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A B C 

   
Figure 3.  Topologies produced by phylogenetic analyses. 

 
Table 7.  Results of phylogenetic analyses of each alignment and partition scheme. (- =  not performed) 

Alignment Partition scheme ML MP BI 

Gene 

    

 

None A B A 

 

Gene A - A 

Gene+rRNA 

    

 

None A B - 

 

gene + rRNA A - - 

Complete 

    

 

None A A C 

 

Gene A - - 

 

gene + rRNA A - - 

 

gene + rRNA + noncoding A - A 

 

Maximum Parsimony 

Maximum parsimony analysis of the complete alignment resulted in a single best 

tree, with a tree score of 17,910 (Figure 4).  Section Sabina was resolved V((I,II)(III,IV)), 

although the sister relationship between groups I and II and the placement of groups (I,II) 

sister to (III,IV) were weakly supported (BS 57, BS 61).  
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Figure 4.  MP tree from the complete alignment with bootstrap support values from 1,000 replicates.  All 

unlabeled nodes have 100 bootstrap support. 

 

MP analysis of the gene-only alignment produced two best trees with a tree score 

of 7470 (Figure 5).  These two trees had a single difference in the relationship between J. 

californica and J. deppeana v. deppeana.  Analysis of the gene-only alignment produced 

a different topology of section Sabina than the complete alignment.  The topology 
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Figure 7.  ML tree from coding-gene alignment partitioned by gene.  Bootstrap values from gene alignment 

are partitioned by gene/no partition and 1000 replicates.  All unlabeled nodes have 100 ultrafast BS 

support. 

 

Bayesian Inference 

 Bayesian analysis of the partitioned and un-partitioned complete alignment 

produced different topologies of groups within section Sabina.  Analysis of the 

partitioned, complete alignment resolved the same best-tree as the MP and ML analyses 

of the complete alignment (Figure 8), but the un-partitioned, complete alignment resolved 

a strongly-supported, unique topology, placing group V sister to groups (I,II) (Figure 9). 
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Figure 8. Bayesian inference analysis of the partitioned complete alignment.  Posterior probabilities of 1.0 

not displayed. 
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Figure 9.  Bayesian inference analysis of the un-partitioned complete alignment.  Posterior probabilities of 

1.0 not displayed. 

 

 Bayesian Inference analysis of the partitioned and un-partitioned gene alignment 

resolved the same best-tree as BI analysis of the partitioned complete alignment (Figure 

10).  Partitioning of the gene alignment did not greatly improve posterior probabilities. 
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Figure 10.  Bayesian analyses of the coding-gene alignment, with posterior probabilities (un-

partitioned/partitioned by gene).  All nodes with 1.0 posterior probabilities are not labeled. 

 

Rate Analysis  

IQTREE was used to calculate site-specific evolutionary rates of each nucleotide 

position in the complete and gene matrices during the model-fitting process.  Each 

position was assigned to a gamma distributed rate category, with empirically determined 

alpha distribution and number of categories.  MP and ML analyses were performed on 

each rate category and intuitive combinations of rate categories.  The most effective rate 

category from each alignment was determined by the number of branches resolved with ≥ 

95 BS support.   
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Rate analysis-Maximum parsimony 

The rate 3 category of nucleotides was the most informative rate category from 

the complete alignment, determined by number of highly supported branches, and 

independent of topology (Table 9).  While this category contained only ~4.5% of the data 

contained in the complete alignment, it resolved the same topology with all but one node 

supported by ≥ 95 BS.  The only difference in topology is the common discrepancy in the 

relationship between J. californica and J. deppeana v. deppeana (Figure 11). 

Table 9.  Summary of MP and ML analyses on nucleotide rate category data sets.  Bold indicates most 

informative rate category from each alignment.  MP/ML/BI indicates topologies from Figure 3.  

U= groups among section Sabina not resolved with ≥ 50 BS support.  - = analysis not performed.   

* indicates all positions are variable 

Matrix Rate 

Cat. 

Positions 

(#) 

Var./var. 

inform. 

Branches 

resolved 

Branches 

≥95 ML 

Branches 

≥95 MP 

% Orig. 

alignment 

%  
PICs 

MP/ML

/BI 

Complete          

 1 128175 44/4 - - - 90.69 0.003 U/U/- 

 3 6180* */2765 34 34 33 4.37 44.74 A/A/A 

 4 6702* */4269 31 25 23 4.74 63.70 U/U/- 

 5 271* */251 34 5 26 0.19 92.62 U/U/- 

 3+4 12882* */7034 34 29 29 9.11 54.60 A/A/- 

Genes          

 1 70791 0/0 - - - 92.64 0.00 -/-/- 

 4 5440* */3013 34 30 29 7.12 55.39 A/A/A 

 5 188* */185 19 9 3 0.25 98.40 U/U/- 

 4+5 5628* */3198 34 30 24 7.36 56.82 A/A/- 
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Figure 11.  Maximum parsimony tree from complete-rate3 alignment with BS support values from 10,000 

replicates.  All unlabeled nodes have 100 bootstrap support.  Inset: stars indicate increased BS support over 

MP analysis of complete alignment (Figure 4). 

 

 The most informative rate category from the gene alignment was rate 4 (Table 9).  

The topology produced by this category of nucleotides was the same as the MP analysis 

of the gene alignment ((((III,IV)II)I)V), but the sister relationship of group II to (III,IV) 

was weakly supported (BS 57) (Figure 12).   In rate analysis of both the complete and 

gene alignment, the best rate category was also the lowest of the variable rates in each 

alignment, as rate 1 is invariable or nearly so. 
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Figure 12.  Maximum parsimony tree from gene-rate4 alignment with BS support values from 10,000 

replicates.  All unlabeled nodes have 100 bootstrap support. 

 

Rate analysis ML 

ML analysis of nucleotides from rate category 3 of the complete alignment fully 

resolved the same topology as the MP rate analysis with even better support (BS support 

of ≥99 for all branches of the tree) (Figure 13).  ML analysis of nucleotides from rate 
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category 4 of the gene alignment produced the same topology as previous ML analysis of 

this alignment, but phylogenetic resolution was not improved (Figure 14). 

 

 

Figure 13.  ML tree of complete-rate3 category.  UfBS support values from 1000 replicates.  All unlabeled 

nodes have 100 ultrafast bootstrap support. 
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Figure 14.  ML tree from gene-rate4 alignment.  UfBS support values from 1000 replicates.  All unlabeled 

nodes have 100 ultrafast bootstrap support. 

 

Hypothesis testing 

The AU test was used to evaluate the tree topologies generated during MP, ML, 

and BI analyses (Figure 3), as well as those proposed by Mao et al. (2010) and Adams 

and Schwarzbach (2013b), and a hybrid topology that has groups circumscribed as in 

Mao et al. (2010), but the relationships among groups presented in Adams and 

Schwarzbach (2013b).  The ML tree topology, shared by the complete and gene-only 

analyses, was significantly better than all five alternative topologies (Figure 15), which 

were rejected with p< 0.05. 

I also employed the AU test in an exploration of the sequence data used in Mao et 

al. (2010).  The AU test was used to evaluate the ability of the data to reject alternative 

hypotheses in favor of a single best topology.  The best tree, identified by the AU test, is 
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the same topology resolved by MP analysis of the gene-only alignment in our analysis 

(Figure 3C).  While this topology had the lowest likelihood score, it was not significantly 

better than four of the remaining five topologies tested.  Only one topology was rejected 

by the Mao et al. (2010) data, the topology proposed in Adams and Schwarzbach 

(2013b).  

 

Figure 15.  Trees used in hypothesis testing- AU test with complete matrix from the current study and data 

from Mao et al. (2010). * = topology rejected in favor of "best" scoring tree 

Balkenbush Figure 3A 

 

Complete: Best 

Mao et al.: p=0.756 

Balkenbush Figure 3B 

 

Complete: p<0.05* 

Mao et al.: p=0.247 

 

Balkenbush Figure 3C 

 

Complete: p<0.05* 

Mao et al.: Best 

 

Mao et al. (2010) BEAST 

 

Complete: p<0.05* 

Mao et al.: p=0.481 

 

Adams and Schwarzbach (2013) 

Bayesian 

 

Complete: p<0.05* 

Mao et al.: p<0.05* 

 

Adams and Schwarzbach (2013) with 

groups defined as Mao et al. 2010 

Complete:: p<0.05* 

Mao et al.: p=0.060 
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CHAPTER IV 

DISCUSSION 

 

 The two most recent phylogenies proposed for Juniperus are in conflict, 

specifically within the largest (60 species) and most diverse clade, sect. Sabina (Mao et 

al. 2010, Adams and Schwarzbach 2013b).  The data used to generate these earlier 

phylogenies included 3,100 bp and 10,000 bp of chloroplast DNA, approximately 4-8% 

of the chloroplast genome.  We present results of the first plastome-scale Juniperus 

phylogeny.  The size of our data set, combined with a comprehensive phylogenetic 

analysis, provides strong resolution and support for an improved phylogenetic 

understanding of the backbone relationships of the genus. 

 Our topology agrees, in part, with each of the most recent topological hypotheses 

(Mao et al. 2010; Adams and Schwarzbach 2013b).  The division of Juniperus into the 

three major sections: Caryocedrus, Juniperus, and Sabina, with sect. Juniperus and sect. 

Caryocedrus as sister clades, is consistent among all three studies, ours and the works of 

Mao et al. (2010) and Adams and Schwarzbach (2013b).  The monophyly of the five 

groups in sect. Sabina, described by Mao et al. (2010), as well as the sister relationship 

between groups I and II in sect. Sabina are supported by our phylogenetic analyses, and 

results of the AU test.  Although groups III and IV are not monophyletic in Adams and 

Schwarzbach (2013b), they do form a clade, and this grouping of species agrees with the 

sister relationship between groups III and IV resolved in our topology.  The basal 

placement of group V in sect. Sabina is also in agreement with Adams and Schwarzbach 

(2013b). 
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 The short branches estimated in our topology likely posed challenges in earlier 

attempts to fully resolve a chloroplast phylogeny of Juniperus.  This genus experienced 

periods of both slow and rapid speciation.  The stem lineage of Juniperus is well diverged 

from Cupressus indicating a long period lacking diversification, 15-20 My estimated by 

Mao et al. 2010, or the extinction of all but a single lineage.  Likewise, the ancestral line 

of sect. Sabina experienced a relatively long period of divergence from the other two 

sections, Caryocedrus and Juniperus, before its subsequent diversification into the extant 

taxa (Figure 6).  Unlike this slow, early evolution of the genus, sect. Sabina experienced 

initial branching events in rapid succession.  Group V split quite early from the stem 

lineage of sect. Sabina, which then diversified rapidly into the two ancestral lineages of 

groups I and II and groups III and IV.  The short internal branches of sect. Sabina (Figure 

6) indicate that the early diversification events left little evidence in the DNA of the 

chloroplast genome, and recent mutations have likely obscured some of the older 

phylogenetic signature. 

 Mao et al. (2010) attempted the first comprehensive Juniperus chloroplast 

phylogeny, with 77 juniper accessions, representing 51 species, and 39 outgroup 

accessions.  The 10,299-character data matrix, roughly 8% of the cp genome, contained 

1,173 parsimony informative characters (PICs), including indels.  Despite this relatively 

large amount of sequence data, it proved insufficient to resolve the rapid diversification 

of early lineages within sect. Sabina.    

 The use of complete chloroplast data, with adequate taxon sampling, is likely the 

reason for our ability to fully resolve the relationships within Juniperus, a large genus 

with a complex evolutionary history.  Other researchers of genera containing rapid 
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radiations have identified the necessity for complete chloroplast genomes to capture 

adequate variation among species, but at times, even complete genomes lack sufficient 

variation to provide complete resolution (Whittall et al. 2010; Parks et al. 2009).   

Slightly more than one third (28 of 75) of all recognized Juniperus species were included 

in our analyses.  All major groups of Juniperus are represented, with several taxa 

representing larger clades, and taxa sampled from regions of conflict between the two 

recently published phylogenies.  In an evaluation of numerous genus-level chloroplast-

based phylogenies, Parks et al. (2009) identified a significant relationship between 

increased resolution and increase in matrix length, but no correlation between improved 

resolution with increased taxa sampling.  It is unlikely, given our sampling coverage, that 

inclusion of additional taxa would resolve more accurate backbone relationships in the 

chloroplast phylogeny of Juniperus. 

 Comparison of our results with those of Mao et al. (2010) and Adams and 

Schwarzbach (2013b) revealed that the placement of group V within sect. Sabina has 

been problematic.  While group V was primarily resolved as the basal clade sect. Sabina 

during our analyses, and the analysis of Adams and Schwarzbach (2013b), it has alternate 

placements in the BEAST analysis (implemented in a Bayesian framework) of Mao et al. 

(2010), and in the Bayesian analysis of our complete, un-partitioned data set.  The 

placement of clade V poses a challenge because it contains only one extant taxon, J. 

phoenicea, and it is well diverged from the other clades in the section.  Inaccurate 

relationships can be resolved because of the accumulation of mutations over a long 

divergence time, which leads to long-branch attraction.  This could occur if mutations in 
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J. phoenicea appear shared with other clades, but are homoplasious, and only a matter of 

coincidence.   

 While the alternate placements of group V may be due to long-branch-attraction, 

it is interesting to note, that these placements occurred within the Bayesian analyses.  

Mao et al. (2010) do not report support values for their BEAST analysis, so we don’t 

know how well-supported their alternative placement of group V was.  The placement of 

group V, sister to groups (I,II), produced by our Bayesian analysis was well supported by 

posterior probabilities (Figure 9), but  posterior probabilities have been found to 

“substantially” over-estimate support (Suzuki et al. 2002; Erixon et al. 2003; Stull et al. 

2015), while ML bootstrap support values are considered more conservative.  The AU 

test, implemented in PAUP, under likelihood settings, rejected the alternative placement 

of group V, in favor of our predominant topology with the basal placement of group V.  

We are confident in this basal placement of group V, which was resolved in 22 of our 25 

analyses, and underline the importance of utilizing a variety of phylogenetic methods and 

evaluating the strength of the signal in the data by its ability to reject alternative 

topological hypotheses. 

 We observed alternative topologies produced by Bayesian analysis of the 

chloroplast genome from different subsets of data and partitioning schemes.  Adams and 

Schwarzbach (2013b) produced a well-supported topology by Bayesian Inference 

analysis of cpDNA and nrITS.  The topology among groups within sect. Sabina differs 

from both ours and Mao et al. (2010).  It was not possible to explore the data using other 

phylogenetic methods, as done with the data of Mao et al. (2010), because the data was 

not publicly available at the time of this study.  Their topology is well-supported by 
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posterior probabilities, which are not directly comparable with nonparametric bootstrap 

support values from ML analysis, as discussed above.  Therefore, we do not know how 

the topology would be supported in a likelihood framework, nor the ability of the data set 

to reject alternative hypotheses.  The AU tests of our complete alignment, as well as the 

Mao et al. (2010) data set both rejected this topology in favor of higher scoring 

topologies. 

 Degree of resolution and bootstrap support can be affected by the presence of 

signal noise in phylogenetic data sets.  Strategies used to remove data most prone to 

signal noise or substitution saturation, include removing third codon nucleotides, which 

often have higher mutation rates, or removing more quickly evolving genes themselves.  

These methods can increase the signal to noise ratio in a data set and improve the 

measured support of phylogenies (Philippe et al. 2000; Nozaki et al. 2007; Klopfstein et 

al. 2017).  A side effect of these practices is the loss of phylogenetic information. All 

third codon positions do not exhibit substitution saturation and many positions in a 

quickly evolving gene will contain valuable phylogenetic information.  A strategy to 

reduce the loss of signal, when eliminating noise, is to filter nucleotide positions by their 

evolutionary rates, eliminating both rapidly evolving, and constant or near constant sites.  

IQTREE calculates evolutionary rates of each nucleotide position, and sorts them into the 

number of rate categories empirically determined during the model-fitting process. 

 We performed MP and ML analyses on the most phylogenetically informative 

nucleotide rate category from each of our alignments.  The use of this strategy, 

dramatically improved the BS support in both MP and ML analyses of the complete 

alignment, producing a tree with all but one node with ≥ 95 BS support in the MP 
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analysis and all nodes ≥ 95 BS support in the ML analysis.  The analysis of this subset of 

the complete alignment improved the main topology of our phylogenetic analyses, which 

was already relatively well supported. 

 A factor affecting our ability to compare our phylogeny to that of Adams and 

Schwarzbach (2013b) is the use of different DNA sources.  The Adams and Schwarzbach 

phylogeny presents results of combined nuclear-ribosomal ITS (nrITS) DNA and 

cpDNA.  Mao et al. (2010) identified significant conflict in phylogenetic signal between 

nrITS and cpDNA in Juniperus.  Conflict in DNA sourced from nuclear and organellar 

genomes can result from their different evolutionary histories.  With hybridization known 

to occur in the genus, the uniparentally-inherited chloroplast may support a different 

phylogeny than the bi-parentally inherited nuclear genome.  Risks have been associated 

with the use of nrITS for phylogenetic inference (Alvarez and Wendel 2003), and single-

copy-nuclear (SCN) genes are advocated as a less homoplasious source for nuclear 

phylogenetic markers.  Further research by Adams (2015) and Adams et al. (2016, 2017) 

found evidence of concerted evolution in nrITS, indicated by hybrid individuals with 

copies of the SCN gene maldehey from each parent, but nrITS copies from only one 

parent.  Further phylogenetic investigation of Juniperus will need to employ several SCN 

genes, as it is unlikely that only one or two will accurately trace the evolution within the 

genus. 

In addition to further phylogenetic exploration, additional investigation into the 

biogeographic history of Juniperus could be pursued.  Mao et al. (2010) executed several 

biogeographic and molecular dating analyses utilizing a sample of the chloroplast 

genome.  Future work could expand upon the biogeographic and molecular dating 
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analyses conducted in Mao et al. (2010), possibly under the assumption of our plastome-

scale phylogeny, or incorporating evidence from several SCN genes. The genus has a 

very wide geographic distribution, and questions concerning its colonization patterns and 

divergence dates remain to be answered.
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