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Literature Review
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1. Apicomplexa

Apicomplexa (Eukaryota Chromalveolata Alveolata Apicomplexa) encompasses 

a broad group of eukaryotic organisms that are obligate intracellular parasites 

containing a specialized structure at the apical end. Known as the apical 

complex, it contains specialized secretory organelles, micronemes and rhopteries 

which are required for attachment and invasion of the host.1 Approximately 4,600 

organisms have been categorized as Apicomplexa, including multiple human and 

livestock pathogens of great economic importance.2 For most organisms 

classified as Apicomplexa, vaccination methods and effective therapeutics are 

not available. Although many features are shared among these organisms, there 

are numerous differences in host tropism, tissue specificity, and developmental 

stage progression. However, most cell types that are invaded by these 

pathogens will be high in nutrient density, such as erythrocytes, or have a fast 

metabolic rate, such as enterocytes (gut epithelial cells). Some of the parasites 

exhibit a direct life-cycle which uses only one host, while others utilize an indirect 

life-cycle that progresses through two or more host systems to complete 

development.

The taxonomical classification of many of the organisms within Apicomplexa is 

considered to be conservative but these comparisons are not typically based on 

genetic information. Depending on the resource utilized the subclass and family 
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to which each genus is assigned may vary.3-5 Current evidence suggests that 

Apicomplexans are more closely related to dinoflagellates and ciliates because of 

the relationship of the sequences of the plastid, a specialized storage 

compartment in plant and algal cells, also found in many Apicomplexans.6 These 

three orders (dinoflagellates, ciliates, and apicomplexa) compose the 

subkingdom/superphylum Alveolata. Although genetic information may change 

this classification, the Apicomplexa have been previously assembled into 4 

subclasses based primarily on phenotypic characteristics: haemosporidians, 

piroplasmids, gregarines, and coccidians.7 This classification system using strict 

phenotypes has been questioned by more recent 18S ribosomal sequence 

analyses, and a consensus on the evolutionary relationship between these 

protists is still needed.8

The most commonly known Apicomplexan in human medicine is the 

haemosporidian Plasmodium, the causative agent of malaria, while the 

piroplasmids Babesia (cattle fever) and Theileria (East coast fever) are well 

known for their devastating effects on livestock, primarily cattle, worldwide.9-11 All 

three parasites need an intermediate host (human) that facilitates the asexual life 

cycle of the protist and definitive hosts (mosquito for Plasmodium and tick for 

Babesia & Theileria) are needed for completion of the sexual life cycle.10 All three 

parasites complete at least a portion of their asexual development in the 

erythrocytes of the intermediate host. Although Plasmodium and Babesia both 
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cause anemia in the infected mammals, humans are a dead-end host for 

Babesia due to lack of completion of the asexual cycle stages necessary, hence, 

tick transmission from an infected human is rare.10 Theileria and Plasmodium first 

infect erythrocytes, but Theileria also infects and transforms lymphocytes in order 

to successfully asexually replicate,12 whereas Plasmodium requires infection of 

hepatocytes of the intermediate host.

Coccidians such as Cryptosporidium, Isospora, Eimeria, Cyclospora, and 

Toxoplasma are zoonotic pathogens which also cause much morbidity and 

mortality in humans and livestock worldwide. All of the coccidians listed are 

preserved in the external environment in the hardy stage known as the oocyst 

and are ingested through feces-contaminated food or water. The size and 

morphology of the oocyst is the diagnostic feature utilized to distinguish coccidian 

genera.13 Once ingested the oocyst will release infectious stages in the intestinal 

tract to parasitize the intestinal epithelium at some point during their life 

progression. All, except for Cryptosporidium, undergo a developmental 

maturation stage outside the host known as sporogony in order to be infectious 

when ingested as an oocyst.11 Coccidians vary greatly in intermediate and 

definitive host requirements. For example, Toxoplasma's definitive host is the 

feline but any mammal can serve as an intermediate host. However, mammals 

that are not natural prey of felines are dead end hosts because completion of 

Toxoplasma's lifecycle and subsequent excretion of the parasite in the feces 
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requires a feline host.11 Interestingly, Eimeria has the largest number of species 

classified (>1,300), many of which require a unique host in order for attachment 

and infection to proceed following excystation. Agriculturally, financial losses due 

to Eimeria are observed mostly in poultry rearing operations.11

Also phylogenically associated with the Coccidians are the Gregarinasina 

(Gregarines) which have come more to the forefront in recent years because of 

their overwhelming presence in almost all invertebrate species. Gregarines are 

thought to be one of the most early diverging groups of Apicomplexa because 

they parasitize round worms and insects.14 Recent evaluation of the 18S 

ribosomal sequences of a subset of the Apicomplexa has indicated that 

Gregarines are more closely related to Cryptosporidium, and a reclassification of 

Cryptosporidium has been considered.14 Although the Gregarines appear to be 

ubiquitous among insects, little has been revealed about their biology due to the 

inability to propagate them in vitro and the lack of any known involvement in 

human or livestock disease.

Of the organisms found within the Apicomplexa phylum, Plasmodium, 

Toxoplasma, and Cryptosporidium have received the most attention because of 

the ease of transmission and their devastating effects on humans. Plasmodium 

and Toxoplasma have experimental advantages over Cryptosporidium. The 

different developmental stages in Plasmodium must infect various tissue types, 
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including erythrocytes, hepatocytes, and mosquito cells, in order to complete 

development, which allows for an inadvertent stop point for researches to purify 

individual stages. Plasmodium and Toxoplasma can both be genetically modified 

and cultured to recover these mutants for phylogenic and molecular analysis, but 

Toxoplasma is considered the model Apicomplexan organism for research 

purposes. In contrast, Cryptosporidium completes its life cycle in a single cell 

type (epithelial cells) in a single host, and there are no developed techniques to 

manipulate it genetically nor any way to recover these mutants for continual 

propagation if such a technique existed. While both Plasmodium and Toxoplasma 

are classified within the same order, their growth characteristics, host 

requirements, and developmental progression differ greatly. This may bias many 

of the assumptions related to the biochemical and molecular requirements that 

have been applied to all Apicomplexa, especially since these parasites have 

been classified primarily on morphology. With the availability of genome 

sequences for multiple species of Plasmodium, Toxoplasma, and 

Cryptosporidium significant differences especially in metabolic pathways are 

increasingly evident.

2. Cryptosporidium

Cryptosporidium was first described in 1907 by Ernest Edward Tyzzer, but it 

wasn't documented until the 1970s that this parasite could cause disease in 
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humans.15-17 Disease is characterized by the rapid expansion of parasite 

numbers primarily in the small intestine, which lead to inflammation and 

subsequent tissue damage.18 This results in the clinical presentation of 

abdominal cramping and non-bloody diarrhea which can lead to severe 

dehydration if left untreated.19 Most infections with Cryptosporidium are thought 

to be self-contained and recovery with supportive therapy occurs within 1-3 

weeks. Increased attention has been given to this organism following the AIDS 

epidemic where it was a major opportunistic infection leading to death in AIDS 

patients.20 Additionally oocysts from this parasite are easily disseminated through 

water sources, thus has been classified in the USA as a Class B bioterrorism 

agent, increasing the desire to develop therapeutics for this infection.21

2.1 Speciation

There are 16 recognized species of Cryptosporidium, each having an increased 

prevalence in specific host populations (host tropism) as well as localization of 

infection.3 All species infect warm blooded animals, usually mammals, but 

documentation of oocyst presence in shellfish and amoeba have led to 

speculation of other environmental sources that could be used in the 

dissemination or predation of the infectious oocyst.13,22,23 Cryptosporidium 

species can infect any epithelial cell of the appropriate host. Being that the 

primary route of infection is fecal/oral, most human and livestock infections are 
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found within the epithelium of the gastrointestinal system, but infection of the lung 

and mucosa surrounding the eye have also been reported.5,24 Certain species, 

such as C. muris, C. andersoni, and C. baileyi are known as gastric (or cloacal) 

infections because they localize to the gastric glands of the stomach while others 

(eg. C. parvum, C.hominis, C. felis, C. meleagridis, C. wrairi, C.saurophilum, C. 

nasorum) are discerned as intestinal infections because infections disseminate 

down the intestinal tract.

2.2 Epidemiology

Cryptosporidium can be spread through animal-to-animal contact, but most 

commonly infections start with the ingestion of oocysts from feces contaminated 

food or water sources. Across the globe recreational and surface water 

contamination has been documented, from large cities such as Paris and 

Amsterdam to national surveillance within many countries including Egypt and 

Kenya.25-28 Often, seasonal increases in prevalence of oocysts in surface waters 

have been noted, with oocyst concentrations increasing in the rainier times of the 

year.27 Sampling done within the United States has found 24-100% of the surface 

waters can contain detectable numbers of C. parvum oocysts.29 The widespread 

epidemiological documentation of contamination by this pathogen is attributed to 

the environmentally hardy oocyst, lack of an external sporulation (maturation) 

stage, low infectious dose, the notable zoonotic species (eg. C. parvum) and 
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large numbers of oocysts excreted in the feces of infected animals, especially 

from large mammals such as cattle.

Since the first reports of cryptosporidiosis in humans in 197615,16 there have been 

documented cases in more than 90 countries worldwide.30 Seroprevalence rates 

in humans vary depending on the different water sources available, water 

sanitation procedures, and risk of exposure to infected animals. Seroprevalence 

rates are highest in humans in areas of low water quality; 65% of children ages 

8-10 in rural China were seropositive, and a shantytown of North East Brazil had 

detected rates of >90% in children less than 1 year of age.31,32 However, even 

developed countries are not protected from this pathogen, with the United States 

having >25% seroprevalence rates within the country's age-adjusted population. 

By the age of 70 it is estimated that 70% of the U.S. population is seropositive.33

In the United States, it has been shown that residents of communities with public 

water obtained from a surface water source have a greater seroprevalence rate 

than those whose community water is obtained from a ground water aquifer.34 

Incidence patterns repeatedly are bimodal with the largest incidence being in the 

ages of 1-9 year olds and a second, often smaller increase in incidence in those 

aged 25-39 years old.35 The second peak of incidence may be the parents of the 

infected children. There does not seem to be a difference in incidence rates 

between males or females, but often Africans, Hispanics, and Native Americans 
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are at higher risk than non-Hispanic Caucasians.35,36 Incidence rates increase 

10-fold in the United States from June through October when compared to 

documented cases from January through March. This seasonal pattern is often 

related as mentioned previously to the amount of precipitation received, but also 

with an increase in recreational water usage in the summer months.35 Almost half 

of the gastrointestinal illness outbreaks traced back to recreational water use is 

due to Cryptosporidium.35 Purified Cryptosporidium oocysts remain infectious 

within the common chlorination rates within public pools (2 ppm) for over 2 days 

and if the oocysts are in the presence of feces the length of time increases 3-fold.

37 Even a 5-fold increase in chlorine within a pool to 10 ppm would require at 

least 48 hours to diminish the infectivity of the contaminating oocysts.37

The two main species of importance within human populations are the zoonotic 

C. parvum and the anthroponotic C. hominis, previously known as 

Cryptosporidium parvum genotype II and genotype I, respectively.38 There have 

been notable differences between these two species, including infectivity of 

healthy human volunteers for whom the minimum infectious dose for C. parvum 

was 50 oocysts, while C. hominis only required 10.39,40 In most cases, the patient 

is colonized by only one species of Cryptosporidium, however when animals 

have been experimentally infected with these two parasites, C.parvum 

outcompetes C. hominis, even if C. hominis is allowed to establish prior infection.

4,24,41 Species of veterinary importance can also be documented within the 
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human population, most often within immuno-compromised individuals. Infections 

of multiple hosts with species thought to have a specific host tropism convolutes 

classifying the different genus' based on host specificity.4,24 C. parvum is often 

associated with rural areas and surface water recreational usage, whereas, most 

C. hominis outbreaks are localized to urban areas. For example, C.hominis 

contamination of Milwaukee's public water supply resulted in the largest known 

outbreak with over 400,000 documented cases of gastroenteritis.42-44

Because of C. parvum's worldwide surface water dissemination, it is commonly 

found in conjunction with Giardia, the often presumed cause "traveler's diarrhea." 

This overlap may explain some of the disparity between the reported incidence 

and seroprevalence rates within developed countries. Incidence rates of 

cryptosporidiosis in the United States increased 162% from 2006 to 2008.35 

When comparing the incidence rates to seroprevalence rates, a great 

discrepancy can be seen which is often referred to as incidence indicating the "tip 

of the iceberg" of infection prevalence. For example, using the estimated United 

States population from 2009, there would be approximately 42,366,903 

individuals aged less than 10 years old.45 Within that population reports estimate 

13.4% should have a detectable antibody response to Cryptosporidium antigens, 

indicating infection.33This simple calculation indicates that there would be over 

5,677,000 cases of cryptosporidiosis based on seroprevalence. However, fewer 

than 20,000 cases of cryptosporidiosis in children less than 10 years of age were 
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reported in 2000-2008.46-48 This is 28 times lower than the expected based on 

seroprevalence rates, even though the incidence rates were summed across 

these age groups over 8 years! The question remains as to what is the cause of 

this discrepancy: over-estimation of seroprevalence rates, misdiagnosis of 

gastrointestinal illnesses in children, or high asymptomatic infection rates.

Cryptosporidium commonly infects calves, lambs & kids, while there is less 

known about the consequences of infection on swine and horses because 

incidence is high amongst asymptomatic animals.24,49-52 The zoonotic C. parvum 

is the most commonly recognized species within Cryptosporidium and has been 

documented in over 152 livestock and wildlife species.13 There are economical 

effects on the growth of C. parvum infected animals, especially dairy cattle. 

Besides the economic impact of infection in livestock, these animals are thought 

to be the primary source of environmental contamination with oocysts.53-55 An 

infected calf can excrete 107 oocysts per gram of feces. Dairy cattle operations 

have reported incidences of up to 100% in calves while beef cattle incidence is 

most often below 25%.56-58 It was originally thought that infection of calves was 

not common after the first few months of life, and the calves were then resistant 

to any subsequent infection.59-62 However, mounting evidence has shown that 

this may only be true for C. parvum infection, and that the gastric infecting 

species, C. andersoni, is more common in older cattle.59,60,63 In contrast to C. 

parvum infections, C. andersoni, which has only been shown to infect cattle, are 
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chronic infections in cattle and may persist for months or even years.50,64,65 

Additionally, the newly reported species C. bovis has been recently found to 

infect older calves, but may have been misreported as C. parvum because they 

indistinguishable at the morphological level.60,66

2.3 The life cycle

Cryptosporidia progress through both an asexual and sexual cycle to complete 

sporogony (creation of spores). In doing so, it passes through at least 10 different 

morphologically described stages. Because of inconsistencies with in vitro culture 

methods, discrepancies between reports can be seen as to the timing and 

longevity of each of these stages in vitro. Additionally, extracellular stages not 

previously described were reported using a cell-free culture method.67,68 

However, other laboratories, including our own, were unable to replicate these 

findings and subsequent reports have identified many of the initial "novel" stages 

described by Hijjawi et al. to be the result of aged parasite that were not able to 

infect cells.69-71 Because of the inconsistencies in reporting with these cell-free 

culture techniques, including the descriptions of low DNA replication70 and lack of 

viability72 suggesting that the parasite is enduring an abnormal SOS response, 

these have been omitted from the following description of the developmental life-

cycle of Cryptosporidium. The life-cycle progresses through excystation of the 

invasive zoite stage from the oocyst, movement of the zoite towards the host cell, 
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attachment, parasitophorous vacuole formation, and modification of the lipid 

membranes surrounding the parasite.24,73-80 Depending on the zoite stage 

attached to the host cell either asexual or sexual replication will ensue. Detailed 

information is available for the initial excystation and attachment of the parasite 

but is lacking for the later developmental stages due to the intricate connection 

formed between the parasite and host cell, the lack of techniques to separate 

stages once attachment has occurred, and the asynchronous infection.

2.3.1 Attachment

The first step in establishing an infection is to find and attach to the host cell, 

which with many Cryptosporidium species means that they were ingested by the 

appropriate host species. Cryptosporidium infection of the gastrointestinal tract 

begins with the ingestion of an oocyst from a source that has been contaminated 

with feces from an oocyst-shedding animal. The environmentally hardy oocyst is 

composed of a multilayer outer shell which has fibrils tethering the four invasive 

zoite stages known as sporozoites to the inside of the oocyst wall.80-83 The outer 

layers of the oocyst can be digested with proteases or sodium hypochlorite while 

the inner wall is protease-resistant and is composed of the surface lectin N-

acetylgalactosamine (GalNAc), and Cryptosporidium Oocyst Wall Proteins 

(COWPs).84-90 There are 8 described COWPs of which 6 (COWP1, COWP2, 

COWP3, COWP4, COWP6, COWP8) account for 75% of the oocyst wall proteins 
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detected using Mass Spectroscopy, with COWP1 having an overwhelmingly large 

concentration when compared to the others present.81 A visible cleft on the 

oocyst opens allowing the release of the sporozoites into the intestinal lumen. 

After the sporozoites have excysted, the edges of the oocyst curl in while 

remaining a spherical shape, this can be visualized with light microscopy as a 

"ghost" or oocyst shell. Initiation of excystation in vivo is a complex process 

involving multiple environmental factors including pH, temperature, and 

potentially exposure to the host cell's sialic acid moieties.91-97 The response to 

these environmental factors depends on whether the species causes a gastric or 

intestinal infection.

After the sporozoite has exited the safety of the oocyst, apical organelle 

(primarily microneme) discharge begins, which is essential for motility and host 

cell invasion.90,98-101 The comma-shaped, slender sporozoites move by an actin 

influenced gliding motility while leaving a protein trail which includes the adhesins 

cpa135, gp900, gp40, gp15, and P23.87,102-105 These five proteins are shed in the 

straight or serpentine trail left behind as the sporozoite moves in circular or 

gliding motion.80,106 Depending on the in vitro excystation techniques used, the 

majority of C. parvum sporozoites are released from the oocyst within 30-90 min.

80

In order for parasitism to occur the very vulnerable sporozoite must attach to the 

host cell, with over half of the excysted sporozoites losing viability within 3 hours 
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without host cell contact.72 Once released from the oocyst the sporozoite must 

penetrate the protective mucus barrier to reach the epithelial cells lying below, 

which occurs as early as 5 minutes until about 2 hours post-excystation.107,108 It 

has been suggested that the D-galactose(Gal)/GalNAc surface lectin on the 

sporozoite may be influential in the transversal from the intestinal lumen to the 

epithelial cell's apical membrane.80,109,110 The sporozoites direct their anterior end 

towards the apical membrane (luminal surface) of the epithelial cell.111 Although 

the exact receptor mechanism for sporozoite binding has not been elucidated, 

the epithelial cell surface receptor p57, which is predominant in the ileum, is 

thought to be involved. The parasite aligns the mucins, CpMuc4 and CpMuc5, to 

its apical surface and releases, among many unidentified things, the 

phospholipase, sPLA2.112-114 As the sporozoite approaches the host cell between 

microvilli, thin host-membrane extensions develop on all sides of the sporozoite's 

apical end.108,115,116 These extensions of the host membrane grow and surround 

the sporozoite forming what is known as the parasitophorous vacuole, to 

encompass the parasite without direct attachment to the sporozoite.115 As the 

microvilli-like growths engulf the sporozoite the secretory vesicles in the apical 

end of the parasite (micronemes, dense granules and a rhoptry) align with the 

point of attachment to the host cell.79,117,118 During this membrane extension 

period an electron dense band can be seen forming in the host's cytoplasm distal 

to the sporozoite's apical end, while the sporozoite develops a large membrane-

bound vacuole where the secretory vesicles previously could be observed.115 
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After the large vacuole develops in the sporozoite, the outer membrane of the 

sporozoite and that of the large vacuole within the parasite fuse to the host 

membrane, directly connecting the interior of the large vacuole to the cytoplasm 

of the host.115 Sometime later this opening becomes what is known as the feeder 

organelle which is an extensive membranous structure with an electron dense 

band, thought to be composed primarily of parasite-derived proteins including 

transporters such as the CpABC transporter.119 The parasite also begins to 

manipulate host membrane-bound protein localization, including co-localization 

of human tropomyosin5 (hTM5), actin, the GTPases Cdc42 and RhoA, the 

Cdc42 effectors Neural Wiskott-Aldrich syndrome protein (N-WASP) and p34-

Arc, the Na+/glucose transporter SGLT1, and the water channel, aquaporin 1 

(AQP1) to the parasitophorous vacuole proximity.108,116,119-123 Once the parasite 

has aligned with the desired epithelial cell within 15 seconds attachment is 

completed and the parasitophorous vacuole is formed within 15 minutes.115

2.3.2 Replication

Around 6 hours post-excystation, the sporozoite has developed into what is 

known as the trophozoite stage which measures <1um in diameter.124 The 

trophozoite is larger in size than the sporozoite and often its development is 

preceded by a large, balloon-like extension of the parasitophorous vacuole 

membrane (personal observation). The trophozoite then begins mitosis and 
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develops into an immature type I meront measuring 1.5um in diameter, which will 

contain 6-8 duplicate copies of the parasite genome.124 Around 24 hours post-

excystation, following mitosis, cytokinesis ensues which results in the mature 

type I meront (2.5 um diameter) containing 6-8 merozoites, which are 

morphologically indistinguishable from sporozoites once they egress into the 

lumen of the intestine to infect a new susceptible host cell.124 The merozoites 

attach and invade a new epithelial cell, presumably in a similar manner as the 

sporozoite. At this point, the parasite can indefinitely continue this asexual 

replication cycle of merozoite to trophozoite to type 1 meront. Influenced by 

unknown environmental stimuli merozoites from type 1 meronts eventually begin 

to progress towards the sexual developmental cycle.

Sexual development occurs with the attachment and invasion of a merozoite 

followed by growth through the trophozoite stage, but differs in that a larger (3.5 

um diameter) type II meront stage is formed.124 Not only is the type II meront 

larger, but it contains only 4 merozoites displayed in a rosette looking shape, 

instead of the 6-8 merozoites formed during asexual development. These 

merozoites egress from the type II meront and develop into either a micro- or 

macro-gamont based on unknown signals. The haploid macrogamonts are egg-

like structures that are larger than meronts with only one nuclei, while the 

microgamonts undergo multiple rounds of binary fission to form 10-20 small 

sperm-like structures. The microgametes (sperm) egress from the microgamete, 
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traverse towards a macrogamete, attach, and are engulfed in a rarely seen and 

poorly described mechanism. The combination of the micro- and macrogamete 

results in a diploid nucleus, which then divides and undergoes cytokinesis to form 

4 sporozoites. The sporozoites are once again enclosed in the protective oocyst 

wall. There have been 2 documented forms of the oocyst, thin- and thick-walled 

versions. The thin-walled oocysts are thought to excyst within the intestinal 

lumen allowing the sporozoites to reinfect the same host perpetuating the 

asexual cycle, while the thick-walled oocysts are excreted in the feces of the 

infected animal to hopefully be ingested by the next susceptible host.4

2.4 The molecular landscape of Cryptosporidium 

2.4.1 The Genome

The genomes of C. parvum and C. hominis have been sequenced to reveal a 9.1 

Megabase (Mb) genome. This is notably smaller when compared to 

Plasmodium's 23 Mb genome.98,125,126 The C. muris genome is near completion 

and initial observations reveal much similarity between all three species. 

However, both C. parvum and C. hominis have the same karyotype, and were 

surprisingly found to be almost identical, with 90-95% similarity at the nucleotide 

level.98,126,127 The Cryptosporidium genome is composed of 8 chromosomes 

ranging from 1.03 to 1.54 Mb, with an estimated 3807 genes, compared to 
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Plasmodium which contains over 5000 genes.98,126,128 Interestingly, only an 

estimated 5% of C. parvum annotated genes contain introns, with the suggested 

evolutionary loss possibly the result of retrotransposase activity.98,129 With such a 

condensed genome in comparison to other apicomplexans, it is not surprising 

that Cryptosporidium has very little repetitive DNA, small intergenic regions, and 

smaller average gene size.19,98,126 Interestingly, Cryptosporidium lacks both a 

mitochondrial and apicoplast genome which is thought to have been lost during 

the evolutionary compactness of the genomic material and results in an 

increased reliance on the host for nutrients.19,98,126 Although there is no 

mitochondrial genome, a relic mitochondrion structure has been identified130 and 

mitochondrial signal sequences have been identified on some genes.131 There 

are no annotated genes from described microRNA processing pathways, 

suggesting that this mechanism of gene regulation does not operate in 

Cryptosporidium spp.19,131 Even though some de novo promoter elements have 

been suggested, the inability to manipulate the parasite's genome directly or to 

continuously propagate the parasite in vitro forces researchers to verify proposed 

promoter or gene function in other organisms such as Toxoplasma, which may or 

may not truly represent the function in Cryptosporidium.132

2.4.2 Metabolic Pathways
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Many of the predicted genes in Cryptosporidium have no annotated function, but 

167 were assigned enzyme commission (EC) numbers, which is thought to 

emphasize the lack of multiple hosts or cell types needed to complete 

Cryptosporidium's life cycle as compared to other Apicomplexa.19,131 

Cryptosporidium primarily infects the anaerobic lumen of the gastrointestinal tract 

and is thought to utilize primarily glycolysis to fulfill its energy needs.19,133,134 The 

major enzymes required for the conversion of glucose to pyruvate are present 

and the genome contains 9 annotated sugar transporters to further support this 

idea.19,98,131 Being that the parasite lacks the proteins for the Krebs cycle and 

mitochondria complexes I-IV, it has been assumed that oxidative phosphorylation 

does not occur19,98 but interestingly the genome contains all the subunits for the 

V-type ATPase.98 Additionally, there were no genes that resembled the enzymes 

for oxidation of fatty acids, suggesting that fatty acids could not be used as an 

alternative energy source.19 Although there are few gene duplications, the 

organism has 2 annotated pyrophosphate-dependent phosphofructokinases 

(PPi-PFK) genes and their activity has been confirmed in vitro.19,133 For an 

organism that relies on glycolysis, these enzymes can be beneficial in 

conjunction with other enzymes in yielding either another ATP or to recycle 

NADH to NAD+.19

Genome annotations reveal an abundance of transporters, including 11 amino 

acid, 9 sugar, and 9 nucleic acid transporters, which emphasizes the parasiteʼs 
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reliance on the host.98,131 It is probable that Cryptosporidium is not capable of 

synthesizing fatty acids de novo as it lacks the discrete type II fatty acid 

sythatases (FAS) although it contains a type I FAS(CpFAS1) that could be used 

for elongation of host acquired fatty acids.19 De novo synthesis of purines or 

pyrimidines does not occur as the organism lacks the pentose phosphate 

pathway among others. However, all enzymes are present to convert adenosine 

to ATP, GTP, dATP, and dGTP, as well as uracil to UTP, CTP, TTP, and dCTP.19 

Many of the pyrimidine salvage enzymes are not present in other Apicomplexans 

and gene transfer could account for their appearance in Cryptosporidium.135 The 

large amount of different amino acid transporters emphasizes the parasite's 

inability for de novo amino acid synthesis, yet pathway components are present 

for the interconversion of some amino acids. However, these proteins are 

proposed to be used primarily for generating co-factors.19 Pharmaceutical 

development has been hindered in this parasite because it lacks many of the 

commonly utilized targets, such as lack of a plastid and mitochondria, found in 

Plasmodium and Toxoplasma.98,136

3 Specific Aims

Cryptosporidiosis is a global concern in both livestock and human populations 

with no vaccine or effective treatment. Complexities abound in working 

experimentally with Apicomplexans and although Cryptosporidium is one of the 
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most researched it is not a model organism to work with as compared to 

Plasmodium or Toxoplasma due to the inability to separate the parasite from the 

host cell once attachment has commenced. This has limited the information on 

Cryptosporidium to bioinformatic analysis of the annotated genome and 

individual analysis of specific pathways, which are often times transferred into 

Toxoplasma for genetic manipulation. Genome annotation, although insightful, 

informs us little of the control of gene transcription or to the protein repertoire 

required for the complex life cycle progression required during Cryptosporidium 

infection, nor does comparative genomics reveal the basis for host cell tropism 

differences between C. parvum and C. hominis. Therefore, we developed two 

specific aims:

Specific Aim I: Temporal transcriptome of C. parvum during in vitro 

development

Specific Aim II: Comparative transcriptomics of C. parvum and C. hominis

! We undertook a global transcriptional analysis during developmental 

progression of C. parvum in vitro to expand the information gained from the 

genome sequence, including the accuracy of gene annotation and shed light onto 

transcription requirements for parasite developmental progression. With this 

information we are able to describe the developmental progression of the first 

round of asexual development in C. parvum, including sporozoite expression of 

transcription-related genes, trophozoite expression of translation related genes, 

early meront expression of DNA synthesis elements, and mature meronts 
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requirement for cytokinesis and DNA repair. Through examination of the later 

time points in our time course implications for metabolic enzymes and 

transporters as sexual stages appear. Additionally, 107 genes were identified with 

peaks in expression that suggest a stage-specific expression profile. Together 

this information gives great biochemical insight into the development of C. 

parvum in vitro and gives a stepping stone for further experimentation that could 

lead to pharmaceutical and vaccine development.

! Having the C. parvum transcriptome will allow for much needed research 

into the biochemical progression of this ubiquitous organism, including our 

comparison of expression profiles between C. parvum and C. hominis. 

Morphological characterization of the time course indicated almost identical 

visual progression for both parasites and most of the genes analyzed showed 

similar expression patterning, indicating that the parasites are indeed very 

similar. However, differences in expression profiles of specific transcripts, such as 

invasion genes and protein kinases, suggests that these species are progressing 

differently through their developmental life cycles, albeit the stages present 

appear identical at the microscopic level examined. The genes with dissimilar 

expression between correspond with an increase in promoter region variation, as 

well as inadequate sequence information for C. hominis. Further analysis of 

these discrepancies could lead to a biochemical explanation for the seemingly 

identical genomes of these two parasites resulting in very different host 

preferences.
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CHAPTER 2

The in vitro Transcriptome of Cryptosporidium parvum

Submitted to PLoS One
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Cryptosporidiosis is caused by an obligate intracellular parasite that has eluded 

global transcriptional or proteomic analysis of the intracellular developmental 

stages. The transcript abundance for 3,302 genes (87%) of the Cryptosporidium 

parvum protein coding genome was elucidated over a 72 hr infection within 

HCT8 cells using Real Time-PCR. The parasite had detectable transcription of all 

genes in vitro within at least one time point tested, and adjacent genes were not 

co-regulated. Five genes were not detected within the first 24 hr of infection, one 

containing two AP2 domains. The fewest genes detected were at 2 hr post 

infection, while 30% (985) of the genes have their highest expression at 48 and/

or 72 hr. Nine expression clusters were formed over the entire 72 hr time course 

and indicate patterns of transcriptional increases at each of the 7 time points 

collected except 36 hr, including genes paralleling parasite 18S rRNA transcript 

levels. Clustering within only the first 24 hr of infection indicates spikes in 

expression at each of the 4 time points, a group paralleling 18S rRNA transcript 

levels, and a cluster with peaks at both 6 and 24 hr. All genes were classified into 

18 functional categories, which were unequally distributed across clusters. 

Expression of metabolic, ribosomal and proteasome proteins did not parallel 18S 

rRNA levels indicating distinct biochemical profiles during developmental stage 

progression. Proteins involved in translation are over-represented at 6 hr, while 

structural proteins are over-represented at 12 hr. Standardization methods 

identified 107 genes with <80% at a single of its total expression at a single time 
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point over 72 hr. This comprehensive transcriptome of the intracellular stages of 

C. parvum provides insight for understanding its complex development following 

parasitization of intestinal epithelial cells.
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INTRODUCTION

Cryptosporidium species are global contaminants of surface water and are the 

second leading cause of human gastrointestinal illness in the United States. 

Reported incidence is highest in children, yet seroprevalence is significant in all 

age categories.33,35 Due to its resistance to standard water chlorine disinfection, 

Cryptosporidium is a public health concern and a potential water-borne 

bioterrorism agent due to its low infectious dose (as low as 10 oocysts) and its 

ability to be stably delivered to the human population en masse.39 Illness varies 

from profuse, self-limiting diarrhea to life threatening malabsorption and 

dehydration depending on immune status. Effective therapeutics have not been 

formulated because the eukaryotic parasite has a condensed genome lacking 

many of the traditional drug targets.19 Most of the remaining genes have 

remained functionally uncharacterized, thereby limiting pharmacological targets.

98,126

! Apicomplexa are parasitic eukaryotes noted for undergoing both asexual 

and sexual replicative stages during their life cycle. Cryptosporidium spp. 

complete their life cycle within a single host utilizing only epithelial cells. Ingestion 

of an oocyst results in excystation of four sporozoites in the gastrointestinal tract. 

Following attachment to the host epithelial cell, the parasite resides within an 

intracellular but extracytoplasmic parasitophorous vacuole derived from the host 

cell membrane. Therein, sporozoites mature into trophozoites which then 

progress through asexual replication (3-4 rounds of mitosis) in ~24 hr to form 
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type 1 meronts that release 6-8 merozoites. These merozoites infect new 

epithelial cells to either repeat asexual replication generating more type 1 

meronts, or through an unknown, presumably environmental trigger progress 

through sexual development resulting in type 2 meronts. Type 2 meronts release 

4 merozoites that develop either into micro- or macro-gamonts that continue 

through sporogony to produce infectious oocysts that are excreted in high 

numbers in the feces. Sexual development of Cryptosporidium has been 

morphologically described in vitro, indicating the environmental switch is present, 

yet monolayer cultures are unable to maintain continuous propagation.137,138

! Little is known regarding how Cryptosporidium regulates developmental 

stage progression or the different cellular requirements required by each stage. 

The intricate enclosure of the parasite in a parasitophorous vacuole on the host 

cell surface has limited high-throughput analyses of the transcriptional or 

proteomic repertoire of Cryptosporidium to the sporozoite stage.90,139,140 

Morphological characterization of the parasite is also limited because many 

stages are macroscopically identical even though the parasite utilizes both 

asexual and sexual developmental progression. To gain insight into 

Cryptosporidium biology and development, we completed a genome-wide 

transcriptome analysis over a 72 hr in vitro infection of human epithelial cells 

using the zoonotic species, C. parvum. Real time-PCR (RT-PCR) for 3,302 genes 

(87% of the protein coding genes) indicated that each gene has detectable 

transcription in at least one time point assessed. Further characterization of gene 
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expression indicates 9 clusters over the entire 72 hr time course, while the initial 

asexual replication cycle (2-24 hr) produced 6 clusters with both clustering 

techniques distinguishing genes with coordinate patterns of expression. 

Additionally, we identified genes for which mRNA levels spiked at single time 

points, suggestive of fluctuations in transcript density dependent on the parasitic 

developmental stage present. Herein we describe the first comprehensive 

temporal transcriptome analysis of C. parvum during in vitro development in 

epithelial cells.
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MATERIALS AND METHODS

C. parvum parasites. C. parvum oocysts (Iowa strain) were purchased (Bunch 

Grass Farm, Drury, ID) and stored in antibiotics at 4˚C for less than 2 months 

prior to use. Before infecting the cells, oocysts were surface sterilized by 

treatment with a 33% bleach (sodium hypochlorite) solution (1 ml/ 3 × 107 

oocysts) on ice for 7 minutes, washed profusely with Hank's buffered saline 

solution (HBSS), and stored in HBSS at 4˚C overnight. 

C. parvum infection model. Human ileocecal adenocarcinoma (HCT8, ATCC 

CCL-244; American Type Culture Collection, Rockville, MD.) cells were cultured 

in a humidified incubator at 37˚C in an atmosphere containing 5% CO2 on 22 mm 

glass coverslips contained in 6 well plates or 10 cm2 dishes until confluency was 

reached in 6 days. Culture media [RPMI 1640 medium supplemented with 10% 

fetal bovine serum (FBS), 1 mM sodium pyruvate, 50 U/ml penicillin G, 50 U/ml 

streptomycin, and 0.25 µg/ml amphotericin B (Fungizone) (pH 7.4)] was changed 

every 24-48 hours as required. After six days the culture media was replaced 

with Cp-Up media [RPMI 1640 media containing 10% fetal bovine serum, 15 mM 

HEPES, 50 mM glucose, 10 µg/ml bovine insulin, 35 µg/ml ascorbic acid, 1.0 µg/

ml folic acid, 4.0 µg/ml 4-aminobenzoic acid, 2.0 µg/ml calcium pantothenate, 50 

U/ml penicillin G, 50 U/ml streptomycin, and 0.25 µg/ml amphotericin B 

(Fungizone) (pH 7.4)]141 and cultured for an additional four days with media 

refreshment as necessary.142 Prior to infection, oocysts were warmed to room 

temperature and inoculated onto culture monolayers at 1.5 x 106 oocysts/ well for 
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coverslips or 2-2.5 x 107 oocysts/10 cm2 dish as previously described.142 

Following a 2 hr excystation period, the unexcysted oocysts and free sporozoites 

were washed from monolayers with warm HBSS and cultures were incubated in 

Cp-Up media for the specified time points at 37˚C.137,142 Infection rate was 

80%-90% at 24 hr depending on the batch and storage period of oocysts. Cells 

without infection were used as mock controls. At the specified time periods, 

monolayers were washed once briefly in warm HBSS and the coverslips were 

fixed in PBS containing 4% paraformaldehyde for 15 minutes followed by four 

washings in PBS and stored at 4˚C. The 10cm2 dishes were rinsed once in PBS 

then lysed in TRIzol (Invitrogen) and stored at -80ºC until RNA isolation. 

Indirect immunofluorescence. C. parvum infected, paraformaldehyde fixed 

HCT8 cell coverslips were permeabilized by treating with 0.15% Triton-X 100 in 

PBS for 10 min. Coverslips were washed and nonspecific binding sites were 

blocked for 40 min by using 2.5% fetal calf serum + 2.5% goat serum. Coverslips 

were incubated for 1 hr with either Cp-65.10, a pan monoclonal antibody that 

recognizes all C. parvum life-stages, or a secondary control antibody. Following 

washing, the coverslips were incubated with AlexaFluor 568 (Invitrogen). The 

coverslips were washed, counterstained with DAPI and mounted to slides. 

Photomicrographs were captured at 40X using a Nikon microscope equipped 

with a high resolution Zeiss Axiovert 2000, with an Axiocam attachment.

RNA isolation: RNA was isolated from samples stored in TRIzol following the 

manufacturers protocol. In brief, 0.2 ml chloroform was added per 1 ml of TRIzol 
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used, mixed briefly and incubated for 3 minutes at room temperature. The 

aqueous layer was recovered after separation via centrifugation at 10,000 rpm 

for 20 minutes. 500 µl of isopropanol was added per 1 ml TRIzol used, incubated 

at room temperature for 10 minutes and removed by centrifugation at 10,000 rpm 

for 20 minutes. The resulting pellet was washed first in 75% ethanol (1ml per 1ml 

TRIzol used), then 70% ethanol (1 ml per 1ml TRIzol used), with pelleting of 

RNA at 10,000 rpm after each wash. After removal of the final wash, RNA was 

resuspended in molecular grade water at a concentration of 1-2 µg/ml. RNA 

recovery and integrity was verified on a formaldehyde gel prior to use.

DNase treatment: DNA contamination was degraded utilizing the Turbo DNA-

free kit (Applied Biosystems) following the manufacturers recommendations. 50 

µl reactions were constructed with 30 µg of RNA and 5 µl of 10x buffer. 2 µl of 

Turbo DNase was incubated with the sample at 37ºC for 30 minutes, followed by 

a 2 minute room temperature incubation with 10 µl of inactivating reagent. The 

inactivating reagent was removed via centrifugation at 10,000 x g for 90 seconds. 

The RNA was collected and quantified for cDNA synthesis. 

cDNA synthesis: cDNA synthesis was accomplished using Superscript III cDNA 

synthesis kit (Invitrogen), with the following modifications from the manufacturers 

protocol. Two micrograms of DNased RNA was utilized, with 200 ng of random 

hexamer primers. Denaturing was done at 65ºC for 5 minutes, followed by the 

synthesis reaction with incubations at 25ºC for 10 minutes, 50ºC for 60 minutes 

with the reaction being terminated at 85ºC for 20 minutes. 1 U of recombinant 
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RNase H (New England BioLabs) was incubated with each sample for 20 

minutes at 37ºC to remove template RNA. Each cDNA synthesis reaction 

included a negative control lacking reverse transcriptase to verify proper DNase 

treatment. cDNA synthesis and DNA degradation was verified using Real Time 

PCR as described below, with C. parvum 18S ribosomal RNA primers (F-

CTCCACCAACTAAGAACGGCC, R-TAGAGATTGGAGGTTGTTCCT ).

Real Time PCR (RT-PCR): Twenty microliter reactions were constructed using a 

4 ul of template from a 1:100 dilution of synthesized cDNA (2 µg RNA starting 

concentration), 0.1 µM primer pairs, and 2x AccuQuant SYBR Green SuperMix, 

with Low Rox (Quanta BioSciences, Inc.). RT-PCR was ran on Stratagene 

Mx3000P or Mx3005P thermacyclers, with cycle conditions of: 1 cycle of initial 

denaturation (95ºC for 1 minute), 45 PCR cycles (95ºC for 1 min., 58ºC for 30 

sec. and ramping to 60ºC for 30 sec.). Amplification was followed by melt curve 

generation via 1 minute at 95ºC ramping down to 57ºC in 2 degree intervals 

followed by ramping back up to 95ºC for 30 seconds. All primers were designed 

using Primer3 (http://frodo.wi.mit.edu/primer3/) and tested on 1) C. parvum 

genomic DNA to confirm amplification and product size, and 2) HCT8 cDNA to 

disqualify primers amplifying host transcripts indistinguishable from parasite 

products. The C. parvum genome has few gene paralogues, and <5% of the 

genes have introns, which allowed primer testing on genomic DNA. Successful 

primer pairs (3,302) were used to query the HCT8/Cryptosporidium cDNA 

constructed from total RNA isolated at 2, 6, 12, 24, 36, 48 and 72 hours (hr) post 
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addition of oocysts to the cell culture. Confirmation of successful 18S rRNA 

amplification utilizing both the amplification and disassociation curves for each 

reaction allowed for inclusion of the data for subsequent analysis. For each gene 

of interest, the amplification and disassociation curves were also verified for 

consistency, and wells were individually disqualified from analysis if the Ct was 

>40, the amplification curve slope was skewed from average, or the product 

amplified did not have the correct melt temperature.

The raw fluorescence data was curve-fitted to calculate the concentration of 

template in each sample. 

The fluorescence (F(c) as a function of the PCR cycle (c) was fitted to a four 

point logistic curve:

where the four parameters represent, Fb; fluorescence base, Fmax; 

fluorescence maximum, Ch; cycle at midpoint of the rise, and β; slope. The 

initial fluorescence (I0) was calculated by extrapolating back to cycle = 0.

Hence the relative DNA concentration is obtained by normalizing the I0 of a gene 

to that of 18S ribosomal RNA as previously validated for RT-PCR.138,143,144 The 

median gene expression was calculated using 4 independent infection time 

courses  and standardization to the total transcript detected over the entire time 

course per gene. 
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[2 hr GeneX ] - [2 hr 18S rRNA ] = 2 hr ∆ IOx

[2 hr ∆ IOx] / [2 hr ∆ IOx + 6 hr ∆ IOx ...+ 72 hr ∆ IOx] = 2 hr % relative 

expression Genex

Functional Annotation: As described in Jensen et al 2009, all genes were 

assigned to one of 18 functional categories based on gene annotation 

comparison between cryptogenome.umn.edu and cryptodb.org as well as 

literature review. The 18 functional categories used were (categories modified for 

this analysis are explained in parenthesis):DNA-associated, Interacting, 

Metabolism, Oxidative Stress, Phosphorylation, Protease related, Protein folding, 

Protein transport/modification, RNA-associated, Transcription, Translation, 

Transporter, Other, Hypothetical, Conserved Hypothetical, Apicomplexan 

conserved (genes with or without known function that are conserved across 

Aplicomplexa), and Cryptosporidium (genes of interest within Cryptosporidium, 

such as mucins, COWPs, TSPs, TRAPs and MEDLE family).145

Computational analysis: Cluster analysis was done using the DIvisive ANAlysis 

Clustering (DIANA) algorithm available in the ʻclusterʼ package of R.146,147 Data 

was analyzed as the percent relative expression for each geneʼs time course as 

described above using the absolute cosine angle distance metric.148 Heatmaps 

were visualized using the R package ʻgplots.ʼ149
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RESULTS

Our understanding of Cryptosporidium infection has remained quite limited due to 

the parasiteʼs tight association with the host intestinal epithelial cell. We used 

Real Time (RT)-PCR to describe the transcriptional profile of 3,302 C. parvum 

genes during a 72 hr in vitro infection time course using the epithelial cell line, 

HCT8, resulting in the first comprehensive transcriptome for this obligate 

intracellular parasite. Four thousand thirty-three primer pairs were tested, and 

731 were rejected based on irregularity in amplification efficiency or because 

they amplified host cell cDNA. Four independent in vitro infections were prepared 

and assessed by RT- PCR. Gene expression ranged from 10-10 to 0.5 transcripts 

relative to C. parvum 18S rRNA, while the median expression relative to rRNA 

across the time course did not change (Table 1). Approximately two-thirds of the 

transcripts identified were expressed at all time points, albeit at different relative 

transcript levels.

Morphological description of C. parvum developmental stage progression.

! In agreement with prior data,150 removal of unexcysted oocysts after 2 hr 

incubation with the host cell culture layer results in relatively homogenous 

parasite morphology during the first 24 hr of infection (Figure 1). At 2 hr 

sporozoites have attached and appear as small, dense structures atop the host 

cell. By 6 hr the sporozoites have expanded into trophozoites, which are medium 

sized spheres atop the host cell. Thereafter, immature (12 hr) and mature (24 hr) 
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meront development is observed. These appear as larger staining spheres, with 

merozoites observed within more mature meronts. However, once a full cycle of 

asexual replication has been completed (between 24-36 hr p.i.) and merozoite 

reinfection has begun, the relative homogeneity previously observed is 

diminished as the various parasitic stages progress at different time scales. 

Morphological description is also complicated by the occurrence of sexual 

replication within type 2 meronts, which are not distinguishable from asexually 

derived (type 1) meronts by light microscopy.

Gene Expression is not Correlated to Chromosomal Location

! All 3,302 genes analyzed were detectable within at least one time point of 

the 72 hr time course. The transcriptional density across each time point follows 

a normal distribution, with an increase in detectable genes (non-zero values) 

occurring from 6, 12, and 24 hr, coinciding with a decrease in C. parvum 18S 

rRNA Ct values (Table 1). C. parvum 18S rRNA Ct values increase slightly after 

36 hr. However, there is no decline in transcript abundance measured as either 

total number of detectable genes or total mRNA content at 72 hr (Table 1, Figure 

S1).

! Previous work had suggested a transcriptional cascade of gene 

regulation,151 but our data suggests C. parvum utilizes a complex transcriptional 

regulatory system. First, a single chromosome exhibiting prominent transcription 

is not observed at any time point regardless of transcript quantity (Figure 2 & S2). 
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Second, by examining the quantity of transcript, tandem genes and divergent 

genes do not have correlated expression as a norm (data not shown). Third, 

genes within a cluster (see below) do not map to the same chromosomal 

location. Complex transcriptional regulation was further verified by examining the 

tandem cluster of peptidases found on chromosome 3 (Figure 3). C. parvum has 

a large number of M16 family proteases and their kin. Four genes contain a full 

protease catalytic domain and 15 degenerate genes appear to be related to M16 

enzymes. The most notable are the tandem Insulin Degrading Enzymes (IDEs) 

found near the telomere of chromosome 3. Using relaxed criteria to identify the 

metallohydrolase domain, the cluster contained 12 consecutive protease genes, 

cgd3_4170 through cgd3_4280, spanning a 57 kb region. This grouping of genes 

appears to be formed by gene duplication. All of these IDE genes were 

expressed, but at vastly different levels (Figure 3B) and with different expression 

patterns (Figure 3C). For example, cgd3_4240 was expressed at low levels early 

in the infection with a sharp peak in transcript levels at 48 hr, while all others 

showed greater expression throughout the time course. In contrast, cgd3_4260 

was constitutively expressed at much higher levels throughout the examined time 

course. The 12 IDE genes sorted into five different expression pattern clusters, 

further confirming that C. parvum gene expression is independent of 

chromosome location, even for co-localized gene families.

Expression profiling of an in vitro 72 hour time course
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! RT-PCR provides a quantitative evaluation of each gene transcript 

present, but to delineate patterns of gene expression we focused on the relative 

change of gene expression rather than the absolute transcript abundance during 

the 72 hr time period examined. To determine which genes have similar patterns 

of expression, we normalized to C. parvum 18S rRNA and computed a relative 

expression for each gene by dividing its expression at each time point by the sum 

of gene expression for all 7 time points. The expression profile is a vector of 7 

relative percentage values, and all genes were clustered to identify shared 

patterns of expression using the Divisive Analysis (DIANA) algorithm (Figure 4).

146,147,152 Utilizing the distance cutoff of 100, 9 clusters were defined for genes 

expressed over the 72 hr infection period. Based on putative functional 

annotations and protein domain similarities, we classified each gene into 1 of 18 

categories.145 Examination of the distribution of functional categories was 

assessed between clusters (Table 2A, Figure 6A). All functional categories 

except the 2-24 hr clustering ʻOtherʼ were unequally distributed between clusters 

at a significance level <0.05 (Figure 6A). In addition, genes annotated as 

apicomplexan, Cryptosporidium, hypothetical or conserved hypothetical proteins 

were randomly distributed across all clusters (data not shown).

! Cluster 7 represented an expression pattern following the normalizing 

geneʼs expression (C. parvum 18S rRNA). Cluster 7 had a high proportion of 

genes associated with protein transport or modification, but also contained 

multiple genes for DNA-associated proteins involved in replication, including 5 
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termination factors and 4 histone-modifying enzymes. Genes with a high 

expression within this cluster were ethanolamine-phosphatecytidyl transferase 

and NADP-dependent alcohol dehydrogenase.

! Five clusters contained genes with a defined peak in expression at a 

single time point. Cluster 6 contained the largest number of genes, and 

expression peaked at 2 hr followed by a lower expression at the remaining time 

points (Figure 4B). The largest functional category expressed in this cluster was 

that of RNA-associated genes. Notably, 22 helicases, including Dbp8p-like 

helicase, Sgs1, Has1p, Rok1p-family helicase, DRS1, Mtr4p-like, and 8 involved 

in ribosome biogenesis, and 11 spliceosome proteins, including PRP22, splicing 

factor 3b, FBP21, and U5snRNP had their highest expression at 2 hr. Many 

transcription-related genes were found in this cluster, including 11 polymerase-

associated proteins. Additionally, 19 ribosome and 13 tRNA-associated 

transcripts were present. We also observed high expression at 2 hr for 6 H+ 

transporters, 3 mitosis-associated genes (XPMC2, DIM1 and Ard1) and 8 DNA 

replication-associated genes (including Separin/esp1, SMC1, UVR8-like protein 

with RCC1 domains, and Cbf5p). Within this cluster thymidine kinase, 

phosphatidate cytidylyltransferase, initiation factor 3 subunit 8, and 60S 

ribosomal subunit L7A had the highest magnitude of expression. 

! As shown in Figure 4B, genes in cluster 9 had a defined peak in 

expression at 6 hr with a small rise again at 24 hr. The largest functional category 

of genes with this expression pattern was translation-associated transcripts that 
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included 56 ribosome and 17 tRNA associated genes. Genes with high 

expression within this cluster included a mucin, Rad23, 40S ribosomal proteins 

S3 and S19, 60S ribosomal protein L8, and elongation factor 1-gamma. 

! Clusters 3 and 8 both contained genes with spikes in expression at 12 hr, 

with cluster 8 having a higher average percentage of expression at 12 hr and 

little expression thereafter. In contrast, genes in cluster 3 showed almost equal 

peaks of expression at 12 and 36 hr. For both clusters, the functional class most 

highly represented are structural genes, in particular cytoskeletal components 

that include two unique myosins, four actin, three kinesin, and two tubulin gene 

transcripts. However, cluster 8 contained many genes associated with 

metabolism, whereas cluster 3 contained transcripts for a variety of predicted 

transporter genes.

! Although there was not a cluster containing genes with peak expression 

exclusively at 24 hr, genes in cluster 5 showed a bimodal expression pattern that 

included a small peak at 6 hr and a larger peak at 24 hr. This cluster contained 

the fewest genes overall, and the largest functional categories represented were 

structural protein, transcription-related, and DNA-associated genes. The 

replication factors minichromosome maintenance complex component (MCM) 6 

and MCM 7 were found in this cluster along with the gene for Structural 

Maintenance of Chromosomes (SMC) 2 and the DNA replication-related chl12 

gene, which has one of the highest transcript copy numbers within this cluster.
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! Three clusters (1, 2, and 4) indicate a pattern of increased expression 

within the last three time points, which correspond to time periods that sexual 

replication stages are observed. Cluster 2 represented genes with a tightly 

defined spike in transcript levels at 48 hr, while cluster 1 contained genes in 

which transcript levels peaked at 72 hr. Cluster 4 contained genes with little or no 

expression until 36 hr. Afterwards, expression of these genes increased at 48 hr 

and remained high with a slight drop off at 72 hr. The largest functional category 

within cluster 4 was DNA-associated genes, including ten DNA repair genes and 

eleven replication-related genes. Genes encoding enzymes associated with 

metabolism were the highest represented functional group within clusters 1 and 

2, with cluster 2 containing transcripts for three amino acid transporters and the 

DNA-associated genes ARD1 and topoisomerase II, as well as four COWP 

genes. Two genes in this cluster, COWP1 and CpCCP2, exhibited high transcript 

numbers. A spike in expression for DNA-associated genes including DMC1, 

SMC1 and SMC3 was observed at 72 hr in cluster 1. A similar spike was 

observed for three cyclin homologues and the remaining four COWP genes, with 

COWP8 having a highly detected copy number.

Expression profiling of the asexual replication cycle (2-24 hr)

! Morphological homogeneity is highest (Figure 1) in the first 24 hr of 

infection because sexual replication stages do not appear in culture until after 24 

hr.124 We further focused analyses on the first 24 hr to identify genes expressed 

by asexual developmental stages. The DIANA algorithm distinguished six 
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clusters (divisive coefficient = 0.98) using the dendrogram distance cutoff of 1 

(Figure 5).149,152 One cluster (cluster E) contained genes mirroring 18S rRNA 

transcript levels and likely represented housekeeping functions for all asexual 

stages. Interestingly, 30% of the genes in cluster E were hypothetical proteins, 

suggesting we know little of even the basic biochemistry for this pathogen. Four 

clusters represented genes with a spike in expression at each of the four time 

points, while cluster C contained genes with a bimodal expression pattern at 6 

and 24 hr. Across the 6 clusters, almost 50% of the genes were assigned 

between cluster D (6 hr spiked expression pattern) and cluster B (12 hr spiked 

expression), while cluster A (24 hr maximum expression) had the fewest genes. 

Five genes were not included in this cluster analysis because they had no 

detectable expression within the first 24 hr (Table 3), including cgd4_1110, which 

is a hypothetical gene with a predicted AP2 domain at both the N- and C-termini.

! This focused analysis revealed additional genes that exhibited high 

expression at 2 hr within the first 24 hr, but showed increased expression at later 

time points 36, 48 or 72 hr when analyzing the entire time course. Using this 

approach we found 96 genes differing within the 2 hr clusters, of which 48% are 

annotated as hypothetical proteins. At 2 hr post-infection, transcripts may 

represent newly transcribed genes or may have been carried forward from 

sporozoite packaging within the oocyst. Further, disregarding expression data 

collected at 36-72 hr and focusing on the first round of asexual development 

(2-24 hr) resulted in differing gene expression patterns compared to analysis with 
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the entire time course (2-72 hr). With this asexual specific analysis (Figure 6B), 

the 2 hr time point now showed the highest relative expression of genes 

CpCCp1, COWP1, COWP2, glutathioneperoxidase, triosephosphate isomerase, 

Cyclin A, PRP2, and RNA polymerase II B6 and B10 subunits.

! Similarly, at 6 hr we found a 153 gene difference compared to the 72 hr 

clustering, with only 35% being hypothetical. Transcripts for two mucins, the 

DNA polymerase epsilon subunit, MUS81 endonuclease, CDC45, a chromatin 

protein similar to BDF1, 13 metabolism related genes, HSP40, RAB11, PRP5, 

and a FLX1-like transporter all peaked at 6 hr, which corresponds to the time 

point when a high percentage of trophozoites were present.

! An additional 223 genes show an expression peak at 12 hr, half of which 

were annotated as hypothetical proteins. Three Cryptosporidium specific genes, 

TRAPC1, TSP1, and a mucin, were all highly expressed. Additionally, DMC1, 

topoisomerase VIA, MCM10, endonulcease III, histone H4, and 14 additional 

metabolism related genes had increased expression at this time point.

! At 24 hr we observed 44 genes varying from the previous 72 hr cluster 

scheme, 39% of which were annotated as hypothetical. Genes with a predicted 

function included TSP6, MCM6 and 7, SMC2 and 4, RNA polymerase II CTD/NL1 

interacting protein, and translation initiation factor if-2B beta. 

! The largest difference found was in the genes within this analysis that 

have a bimodal expression at 6 and 24 hr. Four hundred-two genes found within 

cluster C are not found in cluster 5, with 35% being hypothetical. This group of 

 45



genes, found in cluster C (Figure 5), included eight Apicomplexan genes, 

including lipin2, ORC subunit 5, and cgd7_4100 (membrane protein), and five 

Cryptosporidium related genes: TSP10, TSP4, mucin and a COWP. The largest 

category represented was that of DNA-associated genes, such as repC1, DNA 

polymerase theta, delta 1 and 2, MCM2 and 3, bub1, ORC1 and 2, PDNA, 

HDAC2, topoisomerase I, and DNAse 1. In addition, cluster C included CHC1 

clathrin heavy chain, as well as the Adaptin AP complex subunits alpha, beta, mu 

and gamma.

Spikes in Gene Expression!

! Seventy-four percent (2,424) of the genes detected during the first 24 hr of 

infection have detectable expression at all four time points (Figure 7). Of the 

genes with variable detection, 42 were identified at only one time point: one at 2 

hr, two at 12 hr, and thirty-nine at 24 hr post-infection (Figure 7). This patterning 

further suggests that the number of transcripts detected is dependent on the 

parasite stage present and changes as the parasite develops. To ascertain large 

shifts in transcription across the entire time course used, we identified transcripts 

with >80% of its total expression within a single time point over the 72 hr time 

course, indicative of at least a 4-fold induction of transcription. This analysis 

resulted in 107 time-point specific genes, 72 of which show >80% of their total 

expression at either the 48 or 72 hr time points only (Table S1). The residual 20% 

expression for these 72 genes fell primarily in either the 48 or 72 hr time point, 

suggesting they are expressed by sexual developmental stages only. 
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! An unexpectedly large number (59%) of the 107 genes with >80% 

expression at one time point were annotated as hypothetical genes (Table S1). 

The highest number of remaining genes were categorized as Cryptosporidium-

specific, interacting, and phosphorylation-related genes (Table S1). Genes 

having a functional annotation included the Rab GDP dissociation inhibitor 

(cgd7_4740) spiking at 36 hr and phosphoglucomutase and two myosins, which 

spiked at 12 hr. At 48 hr we observed a spike in expression of seven 

Cryptosporidium related genes, including five mucins, CpCCP3, and COWP6. 

Also of note at 48 hr were genes encoding translation initiation factor 3 subunit 

10 and a predicted oocyst wall protein (CpPOWP) 4.81 Genes represented at 72 

hr included COWP7, CpPOWP3,81 DMC1, pyruvate decarboxylase, and cyclin A. 
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DISCUSSION

! We applied RT-PCR and cluster analyses to describe changes in the C. 

parvum transcriptome during the first 72 hr in vitro infection of intestinal epithelial 

cells. The time points assayed (2, 6, 12, 24, 36, 48, and 72 hr) were predicted to 

be integral transitional states during in vitro parasite development based on our 

morphological assessment150 (Figure 1) and other reports.153 Transcripts were 

measured using four independent culture replicates. We detected transcripts for 

all 3,302 genes tested (Table 1). This detection rate was surprising considering 

that the intensely studied genome of Sachromyces cerevisiae contained 12.3% 

“dubious” ORFs with no transcripts detected.154 When transcript abundance for 

each gene was standardized as a percentage of its total transcript abundance 

across all time points, we found 107 genes with spikes in expression of >80% at 

a single time point.

! The dataset produced 9 clusters based on relative level of expression in 

which the 18 functional categories were distributed unequally. The representation 

of functional categories of genes at each time point suggested a choreographed 

developmental program for this parasite during infection. At 2 hr post infection, 

sporozoites expressed proportionately more RNA-associated, transcription and 

transporter genes. At 6 hr trophozoites expressed more translation-related 

genes, at 12 hr meronts exhibited more transcripts for structural protein-related 

genes, transporters, and enzymes required for metabolism, while the 24 hr 

meronts had an over-representation of DNA-associated genes. At 36 hr 
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merozoites have reinfected new epithelial cells for another round of replication, 

and DNA-associated genes were again overrepresented. However, by 48 and 72 

hr post-infection, metabolic enzymes were the overrepresented functional 

category. Comprehensively, our transcriptome suggests a cascade of gene 

expression consistent with unique biologies for each developmental stage.

Sporozoites: preparation for parasitism and transcription

! At 2 hr, the sporozoite has attached to the host cell and appears to be 

ramping up transcription in preparation for cellular parasitization.107 In our 

analysis, transcripts for 2,532 genes had detectable expression at 2 hr, 

representing the smallest population out of the 7 time points examined, as might 

be predicted based on the assumption that sporozoites are quiescent within the 

oocyst. However, it is likely that the attachment to a host cell triggers a 

significantly more robust gene expression profile compared to prior reports of 

sporozoite transcription and protein composition that observed far fewer genes 

expressed at this time point.90,139,140 The freshly excysted sporozoite is a 

transient state that is primed for translation, based on the high amount of 

ribosomal proteins found in both EST and proteomic data. Excystation itself 

increases expression of ribosomal protein genes, yet our data showed that 

additional translational machinery is not highly transcribed until after 12 hr,155 

even though many transcripts for previously undetected genes appear at 2 hr. 

This illustrates that Cryptosporidium sporozoites are packaged with all 

components needed to attach, commence parasitophorous vacuole formation, 
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and initiate transcription following attachment to the host cell. This rapid increase 

in transcription following attachment is similar to the ring stage of Plasmodium 

and tachyzoite replication in Toxoplasma.156-158These events have not been 

captured in prior Cryptosporidium EST and proteome analyses and represent the 

power in examining a global transcriptome approach.

! The majority (96%) of the genes detected in the first 24 hr were expressed 

at all four time points (Figure 7), and 16% had elevated expression at 2 hr. 

However, transcripts for cgd8_730, a possible Apicomplexan protein, were only 

detected at 2 hr within the first 24 hr. The P. falciparum homologue for cgd8_730, 

PFD0910w, shows highest expression during gametogenesis which would 

suggest that cgd8_730 in sporozoites is a remnant transcript that was expressed 

during sexual development.159 Toward this end, we observed very low cgd8_730 

transcripts levels at 2 hr, but transcripts increased >1,000-fold at 48 and 72 hr, 

consistent with expression during gametogenesis. The 2 hr transcriptome 

included many transporters, DNA-associated proteins, and transcription-related 

genes, which peaked at 2 hr and were turned off or greatly down-regulated in 

proceeding time points. This is surprising since many of these genes might be 

expected to show constitutive expression over the course of an infection. The 

possibility that the observed down-regulation is an artifact due to normalization 

must be considered. However, normalization using parasite 18S rRNA gene 

quantity had been previously established under these culture conditions to 

correlate with parasite density.137,138 Even so, we observed that ribosomal 
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components decreased in expression at later time points (72 hr) despite a lack of 

corresponding decrease in total number of C. parvum transcripts or parasite 

numbers detected (Table 1). Because individual parasite stages cannot be 

readily purified away from the parasitized host cell, the measured RNA 

concentration used to initiate cDNA synthesis is largely derived from the host cell 

RNA and thus this phenomena may also be related to host cell growth or demise 

during infection.

! The Cryptosporidium genome lacks genes for energy synthesis beyond 

glycolysis. Therefore, expression of transporters was expected to initiate early 

following attachment. Fewer than half of the annotated transporters had been 

detected previously in freshly excysted sporozoites.19,98,139 Our analyses found 

that almost 20% of the genes annotated as transporters, including most of the 

sugar and nucleotide-like transporters, had high expression at 2 hr. Additionally, 

two putative amino acid transporters (cgd3_470 and cgd5_1630) had 50% of 

their relative expression at this time point. This is consistent with the parasite 

needing quick access to the host cell contents for nutrients necessary for 

developmental stage progression. 

! The Cryptosporidium specific genes TSP8 (cgd6_780) and CpCCP1

(cgd7_1730) were expressed at high levels at 2 hr. TSP8 proteins are abundant 

in sporozoites and type 1 merozoites.160 Our data indicated that 79% of TSP8ʼs 

relative expression was at 2 hr, suggesting the protein is made during the first 

round of asexual development following sporozoite invasion and either was not 
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required for later asexual divisions or represents a very stable protein. In 

apparent contrast to prior work showing that the CpCCP1 protein was abundant 

in sporozoites and was embedded throughout the circumference of the 

parasitophorous vacuole during intracellular development,103 we found CpCCP1 

had >90% relative transcript expression in the combined 48 and 72 hr time 

points. This apparent conflict can be explained if the CpCCP1 protein, as 

opposed to new gene transcription, was packaged in oocysts and carried forward 

rather than induced de novo gene expression following excystation. It may also 

suggest that CpCCP1 is more of a generic protein important for parasitophorous 

vacuole integrity throughout the entirety of the infection rather than being used 

only by sporozoites during initial host cell invasion.

Trophozoites: Protein synthesis and degradation

! The largest number of genes had peak expression at 6 hr. Trophozoites 

are the major morphological stage present at this time and our data showed an 

expression increase of genes required for protein translation. In addition, we 

observed increased transcription for genes encoding proteins required for folding, 

modification and transport of the newly translated polypeptides. This was 

supported with the detection of 15 chaperone proteins, including many heat 

shock proteins (HSPs). Additionally, the trophozoite is transcribing almost the 

entire complement of proteasome genes which could be used to recycle either 

proteins no longer needed by the sporozoite or newly acquired host proteins to 

facilitate new protein synthesis (Figure S3).
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! In conjunction with parasite preparation for new protein synthesis, 

trophozoites are enlarging in preparation for mitosis and division into merozoites 

through schizogony.4,153 Nutrient availability, protein synthesis, and ribosome 

biogenesis are major factors needed for mitosis in eukaryotic organisms.161-163 

Our analyses showed that all but three of the parasite ribosomal and tRNA 

synthesis genes peaked in expression at 6 hr (Figure S3). The exceptions, 60S 

ribosome L7A (cgd3_760), tRNA related adenyl cyclase associated protein 

(cgd5_440), and L35 (cgd3_830), had peaks at 12 hr or bimodally at 12 and 36 

hr, respectively. Schizogony involves multiple rounds of DNA division followed by 

daughter cell budding. Our data clearly supported that the trophozoite stage was 

preparing for chromosomal duplication and separation with the expression of 

transcripts for CDC45, all replication licensing factors (MCM), replication factors 

C2, C5 and repA1, replication protein A1 large subunit, origin recognition 

complex (ORC)1 and ORC2, and the spindle checkpoint gene bub1. Plasmodium 

lacks orthologs for CDC45 and Bub1, but ORC1 transcription is highest within the 

schizont stage, with protein detected in the trophozoite.164-166 ORC proteins have 

not been detected in the Cryptosporidium sporozoite proteomes, but we observe 

increased expression of all ORCs at 24 hr (Figure S3). This suggests the 

merozoite may be prepackaging the transcripts necessary to proceed with DNA-

replication following attachment.

Immature (12 hr) Meronts: Dividing nuclei
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! It has been previously reported in other Apicomplexa that nuclear division 

occurs within the immature type 1 meront and is followed by cytokinesis, 

resulting in the formation of the mature type 1 meront.167 The 12 hr transcriptome 

supports a similar division process for C. parvum. Transcripts for the H2B, H3 

and H4 histones were highly expressed at 12 hr. Acetyltransferase GCN5, which 

activates transcription of genes required for DNA replication and movement from 

G1/S based on nutrient availability, MCM10, which regulates DNA replication 

initiation in fission and budding yeast,168 and PMS1, which functions in DNA 

repair, also showed maximum expression at 12 hr.169

! The immature C. parvum meront transcriptome also included genes for 

structural components found to precede zoite formation in other Apicomplexa, 

such as the apical complex proteins that include components of the microneme 

and rhoptry, as well as the formation of the Inner Membrane Complex.170-172 

These complexes are composed of a variety of membrane skeletal proteins, such 

as actins, myosins, tubulins, and kinesins. Within this 12 hr cluster were five 

Cryptosporidium-specific genes, TSP3, TSP11, TSP12, TRAP-C1, and Cp15/60, 

confirming previous transcription data.142,173 TSP3, TSP11, and TRAP-C1 have 

been documented as microneme-associated proteins, further suggesting the 

parasite is preparing for the future separation of daughter cells.139 Cp15/60 

(cgd7_4540) and cgd3_1570 are previously reported sporozoite antigens, but 

their high transcript levels at 12 hr in our culture system suggested they are also 

components of merozoites.
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! Metabolic enzymes required for energy conversion and potential storage 

of sugars were expressed at their highest level at 12 hr in the developing 

merozoites and may be used to complete development or store energy for the 

traversal to the next host cell. Overall, 8 of the 9 genes used in glycolysis were 

present in our data set (Figure 8). Three of these genes were constitutively 

expressed (cgd6_3800 [hexokinase], cgd2_2130 [pyrophosphate-dependent 

phosphofructokinase], and cgd1_2040 [pyruvate kinase]), whereas cgd2_3200 

[glucose-6-phosphate isomerase] spiked in expression at 6 hr. Transcripts for the 

remaining enzymes cgd1_3020 [fructose-1 disphosphate aldolase], cgd6_3790 

[glyceraldehyde 3-phosphate dehydrogenase], cgd7_4270 [phosphoglycerate 

mutase], and cgd5_1960 [enolase] all spiked at 12 hr. It is interesting to note that 

these same four proteins are found in the sporozoite proteome,90 suggesting that 

the type I meront/merozoite also has a high need for energy production. Non-

constitutive expression of these enzymes is not surprising since Toxoplasma also 

demonstrates stage-specific expression of enolase and pyruvate kinase.174-176 In 

addition, cgd3_3100, a putative sugar transporter, was highly expressed at this 

time point providing further evidence for an increase in metabolism in type I 

meronts. Interestingly, most of the host cell glycolytic pathway genes have been 

analyzed during a very similar infection time course.177 Combining data 

generated in this study indicates that while the parasite is increasing cgd1_3020, 

cgd6_3790, and cgd5_1960 expression at 12 hr, host cell expression of orthologs 
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is decreasing178 suggesting that the host cell is decreasing its own glucose usage 

in response to parasite invasion.

Mature Meronts/Merozoites: cell cycle completion and DNA repair

! The 24 hr time point contained the highest fraction of mature type I 

meronts with 6-8 merozoites that have completed cytokineses (Figure 1). 

Although both sporozoites and merozoites infect epithelial cells within the same 

host, their different expression profiles and distribution of functional categories 

between 2 hr and 24 hr indicated that sporozoites are biochemically distinct from 

merozoites. Most notably DNA-associated genes involved in replication and 

mitosis were specifically elevated at 24 hr. Surprisingly, transcripts for two core 

components for the condesin complex, SMC2 and SMC4,179,180 topoisomerase II, 

DNA ligase I, and RAD45 were elevated after cytokinesis. Since merozoite 

cytokinesis is largely complete by 24 hr, this suggests that either these proteins 

are produced and packaged for subsequent infection by merozoites or the 

transcripts have a very long half-life. The pre-packaging of proteins needed in the 

next round of DNA synthesis within merozoites was illustrated further by the high 

expression of CDC6, MCM6, and MCM7 at 24 hr. In eukaryotes, the MCM2-7 

complex assembles on ORC at early G1 to form a prereplicative complex.181 

Activation of the replicative origin by CDC6 prevents cells from entering S phase 

when environmental conditions are unfavorable. Here, Cryptosporidium 

merozoites appear poised to initiate the next cell cycle upon reinfection. Other 

MCMs were more highly expressed at earlier time points. Taken together, the 
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transcriptome is consistent with a mechanism in which the sporozoites infect with 

replication complexes that are missing a few subunits, and that DNA replication 

ensues only after translation of the missing factors. Alternatively, the asynchrony 

of MCM synthesis could also indicate that Cryptosporidium, like Plasmodium, 

may use a different helicase formation that is developmentally regulated during 

asexual development, similar to the expression and use of the MCM2/6/7 

complex in Plasmodium.182

Sexual stage-associated transcripts

! The previous discussion was based on the clustering of the first 24 hr 

because of the relatively synchronous developmental stage progression permits 

us to look specifically at the transcripts required for one round of asexual 

replication. When taking the relative expression utilizing the entire 72 hr time 

course, several replication-associated transcripts spiked in expression at later 

time points, appearing to mute expression within the first 24 hr. In later time 

points, additional sexual stages are developing, and certain expression patterns 

may be diluted by simultaneous and asynchronous progression of both asexual 

and sexual developmental programs. For example, gametogenesis occurs after 

24 hr and requires rapid DNA replication. This would explain the large increase in 

DNA replication genes within the later time points (Figure S3). Additionally, it is 

highly plausible that like other Apicomplexans, Cryptosporidium sexual replication 

may not use schizogony, thus changing the transcriptional requirements for 

sexual development.170
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! At 36 hr reinfection of epithelial cells by merozoites has occurred, which 

coincides with an overrepresentation of DNA-associated genes. Genes in cluster 

3 had similar peaks in expression at 12 and 36 hr, whereas cluster 8 genes are 

much more highly expressed at 12 hr. The cyclical expression of some genes 

between 12 hr and 36 hr (cluster 3) suggests a reinfection of asexually replicating 

merozoites had a similar gene expression pattern to that of the first round of 

asexual replication. However, having a separate subset of genes that does not 

follow this cyclical patterning (cluster 8) also suggests that there is a difference in 

the cultures at these time points. We noted that only cgd7_4740, Rab GDP 

disassociation inhibitor, has a high (84%) relative expression at 36 hr, suggesting 

it is specific to a new stage that is present at this time. Interestingly, cgd4_3110, a 

putative nucleotide-sugar transporter and cgd2_800, a Major facilitator super 

family transporter, also had the majority of their expression at 36 hr, which may 

indicate a change in the nutritional requirements of this new developing parasite 

stage.

! The culture at 48 hr has increased morphological complexity, with over 

half of the organisms appearing to be of meront size or greater. Despite this 

developmental stage heterogeneity, the appearance of genes that peaked at 48 

hr (clusters 2 and 4) indicated the presence of new developmental stages. 

Metabolic enzymes and transporters were the most overrepresented functional 

categories expressed at this time point. Metabolic enzymes such as fatty acid 

synthetase, S-adenosylhomocysteinase, and pyruvate:ferredoxin oxidoreductase 
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showed increased expression as the time course ensues. This is surprising 

considering that the streamlined metabolic pathways in Cryptosporidium might 

predict a more constitutive expression pattern rather than the striking peak 

observed here. Increased expression of these enzymes could reflect a shift in the 

metabolic need of the sexual stages developing at this time or may be due to 

nutrient depletion of the host cells forcing the parasite to shift its energy sources. 

Relative expression of the amino acid transporters cgd3_2730, cgd3_2050, and 

cgd3_4350 was highest at 48 hr and further emphasizes a shift in metabolic 

requirements. A large number of genes at this time point appeared to encode 

extracellular proteins, including 5 mucin-like genes, one of which (cgd3_720), 

showed no detectable expression until 48hr. Three protein kinases and one 

phosphatase were highly expressed and may be key regulators in the life cycle 

progression of this parasite.

! Clearly the 72 hr transcriptome indicates significant changes within the 

culture, and 37 of the 107 putative developmental stage-specific genes (>80% 

expression at one time point) peaked at 72 hr. Metabolic enzymes are again the 

overrepresented category at 72 hr, with 82% of pyruvate decarboxylase total 

transcripts observed at this time. Relative expression of cgd7_4800 (amino acid 

transporter) and cgd2_590 (nucleotide-sugar transporter) also peak at this time 

point, which is consistent with a change in the metabolic requirements of the 

parasite. The hypothetical protein, cgd4_1110, one of fourteen C. parvum AP2 

domain containing proteins, had no detectable expression in the first 24 hr, but 
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has over 95% of its expression between 48 and 72 hr.131,183,184 In addition, three 

other AP2 domain containing genes (cgd2_3490, cgd2_3520, and cgd4_600) 

had the majority of their expression during the 48 and 72 hr time points, whereas 

the AP2 domain containing proteins, cgd4_2950 and cgd8_3130 had >60% 

expression at 12 hr. This expression patterning suggests that like the other 

Apicomplexa, stage-specific utilization of AP2 domain containing transcription 

factors by C. parvum controls developmental stage-associated gene expression.

! Cryptosporidium sporozoites infect as diploid organisms and meiosis is 

required to proceed through zygote formation. Genes known to be integral for 

meiosis in many organisms were highly expressed specifically at 48 and 72 hr in 

our culture. Dmc1, CDK (cgd5_2510) and Cyclin A (cgd3_4050) all had their 

highest expression at 72 hr, while Hop1 peaked at 48 hr. ORC4 had over 50% of 

its expression at 48 hr alone, while ORC2 and ORC5 both demonstrate cyclic 

expression that peaked at 6, 24, and 48 hr. When analyzing all 7 time points, 

MCM 2, 3, and 5-7 were more constitutively expressed, although MCM 2, 3 and 

10 had higher relative expression at 48 hr. We found ORC1 and CDC6 

expression to follow similar patterns, until 72 hr where CDC6 remained high while 

ORC1 expression plummeted (Figure S3). This suggests that ORC1, CDC6, and 

perhaps OCR4 may form a replication initiation complex during the sexual stages 

present at later time points, whereas ORC2 and ORC5 have more universal roles 

in DNA replication and differs from the model in which ORC1-ORC6 and CDC6 

function as a stoichiometric complex for DNA origin initiation.185 However, recent 

 60



mapping of ORC binding has identified many sites that are not consistent with 

origin of replications.186,187 It is likely that due to the streamlined genome of 

Cryptosporidium many proteins possess multiple functions, in this case perhaps 

an additional chromatin-associated role for ORC1.

Conclusions

! We observed transcripts for all 3,200+ genes assessed within at least one 

time point over 72 hr in vitro infection of HCT-8 cells. This 72 hr time course 

covered the known length of time parasite can be propagated in vitro without a 

large decrease in parasite numbers detected through 18S rRNA Ct values. 

Following the removal of unexcysted oocysts at 2 hr incubation, the first 24 hr of 

the time course remained highly homogenous despite clear life cycle 

progression. Thus, transcripts specific to the predominant parasitic stage at 

specific time points were discovered and transcriptome differences between 

sporozoites and merozoites were discernible. Over 75% of the genome had 

detectable transcription throughout the 72 hr time course, yet the identification of 

genes with large spikes in expression at a single time point was particularly 

intriguing as they may encode developmental stage-specific proteins.173,188-190 It 

is even more interesting that the vast majority of our putative developmental 

stage-specific genes are of unknown function and lack any recognizable protein 

motif. These putative stage specific genes may reveal biology that is unique to a 

specific developmental stage and may be useful for purifying individual stages 

from the heterogeneous cultures or as chemotherapeutic targets. 
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TABLES AND FIGURES

TABLES

TABLE 1. TRANSCRIPTOME SUMMARY STATISTICS 
Time pointTime pointTime pointTime pointTime pointTime pointTime point

2 hr 6 hr 12 hr 24 hr 36 hr 48 hr 72 hr

Number genes detected 2532 2868 3229 3294 3300 3301 3301

% genome (% dataset) 
detected

65.2 
(76.7)

73.8 
(86.9)

83.1 
(97.8)

84.8 
(99.8)

84.9 
(99.94)

84.9 
(99.97)

84.9 
(99.97)

18S ribosomal average Ct 
(SD)

18.9 (1.2) 17.4 (1.1) 16.6 (1.2) 14.8 (1.0) 14.6 (1.0) 15.0 (1.1) 16.0 (1.2)

Sum Log10 Expression -14843.69 -16539.95 -18794.9 -18786.91 -18375.61 -18196.81 -19070.31
Mean Log10 (SD) -5.82 

(1.62)
-5.77 
(1.65)

-5.82 
(1.61)

-5.70 
(1.51)

-5.57 
(1.38)

-5.51 
(1.28)

-5.78 
(1.30)

Median Log10 -6 -6 -6 -5.7 -5.7 -5.7 -6
Minimum Log10 Expression -9.97 -10.93 -11.95 -10.75 -10.22 -9.52 -9.22
Maximum Log10 Expression -1.25 -0.47 -1.52 -1.19 -0.98 -1.03 -0.86
Genes with >80% expression 0 2 31 1 1 33 39

*Standard deviation (SD)
**For all Log10 calculations zero values were removed.

 63



TABLE 2. FUNCTIONAL CATEGORIES DISTRIBUTION ACROSS 2-72 HR (A) AND 2-24 HR 
(B).
A. 2-72 HR DATA SET

CLUSTER1 2 3 4 5 6 7 8 9 TOTAL

Apicomplexan 13 5 5 3 0 17 10 13 9 75
Cryptosporidium 11 14 7 2 0 13 5 10 4 66
DNA-Associated 24 6 12 49 9 44 30 6 33 213
RNA-Associated 12 4 5 6 1 70 15 6 35 154
Transcription 2 1 2 5 3 27 7 2 16 65
Translation 2 2 5 3 4 48 9 2 94 169
Protease Related 14 4 10 22 2 26 29 8 22 137
Protein Folding 2 1 0 0 1 6 5 1 12 28
Protein Transport/
Modification

18 8 11 13 6 19 40 9 28 152

Transporter 10 7 12 11 3 45 12 2 15 117
Structural 3 0 14 9 3 9 1 8 3 50
Interacting 29 8 28 29 6 73 29 16 36 254
Other 26 14 22 25 2 43 24 9 22 187
Metabolism 23 11 9 23 2 32 18 13 28 159
Oxidative Stress 2 1 0 0 0 3 0 0 3 9
Phosphorylation 22 12 15 20 3 29 14 15 8 138
Conserved Hypothetical 17 9 9 9 4 47 10 7 19 131
Hypothetical 179 102 165 138 30 219 96 151 118 1198

TOTAL409 209 331 367 79 770 354 278 505 3302

B. 2-24 HR DATA SET
CLUSTERA B C D E F TOTAL

Apicomplexan 9 20 8 16 12 10 75
Cryptosporidium 8 17 5 7 15 12 64
DNA-Associated 26 30 45 61 37 16 215
RNA-Associated 3 14 17 43 43 29 149
Transcription 1 3 9 20 18 10 61
Translation 2 5 21 92 30 21 171
Protease Related 7 20 26 52 21 11 137
Protein Folding 0 1 4 16 5 2 28
Protein Transport/Modification 13 19 34 56 20 10 152
Transporter 3 19 15 27 28 25 117
Structural 5 25 6 5 9 0 50
Interacting 13 57 34 63 48 40 255
Other 16 46 31 40 29 27 189
Metabolism 10 35 23 49 28 15 160
Oxidative Stress 0 0 0 4 4 1 9
Phosphorylation 15 43 15 27 24 14 138
Conserved Hypothetical 12 18 21 30 27 24 132
Hypothetical 114 400 145 216 182 138 1195

TOTAL257 772 459 824 580 405 3297
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TABLE 3. Genes with no detectable expression in the first 24 hr.

Gene ID 2-24 hr 
expressio

n

48 hr (72 
hr) 

expression

Annotation

cgd3_90 none 45% (54%) hypothetical protein with signal peptide
cgd3_720 none 93% (7%) very large probable mucin, 11700 aa long protein with signal peptide 

and pronounced Thr repeat (308 aa long)
cgd7_5140 none 73% (27%) A surface protein with 2 conserved cysteines
cgd4_1110 none 37% (62%) uncharacterized protein
cgd3_1540 none 9% (90%) large protein with signal peptide. cysteine-rich, threonine-rich, possible 

mucin [CpPOWP381]
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SUPPLEMENTAL TABLE 1. 107 Genes with a Peak Expression <80%
*For genes with differing annotations between cryptogenome.umn.edu 
(CG) and www.cryptodb.org (CDB) both are listed.

Peak hr Gene ID Annotation Functional 
Designation

Peak % Peak 
magnitude

6 cgd1_780 hypothetical protein hypothetical 83.85% 1.78E-04

6 cgd5_2640 hypothetical secreted protein, signal 
peptide

interacting 89.44% 2.76E-02

12 cgd1_1870 CG: possible domain similar to 
KOG4364, pFam02166, COG3064, 
KOG2897, KOG1029 CDB: hypothetical 
protein

apicomplexan 87.43% 2.53E-04

12 cgd6_4460 CG: protein kinase CDB: Ser/Thr protein 
kinase

apicomplexan 86.53% 2.28E-04

12 cgd1_140 CG: phosphoglucomutase [EC:5.4.2.2] 
CDB: phosphoglucomutase, tandemly 
duplicated gene

Cryptosporidium 
specific

86.11% 4.00E-06

12 cgd7_4020 CG: Protein kinase, CAMK/CAMK1 
family regulated by Ca and calmodulin 
CDB: calcium/calmodulin dependent 
protein kinase with a kinase domain and 
4 calmodulin like EF hands

Cryptosporidium 
specific

85.58% 3.97E-03

12 cgd1_110 CG: Possible Zn binding motif 
(Znf_RBZ), transcripts identified by EST 
CDB: little finger (CxxC...CxxC) domain 
containing protein

hypothetical 91.42% 1.43E-04

12 cgd1_130 hypothetical protein, Possible 2 
transmembrane domains 

hypothetical 81.9% 4.80E-03

12 cgd2_3310 predicted secreted protein, signal 
peptide, paralogs

hypothetical 91.3% 1.43E-05

12 cgd4_1020 hypothetical protein hypothetical 93.84% 1.85E-04

12 cgd4_2340 CG: possible Ca binding protein, limited 
similarity to myosin tail CDB: myosin 
regulatory light chain

hypothetical 81.97% 3.00E-05

12 cgd5_1520 CG: myosin A tail domain interacting 
protein (MTIP), EF-hands CDB: EF-
hands domain containing protein

hypothetical 83.54% 4.33E-05

12 cgd5_2740 hypothetical protein hypothetical 84.59% 5.00E-05
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Peak hr Gene ID Annotation Functional 
Designation

Peak % Peak 
magnitude

12 cgd5_2760 CG: similar to hypothetical protein, signal 
peptide, transmembrane domain at C-
terminus CDB: hypothetical protein 
possibly conserved in apicomplexa, 
signal peptide, transmembrane domain 
at C-terminus

hypothetical 87.89% 7.77E-05

12 cgd6_3130 CG: Signal peptide, Predicted 
membrane associated protein paralog of 
the Cryptosporidium-specific SKSR 
family CDB: conserved hypothetical 
protein

hypothetical 92.41% 2.67E-03

12 cgd6_3510 CG: Cryptopsoridial mucin, large thr 
stretch, signal peptide sequence, 
transcripts identified by EST CDB: 
cryptopsoridial mucin, large thr stretch, 
signal peptide sequence

hypothetical 91.97% 3.00E-05

12 cgd6_4000 hypothetical protein hypothetical 81.63% 2.00E-06

12 cgd6_4950 CG: hypothetical protein, signal peptide, 
secreted CDB: conserved hypothetical 
protein

hypothetical 82.3% 7.00E-07

12 cgd7_1960 CG: hypothetical low complexity protein 
CDB: Low complexity protein with coiled 
coil regions

hypothetical 80.66% 1.02E-03

12 cgd7_2780 hypothetical protein hypothetical 81.03% 1.07E-04

12 cgd7_3830 unconventional myosin hypothetical 84.83% 9.00E-06

12 cgd7_4300 CG: similar to hypothetical protein, 3 
transmembrane domain Membrane 
associated RING finger domain CDB: 
conserved 3 transmembrane domain 
membrane associated RING finger 
domain (shared by plants and 
apicomplexans)

hypothetical 84.43% 1.42E-02

12 cgd7_4720 hypothetical protein hypothetical 85.23% 6.11E-04

12 cgd8_1130 signal peptide, predicted secreted 
protein with a cysteine cluster at the C-
terminus

hypothetical 80.5% 5.20E-05

12 cgd8_3120 hypothetical protein having a signal 
peptide

hypothetical 85.22% 1.00E-05

12 cgd8_3830 uncharacterized low complexity protein hypothetical 84.03% 3.00E-06
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Peak hr Gene ID Annotation Functional 
Designation

Peak % Peak 
magnitude

12 cgd7_4910 hypothetical protein interacting 82.31% 9.01E-05

12 cgd2_3270 hypothetical protein metabolism 99.61% 8.26E-04

12 cgd6_4160 hypothetical protein other 89.67% 2.00E-05

12 cgd5_820 CG: highly similar to hypothetical protein 
from Plasmodium, large Low comp 
protein,armadillo repeat CDB: large 
protein with ARM repeats

phosphorylation 83.27% 1.00E-05

12 cgd7_1190 CG: hypothetical protein, signal peptide, 
WYLE family CDB: conserved 
hypothetical protein

phosphorylation 85.14% 2.00E-05

12 cgd1_3570 CG: transcripts identified by EST CDB: 
hypothetical protein

structural 90.36% 1.62E-03

12 cgd7_3790 hypothetical protein structural 83.38% 3.22E-04

24 cgd3_2600 CG: domain similar to KOG2002, TPR-
containing nuclear phosphoprotein that 
regulates K(+) uptake, Membrane 
protein with multiple cysteines in the N-
terminus. No homologs in other 
organisms, signal peptide plus 4 
transmembrane domains CDB: 
membrane protein with multiple 
cysteines at the N-terminus.

hypothetical 87.7% 8.41E-05

36 cgd7_4740 hypothetical protein protein transport/
modification

83.54% 7.70E-05

48 cgd2_2510 CG: domainKOG0260, RNA 
polymeraseII, large subunit
[Transcription], signal 
peptide,Transmembrane CDB: 
uncharacterized secreted protein with thr 
rich regions, possible mucin

conserved 
hypothetical

92.28% 7.92E-05

48 cgd8_4830 CG: possible domain similar to 
KOG0921, KOG1596, KOG3973, 
KOG3091, signal peptide, possible ER 
retention motif CDB: signal peptide, 
possible ER retention motif

conserved 
hypothetical

91.04% 1.23E-04

48 cgd2_790 CG: hypothetical protein, signal peptide, 
HCD family paralog CDB: conserved 
hypothetical protein

Cryptosporidium 
specific

85.54% 2.99E-05

 68



Peak hr Gene ID Annotation Functional 
Designation

Peak % Peak 
magnitude

48 cgd3_720 CG: domain similar to KOG1144, 
KOG1015, KOG1059, signal peptide 
CDB: hypothetical protein containing a 
signal peptide

Cryptosporidium 
specific

93.02% 4.00E-06

48 cgd4_1300 CG: translation initiation factor if-3 
subunit 10 CDB: RRM domain and KH 
domain protein (SPAC30D11.14-like KH)

Cryptosporidium 
specific

98.88% 3.00E-07

48 cgd4_3090 CG: domain similar to COG3889, 
predicted solute binding protein, Signal 
peptide plus Thr stretch, possible mucin 
CDB: protein with signal peptide plus Thr 
stretch, possible mucin

Cryptosporidium 
specific

81.59% 7.00E-06

48 cgd5_1210 CG: Protein Kinase CAMK CAMK1 or 
CAMK3 group, Kinase regulated by Ca 
plus calmodulin CDB: calcium/
calmodulin dependent protein kinase 
with a kinase domain and 4 calmodulin 
like EF hands

Cryptosporidium 
specific

85.91% 5.00E-05

48 cgd6_710 CG: similar to scavenger receptor protein 
TgSR1 precursor [Toxoplasma gondii] 
CDB: CpCCp3, multidomain extracellular 
protein with a signal peptide and the 
following architecture: LH2+LCCL+2xSR
+LCCL+pentraxin+2xLCCL

Cryptosporidium 
specific

88.67% 4.00E-05

48 cgd8_1160 CG: Peptidase,insl domain, signal 
peptide CDB: secreted insulinase like 
peptidase, signal peptide

Cryptosporidium 
specific

94.07% 7.54E-05

48 cgd2_1230 hypothetical protein hypothetical 86.36% 3.00E-07

48 cgd3_1370 signal peptide plus His and thr repeats, 
signal peptide plus transmembrane 
domain or GPI anchor, predicted mucin

hypothetical 82.08% 6.00E-06

48 cgd3_220 CG: transcripts identified by EST CDB: 
hypothetical protein

hypothetical 85.27% 2.00E-06

48 cgd3_2490 CG: probable mucin, very large 11700 aa 
thr repeat, signal peptide sequence 
CDB: very large probable mucin, 11700 
aa long protein with signal peptide and 
pronounced Thr repeat (308 aa long)

hypothetical 84.77% 1.39E-04
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Peak hr Gene ID Annotation Functional 
Designation

Peak % Peak 
magnitude

48 cgd3_3450 CG: similar to glucose-methanol-choline 
(GMC) oxidoreductase family CDB: 
conserved hypothetical protein

hypothetical 92.27% 3.00E-05

48 cgd4_2410 hypothetical protein hypothetical 89.09% 8.00E-06

48 cgd4_3700 hypothetical protein hypothetical 86.43% 6.05E-05

48 cgd5_3810 hypothetical protein with a signal peptide hypothetical 86.67% 2.73E-04

48 cgd5_80 hypothetical protein hypothetical 93.32% 6.00E-07

48 cgd6_2680 hypothetical protein hypothetical 81.57% 3.00E-06

48 cgd6_3060 hypothetical protein with Thr stretches, 
possible mucin

hypothetical 88.15% 3.00E-05

48 cgd6_5340 CG: domainKOG4372,Predicted alpha/
beta hydrolase, possible transmembrane 
domain near N CDB: conserved 
hypothetical protein

hypothetical 95.47% 1.16E-04

48 cgd6_770 hypothetical protein hypothetical 81.16% 3.04E-05

48 cgd7_1290 CG: Protein kinase CDB: Ser/Thr protein 
kinase

hypothetical 91.61% 2.95E-03

48 cgd7_4680 hypothetical protein hypothetical 89.64% 2.14E-03

48 cgd8_1750 CG: similar to NLI interacting factor CDB: 
possible NLI interacting factor CTD-like 
phosphatase

hypothetical 81.63% 2.00E-05

48 cgd8_2680 hypothetical protein, transmembrane 
domain or GPI anchor at C-terminus

hypothetical 80.52% 2.00E-06

48 cgd8_5330 hypothetical protein hypothetical 86.96% 1.00E-05

48 cgd4_1910 CG: hypothetical protein, signal peptide, 
secreted CDB: hypothetical secreted 
protein

other 85.77% 9.12E-04

48 cgd2_1300 Rab GDP dissociation inhibitor phosphorylation 86.67% 1.00E-06

48 cgd4_3240 hypothetical protein phosphorylation 84% 1.79E-04

48 cgd8_5320 Cryptosporidium oocyst wall protein 6, 
CpCOWP6

phosphorylation 84.99% 1.00E-06

48 cgd3_4200 hypothetical protein protease related 84.62% 2.00E-07
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Peak hr Gene ID Annotation Functional 
Designation

Peak % Peak 
magnitude

48 cgd4_130 CG: similar to hypothetical protein, with 
proteinase inhibitor Kazal domain CDB: 
extracellular protein with a signal 
peptide, kazal domain and mucin like low 
complexity repeats

translation 89.76% 2.00E-05

72

cgd2_3810 CG: similar to uncharacterized 
expressed protein, contains 3 CCCH like 
RNA binding domain involved in RNA 
Metabolism CDB: F11M21.28-like protein 
with 3 CCCH RNA binding domains 
involved in RNA metabolism

apicomplexan 79.9% 4.00E-07

72 cgd2_2920 CG: hypothetical protein CDB: [not in 
database]

conserved 
hypothetical

89.69% 1.00E-06

72 cgd2_3600 ARF GAP-like zinc finger-containing 
protein

conserved 
hypothetical

93.52% 8.00E-06

72 cgd2_4050 CG: similar to er lumen protein retaining 
receptor, 8 transmembrane domain 
protein CDB: conserved hypothetical 
protein

conserved 
hypothetical

80.52% 8.94E-05

72 cgd3_1540 CG: cyclinA CDB: cyclin Cryptosporidium 
specific

90.89% 1.00E-05

72 cgd4_500 hypothetical protein Cryptosporidium 
specific

87.75% 3.00E-06

72 cgd7_1690 hypothetical protein DNA-associated 82.46% 3.00E-05

72 cgd2_1380 2x WD domain containing protein hypothetical 81.13% 4.00E-07

72 cgd2_2100 CG: similar to crm1 protein CDB: 
conserved hypothetical protein

hypothetical 91.55% 1.00E-06

72 cgd2_2110 DnaJ domain, possible zf-CSL following hypothetical 98.41% 2.00E-05

72 cgd2_3620 CG: domain similar to Tryp_mucin, 
Mucin-like glycoprotein, threonin stretch 
at COOH region CDB: large protein with 
signal peptide. cysteine-rich, threonine-
rich, possible mucin

hypothetical 91.11% 2.06E-04

72 cgd3_1520 3x TPR domain-containing protein hypothetical 90.48% 1.17E-06

72 cgd3_190 Cryptosporidium oocyst wall protein 
7,CpCOWP7

hypothetical 92.94% 4.00E-06

72 cgd4_1050 hypothetical protein hypothetical 93.06% 5.00E-09
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Peak hr Gene ID Annotation Functional 
Designation

Peak % Peak 
magnitude

72 cgd4_1310 CG: possible domain similar to 
Podocalyxin, COG3889, KOG4701, all 
secreted protein domains CDB: 
uncharacterized protein with threonine 
repeats

hypothetical 98.69% 8.00E-08

72 cgd4_4260 CG: subtilisin-like protease CDB: serine 
protease, subtilase family, signal peptide, 
putative

hypothetical 82.12% 2.00E-07

72 cgd4_680 hypothetical protein hypothetical 82.41% 5.00E-06

72 cgd4_730 hypothetical protein hypothetical 82.1% 5.36E-08

72 cgd5_2660 CG: DMC1 CDB: meiotic recombination 
protein DMC1-like protein

hypothetical 85.46% 7.53E-05

72 cgd6_3200 CG: Hypothetical protein with possible 
central bZIP transcription factor domain 
CDB: putative transcription factor with 
central bZIP transcription factor domain

hypothetical 81.55% 5.07E-04

72 cgd6_4800 hypothetical protein hypothetical 84.01% 2.00E-06

72 cgd6_5050 hypothetical protein hypothetical 87.25% 1.00E-06

72 cgd6_5170 CG: domain similar to KOG0161, Smc, 
KOG0612 CDB: hypothetical protein

hypothetical 80.71% 5.00E-06

72 cgd6_5230 PHD finger containing protein hypothetical 81.45% 5.28E-06

72 cgd6_740 CG: similar to leucine, glutamic acid, 
lysine family 1 protein CDB: hypothetical 
protein

hypothetical 82.45% 5.23E-04

72 cgd7_4700 hypothetical protein hypothetical 87.27% 1.48E-04

72 cgd8_1000 CG: pyruvate decarboxylase [EC:4.1.1.1] 
CDB: pyruvate decarboxylase

hypothetical 82.75% 3.73E-04

72 cgd8_1220 conserved hypothetical protein, signal 
peptide, 2-3 transmembrane domain at 
N-terminus

hypothetical 85.64% 2.00E-06

72 cgd8_5080 peptide synthase like condensation 
domain

hypothetical 85.83% 4.24E-05

72 cgd1_1690 hypothetical protein with transmembrane 
domain

interacting 81.81% 1.00E-07
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Peak hr Gene ID Annotation Functional 
Designation

Peak % Peak 
magnitude

72 cgd2_3240 CG: mucin like protein CDB: latent 
transforming growth factor beta binding 
protein like (3F865)

interacting 91.12% 3.00E-06

72 cgd2_3610 hypothetical protein interacting 95.57% 7.00E-07

72 cgd3_930 CG: hypothetical protein, limited 
similarity to PF07_0076 pfal CDB: 
hypothetical protein

interacting 93.4% 3.00E-05

72 cgd7_3120 hypothetical protein metabolism 80.64% 4.07E-03

72 cgd1_3120 hypothetical protein, possible signal 
peptide

other 79.95% 8.00E-07

72 cgd2_3660 hypothetical protein with transmembrane 
or GPI anchor sequence at carboxy 
terminus

protease related 85.58% 6.00E-08

72 cgd2_3250 hypothetical protein, possible signal 
peptide

protein transport/
modification

89.29% 2.00E-06

72 cgd3_4050 ring finger domain protein and 2 
transmembrane domains

protein transport/
modification

88.05% 1.00E-06

72 cgd8_780 CG: similar to Plasma membrane 
Sodium Response 2; Psr2p, NLI-
interacting factor domain CDB: 
hypothetical protein

RNA-associated 90.25% 5.00E-07
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Figure 1. Quantification of Parasite Stage Progression. HCT-8 coverslips 

were infected and stained with pan-specific antibody to quantify C. parvum 

infection. >300 parasites were counted on 15-30 frames for each of four 

replicates for each time point. The average for each of the 3 stages of parasite 

determined was converted into a percentage of the total parasite detected per 

time point. zoite = sporozoite/merozoite, trophozoite = all trophozoites (size of 

stained parasite was > zoite but <merozoite), meront = all parasites staining > 

trophozoite.
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Figure 2. Expression by Chromosome. For each time point, the number of 

genes with detectable expression (non-zero) was quantified by chromosomal 

location.
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Figure 3. Chromosome 3 Peptidase Loci are not Co-expressed. Twelve 

genes, including 11 peptidase genes are present in tandem on chromosome 3. 

The protease motifs were identified and color coded based on the conservation 

level. RT-PCR for each gene was normalized to C. parvum 18S rRNA and the 

median for four biological replicates for the 7 time point time course is shown 

(IDE expression graph). The normalized expression was then averaged by each 

geneʼs total expression for all 7 time points (IDE relative expression).
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Figure 4. C. parvum Transcriptome 2-72 hr Relative Expression Cluster 

Analysis. The DIANA algorithm was used to cluster each geneʼs relative 

expression using the absolute cosign distance metric. For the heatmap each 

gene is represented in one row and each column represents the percent 

expression at one time point. (A) The relative expression (%) was determined for 

each geneʼs median normalized value over the 7 time point, 72 hr time course 

(3302 genes). Nine clusters (1-9) are present with the dendrogram distance 

cutoff of 100 as indicated with the colored bar to the right of the heatmap. (B) For 

the 72 hr time course, each clustersʼ average expression (+/- SD) is graphed, 

with the number of genes found in each cluster within the parentheses.
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Figure 5. C. parvum Transcriptome 2-24 hr Relative Expression Cluster 

Analysis. The DIANA algorithm was used to cluster each geneʼs relative 

expression using the absolute cosign distance metric. For the heatmap each 

gene is represented in one row and each column represents the percent 

expression at one time point. (A)The relative expression (%) was determined for 

each geneʼs median normalized value over the first 24 hr of the time course, 

which includes 4 time points (3297 genes). Six clusters (A-F) of genes are 

present with a dendrogram distance cutoff of 1, as depicted with the color bar to 

the right of the heatmap. (B) The average gene expression per cluster (+/- SD) 

using the first 4 time points (24 hr) is plotted with the number of genes found in 

each cluster within the ().
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Figure 6. Distribution of Genes Across Clusters. The percentage of each of 

13 functional categories was determined across all clusters. Five categories were 

omitted: Apicomplexan, Cryptosporidium, Oxidative Stress, Hypothetical, and 

Conserved Hypothetical. Chi-square testing was used to determine any 

significance in the distribution of the number of genes across clusters using the 

null hypothesis that the functional classifications would be equally distributed 

across clusters. Data was using the 2-72 hr (A) and 2-24 hr (B) data sets.

Chi-square significance: * = <0.05, ** = <0.01, ***= < 0.001, ****= <0.0001
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Figure 7. Unique Asexual Gene Expression. Gene transcription fluctuates 

during the infection time course. Most genes are detected at all 4 time points 

within the first 24 hours of infection (asexual replication). Gene lists were 

constructed containing the gene IDs for all genes with detectable transcription 

(non-zero) at 2, 6, 12, and 24 hr time points. These lists were compared to show 

the number of genes with overlapping expression at all combination of the four 

time points used. blue= 2hr, yellow = 6 hr, green= 12 hr, and red = 24 hr.191
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Figure 8. Glycolysis Related Transcripts. The relative expression using 2-72 

hr data is graphed for the annotated enzymes involved in glycolysis.

 88



 89



Figure S1. Categorization of Gene Expression. RT-PCR was ran on 3302 

genes in the C. parvum genome and normalized to C. parvum 18S rRNA 

expression. Each geneʼs median expression from four biological replicates was 

categorized for each time point as being: zero (not detected), high (log10 

normalized value > 2 standard deviations (SD) from mean), moderate (log10 

normalized value within 2 SD from mean), or low (log10 normalized value < 2 SD 

from mean) expression at each time point.
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Figure S2. Percent of Genes Detected per Chromosome. For each time point, 

the number of genes with detectable expression (non-zero) were quantified by 

chromosomal location. The number of genes from each chromosome was 

converted to the percentage of total genes detected within that time point and 

graphed by time point.
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Figure S3. Relative Expression for DNA Replication Associated Proteins, 

Proteasome Subunits, Ribosome related and tRNA synthesis. The relative 

expression for 2-72 hr data is graphed for the (A) ORC, (B) MCM and (C) Meiosis 

related genes, (D) tRNA synthesis, (E) ribosomal proteins, (F) alpha and (G) beta 

proteasome subunits.
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CHAPTER 3

Differential Gene Regulation between C. parvum and C. hominis

To be submitted to BMC Genomics
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! Cryptosporidium parvum and C. hominis are the two species most likely to 

be associated with human cryptosporidiosis. Due to the high similarity of genomic 

sequence, morphology of the oocyst and life cycle progression these species 

have been considered to share biochemical pathways, even though differences 

in host tropism, prepatent/patent periods, and surface antigen presentation 

abound. We compared expression of selected C. hominis genes against the C. 

parvum transcriptome to identify differences in each speciesʼ biochemistry during 

infection of human epithelial cells. We have identified differences in temporal 

transcription of predicted kinases and motility/attachment genes between these 

two species when cultured using identical conditions. Differences in gene 

expression between these species may be due to variation in transcription 

promoter regions. In addition, three hypothetical protein encoding genes with 

expression to a single time point in one species showed highly discordant 

expression in the other. Although the infections were morphologically 

indistinguishable, these differences in key post-translational modification 

enzymes and stage-specific regulators indicate that C. hominis is progressing 

through the first 24 hours of infection using a developmental program distinct 

from that of C. parvum.

 97



INTRODUCTION

! Cryptosporidium was first described in 1907, but it wasnʼt until publicity of 

the AIDS epidemic in the 1980ʼs when this enteric protozoan was first recognized 

as an etiological agent of human gastrointestinal disease, capable of severe 

diarrhea in the immunocompromised.15,16,192 The parasite releases an 

environmentally hardy oocyst in feces that can be disseminated rapidly through 

water and other sources, causing instant infection due to the lack of an external 

sporulation stage, required by many other Apicomplexan species. Two 

Cryptosporidium species are responsible for most human infections, the 

anthroponotic C. hominis and the zoonotic C. parvum that is also a major 

pathogen of livestock. These species share 90-95% identity at the genomic level, 

yet show very distinct host tropism and infection characteristics.98,126,127,193 While 

C. parvum is capable of infecting primary human and bovine epithelial cells using 

the lectin galactose-N-acetylgalactosamine (Ga/GalNAc), C. hominis is incapable 

of infecting bovine cells and uses a Gal/GalNAc-independent mechanism of 

invasion for human cells.193 C. hominis has been reported to have different 

prepatent and patent periods, less severe disease, and more focal infection 

within the gut epithelium.38-40,194-197 Infections by C. parvum can outcompete C. 

hominis infections in the gnotobiotic pig model, yet dual infection in a natural host 

has been reported numerous times.41,198-204 Human infections due to C. hominis 

or C. parvum vary geographically and based on public health factors, yet 

biochemical research to date has focused primarily on the ubiquitous C. parvum.
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! This study compared expression profiles of the previously published C. 

parvum transcriptome with that of an identical time course of C. hominis infection. 

Morphologically these two infection time courses were indistinguishable, yet C. 

hominis does not share identical expression patterns as C. parvum. Differences 

between gene expression profiles of kinases, invasion related genes, and oocyst 

wall proteins, as well as corresponding promoter regions indicates that C. 

hominis is undergoing a biochemically distinct growth cycle within HCT-8 cells.
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MATERIALS AND METHODS

C. parvum data. C. parvum transcriptional data was acquired from 

www.cryptogenome.edu as described in Chapter 1.205 The percent relative 

expression was calculated as previously described for comparison to C. hominis 

transcriptional data. 

C. hominis parasites. C. hominis (TU502) parasites were purchased from Tufts 

University and stored as recommended at 4˚C for less than 2 months. This strain 

was utilized because its genome has also been sequenced.126

C. hominis infection model. Identical culture conditions to the previously 

reported C. parvum infection. In short, HCT-8 (ATCC CCL-244; American Type 

Culture Collection, Rockville, MD.) were cultured on 22 mm glass coverslips or 6 

cm2 dishes until confluency at 6 days. At this time the ATCC recommended 

culture medium was changed to Cp-Up media, with the media being changed as 

required for the remaining 4 days of the time course.141,142,205 At day 9 the 

oocysts were surface sterilized in 33% bleach solution on ice for 7 minutes. The 

bleach was removed with repeated washes in Hankʼs buffered saline solution 

(HBSS) before storing overnight at 4˚C. On day 10 the aged HCT-8 monolayers 

were inoculated with oocysts after warming to room temperature at 1.5 x 106 

oocysts/ well for coverslips or 1.2-1.5 x 107 oocysts/6 cm2 dish as previously 

described.142,205The cell monolayers were washed with warm HBSS 2 hr post-

inoculation and incubated in Cp-Up media at 37˚C until the time points specified 

below. Non-infected HCT-8 monolayers served as negative controls. At 2, 6, 12, 
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24, 36, 48, and 72 hr the monolayers were rinsed in HBSS. The coverslips were 

fixed in 4% paraformaldehyde before washing with PBS and storage at 4˚C until 

histologically examined. The 6cm2 dishes were rinsed in PBS, lysed in TRIzol 

(Invitrogen), and stored at -80ºC.

Indirect immunofluorescence. C. hominis paraformaldehyde fixed HCT-8 

coverslips were permeabilized in 0.15% Triton-X 100 over 10 min. The coverslips 

were blocked with 5% serum (1:1 fetal calf and goat serum) for 40 minutes. The 

pan monoclonal antibody, Cp-65.10, or a secondary control antibody was 

incubated on the coverslips for 1 hr. AlexaFluor 568 (Invitrogen) was used as a 

secondary antibody following washing of the primary antibodies. The coverslips 

were counterstained with DAPI and mounted. A Nikon microscope with a high 

resolution Zeiss Axiovert 2000 camera was used to visualize slides at 40X.

RNA isolation: RNA was isolated following the manufacturers protocol 

(Invitrogen) as previously reported.205Prior to use, visualization of the RNA on a 

formaldehyde gel confirmed integrity.

DNase treatment: Potential DNA contamination was enzymatically cleaved 

using the Turbo DNA-free kit (Applied Biosystems) as recommended by the 

manufacturers and previously reported.205 The resulting RNA was quantified prior 

to cDNA synthesis.

cDNA synthesis: cDNA synthesis was accomplished using Superscript III cDNA 

synthesis kit (Invitrogen) as described.205 The cDNA synthesized was confirmed 

using RT-PCR as described below, using the Cryptosporidium 18S ribosomal 
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RNA primers (F-CTCCACCAACTAAGAACGGCC, R-

TAGAGATTGGAGGTTGTTCCT ). Each reaction included a negative control 

sans reverse transcriptase. Following confirmation of no DNA contamination, the 

cDNA for each time point was pooled, aliquoted, and stored at -20ºC until use. 

Real Time PCR (RT-PCR): Using identical primer pairs as previously reported205 

and available at www.cryptogenome.umn, RT-PCR reactions were constructed 

and ran as previously described.205 The normalization and data processing was 

also repeated verbatim.
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RESULTS

C. hominis Time Course Morphology

! HCT-8 cultures on coverslips were infected with C. hominis, stained using 

the pan-specific antibody, Cp1-65.10, that recognizes all parasite stages, and 

images were compared to the previously reported C. parvum infection time 

course.205 Visual comparison of the time points indicated an inability to 

morphologically distinguish C. hominis infected cultures from C. parvum at each 

time point (Figure 1). The pan-specific antibody does not allow for high definition 

of the stages present besides that of physical size. However, the largest 

difference between the time courses was found at 12 hr when the majority of the 

parasites are characterized as meronts because they appear larger than 

trophozoites.150 C. parvum meronts at 12 hr stain as either non-symmetrical 

unfilled ovals or as larger filled ovals, whereas the majority of the 12 hr C. 

hominis meronts are symmetrical unfilled ovals, suggestive of anucleated type 1 

meronts. However, confirmation is required with higher definition imaging.

Similar and Different Expression Patterns between Species

! We previously reported a 72 hr in vitro transcriptome for C. parvum and 

identified nine patterns of gene expression by cluster analysis.205 For this report, 

genes were chosen randomly from all 9 clusters. Thirty to forty genes were 

chosen from each of chromosomes 1 through 6, and an additional 28 genes were 

selected from across chromosomes 7 and 8. Primers were compared against the 
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C. hominis genomic sequence (Table S1).126,131 cDNA from each of four 72 hr C. 

hominis time courses were analyzed using RT-PCR as previously described for 

C. parvum.205 Of the 251 gene pairs tested, 88 produced no PCR product. This is 

due to either a failed primer reaction or possibly the lack of expression of that 

gene in C. hominis. Notably, primers to genes on C. parvum chromosome 4 had 

a high (~62%) failure rate (Table 1). 

! Temporal expression of 163 genes was compared between C. parvum and 

C. hominis. Over half of the genes were expressed primarily in the 48 or 72 hr 

time points of the C. parvum transcriptome, with 16 having >80% relative 

expression at 48 hr and 17 having >80% relative expression at 72 hr. The relative 

percentage of expression for the C. hominis dataset was calculated and 

compared to determine differences in expression of a given gene between 

species. The C. hominis genes were inserted into the C. parvum dataset 

previously described205 and DIANA cluster analysis was performed using a 

dendrogram cutoff of 100. This resulted in a divisive coefficient of 0.95, and again 

generated 9 clusters (Table S1). Overall, 30% of the gene pairs grouped within 

the same clusters, indicating highly concordant expression between C. hominis 

and C. parvum for those genes. A majority of genes from clusters 8 (12 hr peak 

expression in C. parvum) and 9 (6 hr peak expression in C. parvum) remained 

grouped together. Conversely, only 38% of C. hominis genes clustered within C. 

parvum gene cluster 2 (48 hr peak expression), and just 1 C. hominis gene 
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(Chro.20392) clustered with the 53 corresponding C. parvum genes found in 

cluster 1 (72 hr peak expression). 

! Because an unexpectedly large discordance in expression was observed 

between the two species by cluster analysis, an expression divergence score 

(EDS) was computed between gene pairs. The absolute value of the difference 

between the seven point expression vectors for each gene pair generated an 

EDS ranging from zero (identical expression pattern) to two hundred (most 

dissimilar expression). The EDS are left skewed (Figure S1) and do not follow a 

Gaussian distribution (One-sample Kolmogorov-Smirnov test: D=0.139, p-value 

=0.0036). Over half of the genes tested had an EDS <100. When comparing 

functional categories of genes, only 2 of 22 translation/protein modification genes 

had an EDS >100, suggesting the machinery for protein production is very similar 

between C. hominis and C. parvum (Table 2). Sixty-two genes shared an EDS 

<50 indicating less than 25% expression variation between the species, including 

28 genes annotated as conserved hypothetical or hypothetical proteins. The 

remaining genes with an EDS <50 consisted of 5 translation initiation factors, 2 

transcription factor subunits, 3 metabolic enzymes, exportin 1, 2 mucins, and a 

possible Apicomplexan signal peptide. Fourteen genes have an EDS less than or 

equal to 20 indicating nearly identical temporal gene expression between the 

species under our culture conditions, including Sec61 gamma, DMC1, cyclin A, 

HSP20-like, CpPOWP3, and 6 genes annotated as hypothetical proteins.
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! Fifty-five gene pairs overall had an EDS greater than 100, with the 

functional categories of phosphorylation and Cryptosporidium genes being over-

represented (Table 2). Twenty-two gene pairs had an EDS >150 (Table S1). 

Twenty genes with discordant expression (>100) in C. hominis are annotated as 

hypothetical proteins and two are conserved hypothetical proteins. One of the 

conserved hypothetical genes (cgd2_2510/Chro.20266) is the Predicted Oocyst 

Wall Protein 4 (CpPOWP4) thought to be involved in oocyst wall formation.81 Six 

Cryptosporidium specific genes (CpCCP1, CpCCP3, TSP6, TSP8, and 2 mucins 

(cgd5_1210 and cgd6_710)) and seven phosphorylation associated genes, 

including protein phosphatase 2C, Cdc-2-like protein kinase, and two calcium 

dependent protein kinases (CDPKs) were included in this >100 group. Four 

metabolic genes (phosphoglucomutase, sperminesynthase (methylase), 

phosphoglycerate mutase family protein, and R1 like alpha-glucan water 

dikinase), two DNA-associated genes (cyclin dependent kinase A and CCAAT-

binding factor chain Hap5 like histone), two pre-mRNA splicing factors 

(cgd3_1920 and cgd3_2890), the transcription factor subunit TAF6 (cgd1_90) 

and the 60S ribosomal protein L7A (cgd3_760) also have an EDS >100. These 

data indicate that C. parvum and C. hominis have significantly different 

biochemistries during in vitro infection of HCT-8 cells.

! Eleven of the 33 non-hypothetical gene pairs showed peak expression at 

different days of the time course (Figure 2B), but not in uniform manner. Three 

genes are expressed early during the C. parvum infection time course but show 
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late expression for C. hominis. cgd6_4160 has 90% of its expression in the first 

day of infection (12 hr), whereas Chro.60477 expression peaks at 84% in the 

third day (72 hr). Conversely, the remaining eight gene pairs have peak 

expression within the first 24 hr of the C. hominis cultures, but the C. parvum 

gene expression does not peak until after 24 hr (Figure 2A). Expression of an 

additional nine of these 33 non-hypothetical gene pairs peak at 48 hr for C. 

hominis but at 72 hr for C. parvum.

Developmental Stage-Specific Gene Expression

! Analysis of the C. parvum transcriptome revealed 107 genes with >80% of 

their total expression at a single time point, suggesting they are stage-specific 

genes (Table S1).205 Forty-seven of these putative developmental stage specific 

genes were examined in C. hominis. Two genes show no expression within the 

first 24 hr of C. parvum expression, consistent with their expression only by 

sexual developmental stages. Nineteen of these genes with >80% expression in 

C. parvum have an EDS <50 compared to C. hominis gene expression, fourteen 

of which show peak expression at 72 hr, including cgd3_1540 (CpPOWP3),81 and 

9 hypothetical genes. Conversely, ten of these putative stage-specific genes had 

an EDS >150, indicating highly discordant expression patterns between the 

species. cgd2_3270 (phosphoglucomutase) had its peak expression in C. 

parvum at 12 hr, whereas in C. hominis the expression is constitutive across the 

first 24 hr with a slight increase at 48 hr. Peak expression of cgd6_4160 (myosin 
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A tail domain interacting protein (MTIP)) occurs at 12 hr in C. parvum, yet in C. 

hominis >80% expression is at 72 hr. The 48 hr peak in expression of cgd2_1300 

(CpCDPK4) becomes a 12 hr peak in expression in C. hominis. Finally, cgd2_790 

(CpCCp3) and cgd6_710 (mucin) expression peaks at 48 hr in C. parvum but at 

72 hr in C. hominis. The remainder of the genes displaying an EDS >150 are 

annotated as hypothetical proteins.

Genomic Sequence Comparison

! It is possible that expression patterns differ between C. parvum and C. 

hominis due to variation in the gene promoters. Therefore, we determined the 

frequency of base pair differences between gene pairs with EDS >150 versus 

<50 by comparing those genes with complete ORF sequences for both orthologs 

and at least 200 bp upstream of the ORF for each species. Chromosomes 7 and 

8 were excluded from genomic analysis because of the small number of genes 

included in this study. Twenty of the twenty-two genes with an EDS >150 had 

ORF sequences available for both species but only 16 also had at least 200 bp of 

upstream sequence, whereas thirty-six of the fifty-three genes with <50 EDS had 

adequate sequence available.131 Chromosomes 1, 2 and 6 had ~50% of the gene 

pairs for the respective chromosomes with an EDS <50. Chromosomes 3 (19%) 

and 5 (26%) had the largest percentage of genes within the respective 

chromosome with an EDS >150. The range of percent identity between both 

species genomic sequences for both the >150 and <50 datasets overlaps and 
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there is no difference between the resulting amino acid substitution rates caused 

by this genomic variation. But orthologs with more similar expression patterns 

between species are also those that have the higher average percent sequence 

identity (Table 2). The upstream sequences for genes with EDS >150 had a wider 

range in both the sequence similarity and the number of insertions/deletions 

(INDELs) observed. Notably, 58% of the genes within the <50 gene set lacked an 

INDEL (Table 2B). For genes with EDS >150, all but one (Chro.60477) contained 

an INDEL in the first 200 bp of the promoter region. However, Chro.60477 had 6 

INDELs within the next 295 bases (-495) of the promoter region (data not 

shown). The genes with an EDS <50 averaged 1 INDEL per promoter region, yet 

there were almost 4 INDELs per promoter region for the >150 cohort. Thus, 

genes with more discordant expression between C. parvum and C. hominis were 

more likely to have INDELs within their promoters than genes with highly similar 

expression patterns.

! Few promoter analyses have been done in Cryptosporidium presumably 

because of the inability to test predictions with site directed mutagenesis within 

this organism. However, a promoter element (GGGGGG) has been located 

upstream of multiple heat shock proteins (HSP) with similar in vitro expression 

patterns.92 The genes cgd6_1630/Chro.60200 share almost identical expression 

in our culture system, and their upstream region contains CCCCC at -93 and 

CCCCCC at -118, with no variation surrounding these regions. A different de 

novo promoter analysis predicted a conserved sequence core for glycolysis 
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related genes, however different expression patterns showed variation around 

this core sequence.132 Both cgd1_3020 and its C. hominis ortholog,Chro.10335, 

have the conserved core sequence of 5ʼ-ATTCC-3ʼ starting at -136 bp, with 2 

SNPs in the 6 bp prior and 1 SNP in the 6 bp following (data not shown). With 73 

EDS between these sequences, it is possible that these slight variations effect 

promoter binding and thus transcription.
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DISCUSSION

! Host tropism and visually observed differences in parasite growth both in 

vitro and in vivo have been documented for C. parvum and C. hominis.

38,39,41,194,195,202,206,207 In the current study, both species were propagated under 

identical culture conditions by infecting HCT-8 cells over a 72 hr time course to 

characterize cellular morphologies and to compare gene expression using RT-

PCR. Histologically the infections were largely indistinguishable, contradicting 

previous reports that used the same cell line but different culture conditions.

38,193,206 Of the 163 gene pairs analyzed for expression pattern differences, only 

38% had less than a 25% variation in patterning between the species. Nearly 

14% (22/163) of the genes showed highly discordant expression patterns 

between C. hominis and C. parvum. This is consistent with substantially different 

progression of infection for C. hominis compared to C. parvum. Only 1 gene with 

peak expression at 72 hr in C. parvum had similar expression in C. hominis, but 

14 of the genes peaking at 48 hr were consistent between both species. This 

suggests that the developmental progression at 72 hr is different between the 

two species, as previously reported.206 Still, early evidence of differential gene 

expression by C. hominis is observed in that three genes expressed most highly 

at 12 hr in C. parvum are have EDSs >150. This includes cgd2_3270/Chro.

20343, a phosphoglucomutase, that has >99% of itʼs total transcripts observed at 

12 hr in C. parvum but shows nearly constitutive expression in C. hominis. This 

may also be a reflection of a change in developmental stages present during the 
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early stages of C. hominis infection, whereas glycolysis enzymes may be pre-

packaged primarily by C. parvum Type I meronts, the predominant 

developmental stage present at 12 hr.205 The remaining 12 hr C. parvum genes 

with discordant expression in C. hominis are annotated as “other” and 

“hypothetical protein”. This emphasizes the need to develop molecular 

approaches for functional characterization of the numerous Cryptosporidium 

genes for which we lack any biochemical information.

! Of the 47 genes that have >80% expression at one time point in C. 

parvum, only 10 had expression EDS >150 for C. hominis (Table S1). This 

suggests that expression of the majority of genes indicative of specific 

developmental stages or transitions are largely conserved across 

Cryptosporidium spp. even if there are striking differences in biochemistry or 

parasitism between the two.

! Genes with similar expression patterns between these two 

Cryptosporidium species include DMC1 (cgd7_1690), cyclin A (cgd3_4050), 

glucoseamine-fructose-6-phosphate aminotransferase (cgd1_3730), cgd6_3270 

(proteasome subunit), two RNA polymerase subunits (cgd3_2620 and cgd8_210) 

and five translation initiation factor subunits (cgd2_360, cgd4_130, cgd6_1020, 

cgd7_2300, and cgd7_5270). These data suggest that many of the mechanisms 

utilized for developmental progression such as DNA synthesis and zoite 

formation are conserved.205 This is expected with the high similarity found 

between these species at the nucleotide level, indistinguishable oocyst 
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morphologies, and similar subsequent life stages.38,41,126,194,195,202,206 Another 

example of conserved transcription is the hypothetical genes, cgd1_1870/Chro.

10212. Peak expression occurs at 12 hr in Cryptosporidium which corresponds 

with early meront development in vitro. Microarray expression data for the 

orthologous genes in both Plasmodium falciparum (PFB0680w) and Toxoplasma 

gondii (TGME49_097960) indicate a peak in expression at schizont and 

tachyzoite S/M stage progression as well, suggesting this Apicomplexa gene has 

a conserved roll in the asexual development of all Apicomplexa.156,159

! Protein phosphorylation is an evolutionarily ancient method for regulating 

the activity of cellular proteins. Most strikingly, all of the phosphorylation-related 

genes tested had discordant expression between C. parvum and C. hominis. 

With 2 exceptions, every gene annotated as a kinase or phosphatase differed at 

least 50% in their expression profile. cgd2_1610/Chro.20175 (protein kinase 

domain) and cgd2_1960/Chro.20213 (mitogen-activated protein kinase 1, serine/

threonine protein kinase) varied the least at 44% and 49%, respectively (Figure 

3). All of the C. hominis phosphorylation related genes show peaks in relative 

expression within the first 24 hr of the infection time course, whereas C. parvum 

has its peak expression for all but cgd3_3180 and cgd5_820 at 48 hr or later. 

These data provide strong evidence that the biochemistry of C. hominis infection 

of HCT-8 cells is quite different than for C. parvum despite apparently similar 

developmental stage progression and morphologies. The reason for this may lie 
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in cell tropism (human vs bovine cells) or reflect the differences in the genome 

annotation between the two species.

! Recent studies have identified plant-like calcium dependent protein 

kinases (CDPKs) to be conserved across Apicomplexa whereas mammals 

employ calcium-calmodulin kinases (CaMK).208 Sequence analysis indicates that 

cgd5_820 (CpCDPK3) and cgd2_1300(CpCDPK4) closely resemble the 

Plasmodium gene PfCDPK4 (Figure 4).208 In Plasmodium CDPK transcription is 

related to parasite stage progression, and specifically P. berghei increases 

PfCDPK4 expression to regulate male gametocyte development.209 C. parvum 

has a sharp peak at 12 hr for CpCDPK3 but CpCDPK4 has its peak expression 

at 48 hr, suggesting they are key for different specific developmental stages or 

transitions. However, CDPK3 (24 hr) and CDPK4 (12 hr) have high relative 

expression in the first 24 hr of C. hominis infection and display lower peaks 

compared to C. parvum. The Cdc2-like protein kinase (cgd5_2510/Chro.50127) 

has peak expression at 12 hr in C. hominis, yet C. parvum has its highest relative 

expression at 72 hr. Its T. gondii ortholog (TGME49_018220/TgPK2) is involved 

in cell cycle control.210 It is possible that for infection of human cells, C. hominis 

progresses faster through its developmental life cycle or uses a distinct set of 

kinases to regulate the activity of proteins of either parasite or host cell origin. C. 

hominis produces oocysts at a faster rate than C. parvum206 thus C. hominis 

developmental progression is in fact quite different than for C. parvum.
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! The attachment and movement of Cryptosporidium across epithelial cell 

monolayers has been described,79,99,107,112,115,116,211 and we included several 

genes involved in attachment and motility in our analysis. Expression of 

cgd6_780 (TSP8), cgd6_2310 (TSP6), cgd7_1730 (CpCCp1/Cpa135) and 

cgd2_790 (CpCCp3) differs between the two Cryptosporidium species (Figure 5 

and Table S1). These genes are interesting targets for further research because 

of their predicted involvement in zoite motility and potentially in parasite 

attachment.103,142,160 TSP8 and CpCCp1 proteins are localized to the apical 

complex of the invasive stages of the parasite.103,160 TSP6 and CpCCp3 proteins 

have yet to be directly characterized, but mass spectroscopy data has indicated 

their presence in C. parvum sporozoites.90,139,212 Although protein localization 

within C. hominis, has not been assessed, the discordant expression of these 

genes further suggests biochemical differences in zoite development between 

these two species.

! Previous in vitro studies have indicated a disparity between the time until 

oocyst detection in infected HCT-8 cells, with C. hominis having oocysts 

detectable at 72 hr, while C. parvum did not produce oocysts until day 5.206 

However, the previous study also showed a focal patterning of C. hominis 

infection that is not apparent under our culture conditions. Both of these 

discrepancies may be due to a different Cryptosporidium isolates used, our use 

of aged HCT-8 monolayers versus fresh monolayers, or excystation of the 

parasite prior to contact with host cells. Interestingly, cgd3_1540 (CpPOWP3) 

 115



and its non-syntenic ortholog, Chro.30186, have almost identical expression 

peaking at 72 hr (Figure 6), whereas the cgd2_2510 (CpPOWP4) ortholog, Chro.

20266, shows a discordant 6 hr increase in expression. One possible explanation 

is that C. hominis is producing soft shelled oocysts much earlier than C. parvum. 

Soft-shelled oocysts, thought to autoinfect the host, may lack components 

normally found in the hard shelled oocysts, such as CpPOWP3.213,214 In that this 

gene has not been biochemically characterized, it is also possible that 

CpPOWP4 has an additional non-oocyst function that is differentially required by 

these two species. Note that no in vitro culture system yet has been shown to 

allow complete Cryptosporidium development through oocyst formation at a high 

enough concentration for continuous propagation, and thus functional 

characterization of CpPOWP3 and CpPOWP4 has lagged.

! A comparison of the ORFs and upstream sequence of the most similar 

and most dissimilar gene pairs indicated that the ORFs are well conserved, as 

previously documented.98,126 We observed no statistical difference between the 

amino acid substitution rates (Table 3) within the annotated coding regions. 

However, the gene pairs with the most dissimilar expression contained more 

INDELs within the upstream regions than those gene pairs with similar 

expression. Although these two species are considered to be over 90% identical 

at the nucleotide level, further sequencing and promoter analysis is needed to 

determine if the expression differences, and potentially host tropism is due to 

promoter sequence polymorphisms resulting in variation of gene expression. It is 
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important to consider that the genomic sequences available for these two 

species are from isolates that since have been continuously passaged through 

cattle (C. parvum) or gnotobiotic pigs (C. hominis) and this could result in 

selection-induced genetic divergence, much like that observed in bacterial 

evolution to selective medium.215 Indications of a selective pressure for these 

widely used strains of Cryptosporidium include a decrease in the prepatent 

period following continuous culture of C. hominis in the gnotobiotic pig model216 

and the absolute recovery of chromosome V from the more virulent strain 

following dual infection series in mice.217 Other groups have also noted 

discrepancies between the ability of crossover between primers in PCR reactions 

querying both species (Table S2).214 We observed a high percentage of RT-PCR 

reactions with no product produced even though 61% of the primer pairs are 

predicted to share 100% identity with C. hominis. This would be expected if the 

genome has undergone selective pressure within a host resulting in divergence 

of upstream regulatory sequences from the published C. hominis genome 

sequence. Interestingly, cgd1_720 was excluded from this analysis because 

although expression was observed by RT-PCR in both species, a BLAST search 

resulted in no highly similar sequences in the C. hominis genome. However, the 

upstream sequence on the contig AAEL01000566 with the cgd4_4260 

homologue Chro.40485 does align to cgd1_720. Chromosome 4 also had the 

highest primer failure rate, even though all but 5 have predicted 100% sequence 

identity for both primers between the two species (data not shown). Of the genes 
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on Chromosome 4 that produced successful PCR reactions, most C. hominis 

homologs were either found at the end of contigs near a gap with little sequence 

alignment with C. parvum (cgd4_130, cgd4_310, cgd4_3870, cgd4_4240, and 

cgd4_4420) or have large areas of very low identity between the two genomes 

surrounding the ORF (cgd4_60, cgd4_2410, cgd4_4260, cgd4_4420 (5ʼ end)). 

Additionally, homologous sequence for cgd4_1050 is not found in the sequenced 

C. hominis genome even though a PCR product was detected. Taken together, 

these data show a correlation between promoter variation and discordant gene 

expression patterns, but also highlight the need for improving the C. hominis 

genome sequence and annotation. It is important to note that the failed primersʼ 

amplicon production have yet to be confirmed on C. hominis genomic DNA, it is 

possible that at least some of the genes are not being transcribed in C. hominis. 

! Overall, similarities in the expression of most genes indicate that the 

species are producing the machinery for protein production and doing some 

biochemical processes at the same infection time points. Conversely, the striking 

differences in expression of zoite invasion/motility genes and kinases/

phosphatases indicates these two species have different biochemical regulation 

of development, with the potential that C. hominis enters sexual development 

earlier. Although these two organisms are very similar at the genomic level, 

further proteomic, sequencing and promoter analyses are needed to ascertain 

whether these differences are indicative of the host tropism or other infection 

differences documented between these two species.
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TABLES AND FIGURES

TABLE 1: PRIMER SUCCESS RATE IN C. HOMINIS

Chromosome Successful Failed Failure rate

1 21 10 32%
2 29 7 19%
3 26 12 32%
4 14 23 62%
5 23 13 36%
6 33 8 20%
7 15 6 29%
8 2 5 71%
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TABLE 2. FUNCTIONAL CATEGORIES DISTRIBUTION.

Expression Dissimilarity Score 
(EDS)

≤50 51-100 101-149 ≥150
TOTAL

Apicomplexan 1 3 1 5
Cryptosporidium 3 1 2 4 10
DNA-Associated 2 2 1 1 6
RNA-Associated 2 2 2 2 8
Transcription 4 1 1 6
Translation 7 4 1 12
Protease Related 2 2
Protein Folding 2 2
Protein Transport/Modification 5 2 1 8
Structural 1 1 2
Interacting 2 4 3 9
Other 3 3 2 1 9
Metabolism 3 3 1 3 10
Phosphorylation 2 4 3 9
Conserved Hypothetical 4 1 1 1 7
Hypothetical 24 14 14 6 58

TOTAL 63 45 33 22 163
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Table 3. Comparison of Similarly and Differently Expressed Gene Genomic 
Sequence 
Chr. # = chromosome number. Data is expressed as Mean [Range] for each
A. Differences in genomic sequences between C. parvum and C. hominis ORFs 
with different gene expression profiles (>150).

Chr. # # of Genes* % Identity 
Between Genes

% identity Between 
Promoter

INDELs (promoter 
only)

I 1 97.5 96.5 2
II 5 97.7 [98.9-96.3] 95.4 [98-91.5] 3.6 [9-1]
III 2 97.5 [97-98] 95 [95.5-94.5] 5.5 [7-4]
IV 1 98 91 10
V 6 (4) 95.7 [98.9-89] 92.5 [96-90] 3.75 [6-1]
VI 3 98 [98.6-96.9] 93.7 [94.5-92.5] 1.7 [3-0]

Total: 18 (16) 96.88 [98.9-89] 96.13 [99-88] 3.81 [10-0]

*number of genes per ORF used. If number differed with promoter analysis, 
promoter number used is in ().
B. Genomic sequence comparison upstream of genes with similar expression 

profiles (<50).
Chr. # # of Genes* % Identity Between 

Genes
% identity Between 

Promoter
INDELs (promoter 

only)

I 10 96.31[98.6-83.3] 95.4 [98-90] 1.72 [12-0]
II 6 97.8 [98.5-96.9] 96.5 [99-92.5] 1.33 [4-0]
III 2 98 [98.4-97.6] 97.5 [98-97] 1 [3-0]
IV 1 98.2 99 0
V 2 97.6 [98.7-96.5] 98 [98] 0.5 [1-0]
VI 15 97.9 [99.5-92.2] 95.8 [99-88] 1.67 [8-0]

Total: 36 97.4 [99.5-83.3] 96.13 [98-90] 1.47 [12-0^]

^21 genes had no INDELs 

C. Amino Acid Sequence Comparison

Data Group % Identity

<50 95 [100-80]

>150 96 [99-95]
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Figure 1. Morphological comparison of C. parvum and C. hominis 

infections of HCT-8 cells. (A) Representative fluorescent staining of the 72 hr 

time course of infection with C. hominis in HCT-8 cells using the pan specific 

antibody Cp-65.10. (B) Representative fluorescent staining of the HCT-8 

coverslips infected with C. parvum using the pan specific antibody Cp-65.10.
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Figure 2: Eleven genes with gene expression >100, with peaks occurring on 

different days of the time course. The expression profiles for 11 gene pairs are 

presented with (A) 8 genes having early C. hominis peak in expression followed 

by a late C. parvum peak in expression or (B) 3 genes with an early C. parvum 

peak in expression followed by a late C. hominis peak expression.
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A. C. hominis peak early, C. parvum peak late

B. C. parvum peak early C. hominis peak late
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Figure 3. Gene Expression Profiles of Phosphorylation Related Genes. The 

relative expression profiles for C. hominis and C. parvum gene pairs annotated 

as kinases or phosphatases are represented. 
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Figure 4. CDPK Amino Acid sequence comparison.218 Sequence comparison 

of the predicted CpCDPK3 in both C. hominis and C. parvum to that of the 3 

Plasmodium PfCDPK4s.
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Figure 5. Differing expression between potential gliding and adhesion 

molecules. Relative transcription expression profiles for C. parvum and C. 

hominis gene pairs with predicted involved in movement and attachment are 

shown.

 130



 131



Figure 6. Expression of CpPOWP3 and CpPOWP4. Relative transcription 

expression profiles for C. parvum and C. hominis gene pairs predicted to be 

involved in oocyst formation are compared.
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Figure S1. A Density Plot of the Distribution of Expression Dissimilarity 

Scores (EDS) is left skewed. A density plot was constructed using R to display 

the distribution of EDS between the C. parvum and C. hominis gene pairs used in 

this study.
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Chapter 4

Donʼt judge the book by its cover or an Apicomplexan by its oocyst:

Cryptosporidium Expression Profiling

Summary and Future Directions
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SUMMARY

# Nearly 40% of the Cryptosporidium genome is annotated as hypothetical 

and many genes have been assigned putative functions based on quite limited 

homologies with genes in other species. Further, its complex developmental 

cycle and unique host cell parasitism has impeded efforts to characterize 

individual life stages, establish clonal isolates, or manipulate the genome. To gain 

insight on this pathogen, we first characterized the whole genome transcriptome 

for the zoonotic species, C. parvum (Chapter 2). PCR detection of transcripts 

demonstrated the C. parvum genome annotation to be highly accurate, including 

detection of transcripts for ~1,000 genes previously annotated as “hypothetical” 

or “conserved hypothetical”. Cluster analysis revealed coordinate patterns of 

gene expression for many genes, including genes that appear to be largely 

restricted to individual developmental stages or transitions. This gives the first 

insight into the in vitro transcriptional requirements of C. parvum and provides 

information about the expression of hypothetical genes during development. 

Subsequently, we assessed the expression of a subset of genes in C. hominis, a 

pathogen restricted to humans (Chapter 3). While a large percentage of genes 

showed similar temporal expression in both species, expression of 

phosphorylation-associated and genes involved in parasite adhesion/movement 

were notably discordant. Finally, we demonstrated that genes more discordantly 

expressed between C. parvum and C. hominis had greater variation in the 

promoter regions but not in the ORFs themselves. This suggests differential 
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expression of specific genes may be at least partially attributable to promoter 

sequence variation.

LIMITATIONS OF THE CURRENT STUDY

! One of the main underlying limitations to this dataset is normalization to 

18S rRNA expression. One of the most important steps in transcriptome analysis 

is determining appropriate normalization and standardization methods. The 18S 

rRNA may not be ideal for normalization of gene expression in most systems, but 

first and foremost it has been established under these culture conditions to 

correlate with parasite density,137,138. It must be emphasized that when working 

with asymmetrical parasite propagation, such as Cryptosporidium, it is necessary  

to account for the changing parasite density. Additionally, the data was 

standardized using relative percentage of expression across the time course, 

which removes differences in amplitude of the gene and focuses the analysis on 

the pattern of expression. By utilizing the patterning of expression it becomes 

apparent when genes have dramatic changes in expression, regardless of the 

actual detection rate of the primer pair used or normalization method (as long as 

both were done consistently). Finally, using the Cryptosporidium 18S rRNA as the 

normalizing transcript is valid in that although it is the most abundant 

Cryptosporidium transcript, the vast majority of the RNAs isolated are actually of 

host cell origin. Thus, the Cryptosporidium 18S rRNA is not a highly abundant 

transcript within the sample itself. Prior to our RT-PCR analysis, no other large 
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scale transcriptional data were available for the in vitro infection of 

Cryptosporidium. Now that there is such a dataset available it can be mined for 

other, possibly better, normalization gene candidates.

! A second underlying limitation in this study is developmental stage 

heterogeneity and lack of life cycle completion that occurs during culturing of the 

parasite. This 72 hr time course covers the known length of time parasite can be 

propagated in vitro without a large decrease in parasite numbers detected 

through 18S rRNA Ct values. This again emphasizes the need to normalize for 

parasite density, while the time points assayed (2, 6, 12, 24, 36, 48, and 72 hr) 

are predicted to be integral transitional states during in vitro parasite asexual 

development (2-24 hr) and partial sexual development (36-72 hr) based on 

previous morphological assessment in this laboratory150,205 and others.153 

Following the removal of unexcysted oocysts at 2 hr incubation, the first 24 hr of 

the time course remains highly homogenous, despite clear life cycle progression. 

Thus, by standardizing the data such that large shifts in the pattern of expression 

could be determined, the requirement of specific transcripts for the over-

represented parasitic stage at that time point (putative stage-specific transcripts) 

was discovered.However, because multiple developmental stages may be 

present, and certainly are after sexual replication commences around 24-36 h 

post-infection, we cannot directly ascribe expression of any of these genes to an 

individual stage. Such assignments await techniques to purify individual stages 

other than freshly excysted sporozoites. In situ hybridizations may assist such an 
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endeavor, but only if other markers or morphological distinctions other than size 

can be found.

! It is also important to note that these results represent steady state data, 

thus not allowing for the interpretation of which transcripts are newly transcribed 

nor giving any evidence to support the longevity of any transcript or protein. This 

is evident when comparing the transcripts detected at 2 hr with those previously 

published in expressed sequence tag (EST) or proteomic analyses of excysted 

sporozoites.90,139,140 EST data suggests that the sporozoite is a transient state, 

which agrees with our data showing that transcripts for the fewest genes are 

detected at 2 hr. Merozoites may also reach a point of relative quiescence 

because there are fewer transcripts detected with a spike in expression at 24 hr. 

Additionally, it seems that the sporozoite upon excystation is already primed for 

translation based on the high amount of ribosomal RNAs and ribosomal proteins 

found in EST and proteomic data. Although it is evident that these are present 

early post-excystation, it is not until after 12 hr that additional translational 

machinery is highly transcribed. This suggests that the bare translational 

necessities are present early in development, most likely carried forward by 

sporozoites within infectious oocysts, but an increased expression of translation-

related genes occurs after transcription-related proteins have been made 

following initial parasite attachment to the host epithelial cell. Thus, even though 

our data is steady state, it is also temporal and encompasses multiple changes 

within the developmental stages present in the culture and by focusing our 
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analysis on the relative change in expression as the parasite develops allows for 

identification of putative stage specific gene expression.

! Although determining 87% of a transcriptome with RT-PCR is a feat in 

itself, matching the detection rate of a good microarray (which would still have to 

be confirmed with RT-PCR), it should be noted that there is still a subset of 

genes not included in this study including some protein coding genes for which 

suitable primers were not identified and structural RNAs such as tRNAs or 

snoRNAs. It is conceivable that our surprisingly high rate of transcript detection is 

because of the lack of testing each and every annotated gene. However, with the 

compacted genome and not finding a non-transcribed gene to date, it seems 

unlikely that this would be the case. Within the C. parvum transcriptome, all 

primer pairs were tested on genomic DNA to determine within this high 

throughput RT-PCR if efficiency was acceptable for use with the infection time 

course cDNAs. This analysis needs to be repeated utilizing the C. hominis 

genomic DNA because of the high discrepancy of primer pairs that did not detect 

transcript in the C. hominis infection time courses and lack of 100% identity 

between some primers used often because sequence information is not 

available. Although the C. hominis primer efficiency is yet to be confirmed on 

genomic DNA, again, we focused on the pattern of expression. Assuming that 

even an inefficient primer would maintain the same rate of (albeit inefficient) 

amplification we would still be able to detect differences in expression patterning 

between the two species. However, confirmation of primer efficiency in C. 
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hominis will strengthen the conclusions surrounding the biochemical differences 

between these two species, confirm previous reports of different PCR efficiency 

rates between these two species,214 and could call for completing the C. parvum 

transcriptome if a pathway with limited transcriptional information is deemed 

interesting between the two species.

Conclusion 1: The compact genome contains a complex transcriptional 

program for developmental progression.

# Limited transcriptional information has been available for the host cell-

attached stages of Cryptosporidium development because of the inability to 

isolate individual developmental stages. Transcriptome approaches that require a 

pure parasitic RNA isolation have not been developed because of the intimate 

physical interaction between the parasite and host cells once attachment has 

commenced. Without transcriptional information during most of 

Cryptosporidiumʼs lifecycle, it was uncertain if this Apicomplexan used a 

simplistic transcriptional approach and thus would be less likely to have gene 

expression that correlated with developmental stage progression.151 

Cryptosporidium species have a highly compacted genome with few duplicated 

genes, repetitive sequences, or genes with introns, and annotation revealed 

short intergenic regions.98,126 It has been previously suggested, due to the lack of 

these common eukaryotic genetic elements and few annotated transcription 

factors, that the transcriptional regulation in these parasites would follow a 
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simplistic cascade of expression in which the DNA helix would be opened and all 

genes in the area would be simultaneously transcribed in an operon-like fashion 

similar to that observed in bacteria.151 More recent work has identified that 

Apicomplexans have AP2 domain containing transcription factors, which 

dramatically increased the predicted number of total transcription factors in C. 

parvum and suggested that gene regulation was more complex than previously 

thought.183,184,219 We demonstrated that on a global level neighboring genes are 

not co-expressed, expression is not isolated on specific chromosomes, nor are 

neighboring genesʼ expression amplitudes similar. Specifically, tandemly 

duplicated genes did not share the same expression profiles nor amplitudes in 

our study. Our C. parvum transcriptome includes 87% of the annotated protein 

coding genes, and it is now evident that a complex transcriptional regulation 

program is employed by these parasites. Having a higher number of transcription 

factors than first thought, as well as different transcription rates and patterns 

between neighboring genes, suggests that stage-specific expression could exist 

in Cryptosporidium, much like that of other Apicomplexans.

! In the realm of an infectious disease, energy wasted can be the difference 

between successful propagation within a host or a swift demise. Cryptosporidium 

takes this energy conservation to the extreme with no dubious ORFs found to 

date in a compact genome, thus the parasite would require less energy for DNA 

replication than the model organisms Toxoplasma and Plasmodium. The “waste 

not” context extends to the transcriptional profile of Cryptosporidium as well as 
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other Apicomplexans in the identification of putative stage-specific gene 

expression. Transcription of mRNA is the first step of protein production, and its 

production is highly correspondent to times when the protein is needed. It is not 

surprising that Apicomplexans like other parasites use tightly-controlled 

expression to prevent unnecessary protein production during developmental 

progression, particularly for an organism with such a high dependency on the 

host cell for nutrients, amino acids, and nucleic acids.145,156,164,176,184,189,209 Stage-

specific genes have tightly regulated expression that correlates with transitions 

between morphologically distinct life cycle stages. Examples of stage-specific 

genes have been identified in both the asexual and sexual stages of Toxoplasma 

and Plasmodium, and inhibition of many of these genes results in decreased or 

nullified developmental progression.145,156,164,176,184,189,209 Based on the gene 

expression profiles in C. parvum, 107 genes with peaks in expression at a 

specific time point were identified as stage-specific candidates.

! Genes that show large peaks in expression during the first 24 hr of the C. 

parvum infection time course correspond with the morphological description of 

one round of asexual development, and thus could be hypothesized to be linked 

to developmental progression of these stages of the parasite. Those genes with 

large peaks in expression at later time points (36-72 hr) are indicative of a shift in 

developmental stages present in the culture system, presumably part of the 

sexual replication cycle. Many of these genes share homology with stage-specific 

genes in other Apicomplexa. For example, cgd1_1870, annotated as a 
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hypothetical protein, resembles PFB0680w, the Plasmodium rhoptry neck protein 

6 (PfRON6) and is a good example of how comparison across Apicomplexa 

transcriptomes can be of use.220 Not only is it highly possible that cgd1_1870 is a 

rhoptry neck protein in Cryptosporidium based on homology, but high rates of 

transcription are observed in Plasmodium blood stage merozoites. Similarly, 

transcription was first detected and had >80% expression in developing 

merozoites (12 hr) during C. parvum development. Transcriptional patterns 

associated with asexual developmental progression of Toxoplasma and 

Plasmodium is similar to that of C. parvum, even though they have marked 

differences in developmental life cycles and host cells required for developmental 

progression (Figure 1).156 This indicates that although these parasites are 

evolutionarily diverged from each other, key pathways of asexual developmental 

progression are conserved, including transcription of some stage specific genes. 

This information predicts that C. parvum posses stage specific genes, but a 

frustratingly large 59% of the 107 predicted stage-specific genes from our 

analysis have a completely unknown function. Further research is needed to 

assess whether these stage-specific candidates are required for developmental 

progression and their mechanisms of action.

Future Direction 1: Characterization of potential stage specific genes in C. 

parvum
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! Limitations for all researchers working with Cryptosporidium species 

include the inability to synchronize the developmental progression of the 

parasite. Such protocols exist for Toxoplasma and Plasmodium species, and thus 

scientists have a far better understanding of their biologies. Not coincidentally, 

there are more effective therapeutics for those pathogens as well.221-225 The 

existence of stage-specific genes in C. parvum calls for further characterization 

of these gene candidates as it would open many possibilities for manipulating 

Cryptosporidium in the laboratory. Comparison of the 107 putative stage-specific 

genes from the entire time course to that of the 437 genes with >80% expression 

when looking only at the first 24 hr of infection for homologs in Toxoplasma and 

Plasmodium, indicates that at least 35 genes are conserved between 

Cryptosporidium and at least one other Apicomplexan. Conservation across 

these parasites suggests their importance in developmental progression for all 

Apicomplexans, and allows for inferences to be made for Cryptosporidium 

biology through the genetic manipulation in Toxoplasma or Plasmodium. 

Regardless if these genes are not being expressed in a stage-specific fashion, 

understanding their role in development in multiple Apicomplexan species would 

be beneficial. However, characterizing stage specific genes in Cryptosporidium 

opens the door to further transcriptional and proteomic research.

! Using stage-specific genes, a method to create a homologous culture of 

parasite development could be pursued in several directions: 1) Stalling parasite 

development by addition of inhibitors, perhaps for key kinases and 
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phosphorylases, that lock the parasite into specific stages. 2) Development of 

fluorescently tagged anti-sense RNA that could bind mRNA within fixed C. 

parvum infected cells to label specific stages. 3) Characterization of stage-

specific proteins on the exterior of cells could be targeted by fluorescently labeled 

antibodies, or internally located proteins could be labeled if the cells are fixed and 

permeabilized. All of these methods would result in the ability to isolate specific 

parasitic stages away from other stages and host cells for better characterization 

of the developmental progression on transcriptional and proteomics levels. 

Amplification of the proteins from these stage-specific candidates utilizing the 

Giardia duodenalis expression system,226 would not only allow for antibody 

development to further characterize these protein function, but also to test 

inhibitors in order to block stage progression without the need of fluorescence 

based sorting techniques. Both of these directions would lead to increased 

knowledge of the biochemical checkpoints required for Cryptosporidium 

development and potentially to the discovery of pharmaceuticals for a disease 

with no treatment.

! Additionally, having a method to separate parasite-infected host cells 

based on parasite developmental stage, regardless of method employed, would 

not only allow for further characterization of parasite development, but also 

characterization of host response to parasite invasion. Previous work in this 

laboratory has shown that host cell apoptosis is inhibited by C. parvum infection,

150 differences in bovine immunologic responses compared to murine or human 
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infection,18,227,228 and an increase in differential splicing of intron containing 

genes within C. parvum infected bovines (unpublished work of Juan Abrahante). 

Being able to separate parasitic stages from an in vivo infection would give 

further insight into the differences between infection of various animal species 

from the parasite perspective, as well as allow for characterization of the cellular 

responses from the host to specific parasitic stages. Microarrays have been 

previously developed and employed to gain insight into the host side of this 

infection process and would be simply used again with cells sorted based on 

parasitic stage present.

# An alternate use of the further characterization of these stage-specific 

genes that could be used immediately would be to develop a PCR platform to 

quickly and efficiently characterize the effects of various changes in culture 

conditions on parasite growth. Proposed experiments include documenting the 

effects of various inhibitors, transcriptional responses to parasite growth within 

different cell lines (human versus bovine or primary versus established cell lines), 

and infection of in vitro organoids grown in decreased gravity that have shown 

changes in transcription of reported virulence factors in bacteria.229-231 

Preliminary work in our lab has shown a difference in gene expression of C. 

parvum in primary bovine intestinal epithelial cells versus HCT-8 cells, but further 

investigation is needed using these stage specific candidates to ascertain if the 

detected differences change parasite development. A transcriptional profile of 

specific developmental stages via a PCR platform would quickly and cheaply 
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determine which developmental stages are present during an infection time 

course. This would allow for high throughput and cost-effective testing of parasite 

development within the numerous hypothesis proposed here and any others 

conceived for future research.

Conclusion 2: Morphologically and genetically similar species, C. parvum 

and C. hominis, do not share the same transcriptional profiles.

! Prior to 2002, C. parvum was described as having 2 genotypes, C. 

parvum bovine genotype II now called C. parvum and C. parvum human 

genotype I now classified as C. hominis.38 Although the visual characterization of 

the oocyst and morphology of infection was indistinguishable, host cell 

preference, variation in location of infection, differences in infection length and 

intensity, and variation in genomic sequence of multiple genes including gp60 

and HSP70, resulted in the reclassification of these species.38 However, whole 

genome sequencing of both species initially reported 97% identity between these 

species, which was later verified to be 90-95% similarity at the nucleotide level.

98,126,127 Due to their limited genomic variation and high morphological similarity, it 

has been previously assumed that biochemical analysis in one species would be 

indicative of function in the other as well. Thus, most experimentation has used 

the ubiquitous and more accessible C. parvum.232 Recent examples disproving 

the biochemically identical assumption include identifying differences in mucin 

presentation between these two species, suggesting a difference in 
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transcriptional requirements for C. parvum and C. hominis.114 However, large 

scale analysis of the transcriptional differences between these species has been 

lacking. Our analysis of the transcriptional profiles of kinases and other genes 

involved in zoite invasion indicate that these two species contain distinct 

expression profiles of genes vital to developmental control and invasion (Chapter 

3).

Future Directions 2a. Characterization of CDPK expression within C. 

parvum and C. hominis

# Previous work has shown that Ca+ is required for both Toxoplasma and 

Cryptosporidium microneme discharge.99,233 Micronemes are released from the 

apical end of the parasite during attachment through movement of the motor 

complex along the inner membrane complex (IMC). The motor complex is directly 

attached to the IMC through GAP45 which associates with myosin tail interacting 

protein (MTIP), and both are phosphorylated by a CDPK (proven with 

Plasmodiumʼs PfCDPK1) to facilitate movement of the motor complex.234,235 

Micronemes are synthesized prior to zoite formation and expression of CDPKs in 

Plasmodium has been correlated with stage progression, specifically that CDPK1 

is co-expressed with other genes comprising the motor complex during late 

schizont development.172,208,236

! Blocking TgCDPK1 or CpCDPK1 in T. gondii and C. parvum, respectively, 

results in abatement of early infection, presumably through blocking microneme 
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movement.237 TgCDPK1 amino acid sequence is most similar to PfCDPK4, and 

PfCDPK4, which is necessary for Ca+ dependent micro-gametocyte generation, 

is most similar to CpCDPK3. However, TgCDPK1 and CpCDPK1 have inhibitors 

that block host cell invasion, yet Murphy et al.ʼs report of CpCDPK1 did not verify 

which specific CDPK gene was characterized as CDPK1, thus they may be 

reporting the effects of an inhibitor on the now termed CpCDPK3. The 

information from blocking TgCDPK1, combined with TgCDPK1ʼs required role in 

microneme movement during invasion, suggests that inhibiting microneme 

release in apicomplexans potentially through blocking CDPK function deserves 

further research as a possible therapeutic option or as a culture technique to 

isolate specific developmental stages. Specifically, CDPK research in 

Cryptosporidium is required to parse out what CDPK is involved during each 

developmental stage since patterns of expression suggest stage specificity. This 

will result in the ability to block stage-specific CDPKs to stall developmental 

progression, and can be used to see if the current compounds used to block 

CpCDPK1 would inhibit reinfection of merozoites, thus resulting in a more 

homogenous infection cycle.

! We demonstrated that CDPK and MTIP expression are different between 

C. parvum and C. hominis, even though the morphology of the stages during 

HCT-8 culture are indistinguishable (Chapter 3). MTIP is more highly expressed 

at 12 hr in C. parvum, whereas C. hominis has peak expression at 72 hr. CDPKs 
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have been demonstrated to be expressed in a stage-specific manner in other 

Apicomplexans. Thus differences in MTIP, CDPK3, and CDPK4 expression 

suggest that C. parvum is undergoing one round of asexual development prior to 

forming type II meronts for gametogenesis, whereas C. hominis begins 

gametogenesis within the first 24 hr. Further characterization of transcription 

profiles of all the predicted CDPKs in C. parvum and C. hominis, as well as 

proteomic analysis of CDPK localization and longevity will shed light into the 

biochemical differences between these species. Once identification of which 

developmental stages are present earlier in C. hominis infection further 

hypothesis can be drawn as to why the specific host tropism is present with this 

Cryptosporidium species. 

Future Directions 2b: Sequence variation between promoter regions is 

responsible for differential expression between C. parvum and C. hominis

! Our analysis into the transcriptional differences between C. parvum and C. 

hominis indicated that over half of the genes tested were expressed with a high 

similarity (<50% difference between relative expression profiles). Comparison of 

a group of most similarly expressed genes to those with the most discordant 

expression revealed more changes in the upstream sequence of those with 

discordant expression than those with similar expression. Previous work has 

indicated the presence of conserved sequences upstream of ORFs in 

Cryptosporidium and suggested that these sequences could be utilized by 

transcriptional components to regulate expression. Finding differences in these 
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promoter regions in differentially expressed genes between these species 

indicates that changes in transcriptional expression because of promoter element 

sequence divergence is in part responsible for the distinct infection differences 

documented between these two parasites. 

! Preliminary promoter analysis using a different clustering scheme which 

increases the numbers of clusters to focus on genes with highly similar pattern of 

expression within the C. parvum transcriptome has identified putative conserved 

promoter elements for these groups (manuscript in preparation). The conserved 

promoter sequences identified are very similar to those previously reported by 

this group in Toxoplasma.238 Although not useful for classical promoter bashing, 

one group reported the ability to transfect and have selective reporter gene 

expression in C. parvum using parts of the symbiotic virus found within the 

parasite.239 However, attempts in our laboratory have failed to reproduce the 

transfection through the parasiteʼs oocyst, but the potential for a protocol to 

introduce nucleic acid of any type into Cryptosporidium would be ground 

breaking. Currently we are without the ability to genetically manipulate this 

parasite, but with the similarities in gene expression with Toxoplasma, similarity 

in conserved promoter sequences, and previous work amplifying 

Cryptosporidium proteins in Toxoplasma, implies the possibility for cross over 

experiments to be implemented in Toxoplasma to gain information on 

Cryptosporidium transcriptional control through promoter sequence bashing 

experiments.211

 153



Conclusion 3: Scaffolding the C. hominis genomic sequence on the C. 

parvum genomic sequence has left areas of inconsistencies.

! Primer design and analysis in C. parvum included testing for amplicon 

formation using parasite genomic DNA. This was acceptable because of the low 

number of intron containing genes and few duplicated genes annotated. Using 

this method of primer design we had an 18% primer rejection rate. Since this 

time 263 additional protein coding genes have had primers successfully designed 

and implemented to characterize C. parvum infection cDNA. This indicates that 

we were unable to make primers for 237 protein coding genes (94% genome) 

due to mock infection product production or inefficient amplification on genomic 

DNA. Having few genes that potentially do not form products coincides with the 

previously mentioned philosophy that Cryptosporidiumʼs compact genome does 

not have wasted genomic content because this has to be amplified (costing 

valuable energy) 2-3 times after each invasion stage.

! Previous work has show a discrepancy as well in the ability to amplify C. 

hominis genes using PCR.184,214 This was hypothesized to be due C. hominis 

producing more soft-shelled oocysts that were destroyed in the washing steps 

designed to remove bacterial contamination from the feces derived sample. 

Although more soft-shelled oocysts are possible because of the difference in 

developmental progression between these two species, we have identified 

regions of significant sequence disagreement between the genomes of C. 

 154



parvum and C. hominis. These discrepancies are likely due to using C. parvum 

as the scaffold for C. hominis contig sequence alignment that often focused on 

ORF alignment and ignored various areas surrounding these predicted genes 

that did not agree with sequence data. Further analysis into chromosome IV was 

done due to the high percentage (62%) of primers that failed to detect gene 

expression in C. hominis and the uncertainty of the sequence identity upstream 

of genes such as cgd4_4260, that had very little sequence similarity. Comparison 

of genes with expression on chromosome IV showed 8 genes had an expression 

dissimilarity score (EDS) >100 and 4 genes had an EDS <50. When trying to 

identify differences in promoter regions on chromosome IV disagreements with 

the C. parvum assembly were found between ORF placements and the 

surrounding genomic sequence, such as the upstream sequence of cgd4_4260 

aligning with a Blast search to cgd1_720. A contig containing only the ORF for 

cgd1_720 was also sequenced, but the contig is annotated as non-syntenic 

because the surrounding sequence is not available for alignment to the genome 

of C. parvum. Many of the other genes with transcriptional data available in C. 

hominis are found on short contigs or at the end of contigs with gaps within 10kb 

of the region suggesting that there could be alignment issues in these regions. 

Another gene, cgd4_2410, is found near the end of a contig, with this end only 

sharing 41% identity with the C. parvum sequence which is shocking compared 

to the 90% identity normally shared between these species. Upon further 

examination, this region of little similarity upstream of cgd4_2410 contains a 
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repeat that is found 11 times on this C. hominis contig. When this area of 

repeated upstream sequence was compared to C. parvum using Blast it aligned 

to chromsome IV, but it did so much earlier on the chromosome than the 

immediate upstream area of cgd4_2410.

Future Directions 3: Sequence confirmation of C. hominis Chromosome IV 

alignment.

! The vast differences in gene expression as well as inconsistencies with 

sequence alignment between C. parvum and C. hominis requires further 

sequencing of the C. hominis genome in order to verify differences in promoter 

sequence as well as potential identification of insertions/deletions or potential 

chromosomal crossover events, as in the case of cgd1_720 and cgd4_4260. 

Many of the assumptions surrounding these two species is based on the 

prediction that these genomes share 90-95% identity at the nucleotide level. If 

this is in fact false, and C. hominis has undergone vast rearrangements or 

promoter sequence polymorphisms exist, this could lead to a solid biochemical 

explanation for the differences in infection and host tropism between these two 

important pathogens of humans.

! Another avenue for research would be production of an EST library or 

proteomic analysis of the sporozoite of C. hominis. If these two species are 

entering the infection cycle at different rates having information on what is being 

packaged in the sporozoite as well as the protein makeup of this invasive stage 
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may give information to further differences between these species biochemically. 

Experimentation to identify the composition of oocysts would also validate 

differences in early development of these two parasites, and especially to confirm 

reports of many soft shelled oocyst being removed with the disinfectant treatment 

used prior to host cell contact. Albeit careful methods would need to be used, 

potentially with the currently used sucrose gradient separation to forego bleach 

treatment to obtain oocysts at a clean enough state for genetic analysis or 

excystation.

! Through this work we have greatly advanced our understanding of 

Cryptosporidium biology during in vitro infection of human intestinal epithelial 

cells, and have demonstrated that C. parvum and C. hominis display distinct 

patterns of gene expression for kinases and phosphorylases. Still, the greatest 

challenge to identifying potential therapeutic treatments lies in our inability to 

discern the function of the numerous hypothetical genes annotated in the 

genomes, in part due to lack of methods for purifying individual developmental 

stages or manipulating the genome of the isolates. These barriers must be and 

can be overcome to take full advantage of the conclusions presented in this 

thesis.
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Figure 1. Transcriptional Development of Asexual Replication Across 

Apicomplexans. Behnke et al. describes transcriptional profiles of T. gondii 

tachyzoite cell cycle and Plasmodium erythrocytic developmental stage 

progression.156 This figure was modified to include and compare/contrast 

Cryptosporidium gene expression during asexual development to these other 

Apicomplexans.
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