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Abstract: This study presents a systematic review and meta-analysis approach of Cryptosporidium
species prevalence studies in animal and human hosts published between 1980 and 2020 in South
Africa. Extensive searches were conducted on three electronic databases including PubMed, Sci-
enceDirect and Google Scholar. The findings indicated an overall pooled prevalence estimate (PPE)
of Cryptosporidium spp. infections in animals and humans at 21.5% and 18.1%, respectively. The
PCR-RFLP appeared to be the most sensitive diagnostic method with a PPE of 77.8% for the detec-
tion of Cryptosporidium spp. infections followed by ELISA (66.7%); LAMP (45.4%); PCR (25.3%);
qPCR (20.7%); microscopy (10.1%); IFAT (8.4%); and RDT (7.9%). In animal hosts, C. parvum had the
highest PPE of 3.7%, followed by C. andersoni (1.5%), C. ubiquitum (1.4%) and C. bovis (1.0%), while
in humans, C. parvum also had the highest PPE of 18.3% followed by C. meleagridis at 0.4%. The data
generated in this study indicated that Cryptosporidium spp. infections were highly prevalent in both
animals and humans in South Africa, especially in the KwaZulu-Natal and North West provinces.
However, we further observed that there was a lack of prevalence studies for both animals and
humans in some of the provinces. This study highlights the necessity for a “One Health” strategic
approach promoting public hygiene, animal husbandry and regular screening for Cryptosporidium
spp. infections in both animals and humans.
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1. Introduction

South Africa is a developing country with over 59 million of human population and
ranks number 13th in the global list for countries living in the poverty line [1,2]. Account-
ing for about 17% of the world’s HIV infections, South Africa’s population is already vul-
nerable to secondary opportunistic infections which include parasitic diseases such as
cryptosporidiosis, giardiasis and toxoplasmosis [3]. Cryptosporidiosis is a zoonotic dis-
ease caused by protozoan parasites of the genus Cryptosporidium. Of the Cryptosporidium
species causing disease in humans and animals, C. hominis and C. parvum are known to
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cause gastroenteritis among the general public [4,5]. While the disease is often self-limit-
ing, cryptosporidiosis infection can be life-threatening to humans living with HIV/AIDS
as well as children and young animals [6-9]. The main symptoms and signs for both ani-
mals and humans are watery diarrhea, weight loss, nausea, vomiting, fatigue and low-
grade fever [10-12]. In southern Africa and Asia, about 2.9 million and 4.7 million cases of
Cryptosporidium spp. infections have been reported among children less than 2 years old,
respectively [13]. The first Cryptosporidium spp. infection cases to be recorded in South
Africa were of four children in Durban in 1987, and since then, there has been an increase
in the studies on Cryptosporidium parasitic prevalence in the country [14].

Cryptosporidium species can spread through the fecal-oral route either primarily (di-
rect contact) or secondarily through the consumption of contaminated food or water with
human or animal feces [15-17]. The annual quantity of excreted Cryptosporidium spp. oo-
cysts by domestic animals globally has been estimated to be approximately 3.2 x 102 [18].
Animals are important contributing factors of environmental contamination of Cryptos-
poridium oocyst distribution [19,20], spreading via water [21] or food [22]. Cryptosporidium
spp. distribution and infection are exacerbated by their resistance to normal water treat-
ment, including chlorination [23].

Diagnostic techniques for Cryptosporidium spp. infections includes microscopy, poly-
merase chain reaction (PCR) and enzyme-linked immunosorbent assay (ELISA) with re-
ported sensitivities of 56.0% to 75.4%; 100%; and 89.7% to 100%, respectively [24].

Omolabi et al. [25] conducted a meta-analysis on Cryptosporidium species in humans
from southern Africa. However, there is limited information on comprehensive data avail-
able to estimate the prevalence of Cryptosporidium spp. in humans and animals in South
Africa. Hence, the premise of this review is founded around the wildlife-domestic-human
interface, highlighting the shared, interconnected links between the health of humans,
wildlife and domestic animals. Our meta-analytical approach allowed for the identifica-
tion of study gaps, examination of the pooled prevalence for animal and human Cryptos-
poridium spp. in South Africa and further investigated the influence of risk factors such as
age, sex, fecal consistency, HIV status and diagnostic techniques on the spread of the Cryp-
tosporidium parasite.

2. Materials and Methods
2.1. Study Design

This systematic review and meta-analysis were conducted on published articles re-
porting Cryptosporidium spp. infections in South Africa, confirmed by examining feces of
animals and humans for the presence of Cryptosporidium spp. oocysts using microscopy,
immunological and molecular techniques.

2.2. Search Strategy and Criteria

Literature searches were conducted in PubMed, ScienceDirect and Google Scholar
for articles published in English between 1980 and 2020 on the prevalence or epidemiol-
ogy of Cryptosporidium spp. infections across South Africa in animals and humans. The
search keywords were “prevalence”, “Cryptosporidium” and “South Africa”. Keywords
used in the search were entered individually or in combination with the “AND” and/or
“OR” operators. None of the authors of original studies were contacted for additional in-
formation and no attempt was made to retrieve unpublished articles. Titles and abstracts
were scanned, and relevant full-text articles were downloaded and obtained through li-
brary resources and online platforms.

2.3. Inclusion and Exclusion Criteria

Articles were included only if they fulfilled the following inclusion criteria: cross sec-
tion (prevalence study) conducted within South Africa, vertebrate host (humans or ani-
mals) used, study conducted on fecal samples, exact total numbers and positive cases
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clearly provided, sample size (>25 for enabling statistical calculations) and written in English.
Studies without these characteristics were all excluded such as review studies, studies on wa-
ter, case report studies, ones with a lower sample size and ones not written in English.

2.4. Data Quality Control Measures

To confirm the methodological soundness of the research articles selected for quan-
titative synthesis, two authors independently used the Joanna Briggs Institute (JBI) Criti-
cal Appraisal Tools Checklist 2017 review guideline for prevalence studies. Studies that
achieved a score of five or higher for the evaluation criteria were included.

2.5. Data Extraction

The data extraction protocol consisted of the name of the author and region, hosts,
total sample size, number of positive cases, estimated prevalence, species of intestinal par-
asites, and diagnostic technique. Moreover, studies that were conducted in more than one
province and those that had both animal and human studies simultaneously were sepa-
rated accordingly.

2.6. Statistical/Meta-Analytic Procedures

The meta-analysis was performed using the Comprehensive Meta-Analysis (CMA)
program [26]. The random effects model was used to estimate the pooled prevalence and
corresponding 95% confidence interval (CI). Statistical heterogeneity between studies was
estimated with Cochran’s Q statistic and I-square (I?) test (values of 25%, 50% and 75%
were considered to represent low, medium and high heterogeneities, respectively). The
funnel plot and Begg’s rank correlation test were used to evaluate the possibility of pub-
lication bias, where p < 0.05 was considered as indicative of statistically significant publi-
cation bias [27,28].

3. Results
3.1. Literature Search and Eligible Studies

A total of 8028 studies were identified from three electronic databases, namely Pub-
Med (95), ScienceDirect (2223) and Google Scholar (5710). After the removal of duplicates
and a subsequent review of study titles and abstracts, 4167 studies were excluded and 43
studies were found to be eligible and subjected to full text evaluation for inclusion. Fur-
thermore, seven studies were excluded for the following reasons: (i) no clear focus on the
sample of choice (n =2); (ii) secondary data (n =1); and (iii) carried out in other countries
in sub-Saharan Africa outside of South Africa (n = 4). Finally, 36 studies that assessed the
prevalence of Cryptosporidium spp. in animal and human feces were included for quanti-
tative synthesis (Figure 1).
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Records appeared through database search:
PubMed: (n =95), ScienceDirect (n =2223), Google Scholar (n = 5710)
(n=28028)

Duplicate records removed (n = 3818)

!

Records screened (n = 4210) — Records excluded after assessment of title and
abstract as unlikely (n = 4167)

Full-text assessed excluded with reasons (n = 7)

Full text assessed for eligibility (n = 43 | I—
gibility | ) * Studies with no clarity on data (n = 2)
J * Studies with secondary data (n = 1)
l * Studies conducted outside South Africa (n = 4)
Studies included in the meta-analysis (n = 36) L, * Studies reporting on animals (n =9)
* Studies conducted on animals and humans (n =
1)

* Studies reporting on humans (n = 26)

Figure 1. Flow chart of included studies according to PRISMA guidelines.

3.2. Characteristics of Eligible Studies

With respect to the animal studies, 10 studies in total were included in the meta-anal-
ysis. These studies were published between the years 2008 and 2014 on the prevalence of
Cryptosporidium spp. in various animals, including buffaloes, cats, cattle, dogs, elephants,
goats, impala and sheep in South Africa (Table 1). Almost all studies were from the north-
ern region of South Africa, which included four provinces, namely, Gauteng (n=1), Limpopo
(n = 4), Mpumalanga (n = 4) and North West (n = 2) (Table 1). Individually, the prevalence
ranged from 0.00% to 80.0% across the various provinces (Table 1), with the highest prevalence
recorded from the North West province and the lowest from the Mpumalanga province.

Table 1. List and characteristics of eligible studies included in the meta-analysis with respect to
animal study prevalence by different provinces in South Africa.

Study Authors Animal Host (n) Study Area (Province) Sample SizeNo. of Positives Prevalence (%)
Cattle (n =107)
Bakheit et al. [29] Horse (n =78) Free State 270 79 29.26

Sheep (n = 85)
Cattle (n =52)

Hlungwani [30] Goat (n = 33) Limpopo 85 48 56.47
Lukasova et al. [31] Cat (n=1) Gauteng 1 0 0.00
African civet (n =2)
African wild cat (n=1)
Banded mongoose (n = 3)
Lukasova et al. [31] Black-backed jackal (n=1) Limpopo 45 7 15.56

Caracal (n=2)
Cat(n=1)
Cheetah (n=4)
Dog (n=11)
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Lion (n=13)
Serval (n=2)
Spotted hyena (n = 3)
Striped polecat (n =2)

Bat-eared fox (n=1)

Lukasova et al. [31] Black-backed jackal (n=6) North West 8 0 0.00
Caracal (n=1)
Samie et al. [32] gz;(?n:=2;;) Limpopo 50 19 38.00
Chicken (n = 28)
Samie et al. [33] ;?:et}fr(:fz Limpopo 312 98 31.41
Cattle (n =187)
Buffalo (n =141)
Samra et al. [34] Elephant (n =144) Mpumalanga 446 29 6.50
Impala (n =161)
Buffalo (n=71)
Samra et al. [35] Elephant (n="72) Mpumalanga 214 79 36.92
Impala (n=71)
Samra et al. [36] Calf (Bovine) (n = 352) Mpumalanga 352 2 7.95
Syakalima et al. [37] Pig (n=90) North West 90 72 80.00
Vink [38] Calf (Bovine) (n = 345) Mpumalanga 345 2 0.58
Additionally, 27 studies focusing on humans published between 1986 and 2020 were
included in the meta-analysis on the prevalence of Cryptosporidium spp. in humans. These
studies were from both the northern and southern regions of South Africa. Studies from the
northern region included the Gauteng (n = 7), Limpopo (n = 6), Mpumalanga (n = 1), North
West (n = 1) provinces, while the southern region included the Eastern Cape (n = 6) and Kwa-
Zulu-Natal (n = 8) provinces (Table 2). Cryptosporidium spp. prevalence for all the different
provinces ranged from 2.89% to 72.94%, respectively (Table 2), with the highest pooled prev-
alence from the KwaZulu-Natal province and the lowest from the Gauteng province.
Table 2. List and characteristics of eligible studies included in the meta-analysis with respect to
human study prevalence by different provinces in South Africa.
Study Authors Study Area (Province) Sample Size  No. of Positives Prevalence (%)
Abebe et al. [39] Limpopo 84 25 29.76
Bartelt et al. [40] Limpopo 251 165 65.74
Becker et al. [41] Eastern Cape 1428 164 11.49
Berkowitz et al. [42] Gauteng 121 18 14.88
Etinosa [43] Eastern Cape 180 122 67.78
Fripp et al. [44] Gauteng 6870 289 421
Geyer et al. [45] Gauteng 78 20 25.64
Hlungwani [30] Gauteng 362 80 22.10
Hlungwani [30] Limpopo 218 159 72.94
Htun et al. [46] Eastern Cape 842 179 21.26
Jarmey-Swan et al. [47] KwaZulu-Natal 2800 1300 46.43
Leav et al. [48] KwaZulu-Natal 101 25 24.75
Moodley et al. [49] KwaZulu-Natal 1229 111 9.03
Msolo et al. [50] Eastern Cape 53 3 5.66
Miiller et al. [51] Eastern Cape 934 28 2.99
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Omoruyi et al. [52] Eastern Cape 180 47 26.11
Samie et al. [53] Limpopo 244 44 18.03
Samie et al. [54] Limpopo 255 46 18.04
Samie et al. [55] Limpopo 528 143 27.08
Samie et al. [56] Limpopo 322 42 13.04
Samie et al. [57] Limpopo 151 15 9.93
Samra et al. [58] Gauteng 141 25 17.73
Samra et al. [58] Mpumalanga 128 11 8.59
Samra et al. [58] North West 147 14 9.52
Samra et al. [58] KwaZulu-Natal 26 4 15.39
Smith and Van den Ende [59] KwaZulu-Natal 259 31 11.97
Steele et al. [60] Gauteng 1316 38 2.89
Steele et al. [14] Gauteng 3186 129 4.05
Tronnberg et al. [61] KwaZulu-Natal 120 25 20.83
Walters [62] KwaZulu-Natal 91 53 58.24
Witienberg et al. [63] KwaZulu-Natal 194 30 15.46

3.3. Pooling, Heterogeneity and Subgroup Analysis

3.3.1. Prevalence in Animals Based on Hosts, Study Years and Cryptosporidium Species

391.34; I2 = 97.70; Q—p = 0.0003) (Table 3).

Studies examining the prevalence of Cryptosporidium in animals found high hetero-
geneity based on the host, year of study and Cryptosporidium species (Table 3). In total,
2579 samples were screened, of which 374 tested positive to various species of Cryptospor-
idium spp. with a pooled prevalence estimate (PPE) of 21.5% (95%CI: 10.5-39.2%; Q =

Table 3. Pooled prevalence estimates and risk factors associated with Cryptosporidium species infec-
tion in animals.

Pooled Prevalence Estimates

Measure of Heterogeneity

Publication Bias

Risk Factor IS\It(; d.;is Sample No.of Prevalence 0 P Q-P E(:fiand Mazumdar

Size Positives 95%CI (%)

p-Value

Overall animals10 2579 374 21.5(10.5-39.2) 391.34 97.70 0.000 0.123
Study year
2001-2010 4 1015 102 11.7 (4.4-27.5) 63.94 95.31 0.000 0.500
2011-2020 4 872 124 11.3 (1.1-58.8) 134.15 97.76 0.000 0.248
Cryptosporidium
species
C. andersoni 2 299 4 15(0.6-3.9) 0.86 0.00 0.352 -
C. bovis 2 566 5 1.0(0.4-2.3) 098 0.00 0.320
C. parvum 3 882 32 3.7(1.1-12.0) 17.58 88.62 0.000 0.301
C. ubiquitum 1 214 3 14 -
Animal species
Buffalo 2 212 10 49(27-89) 0.82 0.00 0.364 -
Cattle 5 749 100 11.4 (4.7-25.1) 49.31 91.89 0.000 0.025
Dog 2 38 13 304 (9.7-64.1) 2.84 64.84 0.092 -
Elephant 2 216 37 5.9(0.1-73.8) 7.48 86.62 0.006 -
Goat 2 126 48 31.3 (11.2-62.0) 6.94 85.60 0.008 -
Impala 2 232 9 39(21-74) 031 0.00 0.581 —
Sheep 2 89 28 31.5 (22.7-41.9) 0.64 0.00 0.425 -
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Animal studies conducted during the 2001-2010 duration had a slightly higher PPE
of [11.7% (95%Cl: 4.4-27.5); Q = 63.94; 2= 95.31; Q—p = 0.0001] than those of the 2011-2020
duration [11.3% (95%CI: 1.1-58.8%); Q = 134.15, I>= 97.76; Q—-p = 0.0001] (Figure 2).

Meta-Analysis

Study name Subgroup within study Statistics for each study Event rate and 95% CI

Event Lower Upper
rate limit limit Z-Value p-Value

Hlungwani, 2017 2011-2020 0.565 0.458 0.666 1.190 0.234
Samra et al., 2016 2011-2020 0.006 0.001 0.022 -7.283 0.000
Syakalima et al., 2015 2011-2020 0.800 0.705 0.870 5.261 0.000 'l
Vink, 2015 2011-2020 0.006 0.001 0.023 -7.254 0.000

0.531 0.453 0.608 0.782 0.434
-1.00 -0.50 0.00 0.50 1.00

Favors A Favors B

Meta-Analysis

Figure 2. Forest plot of the prevalence of Cryptosporidium spp. from animal studies conducted during
2001-2010. The squares demonstrate the individual point estimates. The diamond at the base indi-
cates the pooled estimate from the overall studies [30,36-38].

With references to species, C. parvum had the highest PPE of [3.7% (95%CI: 1.1-
12.0%); Q = 17.58; 12=88.62, Q—p = 0.000], followed by C. andersoni [1.5% (95CL: 0.6-3.9%);
Q=0.86; I>=0.00; Q—p =0.352] and C. ubiquitum 1.4%, and C. bovis had the lowest PPE [1.0%
(95%CT: 0.4-2.3%); Q = 0.98; 2=0.00; Q-p = 0.320] (Table 3). The prevalence of Cryptospor-
idium spp. by animal host varied as the following: sheep had the highest PPE [31.5%
(95%CTI: 22.7-41.9%); Q = 0.64; I>=0.00; Q—p = 0.425], followed by goats [31.3% (95%Cl:
11.2-62.0%); Q = 6.94; 12=85.60; Q—p = 0.008], dogs [30.4% (95%CI: 9.7-64.1%); Q = 30.4; I2=
64.84; Q—p = 0.092], cattle [11.4% (95%CI 4.7-25.1%); Q = 49.31; 2=91.89; Q—p < 0.000], ele-
phants [5.9% (95%CI: 0.1-73.8%); Q = 7.48; 2=86.62; Q—p = 0.006] and buffaloes [4.9%
(95%CL; 2.7-8.9%); Q = 0.82; 12=0.00; Q—p = 0.36], and the lowest was for impala with a PPE
of [3.9% (95%CI: 2.1-7.4%); Q = 0.31; 2=0.00; Q—p = 0.581] (Table 3).

3.3.2. Assessment of Publication Bias in Animals

A funnel plot of standard error by logit event rate was used to ascertain the presence
of publication bias in the eligible studies. No significant bias was observed overall in the
animal studies using the Begg and Mazumdar rank correlation test except for the sub-
group analysis, where with respect to the prevalence in cattle, significant bias was observed
as evident by the asymmetry of the plot with a p-value of 0.0432 (Table 3; Figure 3).
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Standard Error

Funnel Plot of Standard Error by Logit event rate

0.0

0.2

0.4

0.6

0.8

Logit event rate

Figure 3. Funnel plot with 95% confidence limits of Cryptosporidium spp. pooled prevalence esti-
mates of cattle subgroup studies that tested positive for Cryptosporidium species. The diamond at the
base indicates the pooled estimate from the studies overall.

3.3.3. Prevalence in Humans Based on Study Years, Areas, Ages, HIV Statuses and
Diagnostic Techniques

High heterogeneity was observed in studies looking at the prevalence of Cryptospor-
idium in humans depending on factors like age, HIV status, area, year of study and diag-
nostic method (Table 4). The 27 eligible studies for the evaluation of the prevalence of
Cryptosporidium spp. in humans was conducted with data of studies published from 1983
to 2018. A total of 22,994 human fecal samples were examined, of which 3589 samples
tested positive for Cryptosporidium spp., with a PPE of 18.1% (95%Cl: 11.8-26.6). Substan-
tial heterogeneity was observed [Q = 3655.54; I2 = 99.23; Q—p = 0.000] (Table 4).

Table 4. Pooled prevalence estimates and risk factors associated with Cryptosporidium species infec-
tion in humans.

Risk Factor

No. of
Studies

Pooled Prevalence Estimates =~ Measure of Heterogeneity Publication Bias

SampleNo. of Prevalence Q P Q-P Beggand Mazumdar
Size  Positives 95%CI (%) Rank (p-Value)

Overall hu-
mans

27

18.1 (11.8-

26.6) 3655.54 99.23 0.000 0.411

22,787 3510

Study region

Northern re-
gion

15

13,825 1175 16.9 (8.7-30.3) 1578.25 99.11 0.000 0.200

Southern re-
gion

14

19.8 (11.8-

8437 2122 31.4)

1190.73 98.91 0.000 0.274

Sex

Female

41.1 (19.5-

2067 785 66.7)

187.25 97.86 0.000 0.500
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Male 5 1786 615 gg.é)(ZO.S— 66.58 93.99 0.000 0.500

Age

<6months=25 3636 1214 287233 41560 84.01 0.000 0376

years 34.7)

26-45 years 8 369 130 ig.g)(lél.l— 91.33 92.34 0.000 0.310

>45 years 8 153 43 24.2 (9.1-50.5) 40.44 82.69 0.000 0.310

Diagnostic

technique

Microscopy 21 25,475 1570 10.1 (6.1-16.2) 1761.79 98.87 0.000 0.359

7 (46.4-

ELISA 4 1081 598 gg 3)( 6 101.98 97.06 0.000 0.087

IFAT 2 546 36 8.4 (0.7-53.2) 44.89 97.77 0.000 -

LAMP 2 237 93 404266- 599 74.39 0.048 -
56.6)

RDT 4 3257 331 7.9 (3.2-18.0) 143.71 97.91 0.000 0.249
20.7 (11.1-

qPCR 3 717 139 32 4)( 30.50 93.44 0.000 0.059
25.3 (11.5-

PCR 9 991 252 42 3)( > 203.65 96.07 0.000 0.500

PCR-RFLP 2 64 50 ZZ'Z(%Q— 0.60 0.00 0.438 -

Study year

1981-1990 8 13,557 768 9.2 (4.9-16.4) 479.10 98.54 0.000 0.042

1991-2000 2 2901 1325 ig.éé)(lZS— 17.19 94.18 0.000 -

2001-2010 5 1223 502 2;';)(24'4_ 167.58 97.61 0.000 0.500

2011-2020 7 4422 675 11.2 (5.7-21.0) 366.02 98.36 0.000 0.440

Cryptosporidium

species

C. hominis 3 1165 46 4.0 (3.0-5.3) 143 0.000 0.489 0.301

C. meleagridis 2 585 2 0.4 (0.1-1.6) 0.64 0.00 0.424 -

C. muris 1 580 1 - - - - -

C. parvum 4 1636 403 18.3 (5.3-47.0) 223.28 98.66 0.000 0.500

HIV status

HIV+ 3 259 180 22'2)(19'8_ 32.72 93.89 0.000 0.301

HIV- 3 396 149 iz.g)(lz?)— 83.34 97.60 0.000 0.059

Fecal con-

sistency

Diarrhea 3 691 243 24.4 (9.4-50.3) 70.81 97.18 0.000 0.301

Non-diarrhea 3 565 148 21.7 (8.7-44.8) 45.30 95.59 0.000 0.301

ELISA, enzyme-linked immunosorbent assay; HIV, human immunodeficiency virus; IFAT, immu-
nofluorescence antibody test; qPCR, quantitative polymerase chain reaction; PCR, polymerase chain
reaction; LAMP, loop-mediated isothermal amplification; PCR-RFLP, polymerase chain reaction—
restriction fragment length polymorphism.
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The southern region had the highest PPE [19.8% (95%CI: 11.8-31.9%); Q =1190.73, I?
= 98.91, Q—p = 0.000] compared to the northern region [16.9% (95%CI: 8.7-30.3%), Q =
1578.25, I*=99.11, Q—p = 0.000], with the highest PPE from the KwaZulu-Natal province
(Table 4). Also, studies conducted during the 2001-2010 duration had the highest PPE,
while studies conducted between 2011 and 2020 had the lowest [11.2% (95%CI: 5.7-21.0%);
Q = 366.02; I2=98.36; Q—p = 0.000]. Despite the 1981-1990 period having had the highest
number of studies and sample size, we observed a low PPE of 9.2% [95%Cl: 4.9-16.4%; Q
=479.10; [2=98.54; Q—p = 0.000] (Table 4). With reference to species, C. parvum had the highest
PPE of 18.3% [95%Cl: 5.3-47.0%; Q =223.28; 12=98.66; Q—p = 0.000] while C. meleagridis had the
lowest PPE of 0.4% [95%Cl: 0.1-1.6%; Q = 0.64; I*=0.00; Q—p = 0.424] (Table 4).

The age interval of 2645 years had the highest PPE at 30.0% [Q = 91.33; 95%CI 14.1-
52.9; I?=92.34; Q—p = 0.000], while the lowest was in the >45 yrs age interval at 24.2%
[95%CI: 9.1-50.5%; Q = 40.44; I>=82.69; Q—-p = 0.000] (Table 4).

In all studies, the PPE was higher in females at 41.1% [95%CI: 19.5-66.7%; Q = 187.25;
12=97.86; Q—p = 0.000], than 38.1% [95%CI: 20.5-59.6%; Q = 66.58; 2=93.99; Q—p = 0.000] in
male participants (Table 4). Figure 4 shows a forest plot of individual point estimates for
the combined prevalence estimates of males (A) and females (B).

Meta-Analysis

Study name Subgroup within study  Statistics for each study Event rate and 95% CI

Event Lower Upper

rate limit limit Z-Value p-Value
Barteit et al., 2013 M 0.737 0576 0.852 2795 0.005 —
Jarmey-Swan et al., 2001 M 0.344 0.321 0.368 -12.022 0.000 [ |
Omoruyi et al., 2014 M 0.711 0.564 0824 2739 0.006 ——
Samie et al., 2006 M 0.183 0.122 0.267 -6.033 0.000 —
Samie et al., 2014 M 0.093 0.039 0.204 -4.862 0.000 —

0.347 0.325 0.370 -12.381 0.000 .

-1.00 -0.50 0.00 0.50 1.00

Favors A Favors B

Meta-Analysis
(A)
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Meta-Analysis

Study name Subgroup within study Statistics for each study Event rate and 95% ClI

Barteit et al., 2013
Jarmey-Swan et al., 2001
Omoruyi et al., 2014
Samie et al., 2006
Samie et al., 2014

MM m M m ™

Event Lower Upper

rate limit limit Z-Value p-Value
0.767 0.692 0.829 6.088 0.000 -
0.348 0.325 0.372 -11.880 0.000 .
0.783 0.698 0.849 5666 0.000 ——
0.178 0.122 0.252 -6.803 0.000 -
0.099 0.052 0.179 -6.292 0.000 ha
0.377 0.355 0.399 -10.437 0.000 ]

-1.00 -0.50 0.00 0.50 1.00

Favors A Favors B

Meta-Analysis

(B)
Figure 4. Forest plot showing the pooled estimates of Cryptosporidium spp. from studies conducted

on (A) males and (B) females. The squares demonstrate the individual point estimates. The dia-
monds at the base indicate the pooled estimates from the overall studies [40,47,52,53,57].

With regards to HIV infection, the HIV-positive (HIV+) population had a compara-
tively higher PPE at 59.3% [95%CI: 19.8-89.6%; Q = 32.72; [2=93.89; Q-p = 0.000] as com-
pared to 39.8% (95%CI: 12.3-75.8%); Q = 83.34; 2=97.60; Q—p = 0.000] in the HIV-negative
(HIV-) population (Table 4).

Cryptosporidium spp. infections was high in diarrheal patients with a PPE of 24.4%
[95%CI: 9.4-50.3); Q =70.81; [=97.18; Q—p = 0.000], as compared to non-diarrheal patients
at 21.7% [95%CL: 8.7-44.8%); Q = 45.30; 12=95.59; Q-p = 0.000] (Table 4). With respect to
diagnostic techniques, our analyses showed that polymerase chain reaction-restriction
fragment length polymorphism (PCR-RFLP) had the highest Cryptosporidium spp. detec-
tion sensitivity with a PPE at [77.8% (95%CI: 65.9-86.4%); Q = 0.60; I>=0.00; Q-p = 0.438],
followed by ELISA [66.7% (95%Cl 46.4-82.3%); Q = 101.98; I2=97.06; Q—p = 0.000], loop-
mediated isothermal amplification (LAMP) [45.4% (95%Cl: 26.6-56.6%); Q =3.91; I>=74.39;
Q-p =10.048], PCR [25.3% (95%CI: 11.5-46.9%); Q = 203.65; I*=96.07; Q—p = 0.000], quanti-
tative polymerase chain reaction (qQPCR) [20.7% (95%CI: 11.1-35.4%); Q = 30.50; [2=93.44;
Q-p = 0.000], microscopy [10.1% (95%CI: 6.1-16.2%); Q = 1761.79; 1>=98.87; Q—p = 0.000]
and immunofluorescence antibody test (IFAT) [8.4% (95%CI: 0.7-53.2%); Q = 44.89; I>=
97.77; Q-p =0.000], and rapid diagnostic test (RDT) had the lowest PPE [7.9% (95%ClI: 3.2—
18.0%); Q = 143.71; [>=97.91; Q-p = 0.000] (Table 4).

3.4. Publication Bias Assessment in Human Studies

The Begg and Mazumdar rank correlation test revealed no significant publication
bias for almost all the parameters except for the study year period 1981-1990, where sig-
nificant bias was observed of both the asymmetry of the funnel plots and p-value of 0.042
(Table 4; Figure 5).
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Figure 5. Funnel plot with 95% confidence limits of Cryptosporidium spp. pooled prevalence esti-
mates of 1981-1990 interval subgroup studies that tested positive for Cryptosporidium spp. in hu-
mans. The diamond at the base indicates the pooled estimate from the studies overall.

4. Discussion

This study recorded an overall PPE of 21.5% for Cryptosporidium spp. infection in an-
imals. Similar findings have also been reported in Australia (22.3%) and Tunisia (18.9%)
[5,64]. On the other hand, higher prevalence above 50.0% was reported in an animal study
from China and in a global review of Cryptosporidium spp. [65,66]. Most of the animal
studies included in this meta-analysis were focused on the northern region of South Af-
rica, where our analysis recorded a PPE of 13.7% of Cryptosporidium spp. infections. Data
of animal studies were scarce in the southern regions; this paucity of studies may be due
to a low research interest, as cryptosporidiosis is possibly not regarded as problematic for
livestock. Furthermore, the results indicated a declining trend of Cryptosporidium spp. in-
fection prevalence overtime, whereby the 2011-2020 period had a slightly lower pooled
estimated prevalence as compared to the 2001-2010 period of study. This observation
could be associated with the use of proper sanitary toilets, medication and improved ani-
mal husbandry practice. These observations are in accordance with the World Health Or-
ganization (WHO) and Global Roadmap 2012 mandate to decrease the prevalence of zo-
onotic diseases by 2020 through the improvement in veterinary public health practice and
a focus on the supply of safe and palatable water, good sanitary infrastructures and proper
hygiene practice [67]. Moreover, treatment, sanitation and proper hygiene practices have
been proven to assist in reducing the prevalence of Cryptosporidium spp. infections in live-
stock [68-70].

Among all Cryptosporidium spp. observed in this study, C. parvum (3.7%) had the
highest PPE, followed by C. bovis (1.0%). Similar findings have been reported in Greece
and Peru, whereby C. parvum (64.3%) was more prevalent in comparison to both C. ander-
soni + C. bovis (7.1%) prevalence in animals [71,72]. In contrast, Ref. [73] reported different
findings, whereby C. bovis (57.0%) was the most common Cryptosporidium spp. of health
concern and C. parvum (7.0%), the species of least concern in veterinary medicine.
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Animal hosts facilitate the spread of Cryptosporidium spp. differently according to
their level of relationship with humans. This meta-analysis of pooled data indicated that
there were more cattle studies as compared to other animal hosts. Sheep had the highest
PPE (31.5%) as compared to cattle (11.4%). Similar results have been reported in India,
where sheep had a 35.0% prevalence compared to cattle, of 5.0% prevalence [74]. Addition-
ally, Odenrian and Ademola [75] observed that cattle (26.1%) in Nigeria appeared to be more
exposed to Cryptosporidium spp. infections as compared to other domestic animals.

We observed an overall PPE of Cryptosporidium spp. of 18.1% in our present human
study. Similarly, this result has been reported in studies from the southern region (20.0%),
the Oromia (18.0%) province in Ethiopia and in humans from southern Africa (6.8%)
[76,77]. Urban areas are known to have access to potable water with better sanitation prac-
tices, which can lower the spread of cryptosporidiosis [78]. In the current study, the north-
ern region of South Africa had a lower prevalence (16.9%) compared to the southern re-
gion (19.8%), which we believe is due to better sanitary practices in the north than the
resource-poor southern region. This is in accordance with the findings reported by
Kalantari et al. [79]. Our analysis indicated an increase in the prevalence of Cryptosporid-
ium spp. with decreasing sample size. This accounted for the increase in prevalence from
1981 to 2010 and then a decline in the 2011-2020 period, which could have been due to an
increase in the population sample size, which agrees with the findings in Ethiopia [80].

All characterized Cryptosporidium spp. were detected by serological and molecular
techniques and our findings showed C. parvum to be the most abundant species infecting
humans. These findings are in agreement with the findings obtained in Iran, whereby C.
parvum (84.4%) was the most prevalent species followed by C. hominis (13.4%) [79]. How-
ever, other studies have reported C. hominis as the most common Cryptosporidium spp. that
infected humans followed by C. parvum in Malawi and India [81,82]. The present study
observed a higher PPE for the population group aged 2645 years, followed by <6 months—
25 years and the lowest in the >45 years age group. Similar results were obtained whereby
the 1-25 years (3.0%; 15.4%) group had high Cryptosporidium spp. prevalence as compared
to the >45 years group (0.4%; 4.0%) in studies from Iran and Scotland [83,84]. Interestingly,
the literature generally indicated that younger children were more susceptible to contract-
ing Cryptosporidium spp. infections as compared to other older age groups [85]. This is
because children tend to ignore hygiene while playing outside in grounds that might har-
bor zoonotic microorganisms of fecal origin [86]. Moreover, higher prevalence among chil-
dren may reflect a lack of immunity as compared to older groups who acquire it due to
exposure to Cryptosporidium spp. infection during their lifetime due to activities such as
farming and swimming [87,88].

Our results revealed that females (41.1%) had a higher PPE compared to males
(38.1%), which is consistent with previous reports from villages around Lake Atitlan, Gua-
temala, and in Delta State, Nigeria, where prevalences of 42.9% and 3.5% were found in
females, respectively, and of 24.1%, and 2.1% in males, respectively [88,89]. However,
higher prevalence was observed in males (13.0% and 13.3%) compared to females (6.1%
and 7.1%) as recorded in Zambia and Pakistan, respectively [90,91]. This high prevalence
in females could be associated with a lack of access to clean water, participation in day
care, conducting house chores including cleaning and washing clothes and sometimes bad
sanitary activities due to socioeconomic conditions [92]. Historically, it is rare for males to
consult health practitioners whenever they are ill, and they will either try home remedies,
while females consult practitioners for most health complications happening in their bod-
ies, and hence, they appear to have higher records of infection [93,94].

Undoubtably, available data have shown that the Cryptosporidium parasite is an op-
portunistic infection, particularly in immunosuppressed individuals [95]. Our results in-
dicated that HIV+ individuals (59.3%) were more exposed to infection with Cryptosporid-
ium spp. as compared to HIV- individuals (39.8%). The peak occurrence of Cryptosporid-
ium spp. in HIV+ individuals was consistent with previous observations from Uganda,
which had 73.6% and 5.9% HIV+ and HIV- individuals, respectively [96]. Our findings
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appeared to be higher as compared to those reported in Nigeria [97] and also fell within
the epidemiological range of the world’s rate (0-78.1%) for Cryptosporidium spp. infections
[98]. This relatively high PPE of Cryptosporidium spp. infection could be linked to poor
hygiene practices, water scarcity, close contact with animals and high rate of immuno-
compromised individuals [24,99].

Numerous diagnostic methods can be used to detect Cryptosporidium infection in hu-
mans and animals worldwide including histology, immunology, microscopy and molec-
ular techniques [100]. The findings from this study suggest that the frequently applied
diagnostic method for Cryptosporidium species in South Africa was microscopy, followed
by PCR, RDT, ELISA, qPCR, IFAT and LAMP, and the least used was PCR-RFLP. This
agrees with documented reports by Kalantari et al. [80] in Iran, where they reported mi-
croscopy as the most employed diagnostic approach for the detection of Cryptosporidium
spp. infection. Mohebali et al. [81] detected similar Cryptosporidium prevalence (10%) in
Ethiopia using a modified Ziehl-Neelsen staining diagnostic technique. This increase in
the detection of Cryptosporidium spp. prevalence might be linked to the use of serological
and molecular techniques, which are more sensitive and less time-consuming.

This study confirmed the prevalence of Cryptosporidium spp. in animals, humans and
the environment (soil and water). Our results highlight the importance of “One Health”
because Cryptosporidium spp. has been proven to exist in humans, animals and the envi-
ronment. Future researchers should be encouraged to use the “One Health” approach to
developing methods that explicitly examine the relationships between human-animal-
environment frameworks, with a particular focus on Cryptosporidium infections.

5. Highlights and Limitations

This systematic review and meta-analysis study used good-quality studies to present
a summary of unbiased results of both animal and human Cryptosporidium prevalence in
South Africa and revealed that there are some provinces where Cryptosporidium spp. in-
fections have not yet been studied. With respect to humans, there are no studies published
in the Northern Cape, Western Cape and Free State provinces, while for animals, there are
no published studies in the KwaZulu-Natal, Northern Cape, Western Cape and Eastern
Cape provinces. Additionally, this study demonstrated the impact of the domestic-wild-
life-human interface on the prevalence of Cryptosporidium spp. infection and distribution,
which emphasizes the need for studies focusing on a “One Health” approach to produce
multi-data covering animal and human hosts as well as the environment, such as contam-
inated water and soil.

It must be noted that this systematic review and meta-analysis had some limitations.
The study by Lukasova et al. [34] had a very small number of samples in the Gauteng (n
=1) and North West (n = 8) provinces, which were examined for the presence of Cryptos-
poridium spp., and there was also lack of similar studies in some provinces (e.g., the North-
ern Cape province with zero publications/representation in both animal and human stud-
ies). Additionally, the majority of studies included in this meta-analysis were conducted
using microscopic diagnostic techniques, which have a lesser diagnostic sensitivity as
compared to molecular and immunological techniques. Moreover, there was no repeated fe-
cal sample examination conducted, which might have resulted in possible false-positive or -
negative results. This means that the reported prevalence might have been underestimated.

Due to the small number of studies on some subgroups such as (i) various Cryptos-
poridium species such as C. andersoni, C. bovis, C. ubiquitum, C. hominis and C. muris; (ii)
various hosts such as buffaloes, dogs, elephants, goats, sheep and impala; (iii) the wide
use of various diagnostic methods such as IFAT, LAMP and PCR-RFLP; and (iv) the lack
of studies in the period 1991-2000, the identified formal assessment of publication bias
using funnel plots and Begg’s rank and Mazumdar test was not possible. However, meta-
analyses that include fewer than 10 studies or have a high degree of heterogeneity be-
tween studies may lead to misleading results from these assessment tools. When there is
a high level of heterogeneity, it is very difficult to evaluate the actual results of statistically
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significant publication bias tests. Because there is high heterogeneity across analyses,
readers should exercise caution when interpreting pooled analyses and subgroups.

6. Conclusions

The data generated in this study indicated that the prevalence of Cryptosporidium spp.
infections was slightly higher in animal than human hosts in South Africa. However, we
further observed that there was a lack of Cryptosporidium spp. prevalence studies for both
animals and humans in some of the provinces. Furthermore, human infections were prev-
alent in HIV+ and immunocompromised patients, emphasizing that they were a high-risk
group for opportunistic diseases such as cryptosporidiosis. However, the results of the
included studies varied greatly, between their sampling methods, sample sizes, study lo-
cations and diagnostic techniques used, and this needs to be taken into account and may
explain some of the inconsistencies. The occurrence and prevalence of Cryptosporidium
spp. infections in animals is of public health importance, hence, more studies involving
both domestic and wild animals are required. The findings of this study suggest the ne-
cessity for a “One Health” strategy to promote public hygiene, animal husbandry and
regular screening for Cryptosporidium spp. infections of animals, humans and the environ-
ment (soil and water) in all nine provinces of South Africa.
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