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FIGURE 3. Midpoint-rooted neighbor-joining tree reconstructed from 
variation in the rpoB B gene. Kimura 2-parameter distances were cal- 
culated for each pair of sequences. The percentage of bootstrap repli- 
cates (n = 1,000) in which a given node was recovered is indicated. 
Five hundred base pairs of the rpoB gene were sequenced from Sar- 
cocystis sp. and from representatives of S. neurona, S. falcatula, and S. 
lindsayi in the sea otter (see Table I for details on isolates). The Neos- 
pora caninum and Toxoplasma gondii homologs were obtained from 
GenBank (accession nos. AF095904 and AF138960, respectively). 

a polymerase chain reaction (PCR) by using degenerate primers de- 
signed to amplify the rpoB gene, encoded by the plastid genome of 
apicomplexans-primers Fl (5'- gcg gtc cca aaa ggg tca gtg gat atg 
atw twt gaa gat gc) and R3 (5'- gcg gtc cca aaa ggg tca gtc ctt tat ktc 
cat rtc t). The resulting 504-bp PCR products were directly sequenced 
using BigDye chemistries and an ABI 3100 automated fluorescent se- 
quencer. Homologous sequences were characterized from isolates of S. 
neurona, S. falcatula, and S. lindsayi, the origins of which are sum- 
marized in Table I. These were aligned to each other and to homologs 
from Neospora caninum and Toxoplasma gondii by using CLUSTAL 
W 1.8 (Thompson et al., 1994), available on the bioinformatics server 
of the Baylor College of Medicine. Relationships of these sequences 
were investigated by constructing a gene genealogy by calculating Ki- 
mura 2-parameter distances from 1,000 bootstrap replicates of the align- 
ment and using the Neighbor-Joining algorithm using MEGA 2.1 (Ku- 
mar et al., 2001). 

The rpoB sequence obtained from the otter isolate was placed as a 
basal member of a clade that also contained the other examined isolates 
belonging to Sarcocystis but that included neither N. caninum nor T. 
gondii (Fig. 3). Concordant topologies were obtained when the mini- 
mum evolution and maximum parsimony criteria were used (data not 
shown). Several nucleotide substitutions distinguish this otter specimen 
from the isolates representing other species of Sarcocystis. In contrast, 
the rpoB of isolates representing S. falcatula are comparatively homo- 
geneous. Thus, morphological and genetic evidence indicates that sea 
otters, in addition to being at the risk of exposure to S. neurona para- 
sites, serve as host to at least 1 other species of parasites belonging to 
the genus Sarcocystis. 
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ABSTRACT: Within the coccidia, morphological features of the oocyst 
stage at the light microscope level have been used more than any other 
single characteristic to designate genus and species. The aim of this 
study was to conduct morphometric analysis on a range of Cryptospo- 

ridium spp. isolates and to compare morphological data between several 
genotypes of C. parvum and a second species C. canis, as well as a 
variation within a specific genotype (the human genotype), with genetic 
data at 2 unlinked loci (18S ribonucleic deoxyribonucleic acid and HSP 
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70) to evaluate the usefulness of morphometric data in delineating spe- 
cies within Cryptosporidium. Results indicate that morphology could 
not differentiate between oocysts from C. parvum genotypes and oo- 
cysts from C. canis, whereas genetic analysis clearly differentiated be- 
tween the two. The small size of the Cryptosporidium spp. oocyst, com- 
bined with the very limited characters for analysis, suggests that more 
reliance should be placed on genetic differences, combined with bio- 
logical variation, when delineating species within Cryptosporidium. 

Taxonomic classification for parasitic protozoa is currently based on 
multiple phenotypic characters such as morphological features detected 
by light or electron microscopy, unique life cycles, and host specificity 
(Fayer et al., 2000). For coccidia, morphological features of the oocyst 
stage at the light microscope level have been used more than any other 
characteristic to designate genus and species (Morgan, Xiao et al., 
1999). 

There has been considerable confusion regarding the taxonomy of 
the genus Cryptosporidium, and currently 10 species are regarded as 
valid. These include C. parvum from many mammals, C. muris from 
mice, C. andersoni from ruminants, C felis from cats, C. canis from 
dogs, C wrairi from guinea pigs, C meleagridis and C. baileyi from 
birds, C serpentis from snakes and lizards, and C saurophilum from 
lizards (Fayer et al., 2000, 2001). 

Since Tyzzer's first description in 1912, oocysts corresponding in size 
and shape to C. parvum have been described in over 152 different host 
species (Fayer et al., 2000). Oocysts of C. parvum of bovine origin 
have been described as having a size range of 4.5-5.4 x 4.2-5.0 Rm 
(mean 5.0 x 4.5 Rm) and a shape index of 1.1 (Upton and Current, 
1985). Few studies have conducted morphometric analysis on C. par- 
vum oocysts from a range of hosts. However, molecular data at numer- 
ous unlinked loci have provided evidence for substantial genetic vari- 
ation within what is termed as the C. parvum group. Currently, at least 
8 different genotypes have been identified within the C. parvum group, 
including the human, cattle, mouse, pig, ferret, and marsupial geno- 
types, which are genotypically different but morphologically similar 
(Xiao et al., 2000). This raises the question of whether morphological 
analysis is a reliable tool for delineating species of Cryptosporidium. 
The aim of this study was to conduct morphometric analysis on a range 
of Cryptosporidium spp. isolates and to compare morphological data 
between several genotypes of C. parvum and a second species C. canis, 
as well as a variation within a specific genotype (the human genotype), 
with genetic data at 2 unlinked loci to evaluate the usefulness of mor- 
phometric data in delineating species within Cryptosporidium. 

Cryptosporidium spp. oocysts from fresh stool samples from humans, 
cattle, marsupials, and dogs were purified using phosphate-buffered sa- 
line (PBS)-ether and Ficoll? density centrifugation (Meloni and 
Thompson, 1996). Isolates were genotyped by sequence analysis of the 
18S rDNA and HSP 70 loci, using previously described methods (Mor- 
gan et al., 1997, 2001). Nucleotide sequences were aligned using Clustal 
X (Thompson et al., 1997). Distance-based analysis was performed us- 

a) C. canis Marsupial Human Cattle 

b) Marsupial C canis Cattle Human 

c) Cattle Marsupial Human C canis 

FIGURE 1. Groupings of Cryptosporidium species and genotypes de- 
termined by Scheff6 test. a. Groupings based on mean length, b. Group- 
ings based on mean width. c. Groupings based on mean shape ratio. 
Underlining joins isolates that are similar, and those significantly dif- 
ferent are not joined. 

ing Kimura's distance. Trees were constructed using the neighbor-join- 
ing algorithm. Bootstrap analyses were conducted using 1,000 repli- 
cates. Phylograms were drawn using the TreeView program (Page, 
1996). 

Cryptosporidium oocysts were measured using the Optimus Image 
Analysis Package version 5.2 at x 1,000 magnification. The area of 
analysis was set to enclose each individual oocyst in order to minimize 
computational time. Threshold was optimized by eye to differentiate the 
oocyst background. Once the optimal threshold was reached, the soft- 
ware was set to recognize the oocyst as an area object. All measure- 
ments (length, width, area, and circularity) were transferred to Microsoft 
Excel. Statview version 4.0 (Abacus Concepts Inc., Berkeley, Califor- 
nia) was used to perform an analysis of variance (ANOVA) with these 
data. A multiple range test (Scheff6 test) at a significance level of 0.05 
was then carried out to group the isolates based on differences in their 
means from the ANOVA. 

Significant differences were identified in oocyst length (P < 0.001), 
width (P < 0.001), and shape ratio (P < 0.001) for human, cattle, and 
marsupial genotypes of C. parvum and C. canis in the stub column of 
Table I. However, a Scheff6 test failed to group C. canis separately 
from the C. parvum genotypes (Fig. 1). 

Smaller, yet significant differences, also were noted in oocyst length 
(P < 0.005), width (P < 0.001), and shape ratio (P < 0.001) from 
different isolates within the C parvum human genotype (Table I). The 
Scheff6 test depicts the differences between the human genotype iso- 
lates as shown in Figure 2. 

Phylogenetic analysis at the 18S rDNA and HSP 70 loci grouped C. 
canis separately and clearly demonstrated that the C. parvum group is 
polyphyletic because C. wrairi and C. meleagridis were placed within 

TABLE I. Morphometric analysis of Cryptosporidium oocysts. 

Oocyst shape 
Species, Oocyst length Oocyst width index (mean) Oocyst 

Code genotype (mean) (Rm) (mean) (Rm) (L/W)* count 

AusDogl C. canis 5.1-4.6 (4.8) 4.6-3.8 (4.2) 1.10-1.21 (1.14) 50 
S26 C. parvum, cattle 5.5-5.0 (5.2) 5.0-3.7 (4.3) 1.10-1.35 (1.20) 40 
K2 C. parvum, marsupial 5.1-4.5 (4.9) 5.0-3.8 (4.3) 1.02-1.18 (1.14) 40 
H22 C. parvum, human 5.5-4.6 (5.0) 4.7-3.8 (4.2) 1.17-1.21 (1.19) 50 
H54 C. parvum, human 5.7-4.5 (5.1) 4.7-3.7 (4.2) 1.21-1.21 (1.21) 50 
H65 C. parvum, human 5.4-4.3 (4.8) 4.6-3.8 (4.2) 1.17-1.13 (1.14) 50 
H79 C. parvum, human 5.5-4.4 (4.9) 4.7-3.8 (4.3) 1.17-1.16 (1.14) 50 
H136 C. parvum, human 5.6-4.5 (5.0) 4.6-3.7 (4.2) 1.20-1.20 (1.20) 50 
H139 C. parvum, human 5.4-4.6 (5.0) 4.7-3.8 (4.2) 1.15-1.21 (1.19) 50 
H156 C. parvum, human 5.6-4.5 (5.0) 4.7-3.9 (4.3) 1.19-1.15 (1.16) 50 
H41625 C. parvum, human 5.3-4.7 (5.0) 4.8-3.9 (4.4) 1.10-1.2 (1.13) 50 

* L, length, W, width. 
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a) H65 H79 H41625 H139 H136 H22 H54 H156 

b) H65 H136 H54 H139 H79 H22 H156 H41625 

c) H54 H136 H139 H22 H65 H156 H79 H41625 

FIGURE 2. Groupings of Cryptosporidium parvum human genotypes 
determined by Scheff6 test. a. Groupings based on mean 

length, 
b. 

Groupings based on mean width. c. Groupings based on mean shape 
ratio. Underlining joins isolates that are similar, and those significantly 
different are not joined. 

this group, providing strong support that the C. parvum marsupial ge- 
notype is also a distinct species. The C. parvum cattle genotype grouped 
separately from the C. parvum human genotype isolates, which were 
all genetically identical at both loci (Fig. 3). Bootstrap analysis of the 
data provided strong support for these groupings (Fig. 3). 

Cryptosporidium canis is a recognized species because of its apparent 
host specificity and genetic distinction at numerous loci (Fayer et al., 
2001). The C. canis isolate used in this study was genetically identical 
at the loci examined to the isolates used in the study by Morgan, Xiao 
et al. (2000) and Fayer et al. (2001). As seen in the study by Fayer et 
al. (2001), this isolate could not be distinguished from the oocysts of 
different C. parvum genotypes by morphological analysis. This overlap 
in size range between valid species of Cryptosporidium is not confined 
to C. canis. Cryptosporidium meleagridis and C. wrairi also overlap in 
size with C. parvum of bovine origin and are morphologically very 
similar (Vetterling et al., 1971; Fayer et al., 2000), but they are genet- 
ically and biologically distinct and have different host ranges (Fayer et 
al., 2000). 

There is also biological evidence that marsupial, cattle, and human 
genotypes may be separate species. The marsupial genotype appears to 
be host specific and is not infectious to nude mice (Morgan, Xiao et 
al., 1999; Xiao et al., 2000). The human and cattle genotypes have been 
shown to be genetically distinct at a wide range of loci, and they also 
exhibit differences in host specificity because the human genotype ap- 
pears to be confined largely to humans, whereas the cattle genotype 
infects a wide host range (Morgan, Xiao et al., 1999; Xiao et al., 2000). 
Differences in growth rates in in vitro culture (Hijjawi et al., 2001) as 
well as fundamental differences in ribosomal gene expression (Le 
Blancq et al., 1997) also have been reported. In addition, genetic re- 
combinants between the human and cattle genotypes have never been 
detected despite the fact that both genotypes can infect humans and 
coinfections have been reported to occur (Patel et al., 1988). 

In this study the C. parvum cattle genotype oocysts (isolate S26) had 
a size range of 5.5-5.0 x 5.0-3.7 [Im (mean 5.2 x 4.3 [Im) and a shape 
index of 1.20. Other authors have reported a size range of 4.7-6.0 X 
4.4-5.0 jim (mean 5.0 X 4.7 [Im) and a shape index of 1.06 (Fayer et 
al., 2001). Upton and Current (1985) have reported a size range of 4.5- 
5.4 x 4.2-5.0 [Im (mean 5.0 x 4.5 jim) and a shape index of 1.1. 
Similarly, in this study there was significant variation between different 
isolates of the C. parvum human genotype (see Table I; Fig. 2), yet 
genetic analysis at 2 loci grouped all the human genotype isolates as 
identical. Genetic analysis at the hypervariable GP-60 locus also did 
not reveal any differences between these isolates (U. Morgan-Ryan, 
unpubl. obs.). 

Oocysts of Cryptosporidium are among the smallest exogenous stages 
of the apicomplexans; therefore, all morphological differences may not 
be clear at light microscope levels. Oocyst measurements are frequently 
conducted using different types of microscopes, different objectives, and 
different measuring systems (Morgan, Xiao et al., 1999). Any inaccurate 
measurement is of great significance because of the small size of the 
oocyst. The age and storage conditions of the oocyst and the isolation 
techniques also can affect the shape of the oocyst and its measurement. 
This makes interlaboratory comparisons very problematic. Morphomet- 
ric analysis of Cryptosporidium is further limited by the lack of distin- 
guishing morphological characters, because there are only 2 characters 
that can be analyzed (length or width, and shape index). Electron mi- 
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FIGURE 3. Phylogram of Cryptosporidium species and genotypes in- 
ferred by neighbor-joining analysis of Kimura's distances at the 18S 
rDNA and HSP 70 gene loci. Percent bootstrap support from 1,000 
replicate samples is indicated at the left of the supported node. 

croscopy study to distinguish ultrastructural differences is usually not 
possible because in most cases oocysts are recovered from fecal sam- 
ples, and tissue sections are not available. Genetic analysis, however, is 
much more informative than morphological data in the case of Cryp- 
tosporidium spp. because the number of characters available for analysis 
is limited only by the size of the genome. 

The difficulties of using morphology as a means of delineating spe- 
cies within the Apicomplexa are well known. For example, oocysts of 
Toxoplasma gondii (average size 10 X 11 jIm) are disporic with tetra- 
zoic sporocysts and overlap in size and shape with Hammondia ham- 
mondi and Neospora caninum, all of which belong to separate genera 
(Levine, 1982). A similar problem with the identity of the exogenous 
stage arose within the species of Sarcocystis. When excreted, the weak- 
walled sporulated oocysts ruptured and released sporocysts that ap- 
peared to be identical to sporocysts of other species (Morgan, Monis et 
al., 1999). Some Frenkelia species appear to be identical to Sarcocystis, 
and both genera are differentiated by host specificity and cyst tissue 
characteristics. 

Morphology is an invaluable tool for delineating species in many 
organisms. However, in the case of Cryptosporidium spp. the problems 
outlined above suggest that it is not a reliable means of delineating 
species in this genus and that more reliance should be placed on genetic 
and biological data such as host occurrence when delineating species 
of Cryptosporidium. 
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ABSTRACT: Degenerate oligonucleotide primers derived from con- 
served serine protease inhibitors were used to amplify a 90-base pair 
(bp) amplicon from an Ancylostoma caninum adult-stage complemen- 
tary deoxyribonucleic acid (cDNA) library by polymerase chain reac- 
tion (PCR). The amplicon was labeled and used as a probe to screen 
the library, and a 2,300-bp cDNA clone was identified. The 5' end of 
the molecule was obtained from adult cDNA by 5'-RACE. The com- 
plete sequence named A. caninum Kunitz-type protease inhibitor (Ac- 
kpi-1) was 2,371 bp and encoded a 759-amino acid open reading frame. 
The deduced amino acid sequence had a calculated molecular weight 
of 84,886 Da and contained an amino terminal signal peptide, suggest- 
ing that the protein is secreted. Analysis of the predicted protein se- 
quence indicates 12 highly conserved Kunitz-type serine protease in- 
hibitor domains connected by short, conserved spacers. On the basis of 
sequence analysis, the first 11 domains are predicted to be active serine 
protease inhibitors based on the P1 amino acid. Domains 5-8 have 
identical amino nacid sequences, and the remaining domains are 38-88% 
identical. Domain 12 lacks several of the conserved cysteine residues 
and has an atypical amino acid in the P1 position, suggesting that it is 
nonfunctional. Reverse transcriptase-PCR indicated that the Ac-kpi-1 
messenger ribonucleic acid is present in egg, L1, L3, and adult stages 
but is most abundant in the adult stage. Ac-KPI-1 is most similar in 
domain architecture to several extracellular matrix proteins involved in 
cellular remodeling during insect development. In addition, there are 44 
nematode proteins containing one or more Kunitz domains in GenBank, 
including several with multiple domains. 

Many parasitic nematodes release molecules that interfere with host 
proteases, presumably enabling the parasite to avoid the detrimental 
effects of proteolysis. For example, hookworms, and possibly other he- 
matophagous nematodes, release anticoagulant peptides, which inhibit 
the proteases of the host coagulation pathways (Eff, 1966; Cappello et 
al., 1996), and Ascaris releases serine protease inhibitors, which inter- 
fere with host digestive enzymes (Martzen et al., 1990). 

Kunitz inhibitors (KI) are a class of serine protease inhibitors that 
include basic pancreatic trypsin inhibitor (Fioretti et al., 1985), tissue 
factor pathway inhibitor (TFPI) (Wun et al., 1988; Sprecher et al., 

1994), and numerous dendrotoxins and venoms (Dufton, 1985). Kunitz 
inhibitor domains are characterized by a conserved spacing between 
cysteine residues (C{8x}C{15x}C{7x}C{ 12x}C{3x}C) and a charac- 
teristic disulfide bonding pattern. The inhibitors may comprise a single 
Kunitz domain or "head" or have several domains separated by variable 
spacer regions. Recently, a small, single-domain KI has been described 
from adults of the hookworm Ancylostoma ceylanicum (Milstone et al., 
2000). In this study, we describe the cloning of a novel KI from adults 
of the related hookworm A. caninum. The A. caninum Kunitz-type pro- 
tease inhibitor (Ac-KPI-1) complementary deoxyribonucleic acid 
(cDNA) encodes a large multiheaded protein containing 12 tandem 
Kunitz domains. 

An adult A. caninum cDNA library was constructed in vector X-ZAP 
II (Stratagene, La Jolla, California) according to standard methods 
(Hawdon et al., 1995). Phage DNA was isolated from infected bacteria 
and used as a template in a polymerase chain reaction (PCR), using de- 

generate primers derived from the conserved serine protease inhibitor se- 
quences (SPI-5'-PstI, 5'-GGTACTGCAGTACGGY CCDTGYAARG-3' 
and SPI2-3'-Hindffl, 5'-GGTCAAGCTFGTTRCCRCARCCRCCGTA-3', 
where Y = C or T, D = AGT, and R = A or G). Each primer was designed 
by eye from back-translated Kunitz domain protein sequence and con- 
tained a 5' restriction enzyme sequence (underlined) to facilitate am- 

plicon cloning. A hemi-nested strategy was used in the PCR. In round 
1, the forward primer SPI-5'-P was used together with the opposite- 
flanking K-ZAP II vector primer (T7 promoter) in a "hot-start" PCR 
(Arnheim and Erlich, 1992). Ten pl reaction mixtures containing the 
template and 100 ng of each primer were subjected to a temperature of 
94 C for 5 min followed by 85 C for 5 min, after which 10 pl containing 
buffer, 1.5 mM MgCl2, 0.2 mM of each deoxynucleotide triphosphate, 
and 1 U of Taq polymerase (Promega, Madison, Wisconsin) was added. 
The reactions were subjected to 30 cycles of denaturation at 94 C for 
1 min, annealing at 37 C for 1 min, and extension at 72 C for 1 min. 
In second-round PCR, 1 pIl of a one-tenth dilution of the first-round 
reaction was used as template with the forward primer and the nested 
reverse primer SPI2-3'-HindIII. The reactions were subjected to the 
same cycles as above, except that the annealing temperature was in- 
creased to 42 C. 

The hemi-nested PCR strategy yielded a 90-base pair (bp) amplicon, 
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