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Cryptosporidium par6um is an obligate-intracel-
lular parasite of the gut mucosa. It infects many
mammals, and can be considered an emerging
pathogen in man, the first case of human cryp-
tosporidiosis being reported as recently as 1976
[1].

Little is known about the molecular genetics of
Cryptosporidium, partly due to our inability to
continuously culture it in vitro. Oocysts for study
are usually obtained by extraction from the faeces
of infected calves or lambs [1]. Karyotype analysis
suggests that the Cryptosporidium genome consists

of eight chromosomes of :1–2 Mb [2,3], giving
a genome size of �10.4 Mb [2]. Several partial
and complete gene sequences have been reported
[4–15], and an expressed sequence tag (EST) se-
quencing project is currently in progress (http://
www.embl-ebi.ac.uk/parasites/news.html). Several
small insert Cryptosporidium libraries, both ge-
nomic [6,9] and cDNA [4,5,12–15], have been
reported. However, no large-insert libraries have
hitherto been available, impeding mapping and
sequencing efforts.

The vector chosen for constructing this library
was the P1 artificial chromosome (PAC) vector
pCYPAC2 [16], which differs by only a single
NotI restriction site from pCYPAC1 [17]. PAC
vectors are based on the P1 vector system [18,19],
but are introduced into the host cell by electropo-
ration rather than viral transformation. A PAC
library can be manipulated exactly as one would a
P1 library and has the same desirable features,
e.g. clonal stability over many generations and

Abbre6iations: EST, expressed sequence tag; PAC, P1 artifi-
cial chromosome; PFGE, pulsed field gel electrophoresis; STS,
sequence tagged site.
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Fig. 1. Library construction and clone size-range. Cryptosporidium par6um oocysts (strain Moredun cervine) were obtained from the
Moredun Institute (Edinburgh, UK). DNA was prepared by embedding oocysts in agarose strings at a concentration of 1.5–8×108

ml−1 and lysing with proteinase K [23]. E.coli DH10B cells containing the PAC vector pCYPAC2 were obtained from P. de Jong
(Roswell Park Cancer Institute, Buffalo, NY). The vector was prepared for ligation as described previously [16]. Approximately
4×107 agarose-embedded Cryptosporidium oocysts were partially digested with 4–8 U of MboI and size selected by pulsed field gel
electrophoresis. The agarose was removed using GELase (Epicentre Technologies, Madison, WI) as described previously [16], and
the size-selected DNA (50–100 kb range) ligated to pCYPAC2 (100 ng each, giving a �1:10 insert:vector molar ratio to prevent
insert co-ligation) with 200 NE units of T4 DNA ligase (New England Biolabs, Beverly, MA) in 50 m l at 16°C overnight. The
ligation mixture was heat-inactivated and dialysed [16], then 1 m l ligation product was mixed with 20 m l Electromax DH10B cells
(Life Technologies, Grand Island, NY) and electroporated at 4°C (Bio Rad Gene Pulser, 12 kV cm−1, 200 V, 25 mF, time constant
4–5 ms; 0.2 cm microelectroporation cuvette). Recombinant colonies were isolated as described previously [16], toothpicked into
96-well microtitre plates containing TY [24] plus 7.5% (v/v) glycerol and 25 mg ml−1 kanamycin, grown for 24 h at 37°C, duplicated
and stored at −70°C.PAC DNA was isolated by alkaline lysis [16] from 27 random clones, digested with NotI, and resolved by
PFGE. L, l ladder DNA (multiples of 48.5 kb); H, l HindIII digest (sizes in kb). The �16 kb band in all sample lanes is the linear
vector. It is visibly shortened in some non-recombinant clones (no inserts) due to BamHI ‘star’ activity during vector preparation
[16], e.g. lanes 6 and 26.

easy isolation of vector DNA. Recombinants are
distinguished by kanamycin resistance due to the
kanr gene, and by survival on sucrose due to
disruption of the SacBII gene by the insert DNA.
The Cryptosporidium genome seems on average to
be �60–70% A+T (this study; [4,9,15]). Thus,
we would expect genomic Cryptosporidium DNA
to clone stably in bacterial systems.

The complete library consists of 1728 clones
with an average insert size of :38 kb (Fig. 1),
although up to 20% of these clones may be non-
recombinant (a typical figure for a PAC library).
Based on an estimated genome size of 10.4 Mb

[2], we estimate that the library represents approx-
imately 5-fold coverage of the genome.

We characterised the library by sequence tagged
site (STS)-screening, Southern blotting of individ-
ual clones to the Cryptosporidium chromosomes,
analysis of insert stability upon serial culture and
end sequencing.

Primary pools, representing each of the 18 PAC
library plates, were screened by PCR for the
presence of 39 STSs (primer sequences and reac-
tion conditions available upon request), including
15 derived from our own M13 libraries (sequences
deposited in Genbank, accession numbers
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Fig. 2. Characterisation of the library. Panel A. Agarose-embedded oocysts were analysed by PFGE in a CHEF DR II system
(�107 oocysts per lane, 1% chromosomal grade agarose, 4 V cm−1, 0.5×TBE (0.045 M Tris–borate, 0.001 M EDTA), 120°
switching angle, 14°C, 120 s pulse for 60 h then 240 s pulse for 60 h). Southern blotting was performed first using total
Cryptosporidium DNA as the probe. Five chromosomal bands are visible. Band I, chromosomes 1 and 2 (�1.54 Mb); band II,
chromosome 3 (�1.44 Mb); band III, chromosomes 4, 5 and 6 (�1.24 Mb); band IV, chromosome 7 (�1.08 Mb); band V,
chromosome 8 (�1.04 Mb), band sizes are taken from [2]. Filters were stripped and re-probed with individual PAC clones using
500 ng of recombinant, 32P-labelled PAC DNA as a probe [24]. The blots probed with total DNA were used as guides to accurately
assign the chromosomal location of individual PAC clones. PAC clones 7A1, 2A12, 1B1, 5B6 and 1B2 hybridise to chromosomal
bands I–V, respectively. Panel B. Clone 1B8 is unstable: NotI-digested PAC DNA from the fourth consecutive culture of each of
ten colonies of clone 1B8. L, l DNA ladder (multiples of 48.5 kb); H, l HindIII digest (sizes in kb).

G35127–G35275, G35338–G35349). A total of
8% (3/39) of STSs were not detected in the li-
brary. Assuming a Poisson distribution of unique
sequences in each plate, mean STS coverage is
�8.3 fold.

We probed a Southern blot of the Cryp-
tosporidium chromosomes with purified DNA
from 16 PACs. Each PAC hybridised to a discrete
band, i.e. we detected no co-ligation or chimerisa-
tion of insert DNA in this library. The karyotype
obtained was similar to that of a previous study
[2], with five resolvable bands (Fig. 2A), all of
which were positive for at least one of the above
clones (Fig. 2A), suggesting that all five chromo-
somal bands are represented in the library.

A total of 14 clones were grown in serial cul-
tures until saturation for five generations (:60

cell duplications [17]). All but one of the clones
replicated stably over this time. Clone 1B8
showed instability after �36 cell duplications. A
further ten colonies of 1B8 were grown for four
generations and analysed by pulsed field gel elec-
trophoresis (PFGE), confirming that this clone
was indeed unstable (Fig. 2B). However, it should
be emphasised that all clones tested showed no
instability during at least two serial cultures.

The PAC library described here provides a
stable source of Cryptosporidium DNA for study.
The apparently greater coverage (8.3-fold) calcu-
lated from STS content, as opposed to 5-fold
based on genome and clone sizes, may reflect a
similar bias against certain sequences in both the
PAC library and in other bacterial libraries from
which the STSs were derived. The pCYPAC2
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vector was chosen for its ability to accept inserts
with an average size of \100 kb. However, we
were unable to clone DNA of this size with
acceptable efficiency. We obtained clones with an
average insert size of 38 kb with efficiencies up to
30000 recombinants mg−1 Cryptosporidium DNA.
This efficiency was still 10–100× lower than has
been obtained when cloning human DNA with an
average insert size of \100 kb [16]. It has been
observed that some batches of agarose-embedded
genomic DNA seem incapable of giving high
cloning efficiencies [16], and our agarose-embed-
ded Cryptosporidium DNA was degraded to a
considerable degree (results not shown). However,
as a limited number of oocysts (�5×108) were
available, a low cloning efficiency was considered
acceptable. Although the library was made using
Cryptosporidium DNA with a nominal size range
of 50 to 100 kb (larger size ranges did not give
acceptable cloning efficiencies), an average insert
size of 38 kb is not unexpected as there is always
a background of smaller fragments in the size-se-
lected DNA [16] and these tend to clone far more
efficiently.

Library coverage appears to be more uneven
than expected by chance. Given the estimated
8.3-fold coverage calculated from STS screening
data, we would expect \99% of STS sequences
to be present. However, �8% of the STSs used
were not present in the library. Some Cryp-
tosporidium sequences are unstable in the PAC
vector system, e.g. clone 1B8 (Fig. 2B). Thus, it
appears that some regions of the Cryptosporidium
genome may be inherently difficult to clone in the
PAC vector system. Bacterial clones can be un-
stable due to localised regions of high A+T
content or long repeats causing unusual secondary
structure. It is thought that Plasmodium falci-
parum DNA is unstable in bacterial systems due
to its A+T content of �80% [20]. The overall
A+T content of the Cryptosporidium sequence
obtained from our M13 libraries was only 67.6%,
a little higher than that of human. In addition we
sequenced 15 PAC ends, totalling �4.5 kb of
unique sequence, in which the A+T content was
64% (results not shown). However, it is possible
that discrete genomic regions have a significantly
higher A+T content than the remainder of the

Cryptosporidium genome (the genome of the
malarial parasite Plasmodium 6i6ax is made up of
two components with A+T contents of 70 and
82% [21]). Local regions of long repeats or high
A+T content could also limit the maximum
clone size, possibly explaining the relatively small
average insert size. It is worth noting that an STS
containing a [GGA]10 repeat (accession number
G35348) which we sequenced from our M13 li-
braries was not present in the PAC library.

The PAC library described here is a powerful
new resource for use in genomic studies of C.
par6um, with \90% of sequences tested present
in at least one clone. We have begun mapping the
C. par6um genome using a HAPPY mapping (an
in-vitro linkage technique based on screening hap-
loid amounts of DNA by the polymerase chain
reaction) strategy [22], which along with this li-
brary will provide a framework for genomic stud-
ies. Library filters and individual clones are
available from the UK Human Genome Mapping
Project Resource Centre, Hinxton, Cambridge,
UK CB10 1SB (http://www.hgmp.mrc.ac.uk/
homepage.html).
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