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Because of their incredible diversity, economic value, and
ecological importance, there has been a great deal of
interest in resolving evolutionary relationships among the
major lineages of Mollusca (1). Studies in the last decade
employing nuclear protein-coding genes have greatly
advanced understanding of molluscan evolution (2-4), but
important questions such as placement of
Monoplacophora remain unanswered (Figure 1). The
genomes of diverse animals have been shown to contain
ultraconserved elements (UCEs), regulatory sequences
with utility as phylogenetic markers (5-11). Thus, the goal
of this work was to determine whether UCEs are present
in mollusc and related lophotrochozoan (=spiralian)
genomes, and if they have utility for inferring relationships
among major molluscan lineages, which likely diverged in
the late Precambrian (4).

Introduction Phylogenetic Trees

Phylogenetic analyses (Figures 2-10) generally recovered Mollusca, Conchifera, and Bivalvia + Gastropoda with strong support (but
see Figure 6). As previously observed (3) Monoplacophora was recovered sister to Cephalopoda in analyses of matrices 1 and 2
(Figures 2-4), but support decreased when the fastest-evolving UCEs were excluded (Figures 3-4). In Figure 5, Monoplacophora
was recovered sister to the rest of Conchifera, albeit with weak support. This result, which is consistent with traditional
morphological views (reviewed by 1), was also recovered in a RAxML analysis of the second-slowest quartile of the UCEs (data not
shown). Matrix 4 (Figure 7) and matrices 1 and 2 analyzed in RAxML with custom partitions (Figures 8, 9) also recovered
Monoplacophora sister to Cephalopoda. This relationship was recovered with maximal support in figures 7 and 8, but support
decreased in Figure 9 when only the slowest-evolving half of UCEs were examined. The MARE-reduced datasets had varying
results when analyzed with our custom partitioning scheme. RAxML analysis of matrix 3 recovered Monoplacophora sister to the
rest of Conchifera (Figures 5, 10) which is still contested (1, 3). In the Phylobayes analysis of matrix 3 (Figure 6), Monoplacophora
was recovered in a polytomy with Cephalopoda and Gastropoda + Bivalvia. Considering relationships within Bivalvia and
Gastropoda, the molluscan clades with by far the most genomic resources to date, our results are consistent with recent
phylogenomic investigations (2-3, 18-20). Within Bivalvia, all analyses recovered mussels in a clade with oysters to the exclusion of
scallops. Within Gastropoda, most analyzes placed Patellogastropoda sister to all other gastropods but the analysis of the slowest ½
of UCEs after MARE reduction recovered Patellogastropoda + Vetigastropoda. The large number of UCEs shared across most or all
major lineages of Mollusca (Figure 11A) and most or all sampled phyla (Figure 11B) indicate that these markers are broadly
conserved and will be useful in future studies with improved taxon sampling.

Results and Discussion

UCEs have been shown to be an informative phylogenetic marker in
vertebrates, arthropods, and even anthozoans (5-11). This work
demonstrates the utility of UCEs in the lophotrochozoan clade
Mollusca as well. Results are consistent with recent phylogenomic
analyses supporting the Aculifera-Conchifera dichotomy and a clade of
Gastropoda + Bivalvia to the exclusion of Cephalopoda. Placement of
Monoplacophora remains contentious, but recovery of
Monoplacophora sister to all other conchiferans in some analyses
warrants further exploration. Future directions for this work are to
include underway genomes for representatives of Scaphopoda and
Polyplacophora and explore more advanced data filtering strategies.

Conclusions

A single specimen of Neomenia megatrapezata was
collected in Antartica by K. Kocot. The genome was
sequenced by New York Genome Center using one lane
of an Illumina HiSeq X with 2 X 150 bp reads. We used
Phyluce (6) to screen for UCEs in published and newly
sequenced genomes from 21 molluscs and five
outgroups. Resulting UCEs were aligned with MAFFT
(12) and trimmed with Gblocks (13), keeping only
alignments sampled for 20/26 taxa. UCEs were sorted by
evolutionary rate and concatenated matrices were
assembled for all UCEs and the slowest ½ of the UCEs,
and additional matrices were created from the MARE-
reduced versions of both of these datasets. Maximum
likelihood (ML) trees were inferred for each partitioned
matrix using RAxML 8 (14) with the GTR+G4 model and
rapid bootstrapping with the number of replicates
determined using the autoMRE criterion. We then used
SWSC-EN (15) and PartitionFinder2 (16) to create a
custom partitioning scheme for each matrix and ran
RAxML 8 again with the new partitions. Finally, we
inferred a ML tree with RAxML 8 using a matrix of the
best ½ of UCEs based on average entropy score
calculated from SWSC-EN. Bayesian inference (BI)
analyses were conducted on the two MARE-reduced
matrices using Phylobayes 4.1b with the CAT+GTR
model (17). Convergence was indicated by a bpcomp
maxdiff value <0.3.

Methods
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Figure 2. Data Matrix 1 containing all 982 UCEs 
analyzed in RAxML. Matrix length is 171, 1994 nt
with 23.6% missing data.

Figure 3. Data Matrix 2 containing the slowest 
evolving half of UCEs analyzed in RAxML. Matrix 
length is 88,361 nt with 22.6% missing data.

Figure 4. Data Matrix 2 containing the slowest 
evolving half of UCEs analyzed in Phylobayes. Matrix 
length is 88,361 nt with 22.6% missing data.

Figure 5. Data Matrix 3 containing the slowest-
evolving half of UCEs after reduction in MARE 
analyzed in RAxML. Matrix length is 17,177 nt with 
24.7% missing data.

Figure 6. Data Matrix 3 containing the slowest-
evolving half of UCEs after reduction in MARE 
analyzed in Phylobayes. Matrix length is 17,177 nt
with 24.7% missing data.

Figure 7. Data Matrix 4 containing the best 1/2 of 
UCEs according to average entropy score calculated 
by SWSC-EN analyzed in RAxML. Matrix length is 
86,199 nt with 24.5% missing data. 

Figure 8. Data Matrix 1 containing all 982 UCEs  
analyzed in RAxML with custom partitions. Matrix 
length is 171, 1994 nt with 23.6% missing data.

Figure 9. Data Matrix 2 containing the slowest 
evolving half of UCEs analyzed in RAxML with 
custom partitions. Matrix length is 88,361 nt with 
22.6% missing data.

Figure 10. Data Matrix 3 containing the slowest-
evolving half of UCEs after reduction in MARE 
analyzed in RAxML with custom partitions. Matrix 
length is 17,177 nt with 24.7% missing data.

Figure 1. Consensus of molluscan phylogeny based on studies
employing nuclear protein-coding genes (2-4).

Figure 11. Venn diagrams showing number of UCEs shared among (A) major 
lineages of Mollusca and (B) phyla. Each UCE was included if represented by at 
least one member of the group.
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