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Introduction

As sequencing techniques become increasingly cheaper, faster, more accurate and efficient, it is becoming equally apparent that great strides in bioinformatics are necessary to keep pace with the abundance of available genomic data. By refining the processes by which we scrutinize and analyze sequence data, we broaden our understanding of the organism as a whole, especially in terms of genetic responses to external cues.  An area of great interest to genomic researchers is the elucidation of cis-acting transcriptional regulatory elements, the specific sequences to which transcription factors bind, whose presence or absence aids or inhibits RNA polymerase in transcription of genes.  Although it is certainly possible to elucidate these motifs experimentally in vivo, it can be a cumbersome, time-consuming and expensive method of discovery.  Indeed, the process may be greatly expedited by first making predictions of motifs bioinformatically, employing algorithms that pick out statistically over-represented sequences within sets.  Logically, over-represented, or conserved, sequences between genes may be so for a biological reason and may serve a function in transcription.  Putative candidate motifs established, they may then be verified experimentally.  

In at least an inaugural capacity, the basic heuristics of motif elucidation have already been proposed (MacIsaac & Fraenkel, 2006), acknowledging that bioinformatics does not by any means replace experimental work; rather, the two are mutually necessary.  Furthermore, until the perhaps unlikely event that one particular algorithm distinguishes itself universally as the best motif-finder, triangulation by several different algorithms has been shown to most accurately yield biologically relevant motifs.

It is an unfortunate reality that data gathered is not always data appreciated.  New ways of processing, analyzing and especially visualizing information will assist the bioinformatics revolution, allowing humans to more easily comprehend trends in data sets.  To this end, we have worked to create a visualization tool to process the AlignACE output.  The HTML format used incorporates consensus logos (WebLogo) to offer a highly visual, intuitive tool, which is easily manipulated by the user. Additionally, the web format allows greater accessibility to users, as no technical knowledge is needed to view or manipulate the output.

   Its genome recently sequenced (Xu et al., 2004), Cryptosporidium hominis makes an excellent subject for the use of bioinformatics as tool to shed light on its regulatory programming in response to external influences.  A Class 2 Bioterrorism agent, Cryptosporidium hominis and its closely related cousin, C. parvum, are the etiological agent of Cryptosporidiosis, which causes gastroenteritis and severe diarrhea.  Currently, no reliable treatments or vaccines exist for Cryptosporidiosis and the symptoms may lead to death in immunocompromised, very old or very young individuals (Xu et al., 2004; Abrahamsen et al., 2004).  A opportunistic pathogen, C. hominis is spread fecal-orally through public water, requires only a single host, and is highly resilient to chlorine and other chemical treatments, making cleanup of infected water supplies extremely difficult.  A worldwide problem, it is believed that cases of Cryptosporidiosis are vastly underreported, especially in developing countries in which clean, drinkable water is not always available.  Over the last twenty years, a renewed call has surfaced for a viable treatment for Cryptosporidiosis.  Ultimately, it is hoped that a better understanding of the organism and its genetic profile may lead to a way to control this disease.

In this investigation, we begin to characterize the heat shock response of Cryptosporidium hominis.  Heat shock is a term ascribed to the variable regulation of genes in the presence of extreme heat with respect to the organism’s usual environment, human body temperature.  Heat shock proteins (hsp) being some of the most ubiquitous molecules in the biosphere, this system makes an excellent model for study.  Hsp’s are usually robustly expressed, and therefore, their expression easily measured (Zugel, 1999).  The role of hsp’s is understood to be two-fold. Firstly, they are involved in protein folding, which earns them the designation as molecular chaperones.  Additionally, hsp’s are involved in immune response by hosts and resistance to immune response in pathogens, making them an excellent point to begin studying host-pathogen relationships (Zugel 1999). 

In our investigation, Cryptosporidium parasites in oocyst stage were challenged with heat shock conditions and their RNA extracted.  Microarray analysis was performed to qualitatively ascertain which genes are upregulated under heat shock conditions.  Slides were then gridded and normalized using GenePix and the TIGR’s tm4 software suite, respectively.  Statistical Analysis of Microarray (SAM), integrated into TIGR’s Multi Experiment Viewer (MeV), allowed us to ascertain statistically which genes are upregulated under heat shock conditions.  RT-PCR was also performed on select genes to quantitatively demonstrate the augmentation.  With a gene set established, the respective upstream sequences were queried with various motif-finding algorithms, allowing us to propose candidate motifs biologically necessary for transcription, and thus, regulation under heat shock.

Motif-finding programs used in this study were AlignACE (Hughes et al., 2000), MDScan (Liu et al., 2002) and PhyloCon (Wang & Stormo, 2005).  While all incorporate a type of “set-building” algorithm, they utilize different types of background frequencies.  AlignACE uses a strict GC-content background, defined as the GC-content of all intergenic regions.  MDScan incorporates all intergenic regions genome-wide in determining the background.  PhyloCon, in contrast, builds motifs using orthologous upstream sequences from multiple closely related species.

Methods

Elucidation of motifs using AlignACE, MDScan, and PhyloCon


AlignACE utilizes the Gibbs-Sampling algorithm.  The Gibbs-Sampler begins by randomly seeding a finite set of short, highly similar sequences that constitute a simple motif.  It proceeds to build upon the set, adding sequences that increase the overall score for the motif until a pre-assigned motif-width has been reached.  To obtain the highest scoring motif of 10 columns in width, the program was run multiple times.  As the initial seeding of the Gibbs-Sampler is essentially random, some variation in results can occur, necessitating multiple trials to ascertain that the algorithm has had sufficiently many trials to find the highest scoring motifs possible.  Additionally, control trials were run using randomly generated DNA sequences of equivalent GC background with respect to all other upstream regions in the genome.  For the ease of the user, we developed a script here at VCU that runs multiple AlignACE trials, parses the output for motif matrices and converts them to consensus logos (Schneider et al., 1990), displaying all information in an HTML format.  This format allows for quick visual confirmation and comparison of motif locations with respect to the genes.


In addition to upstream sequences of the gene set of interest, MDScan requires upstream sequences of all upstream sequences genome-wide.  The algorithm uses word enumeration and position specific weight matrix updating, a functionally similar process to the Gibbs-Sampler.  Similarly, it rates them with a score similar to the MAP score used by AlignACE, called the maximum a posteriori score.


PhyloCon, in addition to the upstream sequence set already discussed, incorporates orthologous sequences in related organisms.  For our study, we used orthologous genes from Plasmodium falciparum and Theileria parva, where available.  At the time of this writing, intergenic sequences of Toxoplasma gondii were inaccessible, although they would likely have made excellent orthologues due to the phylogenetic proximity of the organism. 

	genea
	dirb
	annotationc
	upseq lengthd
	rege

	chro.10258f
	+
	DNAJ
	408
	+

	chro.20010
	-
	heat shock protein
	1406
	+

	chro.20144f
	-
	hypothetical protein
	272
	+

	chro.20145f
	-
	Pfj1
	164
	+

	chro.20195
	-
	heat shock 40 kDa protein
	496
	0

	chro.20201f
	-
	stress-induced protein sti1-like protein
	258
	-

	chro.20248
	-
	heat shock protein DNAJ pfj4
	159
	-

	chro.20339
	-
	heat shock protein DnaJ Pfj2
	1009
	0

	chro.20349
	-
	HSP protein
	817
	0

	chro.30389
	+
	dnaK-type molecular chaperone hsp70, organellar
	661
	+

	chro.30427
	-
	heat shock protein 83
	2338
	+

	chro.40313f
	-
	DnaJ
	257
	-

	chro.40370
	-
	heat shock 105kD; heat shock 105kD alpha\; 

heat shock 105kD beta\; heat shock 105kDa protein 1
	1692
	+

	chro.60141
	-
	heat shock protein 40-like
	653
	0

	chro.60306
	-
	heat shock related protein
	164
	0

	chro.60573
	+
	Hsp60
	563
	0

	chro.60576
	+
	heat repeat-domain protein
	565
	+

	chro.70049
	+
	heat shock protein 70 precursor
	1854
	+

	chro.70236f
	-
	hypothetical protein
	248
	+

	chro.70410
	+
	heat shock protein 90
	109
	+


Table 1. Heat shock gene set.

alocus tag

bdirection; “+” and “-“ indicate forward and reverse strands, respectively

cgene annotation

dlength of sequence most immediately upstream from gene

eregulation with respect to sporozoite phase; “+,” “0,” and “-“ are up-regulated, non-regulated and down-regulated, respectively.

fgenes identified as heat shock by association with the GO term GO:0006986, response to unfolded protein.  Other genes were identified using textword query of G-browse with search terms “heat” or “heat shock.”

Verifying heat shock gene coregulation using microarray and Real Time RT-PCR.


Oocysts were excysted (0.75 NaTC in PBS, 30 minutes at 37ºC).  The excysted sporozoites were then challenged with varying temperatures for a range of times (Table 2): 60’ at 37ºC, 20’ at 40ºC, 20’ at 42ºC and 45’ at 40ºC, as previous studies suggest (Kaucner et al., 1998).  RNA was extracted from the sporozoites, amplified and hybridized on microarray slides (see figures).  Samples obtained at the following conditions were hybridized together on their respective chips.

	Cy3
	Cy5

	60’ at 37ºC 
	20’ at 42ºC

	60’ at 37ºC
	45’ at 40ºC

	60’ at 37ºC
	20’ at 40ºC

	20’ at 40ºC
	20’ at 42ºC


Table 2. Heat Shock Conditions.  Microarray slides were hybridized, comparing condition from Cy3 column (left) to adjacent condition in Cy5 column (right). 


To further verify coregulation of genes, three hsp genes were selected for real time quantitative reverse-transcriptase PCR: chro.30389 (hsp70), chro.20010 (hsp?), and chro.30427.  Primers were designed using orthologous sequences from C. parvum and RT-PCR run.  As of the time of this writing, no accurate results from RT-PCR experiments have been obtained, due to problems with DNA contamination and degradation of standards.

Results:
A FASTA-formatted file containing 200bp upstream sequences for each gene in Table 1 was inputted to AlignACE.  AlignACE allows the user to specify the approximate width of the putative motif, (value numcol, or number of columns), building upon the sequence set until the number of alignments matches this value.  A script, MotifACE, was written that incorporates AlignACE and WebLogo to facilitate and expedite the running of multiple trials and subsequent data formatting (Sheth, 2006). Using MotifACE and the gene set (Table 1), the consensus sequence in Figure 1 was obtained, which yielded a MAP score of 17.9563 (numtrials=10, numcol=10, GC=0.27).  The entire MotifACE output may be viewed online at http://ramsites.net/~bcohn. The highest scoring motif obtained using randomly generated sequences (GC=0.27) was 4.60229.
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Fig. 1. Highest scoring motif found by AlignACE.  Motif found in 10 trials contains 10 columns (aligned sites). GC background given to AlignACE was 0.27, that of all upstream sequences in the genome. Maximum a priori log likelihood (MAP) score = 17.9563.

The same data set of upstream sequences was inputted to MDScan, along with another containing all upstream sequences genome-wide. 
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Fig. 2. Highest scoring motif found my MDScan.  Maximum a posteriori  score = 2.328.

The upstream sequences were also inputted to PhyloCon, as part of a set containing sequences of orthologous genes of C. hominis, Plasmodium falciparum and Theileria parva.  The highest-scoring motif found by PhyloCon is displayed in Figure 3.








Fig. 3. Highest-scoring motif found by PhyloCon.  Average Log Likelihood Ratio (ALLR) Score = 5.664.

Of the genes listed in Table 1, preliminary SAM analysis of microarray slides implicates three as definitely upregulated under heat shock conditions: Chro.20248 heat shock protein DNAJ pfj4, Chro.60306 heat shock related protein, and Chro.20195 heat shock 40 kDa protein.  

Discussion

To reach any meaningful conclusions regarding this initial foray into the heat shock response of Cryptosporidium hominis, much work remains.  Firstly, more microarray trials (including dye-swap experiments) would lend much statistical power to the results.  While microarray analysis is somewhat quantitative (i.e. approximate fold change), it remains mostly qualitative in nature.  It would be prudent to select specific genes from the microarrays and perform RT-PCR on these to quantify the amounts of RNA present under increased expression.  Incidentally, the genes selected for the above RT-PCR experiments were so chosen by merit of having a high degree of conservation between C. hominis, P. falciparum  and T. parva orthologous proteins (Feng et al., 2006).  Future work will include examining which other genes may be expressed along with the known heat shock genes, perhaps bringing to light other metabolic processes with which heat shock may not have previously been associated.  Certainly, more thorough statistical analysis of the microarray data will allow us to more confidently describe the C. hominis heat shock response.


Although the motifs found by AlignACE, MDScan and PhyloCon do not, at first glance, appear to coincide, they may demonstrate more conservation than is immediately obvious.  As all motifs are simply sets of sequences, it would be worth investigating to what extent these sets overlap in an effort to see if these algorithms have independently identified similar regulatory sequences. Indeed, it is possible that, for example, the short sequence identified by PhyloCon (GGG) fits inside that identified by AlignACE (fig. 1).  Ultimately, we presume that DNA shift assay or Chromatin Immunofluorescence Precipitation (ChIP) assay experiments will be helpful in ascertaining biological function of the putative motifs. 
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