Introduction to Sturgeon Systematics
 by Dr. Jeannette Kanefsky


You’ve now seen how morphological (physical) characters can be used to identify, classify and sometimes deduce evolutionary relationships among fish groups.  However, using these kinds of characters to determine relationships among species has been difficult in sturgeon.  Although morphological characters such as meristic measures (where one counts particular features of a fish, such as fin rays, scales or scutes) and body proportions are sometimes sufficient for distinguishing between the various sturgeon species (for example, see the illustrations of sturgeon and paddlefish species below), there is limited and sometimes confusing information available from morphological characters that can be used to describe the evolutionary history of this group.  In other words, you can often find features that allow you to tell sturgeon species apart, but those characters may not provide enough evidence to determine evolutionary relationships among species. 
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Acipenser fulvescens (Lake sturgeon)
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          Acipenser brevirostrum (Shortnose sturgeon)
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                 Acipenser oxyrinchus oxyrinchus (Atlantic sturgeon)
                                                 [image: image3.jpg]



                                                 Polyodon spathula (North American paddlefish)
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How are we related?
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Researchers have now employed an additional type of characteristic to help them figure out how sturgeons evolved: the heredity material DNA, which is passed on from parents to offspring throughout generations.  As you remember from Biology class, DNA consists of 2 strands, each composed of a sequence of 4 different nucleotides or bases (A = adenine, T = thymine, G = guanine and C = cytosine) arranged in a linear order.  Genes within the DNA contain the instructions, in the form of their nucleotide sequences, to make protein or RNA products.  The specific sequence of nucleotides in a gene determines the structure and the function of the gene’s product.  Some genes within organisms make products that are critical for survival, perhaps because they are important for proper development or cellular function; this type of gene will be present in most if not all living organisms.  Because the products of these genes serve the same or similar functions in these varied organisms, the genes will show significant similarities in nucleotide sequence among species.  In addition to their similarities, however, there will also be differences in the gene sequences found in different species, created when mutations (changes) occur within the DNA and are then preserved within a species (part of the process of evolution).  Determination of the sequences of these genes using DNA sequencing technologies allows them to be compared to identify their similarities and differences in different species.  These comparisons are informative because the sequences from different species share a lineage and come from a common ancestor (they have been passed down from parents to offspring throughout evolutionary history), and in a way contain a record of the change that has occurred among the species.  This information can be used along with different algorithms to reconstruct the evolutionary relationships among those species.  This approach to the deduction of evolutionary relationships, termed molecular phylogenetics, has now been widely used and also applied to fish species, as well as paddlefish and sturgeon species.  
Using the molecular phylogenetic approach, evolutionary relationships are represented in a branching phylogenetic tree, like the trees you observed on the previous pages describing the evolutionary relationships of fishes based on morphological characteristics.  We’ll just take a minute to define a few key features of phylogenetic trees using our example tree shown below.  The lines that make up the tree are known as the branches, representing evolutionary pathways leading to groups or species.  The letters found at the tips of the terminal branches represent the different groups or species (sometimes referred to as taxa) being studied; normally you would find the names of the taxa at the ends of the branches, but we’ve used letters here for simplicity.  The branching pattern or shape of the tree is called the topology, and illustrates the evolutionary relationships among the taxa in a tree.  In the tree below, we see that species A and B are more closely related to each other than they are to species C, as they are clustered together into one group separate from species C and D.  You can also see that the branches leading to species A and B come together to meet at the intersection marked “X”.  This point represents an ancestor shared by species A and B and is also referred to as a node.  Species A and B are said to belong to the same clade (contained by the red oval labeled “clade 1”), or group of species that all share a common ancestor (“X”), an ancestor that is not shared by any other species outside of the clade.  Therefore, neither species C nor species D would be a member of the clade containing species A and B because they do not have “X” as an ancestor.  Species A, B and C can also be said to part of a different clade (contained by the blue oval labeled “clade 2”) because they share the common ancestor “Y”.  Within clade 2, species C is considered basal to species A and B because it branches off before these species.  In addition, species D can be said to be found at the base of the tree, as the most distantly related species of the group. 
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            Example of a simple phylogenetic tree
Now we’ll move on to describe (in a simplified way) a few different basic methods currently used for molecular phylogenetic reconstruction:
1) Distance-based methods calculate the evolutionary distances (basically representing the amount of nucleotide difference) among pairs of sequences from different species and use this information to reconstruct relationships in the form of a tree.  Using this method, one tree is produced.  It is worth noting here that there are a number of different models of sequence evolution (models of how nucleotides change over time) that may be used to calculate these evolutionary distances.
2) Maximum-likelihood methods use statistical methods to determine the likelihood (probability) of observing your DNA sequence data, for a specific model of sequence evolution, for many different sets of possible relationships (different possible trees).  After comparison among trees, the set of particular relationships that is calculated to have the highest probability of producing your observed sequence data is chosen as the “best” tree.  Again, a single tree is produced.  This method is computationally intensive because it must build a large number of trees for comparison (the number depends on the number of taxa to be studied) and calculate the probabilities for each of these trees, and so can take a long time to complete.
3) Maximum parsimony methods are the oldest of the methods mentioned here, as they were developed originally for analyzing morphological data.  Maximum parsimony is based on the idea that the simplest answer to a problem is the best answer (Occam’s razor).  In a maximum parsimony analysis, different sets of possible relationships among the taxa under study (different trees) are constructed and the number of evolutionary changes (mutations) necessary to explain each of these trees is calculated.  Then, the set of evolutionary relationships (tree) which requires the smallest number of changes to explain the nucleotide differences among your taxa is chosen as the best or maximum parsimony tree.  It may turn out, though, that more than one tree requiring the same minimum number of evolutionary changes is found, and that no one unique tree can be inferred to be the best one.  Because this method requires the construction of a large number of trees for comparison and the calculation of the number of evolutionary changes needed to explain each of these trees, maximum parsimony can also be a very computationally intensive method.  Still, it is very useful, for reasons we will not go into here, for reconstructing evolutionary relationships using nucleotide sequences have low levels of divergence (low amounts of sequence change present among them). 
Actually, all of these methods are too complex and computationally intensive to do by hand with real data, so computer programs have been written to carry them out.  And as you can see even from these brief descriptions, these 3 methods all reconstruct species relationships in very different ways.  Therefore, when the same data is analyzed using different methods, they may not always give the same answers!  In practice, however, it can be useful to compare the results produced by the analysis of your sequences using the various different reconstruction methods.
In order to give you an example of how molecular phylogenetic reconstruction works, we’re going to consider an example using fabricated gene sequences for North American sturgeon and paddlefish species and the maximum parsimony method.  What follows is an overview of important issues to consider and the steps necessary to carry out the analysis.
When conducting a molecular phylogenetic study, one of the first steps is to choose a gene for study.  You must select a gene whose rate of evolution (sequence change) is appropriate for the group whose relationships you are trying to determine.  Choose a gene that is evolving too quickly for your group of interest and there may be too much sequence variation, which can obscure species relationships.  Choose a gene that is evolving too slowly for the group in question and there will not be enough sequence difference among species to determine species relationships.  For the special case of the analysis the evolutionary relationships of sturgeon and paddlefish, we have another issue to consider—their polyploid ancestry.  Sturgeons and paddlefish belong to a group (the Order Acipenseriformes) that has undergone multiple polyploidization events in its evolutionary history.  Polyploidization occurs when the chromosome number of the genome of a species is increased.  Most species, including humans, are considered diploid, meaning that they have 2 sets of chromosomes, one from each parent.  But in some sturgeon species, polyploidization has increased the number of chromosomes to 4 sets (tetraploid species) or even 6 sets (hexaploid species)!  This genome doubling or tripling results in more copies of genes than normal, and after a polyploidization event, changes often occur in the genome in order to remove or silence these excess gene copies and bring the gene copy number back to a diploid (2 copy) level.  This process of subsequent genome reduction is referred to as diploidization.  If during diploidization extra copies of a gene that we want to study are removed from the genome, this is not really a problem for molecular phylogenetic analysis—only the 2 copies will be left for us to study, each still carrying out the same function.  Genes that are functional are what we call constrained; their sequences can only change so much and still produce a product that can do its intended job.  But if extra copies of a gene of interest are left in the genome and are silenced, this can confound our efforts.  Genes that are silenced are no longer expressed, and so are no longer functional; they are referred to as pseudogenes.  Because these pseudogenes no longer need to maintain a specific sequence to retain their function (they are not constrained), they are free to change in sequence in somewhat random ways.  To make it even more confusing, some copies of duplicated genes that remain in the genome and are not silenced may alternatively take on new functions.  Their sequences can change over time to allow their products to better carry out that new function; that is, the gene copies are said to diverge (become different) from the original genes.  The changes that accumulate in the extra gene copies as a result of both of these scenarios can confuse the determination of species relationships because they do not accurately reflect the evolutionary history of the original functional gene.
There are 2 different kinds of DNA found in eukaryotic cells:  nuclear DNA and mitochondrial DNA (or mtDNA).  Nuclear DNA consists of linear chromosomes and is found in the nucleus of a cell; it composes what we normally think of as the genome of an organism.
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Mitochondrial DNA is a small, circular, maternally inherited (passed down from the mother only to her offspring) DNA molecule found as multiple copies in the energy producing organelle called the mitochondrion, that is itself found within the cells of the body.  
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The polyploidization and possible problems associated with it that were discussed above affect the nuclear DNA and the genes within it, making it technically difficult to use genes found in the nuclear DNA for phylogenetic reconstruction in sturgeons.  It does not affect the mtDNA.  It is for this reason that most molecular phylogenetic studies of sturgeon to date have examined genes found in the mitochondrial DNA.  Aside from allowing us to avoid the potential problems introduced by polyploidization, mtDNA has another advantage.  In animals, its genes are more quickly changing in sequence than nuclear genes.  This turns out to be important for the study of sturgeon evolution, as it appears that this group has a relatively slow rate of molecular evolutionary change.  The faster rate of change in mitochondrial genes provides us with more information (more differences) for inferring relationships.  
Okay, so say we’ve identified a good candidate gene for our study and we’ve determined the nucleotide sequences of our gene of choice from the species we are studying.  For simplicity, in our example we are examining 4 species: 3 sturgeon species (which belong to the family Acipenseridae) and the North American paddlefish species (which belongs to the family Polyodontidae), and our pretend sequence is 10 nucleotides long in each species.  In order to identify similarities and differences among the sequences, we must align the nucleotide sequences from these 4 species.  When the gene sequences from each species are the same length, this is a pretty easy job: the first nucleotide in each sequence is put together at the first site or position within the alignment, the second nucleotide in each sequence is put together at the second site or position within the alignment, and so on until you reach the last nucleotide of the gene.  Below is the alignment of our fictional gene sequences.  Each of the rows labeled with a species name represents a sequence isolated from one of the species.  The numbers at the top the columns indicate the number of the site or position in our alignment, and below them are nucleotides found at those sites in each of our 4 species.  
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Nucleotide Sequence Alignment for a Fictional Gene
	
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	Acipenser fulvescens
	A
	T
	A
	C
	G
	C
	G
	T
	T
	T

	Acipenser brevirostrum
	A
	T
	A
	A
	G
	C
	G
	T
	T
	G

	Acipenser oxyrinchus oxyrinchus
	A
	T
	C
	A
	T
	C
	A
	G
	T
	G

	Polyodon spathula
	A
	C
	C
	G
	T
	C
	G
	G
	A
	G

	
	
	
	*
	
	*
	
	
	*
	
	


Let’s look at a few features of interest in our alignment.  
-Each position or site in the alignment is considered a character, so because our alignment is 10 nucleotides long, this data set consists of 10 characters.  
-At each position or site in the alignment (or for each character) there are 5 possible character states, or possible values: A, T, C, G or – (which denotes a gap, see below).  Our alignment contains no gaps; the sequence from each species is 10 nucleotides long.  
-Some sites in the alignment have the same character state (the same nucleotide) for all 4 species, for example sites 1 and 6.  These sites are considered to be conserved.  Conserved sites are those that tend to keep the same nucleotide over evolutionary time and are likely to be very important for proper gene function. 
-The remaining 8 sites that do not have the same character state in all 4 species are called variable sites, and they can provide information about the evolutionary relationships of the species.  In maximum parsimony analysis, there are certain variable sites that are considered special (sites 3, 5 and 8 in our alignment, those with the asterisks):  these special sites are called informative sites.  Informative sites are important in maximum parsimony analysis because they favor some evolutionary trees over others— remember we are trying to find the tree that requires the smallest number of changes to explain the nucleotide differences among our taxa.  (We’ll talk about informative sites again a bit further down.)  In order for a site to be informative in maximum parsimony analysis, there must be at least 2 different nucleotides present at the site, and each nucleotide must be present in the sequences from at least 2 different species under study.  So for example, in our alignment site 5 is informative because there are 2 nucleotides present (G and T), and the G can be found in the sequences of both Acipenser fulvescens and Acipenser brevirostrum, while the T can be found in the sequences of both Acipenser oxyrinchus oxyrinchus and Polyodon spathula.  
An extra note on alignments:
Aligning becomes more complicated when not all of your sequences are the same length:  you have to decide where to put gaps in some of the sequences in order make sure that you are comparing the correct sites among sequences from different species.  This can be a complex task and so there are many computer programs that can help accomplish this.  Also, we don’t know how the gap at any particular site was introduced—a nucleotide was either gained during evolutionary history by the longer sequences (an insertion event) or a nucleotide was lost by the shorter sequences (a deletion event).  

As an example, check out the sequences below:
	Species 1
	C
	T
	T
	A
	G
	A
	C
	T
	G
	T

	Species 2
	A
	T
	G
	A
	G
	C
	C
	T
	T
	

	Species 3
	A
	T
	G
	A
	T
	C
	C
	T
	G
	T

	Species 4
	A
	T
	A
	T
	C
	C
	A
	G
	T
	


In order to align these sequences, one gap (represented by the “-“ symbol) must be introduced into the sequence for Species 2 and one gap must be introduced into the sequence for Species 4.  This is a simple example, so we can propose a solution on our own that preserves the alignment of conserved sites (sites 2, 4, 7 and 10 here):
	
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	Species 1
	C
	T
	T
	A
	G
	A
	C
	T
	G
	T

	Species 2
	A
	T
	G
	A
	G
	C
	C
	T
	-
	T

	Species 3
	A
	T
	G
	A
	T
	C
	C
	T
	G
	T

	Species 4
	A
	T
	-
	A
	T
	C
	C
	A
	G
	T


If your gene of interest is a protein-coding gene (one that is transcribed into mRNA, which is then translated into a protein), the amino acid sequence of the protein it produces can also be useful in guiding your alignment and determining where gaps should be introduced.  
It is critical to produce a careful alignment, because your phylogenetic inferences rely upon it.  If you are not comparing the equivalent sites/positions among the sequences from different species, you will not be accurately identifying the changes that have occurred at those sites over evolutionary time, and your phylogenetic reconstruction will also be inaccurate.

Once our sequence alignment has been created, we can analyze the data using a computer program that implements the maximum parsimony method in order to find the “best” tree: the tree that requires the smallest number of changes to explain the nucleotide differences among our taxa.  After constructing many different possible trees including our 4 species and calculating the number of nucleotide changes necessary to explain each tree, the program identified a single maximum parsimony tree (or MP tree, for short) for our data set, shown below.

             Maximum parsimony tree for 4 acipenseriform taxa
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      1 tree, 9 steps

So what does this tree tell us?   

-According to our gene sequences, the North American paddlefish (Polyodon spathula) is the most distantly related species in the group we have examined, as it is found at the base of the tree.  If you remember the images of sturgeon and paddlefish at the beginning of this section and what you learned about their classification, this actually makes sense.  Paddlefish and sturgeon both belong to the order Acipenseriformes, but paddlefish are classified as belonging to a different family (Polyodontidae) than sturgeons (Acipenseridae).  And it certainly looks physically different from sturgeons.  In addition, we see that the 3 sturgeon species studied here do cluster together in a sturgeon clade separate from the paddlefish (remember, a clade is group of species that all share a common ancestor, an ancestor that is not shared by any other species outside of the clade).  This also makes sense with regard to morphology as all sturgeons are classified as members of the family Acipenseridae.

-Of the 3 sturgeon species examined here, Acipenser oxyrinchus oxyrinchus is seen to be the basal member of the sturgeon clade (family Acipenseridae), as it branches off before the remaining species.  

-Acipenser fulvescens and Acipenser brevirostrum are seen to be sister species, two different species belonging to same clade, which has no other members.  This suggests that these 2 species are the most closely related species examined here. 

The label below our tree says “1 tree, 9 steps”.  This means that this single MP tree requires 9 steps (changes in nucleotide sequence) to explain the relationships among the sequences for our species.  Let’s look at what we mean by a step, by examining the character states imposed upon the tree.  
Here’s our alignment for reference: 

Nucleotide Sequence Alignment for a Fictional Gene

	
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	Acipenser fulvescens
	A
	T
	A
	C
	G
	C
	G
	T
	T
	T

	Acipenser brevirostrum
	A
	T
	A
	A
	G
	C
	G
	T
	T
	G

	Acipenser oxyrinchus oxyrinchus
	A
	T
	C
	A
	T
	C
	A
	G
	T
	G

	Polyodon spathula
	A
	C
	C
	G
	T
	C
	G
	G
	A
	G

	
	
	
	*
	
	*
	
	
	*
	
	


Below, we have a series of 10 images of our MP tree, one for each character or site in our data set.  On the first tree, you can see that the character state for site 1 in our data set is shown at the tips of the branches for each species.  In this case, all 4 species show an A at this position (this is a conserved site).  You can also see that nucleotides have been placed at 2 nodes within the tree (marked by red arrows #1 and #2 here).  These nucleotides represent what the computer program has determined to be the mostly likely character states present at site 1 of our alignment in the last common ancestor of the species included in the 2 clades.  At node 1, we see the last common ancestor of all 3 sturgeon species; the A at this node indicates that this ancestor likely had an A at site 1.  At node 2, we see the last common ancestor of the Acipenser fulvescens/Acipenser brevirostrum clade, which also likely had an A at site 1.  These predictions about the common ancestors’ sequences make sense because all 4 species also have an A at site 1.  The simplest explanation for this observation is that there were no nucleotide changes at this site in any of the species studied or within any intermediate ancestors through evolutionary time.  Therefore, analysis of this site indicates that no nucleotide changes (steps) are required to explain the relationships among our observed DNA sequences in this tree.
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0 steps
For site 2, we do see variation.  Polyodon has a C at this site, while the 3 sturgeon species all have T’s.  The simplest explanation for this pattern is that the T changed to a C in the lineage leading to Polyodon (represented by the line leading to Polyodon).  For this to happen, one change (T(C) is necessary, so here is our first step or change. 

[An alternative explanation for this pattern is that the C changed to a T in the lineage leading to sturgeon, so that the common ancestor of the 3 sturgeon species (at node 1, remember) possessed a T at this site.  It actually doesn’t matter which explanation is true for phylogenetic reconstruction using the maximum parsimony method here, because both require the same number of changes: one.  To simplify things, for the discussion of the remaining sites, we will only discuss one possible explanation.]  
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At site 3, there’s more variation.  This time, we see Polyodon and Acipenser oxyrinchus possessing C’s at this site, while both Acipenser fulvescens and Acipenser brevirostrum have A’s.  For this pattern to be observed, the C probably changed to an A in the lineage leading to Acipenser fulvescens and Acipenser brevirostrum, so that the common ancestor of these 2 sturgeon species (at node 2 now, remember) possessed an A at this site.  For this to happen, another change (C(A) is necessary, so here is our second step or change.
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Site 4 is even more interesting!  Polyodon has a G at site 4, Acipenser oxyrinchus and Acipenser brevirostrum both have an A, and Acipenser fulvescens has a C.  The simplest way to explain these observations is that the A changed to an G in the lineage leading to Polyodon.  Then, the A changed to a C at this site in the lineage leading to Acipenser fulvescens.  This means two changes (A(G, and A(C) are necessary.
While site 4 is not considered an informative site in maximum parsimony analysis (as it does not favor any of the possible tree topologies over any of the others), the changes observed here do contribute to the total number of steps necessary to explain the tree.  Also, the change from A(C in the lineage leading to Acipenser fulvescens is of interest, because the difference in sequence at this site (as well the difference found at site 10) between Acipenser fulvescens and Acipenser brevirostrum helps us to distinguish between the 2 species, supporting the idea that they are actually different species.  (We’ll talk a bit more about informative sites below.)
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At site 5, we again see that one change is necessary in the lineage leading up to node 2 (T(G) to explain the observed pattern, just as at site 3. 
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Site 6, like site 1, has no variation and therefore requires no changes to explain the nucleotides observed for each species at this site.
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At site 7, all species possess a G, except for Acipenser oxyrinchus which has an A.  To explain this pattern, one change occurred:  the G changed to an A at this site in the lineage leading to Acipenser oxyrinchus.
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Site 8 is like sites 3 and 5, as one change is necessary in the lineage leading up to node 2 (G(T) to explain the observed pattern. 
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And site 9 is like site 2: one change is necessary (T(A) in the lineage leading to Polyodon to explain the observed pattern. 
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Finally, site 10 is similar to site 7, where one change was necessary to explain the observed pattern:  the G changed to a T at this site in the lineage leading to Acipenser fulvescens at this site.
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After identifying the necessary changes, if we tally the number of steps for all sites (0 + 1 + 1 + 2+ 1 + 0 + 1 + 1 + 1 + 1 = 9), we see how the total number of steps for our maximum parsimony tree equals 9!  

A note on Informative sites:
Remember that in maximum parsimony analysis we are trying to find the tree that requires the smallest number of changes to explain the nucleotide differences among our taxa.  We mentioned earlier that informative sites are important because they favor some evolutionary trees over others, but we didn’t say how they do that.  Here is an illustration of how that works.

Site 3 in our alignment is an informative site by definition:  there are at least 2 different nucleotides present at the site, and each nucleotide is present in the sequences from at least 2 different species in our study.  As explained before, in our maximum parsimony tree only one change is required to explain the pattern of observed nucleotides at this site (C(A in the lineage leading to node 2).
Our Maximum Parsimony Tree:
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However, if we consider another possible tree with a different topology, we see that 2 changes are now needed to explain the pattern of observed nucleotides at this site:  C(A in the lineage leading to node 1 and A(C in the lineage leading to Acipenser oxyrinchus.  (Alternatively, the pattern could also be explained by 2 different changes:  C(A in the lineages leading to both Acipenser brevirostrum and Acipenser fulvescens.)  Either way, fewer changes (1 step) are needed to explain the pattern of nucleotides observed at this site in the maximum parsimony tree than are needed to explain the pattern of nucleotides observed in the alternative tree (2 steps).  Thus, this informative site favors our maximum parsimony tree over the alternative tree.  
     Alternative Tree: 
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Researchers have used molecular phylogenetics to examine the relationships among almost all of the species within the Order Acipenseriformes.  Below is an example of the results of one such study, constructed from the combined sequences of 8 mitochondrial genes from 24 species of sturgeon and paddlefish, and using the maximum likelihood methodology (from Krieger et al. 2008, Journal of Applied Ichthyology, 24(Suppl. 1): 36–45).  










One quick note about the numbers found at various nodes within the tree.  They are values, out of 100, that represent the strength of support for the existence of a particular clade or grouping of species.  The higher the number, the more confident you can be about whether you have an accurate representation of the evolutionary relationships among the species.  Consider the value of 95 found at the node linking A. oxyrinchus and A. sturio (it’s circled in green)— this high value indicates that based on this data set and using this reconstruction method, there is strong support for grouping of A. oxyrinchus and A. sturio as closely related sister species.  Only those values ( 50 are shown here, because values below 50 do not indicate reliable support for a grouping.  Only one node on this particular tree (marked with a pink asterisk) had a support value less than 50, and we will discuss this node a bit later.   

So let’s see what this tree can tell us about the evolutionary relationships among sturgeons and paddlefish.  A brief review of paddlefish and sturgeon classification will help us understand what the interesting findings are here.  The two living paddlefish species belong to 2 different genera, Polyodon and Psephurus, contained within the Family Polyodontidae.  These 2 species have been considered to be different enough behaviorally and morphologically to warrant placing them in separate genera.  And there are about 25 species of sturgeons living today within the Family Acipenseridae.  These species are currently classified as belonging to 4 different genera:  Acipenser, Huso, Scaphirhynchus and Pseudoscaphirhynchus.  
1) In this tree, we see that the 2 members of the Family Polyodontidae are at the base of the tree, with all of the sturgeon species clustered together within a separate clade.  Thus, the classification group called the sturgeon family, Family Acipenseridae, is considered monophyletic in this analysis.  This means that this classification group (Family Acipenseridae) does contain all of the descendants (in our case, sturgeon species) of a common ancestor, as should be the case if the Family Acipenseridae is supposed to represent a group of species that share a common evolutionary history, and it also contains no other species.  Fore example, neither paddlefish species, which belong to the separate Family Polyodontidae, are found within the sturgeon only clade.  The common ancestor of the Acipenseridae would be found at the node with the value 88, which has been surrounded in a black diamond.  If you traced back all of the branches leading to each sturgeon species in this tree, you would find that they converge or meet upon this node.  
2) From that node containing the common ancestor of all sturgeon (the one with the value 88 surrounded in a black diamond), one of the two branches leads down to the clade containing the sister species A. oxyrinchus and A. sturio (their names are colored in green on the tree), 2 species belonging to the genus Acipenser.  The other branch leads up to another node, the one with the pink asterisk.  We said earlier that this node had a support value less than 50, indicating that that there was not very good support for the clade contained within in.  Another way to look at it is that it doesn’t show good support for the branching pattern at this point.  If we now look at the branch coming from the node with poor support (pink asterisk) and leading upward, we see that it leads to the clade containing the 3 apparently closely related species of the genus Scaphirhynchus (their names are in red on the tree).  So based on the topology of the tree, the 2 species A. oxyrinchus and A. sturio (belonging to the genus Acipenser) branch off first within the sturgeon clade, followed by the branching off of the 3 species of a different genus (Scaphirhynchus), followed by the branching off of the clade containing all of the other sturgeon species, which consists of species classified in the 3 genera of Acipenser, Huso and Pseudoscaphirhynchus (which we will discuss later on).  So unlike all sturgeon species, not all species of the genus Acipenser are seen to be grouped together in one clade here.  The genus Acipenser is not monophyletic; you would expect it to be given that the classification of species into the same genus is also supposed to reflect a common evolutionary history, just as classification of species into the same family should.  
The weak support at the pink asterisk node provides some interesting information related to this observation.  The weak support for the branching pattern after the branching off of the A. oxyrinchus and A. sturio species suggests that there was “flip-flopping” of the order of branching off of the 2 lineages leading to the Scaphirhynchus species and the A. oxyrinchus and A. sturio species.  In other words, sometimes branching off of A. oxyrinchus and A. sturio first, as seen in the tree here, was supported by the data, while other times the branching off of the Scaphirhynchus species first was supported, and the analysis couldn’t really determine which event happened first, leading to the poor support value.  This inability to determine the branching order may indicate that the branching off of these 2 lineages probably occurred at almost the same time in evolutionary history, and the data used here weren’t sufficient to distinguish the actual branching order.  It is worth mentioning here that other molecular phylogenetic studies have supported the branching pattern illustrated in this tree, with the A. oxyrinchus and A. sturio species branching off before the 3 Scaphirhynchus species.
3) Directly after the branching off of the Scaphirhynchus species, there is a node (with a support value of 58) whose branches lead off to 2 major clades of sturgeon species, both contained in different black rectangular boxes.  This suggests that the remaining sturgeon species belong to 2 separate lineages.  Because of where these various sturgeon species can be found living naturally (their distributions), scientists have proposed that the species contained in the box labeled “A” should be said to belong to the “Atlantic” clade, while the species in the box labeled “B” belong to the “Pacific” clade.
4) One last feature of interest.  We’ve seen that as the living species of sturgeon are currently named and classified, according to the reconstruction of evolutionary relationships shown above the genus called Acipenser is not monophyletic.  The species of the genus Acipenser are mixed together with species belonging to different genera in the Atlantic and Pacific clades, and according to our branching order we can identify no clade containing all of and only species belonging to the genus Acipenser.  This tree also indicates that another genus of sturgeon, Huso, is also not monophyletic.  There are 2 species classified as belonging to the genus Huso:  Huso huso and Huso dauricus (their names are in blue on the tree above).  We would expect to find them grouped together as sister species somewhere separate from species belonging to the other genera on the tree if they were truly their own separate group.  However, we see that on this tree that Huso huso is found as the basal member of the Atlantic clade, while Huso dauricus is a member of the Pacific clade.  So not only are the 2 species of Huso not sister species, it looks like they may not even belong to the same clade!
When differences between existing classifications (which were generally developed based on the analysis of morphological characteristics) and newer studies of evolutionary relationships are detected, this means that it may be time to think about reclassification of the species within a group.  Multiple studies based on different kinds of data should be conducted to provide further evidence supporting the reclassification, however, before anything is officially changed. 
Finally, it should be pointed out here that this tree, and others like it constructed using different DNA data sets, do not always agree with each other with regard to topology.  In addition, these DNA based analyses often don’t agree with studies based on available morphological data.  Therefore, more work still needs to be done to better clarify the story of sturgeon evolution.  In particular, it is still hoped that future studies will be able to isolate and identify genes from the nuclear genome that are useful for the reconstruction of the evolutionary relationships of sturgeons.  
You may remember earlier that we talked briefly about how polyploidization has been important in the evolution of sturgeon species.  Polyploidization was defined as an increase in the chromosome number of the genome of a species.  This increase in chromosome number can occur in 2 different ways. First, mistakes in cell division can result in abnormally increased chromosome numbers in eggs or sperm, resulting in polyploid offspring after fertilization.  Alternatively, hybridization (mating between 2 different species, which has been known to occur between some sturgeon species) can occur, producing offspring with one set of chromosomes from each parent species—still a diploid organism.  The problem with this is that these 2 different sets of chromosomes can have trouble pairing during cell division in the offspring if the parental species have very different chromosomes from each other.  Some chromosomes will be mismatched, and some may not be able to pair at all.  As a result, the hybrids may not be able to reproduce very well or at all.  However, often the hybrid then doubles its chromosome number, which allows all of its chromosomes to now pair properly during cell division and permits it to reproduce.  
It is not clear which kind of polyploidization events (possibly both kinds) played a role in the evolution of polyploidy in sturgeon, and we will likely never know.  But we can make an inference about when these polyploidization events occurred in the evolutionary history of the sturgeons and paddlefish, and the minimum number of events that must have occurred to produce the ploidy levels observed in the species living today.  (This has actually been done already in a number of studies, most recently by:  Vasil’ev et al., 2010, Journal of Ichthyology 50: 950-959.)  In order to do this, we need 2 sets of information:  1) knowledge of the evolutionary relationships among sturgeon and paddlefish species, and 2) knowledge of the relative ploidy levels of the sturgeon and paddlefish species.
We can use our large phylogenetic tree to represent a hypothesis of the evolutionary relationships among sturgeon and paddlefish species.  Knowledge of the relative ploidy levels of most of the various sturgeon and paddlefish species included in this tree is also available.  Luckily for us, for many years researchers have been examining the chromosomes of a large number of sturgeon and paddlefish species in order to determine their chromosome types and numbers so that they can compare them among species.  The way that scientists study the chromosomes of an organism is by creating a karyotype, which is a picture of all of the chromosomes in the nucleus of a eukaryotic organism’s cell.  To make a karyotype, cells are grown in culture (outside the animal in a Petri dish) or taken from live animals, and then treated with a solution that causes the nuclei to swell.  This treatment helps spread the chromosomes apart from each other, so when the nuclei burst as the cells are spread onto a glass microscope slide, the chromosomes can be distinguished from each other.  Then these “chromosome squashes” are photographed under a microscope.  Usually the images of the chromosomes are cut out and rearranged in an attempt to show which chromosomes are members of pairs and the total number of chromosomes per cell is counted.  This is generally non-problematic for species possessing a reasonable number of chromosomes per cell, such as humans, which have 46 chromosomes (remember the colorful karyotype we saw earlier).  Sturgeons, however, are a different story.  Below is an example of a karyotype from the lake sturgeon, Acipenser fulvescens. 
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This species has approximately 262 chromosomes in its genome!  And what makes it more difficult to make a karyotype for sturgeon species is the presence of microchromosomes, which are tiny chromosomes that are difficult to distinguish from one another and usually cannot be paired.  Such a large genome size is not unusual for sturgeons and paddlefish, though.  Karyotypic analyses of about 21 species of sturgeon and paddlefish have been conducted so far, and it looks like sturgeon and paddlefish can be split into 3 groups based on their chromosome numbers: ~120 chromosome species, ~240-270 chromosome species and one species with ~360 chromosomes.  There is some disagreement on what the actual ploidy levels of these species are, but based on chromosome numbers and other evidence, species belonging to the ~120 chromosome group are generally considered to be 2n (functionally diploid), ~240-270 chromosome species are considered to be 4n (functionally tetraploid) and the ~360 chromosome Acipenser brevirostrum is considered to be 6n (hexaploid).  
Now back to the task at hand—we wanted to figure out how many times polyploidization events have occurred during the evolutionary history of the sturgeons and paddlefish, and when they occurred.  Ploidy level is the character we are interested in, and we have established that this character has 3 possible states for our species:  2n (diploid), 4n (tetraploid) and 6n (hexaploid).  So first, we take the phylogenetic tree based on our gene sequences, which represents the evolutionary relationships among our species, and add (on the right side of the tree) the character states for ploidy level for each species that has been karyotyped.  


Based on the data, it appears that the ancestral character state for ploidy level for the Order Acipenseriformes (all sturgeons and paddlefish) is 2n.  The one paddlefish species whose chromosome number has been measured is considered a 2n species, the basal sister species Acipenser oxyrinchus and Acipenser sturio are both 2n, and the one member of the basal genus Scaphirhynchus that has been tested is also considered to be 2n.  This suggests that the starting condition in the common ancestor of the Order Acipenseriformes was the 2n or diploid state.   Using this information, the tree topology the available ploidy levels of the species shown in the tree and what you learned when we mapped character changes for DNA data on our small maximum parsimony tree, can you figure out the simplest pattern of where in the tree polyploidization events must have occurred to increase ploidy levels in some lineages, leading ultimately to the ploidy levels of the living species observed today?

Here’s our answer!  Let’s take a look at how we solved this problem.  To help visualize the solution, we have color coded the tree’s branches in order to represent the most probable ploidy level of each lineage.  Green represents a 2n lineage, red represents a 4n lineage, blue represents a 6n lineage, while black is used for lineages of unknown ploidy level (for species that haven’t been karyotyped).  We’ve already established that the ancestral ploidy level was likely 2n, and that the 2 basal groups of sturgeons (the 3 Scaphirhynchus species and the clade containing Acipenser oxyrinchus and Acipenser sturio) are also 2n.  (Although only one species of Scaphirhynchus has been karyotyped to determine its chromosome number and ploidy level, it seems likely that if the remaining 2 species are tested that they would also be 2n species as these 3 species are very similar in general.  But we can’t be sure until they are tested!)  This simplest explanation for this pattern is that the ploidy level remained unchanged in the lineages leading up to these 2 sturgeon groups— no polyploidization events occurred.  This is shown by the fact that the branches leading to these 2 groups remain green (2n).  

After the Scaphirhynchus group branches off, we come to the node where the Atlantic and Pacific sturgeon groups separate from each other (marked with a pink dot).  Going up leads to the Atlantic clade, while following the branch down leads to the Pacific clade.  Let’s start with the Pacific sturgeon clade.  As you can see by the listing on the tree, all of the species in the Pacific clade have ploidy levels of 4n (and the branches have changed to red).  The simplest explanation for this observation is that there was a polyploidization event in a common ancestor somewhere in the lineage leading to all of these species, increasing the ploidy level of all Pacific species to 4n.  So we place a “PE” symbol (indicating a polyploidization event) on the first red branch leading to the Pacific sturgeon clade.
If we proceed up to the branches leading to the Atlantic sturgeon clade from the node marking the Atlantic-Pacific split, we see that they remain green for a while.  Huso huso is a 2n species, and so no change in ploidy level is necessary as we trace upward along the lineage to this species (the branches remain green).  If we trace downward after the branching off of Huso huso, we see a node (marked by an orange dot) where a split occurs within the remaining Atlantic sturgeon species.  If we trace downward from this node, we see that 3 of the 4 species have been karyotyped and all 3 are considered 2n species.  Again, no change in ploidy level is necessary as we trace downward along the lineage to these 4 species (the branches remain green).  However, if we trace upward from the node with the orange dot to the final group of Atlantic sturgeon species, we see that the branches turn red, and most of the species in this final group are 4n species.  In the simplest explanation, another polyploidization event must have occurred in the lineage leading to this group to produce the increase of ploidy level to 4n, and we have marked the red branch leading to this group with another “PE” symbol.  Finally, within this group, we see one species that has a different ploidy level; Acipenser brevirostrum is considered to have a ploidy level of 6n and its branch is colored blue.  A third polyploidization event must have occurred in the lineage leading to this single species in order for its ploidy level to have increased to 6n from 4n, and we have marked a final “PE” symbol upon the blue branch representing this lineage.  Therefore, a minimum of 3 polyploidization events are necessary to explain the pattern of ploidy levels observed within living sturgeons and paddlefish.

As an example of another use for molecular phylogenetics and DNA sequence information, we’ll discuss the utility of species identification for sturgeon and paddlefish conservation.  For reasons such as habitat destruction (due to pollution and the construction of dams that prevent fish from accessing spawning sites), over-fishing and certain life history traits (like the long amount of time it takes sturgeons to reach reproductive age), almost all species of sturgeon and paddlefish are either threatened or endangered.  A visit to the IUCN Red List of Threatened Species website (http://www.iucnredlist.org/) will give you a list of all of the acipenseriform species and their conservation status; just type “Acipenseriformes” in the search term box and hit the “GO” button.  Sadly, some species may have even recently gone extinct, such as the fascinating Chinese paddlefish.  A recent 3 year survey of the Yangtze River failed to find a single Chinese paddlefish.  As a result of their vulnerability, all sturgeon and paddlefish species have been placed on the CITES (Convention on International Trade in Endangered Species) Appendices, which are lists of species given different levels or types of protection from over-exploitation.  

Sturgeon are valued for their meat but are most prized for their eggs, which are processed into caviar, a very pricey delicacy throughout the world.  Traditionally, the highest quality and most desired caviar was produced by 3 particular Eurasian species of sturgeon:  the beluga sturgeon (Huso huso), the stellate sturgeon (Acipenser stellatus) and the Russian sturgeon (Acipenser gueldenstaedtii).  (Caviar is now also made from a number of North American sturgeon and paddlefish species, including farmed species, partially in the hopes that it will take some pressure off of populations of the more threatened Eurasian species.)  Due to their fragile status and CITES protection, the harvesting of and trade in sturgeon species are highly regulated.  Despite this, the demand for caviar and the high price that it commands has put much pressure on the wild populations of these 3 commercially exploited species and also led to illegal production and the substitution of eggs from other species of sturgeon in caviar production.  For example, caviar coming from a species other than Acipenser stellatus may be misrepresented as sevruga.  This is not only unethical but can be extremely harmful if the sturgeon species being substituted is highly endangered or rare.  In addition, it is actually now illegal to import Beluga caviar into the United States, so caviar lots that are actually from beluga sturgeon but are labeled as a different species could also be a major problem.     
The ability to identify which species imported caviar came from would be a useful tool for law enforcement officials, as well as for species conservation.  This fact was not lost on 2 scientists that were pioneers in sturgeon DNA research, conducting some of the first molecular phylogenetic studies on sturgeons and paddlefish.  Drs. Vadim Birstein and Rob DeSalle, based out of the American Museum of Natural History in New York City, had access to samples from a large number of sturgeon and paddlefish species.  In the 1990’s, they determined the nucleotide sequences of a number of mitochondrial genes from specimens of these species and compared them, looking for nucleotide differences that would allow them to distinguish between species.  They determined that the mitochondrial cytochrome b gene contained the diagnostic nucleotide differences they needed.  Once these differences were identified, they designed a PCR- (polymerase chain reaction) based test to allow the identification of the species of origin of a caviar sample.  Briefly, DNA was isolated from the eggs, and primers (short DNA sequences) were used in PCR reactions to make many copies of (amplify) the gene region they chose for diagnosis, producing a product that can be visualized on an agarose gel.  They designed different sets of primers specific for each of the 3 main caviar producing sturgeon species (Huso huso, Acipenser stellatus, and Acipenser gueldenstaedtii) as well as a control primer set.  The species-specific primers would only amplify the target gene region in the species they were designed for, producing the visible product; in other species the amplification result would be negative and no PCR product would be produced.  The control primer set was designed to PCR amplify a species diagnostic gene region in all species of sturgeon.  Each sample was tested separately with the 3 diagnostic primer sets and the set of control primers.  If the sample produced no PCR product with any of the 3 species-specific primer sets, then either the sample did not come from any of those 3 species or the DNA isolated from that sample was in poor condition and could not be amplified.  A lack of PCR product in the control reaction for that sample indicated poor quality DNA was responsible for the total lack of amplification.  Alternatively, if a PCR product was detected in the control reaction for that sample, then that meant that the DNA was of sufficient quality to amplify and it did not belong to either Huso huso, Acipenser stellatus, or Acipenser gueldenstaedtii. In addition, the DNA sequence of PCR product produced in the control reaction of the unknown caviar sample could be determined and used to figure out which of the other sturgeon or paddlefish species the sample came from.
After testing their methods, Drs. DeSalle and Birstein used this technique to blindly test a large number of caviar lots from retailers in the New York City area (see Birstein et al., 1998, Conservation Biology 14: 766-775.)  Alarmingly, according to their survey they found that about 25% of all caviar lots they tested were mislabeled!  Given this level of deceit, you can see how a species identification technique such as this would be useful for detecting and punishing dishonest caviar suppliers and aiding conservation efforts.  
After additional studies, it was discovered that there are some limitations to this species-specific PCR approach for the distinction of some closely related species (remember the phylogenetic tree):  Acipenser gueldenstaedtii, A. baerii, A. persicus, and A. naccarii; A. medirostris and A. mikadoi; and Scaphirhynchus albus, S. platorhynchus and S. suttkusi.  Particularly problematic is the inability to reliably distinguish among the apparently closely related Acipenser gueldenstaedtii, A. baerii, A. persicus, and A. naccarii, as Acipenser gueldenstaedtii is one of the 3 major Eurasian caviar producing species.  Drs. Birstein and DeSalle discovered in a larger study of Acipenser gueldenstaedtii that there were 2 distinct mitochondrial DNA lineages or types within this species:  one that clustered with Acipenser persicus and Acipenser naccarii, and the other that was closest to Acipenser baerii.  This caused the scientists to overestimate the number of mislabeled caviar lots tested in their previous caviar identification study.  When this new information was taken into account, their results were reevaluated and it was found that 15% of the caviar lots tested were mislabeled, still a disturbingly high percentage.  [If you would like to read more about Drs. DeSalle and Birstein and their work, use this link (http://www.amnh.org/learn/pd/genetics/case_study/index.html) to access a description of their research.]  Because of their confusing evolutionary history and relationships, a genetic method for distinguishing among all species of sturgeon has not yet been realized.  But research on species distinction in sturgeons is ongoing; for a summary, see a report by Arne Ludwig for the IUCN:  (http://www.cites.org/common/prog/sturgeon/id_sturgeon_iucn.pdf).  In addition to aiding the understanding of the evolutionary relationships within this group, it is possible that the effort to isolate nuclear gene sequences in this group may also help further this endeavor.  
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Image of Human Nuclear DNA.  





These chromosomes have been colored using a technique called FISH (fluorescent in situ hybridization) in order to distinguish the 22 different chromosome pairs and sex chromosomes (labeled X and Y).








Model of Vertebrate Mitochondrial DNA.  





In vertebrates, the 37 genes of the circular mtDNA molecule encode 2 ribosomal RNA, 22 transfer RNA, and 13 protein products.
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From:  Fontana et al., 2004, Genome 47: 742-746.
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