

R ACC AGC ATG CGC TCA CAA CCC 

E. maxima 2 F TTG TGG GGC ATA TTG TTG TGA 162 60

R CWC ACC ACT CAC AAT GAG GCAC 

E. mitis F GTT TAT TTC CTG TCG TCG TCT CGC 330 65

R GTA TGC AAG AGA GAA TCG GGA TTC C

E. necatrix F AGT ATG GGC GTG AGC ATG GAG 160 58

R GAT CAG TCT CAT CAT AAT TCT CGC G

E. praecox F CAT CGG AAT GGC TTT TTG AAA GCG 215 65

R GCA TGC GCT AAC AAC TCC CCTT 

E. tenella F AAT TTA GTC CAT CGC AAC CCTTG 278 65

R CGA GCG CTC TGC ATA CGA CA
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oocyst number = oocyst count × dilution factor × (fecal 
sample volume/counting chamber volume)/number 
of birds per cage]. Intestinal lesion score (n = 5, ran-
domly picked) was evaluated from each group at 7 days 
post-infection, based on previously described scoring 
techniques [24]. The lesion score for each chicken was 
assigned a numerical value from 0 to 4 and was carried 
out blindly by three individuals.

Evaluation of drug resistance
Anticoccidial drug resistance of the Eimeria species in 
the farm samples was evaluated using the anticoccidial 
index (ACI), percent optimum anticoccidial activity 
(POAA), relative oocyst production (ROP), and reduced 
lesion score (RLS).

The ACI was calculated as previously described [42]: 
ACI = (rate of relative body weight gain + survival rate) 
– (lesion score + oocyst value). Oocyst value = (fecal 
oocyst number of treated and infected group ÷ fecal 
oocyst number of PC group) X 100. An ACI value ≥ 160 
indicated sensitivity and an ACI value < 160 indicated 
resistance. POAA values were computed as previously 
described [42, 49]: POAA = [(average GSR of treated 
and infected group—average GSR of PC group) ÷ (aver-
age GSR of NC group—average GSR of PC group)] X 
100. GSR = (total weight at end of experiment + weight 
of dead birds) ÷ total weight at start of experiment. A 
POAA value ≥ 50% indicated sensitivity and a POAA 
value < 50% indicated resistance. The ROP value was 
computed as previously described [49]: ROP = (oocyst 
output of treated and infected group ÷ oocyst output of 
PC group) X 100. An ROP value < 15% indicated sensi-
tivity and a value ≥ 15% indicated resistance. RLS were 
computed as previously described [64] = (mean lesion 
score of PC group ÷ mean lesion score of treated and 
infected group)/mean lesion score of PC group X 100. An 
RLS > 50% indicated sensitivity and RLS ≤ 50% indicated 
resistance.

Each index was assigned a point system in the presence 
of resistance. The overall assessment of drug resistance 
was adapted from Lan et. al [49]. Briefly, field samples 
were considered to be severely resistant when all or three 
indexes showed resistance (3 or 4), moderately resistant 
when 2 of the indexes showed resistance, slightly drug 
resistant if 1 showed resistance, and no drug resistance 
(0) in the absence of indexes indicating resistance.

Data analysis
Associations between risk factors and infection were 
evaluated using two-tailed Fisher’s exact tests or Chi-
square (X2) tests. Body weight gain, lesion scores, and 
oocyst production were analyzed using Student’s t-tests 

or one-way ANOVA and Dunnett’s multiple comparison 
tests. All analyses were performed using Graphpad Prism 
version 9.0 and InStat statistical software (GraphPad, 
USA). Differences were considered statistically signifi-
cant at P < 0.05. Results were expressed as mean ± stand-
ard error values.
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