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Abstract


Research into halophilic bacteria and archaea has led to the discovery of novel functions. We annotated the genome of the recently discovered Halorhabdus utahensis, an extreme halophile isolated from the Great Salt Lake, using three databases: JGI, RAST from the SEED and Manatee from the J. Craig Venter Institute. Through a comparative approach, we examined both genes and pathways with the primary goal of discovering what metabolic processes H. utahensis undertakes. We developed several tools, including a tool to BLAST an EC number against the genome and a tool to search gene pages for text and EC numbers. Our secondary goal was a comparison of the three databases. During the annotation process, we discovered that there were many differences between the three databases in terms of number of predicted genes, gene length and gene function. In terms of H. utahensis, we found incomplete metabolic pathways that suggest novel compensations. The comparative annotation method was very valuable and we suggest that the same approach be used in the future. We also suggest that wet-lab experiments be undertaken to support our findings.

Introduction


The interest in halophiles has surged dramatically as researchers discover the novel functions of the many species. One such halophile is the bacterium Halomonas organivorans. This species is able to degrade many organic compounds, including benzoic acid, p-hydroxybenzoic acid, cinnamic acid, salicylic acid, phenylacetic acid, phenylpropionic acid, phenol, p-coumaric acid, ferulic acid and p-aminosalicylic acid, functions which could be very useful for decontaminating polluted saline habitats (1). Another potentially useful halophile is Halomonas maura, a bacterium that produces an exopolysaccharide that captures heavy metals and has an immunomodular effect in medicine (2). 
A recently discovered halophilic species is the archeon Halorhabdus utahensis, which was isolated from the Great Salt Lake (3). This species lives optimally in 27% NaCl, and only a few sugars support growth, including glucose, xylose and fructose (3). The species is most closely related to Halobacterium salinarium, with 90.5% sequence similarity (3).
Not only has research into halophiles increased, but undergraduate genomic research has increased as well. At Washington University in St. Louis, students compared sequences from chromosome 4 of Drosophila melanogaster and Drosophila virilis (4). In general, undergraduate research with approximately six or seven students per faculty member has been suggested as an appropriate method for undergraduate genomic research (5). Since DNA sequences are available online without cost, genomics is an area with high potential for undergraduate research. 

In our annotation of H. utahensis, we used three databases: JGI, RAST from the SEED and the J. Craig Venter Institute’s Manatee. Each database has unique features that aid in certain aspects of annotation. JGI’s gene pages provide a great deal of information about each gene. RAST allows one to view KEGG pathways with predicted enzymes colored. Manatee gives very detailed evidence for their gene predictions. JGI and Manatee make function predictions primarily based on BLAST results. In contrast, RAST uses FigFams, which consist of protein sequences that are thought to have the same function.


The goal of this project was twofold. The first was to annotate the genome of H. utahensis, in terms of both individual genes and pathways, in an attempt to understand the biological processes that this organism undertakes. The secondary goal was to compare the computer annotations provided by three different databases and ascertain the strengths and weaknesses of all three.

Materials & Methods


We began our annotation process by looking for the tRNA genes in JGI. We then annotated randomly selected genes. Then, we compared the three databases in terms of number and length of predicted genes. Once we discovered that the start codons of genes varied between databases, we examined the predicted genes more closely using a specially developed tool that compared start and stop codons between corresponding predicted genes. When we examined genes that differed in start codons, we found that the function calls between the three databases were often different. We developed a tool that would search each database for an EC number to determine if different protein names represented different functions or simply alternative names.


 Once we had examined individual genes, we turned our attention to pathways. To do this, we used the KEGG pathway feature of RAST, which colors pathway maps based on which enzymes are present in an organism’s genome. In order to see if “missing links” were indeed in our genome, we used a specially developed tool that allowed us to BLAST an EC number against the H. utahensis genome. We also used a new tool that enabled us to search the full text of the evidence pages provided by the three databases to look for missing enzymes. One we had found genes of interest, we then used BLAST to verify that these genes encoded the protein we were looking for. We also used Pfam and CDD to verify sequence homology. If we couldn’t find the enzyme, we used Expasy’s ENZYME to see if a similar enzyme found in our organism’s genome could perform the same function. 

Results

When we analyzed the three databases, we found that the number of genes predicted varied slightly among databases; JGI predicted 3126, RAST predicted 2915 and Manatee predicted 3238.  There were also differences in the assignment of functions to genes; one such gene ends at base 2057205. Manatee called it a cyclase family protein, RAST called it kynurenine formamidase and JGI called it a metal-dependent hydrolase. Some genes were listed as hypothetical proteins in one database but were listed with a specific function in another. One case of this is the gene that stops at base 2983461. Manatee predicted that the gene was a twin-arginine translocation pathway signal sequence domain protein, whereas JGI and RAST called it a hypothetical protein.

In addition, there were differences in the use of alternative start codons. RAST was far more likely than the other two databases to use alternative start codons; 39% of the codons were not ATG. In contrast, only 19.9% of Manatee’s and 14.3% of JGI’s start codons were not ATG.  All of the alternative start codons were either TTG or GTG. One thing the databases did mostly agree on was stop codons; corresponding genes usually had the same stop codon among databases. 

JGI, RAST and Manatee also varied in terms of gene length. JGI’s mean gene length was 869.9, RAST’s was 941.8 and Manatee’s was 844.9. RAST also had a greater number of longer genes that the other two databases, whereas Manatee had the highest number of short genes. When we examined the number of genes that matched in terms of start codons, we found that RAST often differed from JGI and Manatee. There were 985 genes for which JGI and Manatee found the same start codon and RAST did not. In the figure below, overlapping regions indicate two or more databases called the same start and stop codon for a particular gene.
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An in-depth study of one particular gene provided great insight into the three databases. This gene was chosen because the start codon differed among the databases, since RAST and Manatee used an alternative start codon, and because it had been assigned two different functions by the databases. JGI and Manatee both called the gene product an anti-sigma regulatory factor of a serine/threonine protein kinase, while RAST called it a phosphoserine phosphatase regulatory factor. The BLAST results for the gene were heavily weighted towards the opinion of JGI and Manatee; most of the matches were for serine/threonine protein kinase regulators. However, the RAST evidence page was also very convincing. 

The conserved domains search in CDD revealed conserved domains that corresponded to both protein classifications. The top domain on the left represents the serine/threonine protein kinase regulator; the top domain on the right represents the phosphoserine phosphatase regulator.
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JGI labeled that gene as a fused gene. This study shows that importance of wet lab experiments to confirm computer-generated data.

A pathway study revealed interesting findings about both H. utahensis and pathway annotation in general. The pathway examined was the citric acid/TCA cycle, whose regenerated intermediate is oxaloacetate. The first key enzyme missing was malate dehydrogenase (MDH), which catalyzes the conversion of malate to oxaloacetate. When we performed a BLAST search against our genome using MDH from Halobacterium salinarium, a closely related species, a gene matched with an e-value of 5e-49. 

In a general blastp search, the gene matched more closely with lactate dehydrogenase (LDH); the e-value was 1e-100. 
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Sequences producing significant alignment: (Bits) Value
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In a general BLAST of the H. salinarium MDH gene, MDH genes from other halophiles, including Haloferax volcanii, Halorubrum lacusprofundi, Haloquadratum walsbyi and Haloarcula marismortui, aligned much more closely than that of H. utahensis. 
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In a conserved domains search, the specific match for the MDH from H. salinarium was “LDH-like MDH.” For the predicted LDH from H. utahensis, the specific match was “LDH.” This example illustrates an important point about the variance in level of evidence needed to conclude that a gene product has a certain function based on sequence similarity.

The second missing enzme was pyruvate carboxylase, which catalyzes the conversion of pyruvate to oxaloacetate. No significant matches were found in either a specific BLAST against our genome or a general BLAST. Since this enzyme is likely not present in the genome, we used the KEGG feature in RAST to explore other sources of oxaloacetate. We found two potential sources of oxaloacetate: aspartate and glyoxylate metabolism.

Discussion


In terms of general annotation, the comparison of the three databases has yielded interesting and sometimes unexpected results, including differences in number, length and function of predicted genes. Each database definitely has strengths and weaknesses. JGI has a very user-friendly interface, but often doesn’t assign EC numbers. RAST’s colored KEGG maps, although imperfect, were invaluable in pathway annotation. It’s sometimes difficult to search for a gene in Manatee, but if you are looking for information about a specific gene, it provides a great deal of information.


Using three databases to annotate a genome has been very valuable. The differences in number of predicted genes, gene length and gene product function reveal a great deal about the databases. In terms of number of predicted genes, Manatee had the greatest number. This may be due to the number of short genes Manatee called. In annotation, it is important to set minimum requirements for open reading frames (ORFs); Manatee’s requirements seem less demanding. Manatee would rather find all of the genes and more, whereas RAST, which found the fewest genes, wants to make sure that each ORF it predicts is in fact a gene.


A closer look at gene length is also very informative. RAST’s predicted genes were by far the longest. This is due to its use of alternative start codons TTG and GTG. The use of alternative start codons 39.0% of the time versus 14.3% for JGI and 19.9% for Manatee results in much longer ORFs. Manatee and JGI are much more restrictive with their use of alternative start codons. 


The databases took different approaches to function prediction. JGI and Manatee rely heavily on BLAST results, whereas RAST looks at FigFams. This often resulted in JGI and Manatee naming a gene the same way while RAST disagreed. One example is the gene that ends at base 143810; JGI and Manatee called it a glycerate kinase whereas RAST called it a hypothetical protein. The databases also vary in terms of the evidence needed to assign a function to a gene. Manatee predicted a function for 53.0% of its genes, but JGI predicted a function for 61.9% of its genes. These data could mean more than one thing. First, since Manatee prediected so many short ORFs, the ORFs may not have enough sequence similarity to assign a function; these short ORFs may not even be genes. Second, JGI might have lower restrictions for function prediction, and prefer assigning an incorrect function to some genes than not assigning functions to many genes.


The in-depth study of H. utahensis has revealed many interesting features of both the organism and the databases used for analysis. One of the most interesting features of the genome is the fusion gene that contains conserved domains from both serine/threonine protein kinase and phosphoserine phosphatase regulatory proteins. Obviously, this type of gene demonstrates one of the major weaknesses of automated annotation- the difficulty in identifying novel functions. This gene is a very good candidate for a wet-lab experiment, as its function may be that of one of the two original genes or something novel. The knowledge that gene splicing can occur in prokaryotes adds another dimension to the mix; perhaps this gene is alternatively spliced to create two proteins.

When we did an ortholog search for both of the parts of the protein, we found an ortholog for the serine/threonine protein kinase regulator. However, we did not find an ortholog for the phosphoserine phosphatase regulatory protein. These data suggest that the serine/threonine protein kinase regulation does occur in the cell. The fusion gene may have the function of the phosphoserine phosphatase regulator in order to preserve that function. An alternative is that he regulation may not be present in the species at all, but the former situation seems more likely. 


In order to determine the function of this gene, I would like to produce the full protein product and expose it to the two enzymes it normally regulates and see if regulatory activity was present. In order to test the alternative splicing theory, we could extract mRNA from the organism and see if separate mRNAs from the two genes were present or if a single mRNA was present.

This gene also brings up the lack of wet-lab experiments that confirm the results of computer-based annotation. When we performed a BLAST search for this gene, there were many similar fusion genes in other organisms, including Chthoniobacter flavus, Nostoc punctiforme, Fremyella diplosiphon and Methylobacterium chloromethanicum. This makes one wonder how many organisms this fused gene is present in. The top two BLAST hits, which are from C. flavus and N. punctiforme, as listed as putative serine/threonine protein kinases. Wet-lab experiments would be very useful to determine the true function or functions of this fused gene product.

The study of the citric acid cycle also reveals both an interesting feature of our organism and a weakness of automated annotation. When we BLASTed the MDH gene from H. salinarium against the genome of H. utahensis, the highest match was a predicted LDH. The preliminary conclusion is that this gene is indeed a LDH due to its conserved domains and the fact that the MDHs from other halophiles are much more similar to each other than to the gene from H. utahensis. However, past research has determined that there are three families of LDH and MDH; in addition to the basic forms of both, there is an LDH-like MDH, the category under which the MDHs from the other halophiles fall. In addition, all three families have evolved from greater specificity to less specificity; the LDH from H. utahensis may be able to perform the functions of both LDH and MDH (6). Only wet-lab experiments will be to confirm whether or not this gene product can convert malate to oxaloacetate. Testing for direct action of both MDH and LDH would be the most effective way to do this.


This situation brings up the issue of the strength of evidence necessary to say that a gene encodes a certain protein. The e-value of 5e-49 of the match with MDH is very high, but it doesn’t provide strong evidence here because the gene is so much more similar to LDH genes. The e-value of the best match is 1e-100; this represents an LDH. This story provides a cautionary note against looking at e-values in isolation; the degree of conservation of a sequence as well as similarity to other sequences should be considered before concluding that a certain gene has a certain function.


The examination of the citric acid cycle teaches a valuable lesson about pathways in general. If H. utahensis does not have an MDH, then the conversion of malate to oxaloacetate may take place via a different enzymatic pathway. This would compromise the gain of NADH produced during this step but still allow the rest of the pathway to take place. If there is no way to convert malate to oxaloacetate indirectly, there are still possible reactions that yield oxaloacetate. The first is the conversion of aspartate into oxaloacetate by enzyme 2.6.1.1 or 1.4.3.16. The second is within the pathway for glyoxylate metabolism. Enzyme 2.3.3.1 converts citrate to oxaloacetate. One worry about the lack of a pathway to convert malate to oxaloacetate would be the build up of malate; however, malate could be converted to fumarate by enzyme 4.2.1.2 and enter the pathway of tyrosine metabolism. 


The comparison of these three databases has shown us how subjective annotation can be. Having three opinions as opposed to one was very helpful in annotating genes and pathways. Three opinions aren’t always needed, especially since the databases did agree much of the time, but in cases where the evidence is not very strong, a comparative approach can be very helpful. In such cases, we would recommend working primarily in your favorite database and then referencing the others when questions arose. H. utahensis has proved a great model organism for genome annotation. We’ve found many interesting genes and pathway components that warrant wet-lab experiments to determine with more certainty what metabolic processes H. utahensis undertakes.
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Figure 1. Venn diagram displaying exact gene matches in the three annotations. The regions that overlap show how many annotations called the same start and stop codon for a given gene.
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Figure 2. CDD search supports the characterization of fused gene. This figure represents the results from the Conserved Domains search. Each domain aligns with approximately half of the gene; this supports the conclusion that this is a fused gene.
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Figure 3. The putative LDH matches most closely with other LDH genes. This figure shows the results of the BLAST search of the putative LDH from H. utahensis. The gene aligns best with LDH genes from other organisms; this suggests that it is a LDH.
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Figure 4. MDH is highly conserved in halophiles. This figure shows the BLAST search of the MDH from H. salinarium. This MDH aligns well with the MDHs found in other halophiles.
