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Plastid genome (plastome) organization is highly conserved across seed
plants with a quadripartite structure including the small single copy (SSC), the large
single copy (LSC) and two copies of an inverted repeat (IR). There are several
unrelated lineages that have experienced extensive structural rearrangements such
as inversions and gene/intron losses and indels. Fabaceae is typically recognized as
having three subfamilies: Caesalpinioideae, Mimosoideae and Papilionoideae.
Publicly available plastid genomes of legumes have for the most part been limited to
the subfamily Papilionoideae due to their economic importance and known
structural rearrangements. In several other angiosperm lineages, correlations
between accelerated rates of genomic rearrangements and nucleotide substitition
rates in the plastome have been identified. Additionally, increased frequency of
plastome structural changes and accelerated nucleotide substitutions have been
shown to be correlated with increased evolutionary rates in the mitochondrial
genome (mitogenome). To date, few legume mitochondrial genomes (7) are
publicly available. My dissertation research uses Fabaceae to investigate 1) plastid
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genomic changes and rearrangements across all three subfamilies and 2)
correlations between biological features and nucleotide substitution rates of both
plastid and mitochondrial genes. Chapter two focuses on plastid structural
evolution across three subfamilies of Fabaceae and shows papilionoids have smaller
genomes with varying degrees of genomic rearrangements, and they have
experienced multiple, independent gene/intron losses and inversions that limit the
phylogenetic utility of these changes. Chapter three finds accelerated substitution
rates in protein coding plastome genes among papilionoid taxa, especially those
lacking one copy of the inverted repeat (IR), decreased rates in genes previously
contained in the IR, and faster rates in herbaceous versus woody taxa. Chapter four
focuses on substitution rates of mitochondrial genes and shows a correlation
between plastid and mitochondrial substitution rates in addition to an acceleration
in the papilionoid taxa, where, again, the herbaceous habit is correlated with higher

rates.
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Chapter 1: Introduction

While the plastome organization in angiosperms is typically well conserved
(Ruhlman and Jansen 2014), previous studies have shown extreme rearrangements
in Campanulaceae (Cosner et al. 2004; Haberle et al. 2008; Knox 2014), Ericaceae
(Fajardo et al. 2013; Martinez-Alberola et al. 2013), Geraniaceae (Chumley et al.
2006; Blazier et al.,, 2011, 2016a; Guisinger et al. 2011; Weng et al., 2014), Oleaceae
(Lee et al. 2007) and Fabaceae (Palmer 1985; Milligan et al. 1989; Cai et al. 2008;
Sabir et al. 2014). Correlations between nucleotide substitution rates and genomic
rearrangements in the plastid have been shown in Caryophyllaceae (Sloan et al.,
2012) and Geraniaceae (Guisinger et al., 2008, 2011; Weng et al,, 2014; Grewe et al,,
2015). In addition, rates of both structural and nucleotide change in the plastid are
correlated with nucleotide substitution rates in the mitochondria (Wolfe et al., 1987;
Zhu et al,, 2014). In Fabaceae three subfamilies have been traditionally recognized:
Caesalpinioideae, Mimosoideae, Papilionoideae. Previously, studies of plastomes in
Fabaceae have been limited to the papilionoids due to their economic importance
(Wojciechowski et al. 2004; LPWG 2013). Within the papilionoids a major focus has
been on a monophyletic group comprising taxa lacking one copy of the inverted
repeat (IR), known as the IRLC (Palmer and Thompson 1981; Wojciechowski et al.,
2004). Because of the varying levels of plastid rearrangements within Fabaceae it

provides an excellent group to study changes of the plastid organization across all



three subfamilies and to investigate correlations between plastid and mitochondrial
substitution rates.

Chapter two focuses on plastid genome organization of legumes. Previously,
Sabir et al. (2014) focused on just one subset of one subfamily of the legumes, the
[R-lacking clade within the papilionoids, and found size differences along with
varying amounts of repetitive DNA. In order to expand upon these earlier studies,
taxon sampling was increased to include species from all three subfamilies to
determine the extent and cause of genome size differences within legumes. With a
better representation of the legumes, I found that the basal subfamilies,
Caesalpinioideae and Mimosoideae, retain ancestral gene content and order of
angiosperms. However, Papilionoideae have smaller plastomes, gene losses and
genome rearrangements throughout the subfamily. Additionally, I found evidence
that genome rearrangements within legumes may not be as phylogenetically
informative as previously thought. This is due to a 36 kb inversion that is present in
two distantly related papilionoid taxa that appears to have been caused by the same
mechanism, a 29 bp repeat that flanks both sides of the inversion.

Chapter three explores plastome-wide substitution rates in across four
legume subgroups: caesalpinioids, mimosoids, papilionoids that contain an inverted
repeat and papilionoids lacking the IR (IRLC). I found consistently accelerated rates
in papilionoid legumes compared to caesalpinioid and mimosoid taxa. In addition,

genes in the IR region have lower substitution rates than genes in either the large



single copy (LSC) or the small single copy (SSC) regions across all legume subgroups
examined. Genes formerly in the IR also have lower substitution rates than genes in
the LSC and SSC but have higher rates than genes contained within the IR in other
papilionoids, caesalpinioids and mimosoids. Lastly, I detected a negative correlation
between genome size and nucleotide substitution rates and positive correlations
between genome rearrangements and number of indels, and nucleotide substitution
rates.

Chapter four focuses on nucleotide substitution rates in mitochondrial genes
across legumes. Values of dN and dS of mitochondrial genes are accelerated in
papilionoid legumes compared to caesalpinioids and mimosoids. In addition,
several genes and certain lineages within the legumes exhibit accelerated rates. The
accelerated genes also have fewer RNA editing sites than other genes suggesting
mutagenic retroprocessing may play a role in legume rate variation. The branches
leading to all legumes and to several individual taxa (i.e., Prosopis glandulosa,
Arachis hypogaea, Medicago trunctula, Trifolium repens) have many genes with
highly accelerated dN values. Values of dS show similar accelerations in the branch
leading to all legumes and the branch leading to A. hypogaea. Comparisons of
mitochondrial and plastid rates revealed that dS in plastid genes are approximately
four times higher than rates of the mitochondrial genes and dN is about one and a

half times faster in plastid genes. Comparison of rates in both mitochondrial and



plastid genomes also revealed that both dN and dS are accelerated in the papilionoid

lineage of legumes compared to the basal caesalpinioid and mimosoid lineages.



Chapter 2: Plastid genome sequences of legumes reveal parallel
inversions and multiple losses of rps16 in papilionoids!

INTRODUCTION
Fabaceae (legumes) are the third largest family of angiosperms with an

estimated 20,000 species that vary greatly in habitat and growth habit (Lewis et al.
2005; LPWG 2013). Traditionally legumes are thought to comprise three
subfamilies; Caesalpinioideae, Mimosoideae and Papilionoideae (Wojciechowski et
al. 2004). Caesalpinioids, a paraphyletic grade from which mimosoids and
papilionoids were derived (Wojciechowski et al. 2004; LPWG 2013), include
approximately 2,250 species and are primarily tropical in nature ranging in size
from shrubs to large trees (LPWG 2013). Mimosoids, the second largest group of
legumes with approximately 3,270 species, are also shrubs to large trees (LPWG
2013). However, mimosoids have a much wider geographic distribution than
caesalipinioids and play a vital ecological role in a variety of pantropical habitats
(Luckow et al. 2003; LPWG 2013). Papilionoids, including about 13,800 species, are
the largest and most well studied group of legumes due to their ecological and
economical importance (Wojciechowski et al. 2004; LPWG 2013).

The plastid genome, or plastome, is highly conserved across seed plants with
respect to size, gene order and its quadripartite structure consisting of a large single

copy region (LSC), a small single copy region (SSC) and a large inverted repeat (IR).

1 This chapter has been published in Schwarz, E.N., Ruhlman, T., Sabir, JSM., Hajrah, NH., Alharbi, NS.,
Al-Malki, AL., Bailey, CD and Jansen, R.K. 2015. Plastid genomes reveal parallel inversions and multiple
losses of 7ps16 in papilionoids. Journal of Systematics and Evolution. 53(5): 458-468.
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Currently there are 525 seed plant plastomes available on NCBI with sizes ranging
from approximately 62 to 218 kb
(http://www.ncbi.nlm.nih.gov/genomes/GenomesGroup
.cgi?taxid=2759&opt=plastid). The majority of photosynthetic seed plant plastomes
range from approximately 110 to 170 kb with an average size of approximately 154
kb among angiosperms (Weng et al. 2014), while those taxa with plastomes under
107 kb in size, however, have parasitic lifestyles and have significantly reduced
genomes due to rampant gene loss (Krause 2012).

Variation in plastome size or gene order within groups is relatively rare.
Nevertheless, there are certain groups of seed plants that exhibit significant size
variation, plastome rearrangements and gene and intron losses (Green 2011; Wicke
etal. 2011; Jansen & Ruhlman 2012). Variation in plastome size is typically
attributed to IR expansion, contraction or loss (Perry & Wolfe 2002; Chumley et al.
2006; Guisinger et al. 2011; Wicke et al. 2011). However, within two groups of
gymnosperms, gnetophytes and cupressophytes, size variation is due to a decrease
in intergenic spacer size (McCoy et al. 2008; Wu et al. 2009; Wu & Chaw 2014). The
largest seed plant plastome is that of Pelargonium x hortorum (217,942 bp) in the
Geraniaceae and its large size is due to an expansion of the IR to three times the
normal size (Chumley et al. 2006). In contrast, smaller genome sizes are often due
to IR contraction or loss. Reductions in IR size have been documented in

Geraniaceae (Guisinger et al. 2011) and Pinaceae (Tsudzuki et al. 1992) and cases of



IR loss have been documented in Orobanchaceae (Bock & Knoop 2012), Geraniaceae
(Blazier et al. 2011; Guisinger et al. 2011) and Fabaceae (Palmer and Thompson
1981; Lavin et al. 1990; Liston 1995). Within Fabaceae, most size variation has been
attributed to the loss of the IR in one clade of the papilionoids, the IR Lacking Clade
(IRLC) (Wojciechowski et al. 2004).

Similar to plastome size variation, plastid genomic rearrangements are also
relatively rare with the exception of a few groups of seed plants. Extensive
rearrangements have been documented in some gymnosperms (McCoy et al. 2008;
Wu & Chaw 2014) as well as angiosperm families including Campanulaceae (Cosner
et al. 2004; Haberle et al. 2008; Knox 2014), Ericaceae (Fajardo et al. 2013;
Martinez-Alberola et al. 2013), Geraniaceae (Chumley et al. 2006; Guisinger et al.
2011), Oleaceae (Lee et al. 2007) and Fabaceae (Palmer 1985; Milligan et al. 1989;
Cai et al. 2008; Sabir et al. 2014). In photosynthetic seed plants gene and intron
losses are restricted to a small number of families (Jansen & Ruhlman 2012). The
majority of gene losses across seed plants are found among gymnosperms within
gnetophytes and Pinaceae, and within the angiosperm families Campanulaceae,
Fabaceae, Geraniaceae, Passifloraceae and Poaceae (Jansen & Ruhlman 2012).

Due to the overall conserved nature of plastomes, events such as genomic
rearrangements and gene and intron loss can be powerful phylogenetic markers. In
the Asteraceae a 22 kb inversion identified Barnadesioideae as sister to the rest of

the family, which is congruent with phylogenies based on both gene sequences and



morphological characters (Jansen & Palmer 1987; Bremer, 1987; Kim et al. 2005). A
large 50 kb inversion present in most of the papilionoid legume taxa has proven to
be consistent with phylogenies from molecular sequences (Wojciechowski et al.
2004). The most extensive use of plastome inversions for phylogeny reconstruction
was performed in the Campanulaceae (Cosner et al. 2004). Despite the large
number of inversion events (84) there were lower levels of homoplasy than in trees
generated from gene sequences, supporting previous suggestions that inversions
are useful and reliable phylogenetic characters. Gene and intron losses can also be
phylogenetically informative markers. For example, four gene losses, chlB, chlL,
chIN and trnP-GGG, are synapomorphies for flowering plants and six other genes
have been lost only once among angiosperms (Jansen et al. 2007). In Geraniaceae, a
number of gene and intron losses are homoplasious but there are many others that
are synapomorphies within the family (Guisinger et al. 2011). The transfer of rpl32
to the nucleus at the base of the Ranunculaceae subfamily Thalictroideae was useful
in supporting the monophyly of this subfamily (Park et al. 2015). Gene and intron
losses have been studied extensively in legumes. Early studies utilized Southern
hybridization and PCR to examine gene and intron losses in the family (Doyle et al.
1995; Bailey et al. 1997). One of the most extensive comparisons involved the gene
rpl22, which was shown to be lost in all legumes (Doyle et al. 1995). Later, Gantt et
al. (1991) confirmed that rpl22 had been transferred to the nucleus where its

transcript, including sequences encoding a plastid targeting peptide, is expressed.



More recent investigations based on plastome sequences identified several other
gene and intron losses in legumes. The transfer of plastid accD, coding for Acetyl-
CoA carboxylase, to the nucleus has been confirmed in two Trifolium species (Magee
et al. 2010; Sabir et al. 2014). In another case of legume gene loss, rps16 has been
confirmed missing from the plastome of all IRLC species and in Phaseolus vulgaris
(Guo et al. 2007; Magee et al. 2010; Sabir et al. 2014). In Medicago truncatula the
rps16 loss was facilitated by a gene substitution in which a nuclear encoded,
mitochondrial targeted gene has acquired dual targeting and is now directed to both
the mitochondrion and the plastid (Ueda et al. 2008). Within the IRLC, the introns of
rps12 and cIpP have also been lost as determined by extensive survey of many
individual taxa (Jansen et al. 2008; Sabir et al. 2014).

Previous plastid genome investigations have elucidated important events
and characteristics of genome evolution but for a relatively small number of species
restricted to only one of the three subfamilies of legumes, papilionoids. In this study
we present 13 new legume plastome sequences, including the first caesalpinioid
plastomes and additional members of mimosoids and papilionoids. Our
comparisons of these new genomes with previously published legume plastomes
show that both the caesalpinioids and mimosoids are highly conserved in gene
order and content like most other angiosperms. In contrast, papilionoids have

smaller genomes with varying degrees of genomic rearrangements and they have



experienced multiple, independent gene/intron losses and inversions that limit the

phylogenetic utility of these changes.

MATERIALS AND METHODS

Plant material
Sampling included 13 species representing each of the three subfamilies of

Fabaceae (Table 1). Apios americana, Caesalpinia coriaria and Pachyrhizus erosus
seeds were obtained from Sand Mountain Herbs
(http://www.sandmountainherbs.com), eBay and Trade Winds Fruit
(http://www.tradewindsfruit.com/), respectively. Seeds of the remaining 10
species were obtained from the USDA-ARS National Plant Germplasm System. Seed
germination and plant growth was conducted in the UT-Austin greenhouse and
vouchers were deposited in the UT Plant Resources Center (TEX-LL). Newly
emerged leaves were collected, flash frozen with liquid nitrogen and stored at -80°C

for DNA isolation.

DNA isolation
Isolation of DNA was performed using the method of Doyle and Doyle (1987)

with modifications. Cetyl trimethylammonium bromide (CTAB) buffer was
augmented with 3% PVP and 3% betamercaptoethanol (Sigma, St. Louis MO).
Organic phase separation was repeated until the aqueous fraction was clear. DNA
pellets were resuspended in ~200 uL. DNase-free water. Following treatment with

RNase A (ThermoScientific, Lafayette, CO) samples were again subjected to phase
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separation with chloroform. DNA was recovered by ethanol precipitation,

resuspended in DNase-free water and stored at -20 °C.

Genome sequencing, assembly and annotation
DNAs were sheared to yield ~800 base pair fragments for paired end library

construction according to the NEBNext Ultra DNA Library Prep Kit for Illumina
(New England BioLabs, Ipswich, MA). Library preparation and DNA sequencing
were carried out at the UT-Austin Genome Sequencing and Analysis Facility on the
[llumina HiSeq 2000 platform (Illumina, San Diego, CA). Reads were quality-filtered
using FastxToolkit (hannonlab.cshl.edu/fastx_toolkit/). The quality-filtered reads
were assembled using Velvet version 1.2.08 (Zerbino and Birney, 2008) at the Texas
Advanced Computing Center. Multiple assemblies were performed with modified
parameters (i.e., varying kmer, scaffolding on or off and manual input of insert size
versus default estimation). Contigs from all assemblies were imported into
Geneious version 6.1.3 (Biomatters Ltd., http://www.geneious.com/). A plastid
gene database comprising closely related legume sequences was employed to
identify plastid contigs from each assembly. Plastid contigs from multiple
assemblies for each species were evaluated to resolve IR boundaries in addition to
ambiguities or differences among contigs. Illumina reads were mapped to contigs
using Bowtie2 (Langmead and Salzberg, 2012) to address potential misassembly

issues. It should be noted that Trifolium pratense was assembled into 6 contigs and
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genes were extracted from those contigs as large amounts of repetitive DNA
hindered full assembly.

Gene annotation of plastomes was performed in DOGMA (Wyman et al,
2004). Verification of protein coding genes was performed in Geneious version 6.1.3
(Biomatters Ltd., http://www.geneious.com/) using the plastid gene database

described above and tRNAs were verified using tRNAscan (Schattner et al. 2005).

Whole genome comparisons
Publicly available plastome sequences were downloaded from NCBI

(http://www.ncbi.nlm.nih.gov/) (Supplemental Table 1). Whole genome
alignments were performed to identify inversions using progressiveMauve version
2.3.1 (Darling et al., 2010) in Geneious. MultiPipMaker (Schwartz et al., 2000) was
used to visualize variable regions among genomes and paired t-tests were
performed to determine statistically different genome sizes between subfamilies.
Gene sequence alignment and phylogenetic analyses

Seventy-one genes (Supplemental Table 2) present in all 36 species (32
legumes and 4 outgroup taxa) were extracted and aligned using the translation align
tool in Geneious with default MUSCLE (Edgar 2004) settings. Alignments were
manually adjusted where necessary and deposited in the Dryad Digital Repository
(http://dx.doi.org/10.5061/dryad.n85m5). The 71 gene alignments were
concatenated into a single alighment and maximum likelihood trees were generated

through RaxML Blackbox (Stamatakis et al. 2008) using the gamma model of rate
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heterogeneity and maximum likelihood search settings. The best scoring tree was

imported into FigTree version 1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/).

RESULTS

Genome size, gene content and organization of 13 new legume plastomes
Thirteen new Fabaceae plastome sequences were completed: five from

subfamily Caesalpinioideae, one from Mimosoideae and seven from Papilionoideae
(species in bold in Table 2). The new plastomes range in size from 151,866 bp to
163,042 bp with the LSC, SSC and IR ranging in size from approximately 82-92 kb,
17-23 kb and 25-26 kb, respectively.

The majority of the new plastomes share the same 77 protein-coding genes,
30 tRNAs and 4 rRNAs. However, rps16 is either a pseudogene or absent in Arachis
hypogaea, Apios americana, Vigna unguiculata and Robinia pseudoacacia. In
addition, rpl33 is absent in V. unguiculata.

While the caesalpinioid and mimosoid plastomes share the ancestral genome
organization for angiosperms (Ruhlman and Jansen 2014), the new papilionoid
plastomes all share a 50 kb inversion with endpoints near rbcL and rps16. In
addition, Lupinus albus and R. pseudoacacia share an inversion that is nested within
the 50 kb inversion (Figure 1a). The endpoints of the nested inversion lie in a
repeat that occurs in opposite orientation within trnS-GGA and trnS-GCU (Figure

1b). This inversion is approximately 36 kb in L. albus and 39 kb in R. pseudoacacia.
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The increased length of intergenic spacer regions in R. pseudoacacia accounts for the

3 kb difference in size.

Phylogenetic analysis
A maximum likelihood tree was constructed using 71 genes common to all 36

species (Supplemental Table 2). The alignment included 71,436 bp, yielding a
phylogeny with an optimal likelihood score of In(L) = - 470265.78 (Figure 2).
Bootstrap values were 100% for all nodes.

The phylogeny is congruent with published gene based phylogenies
(Wojciechowski et al. 2004; Bruneau et al. 2008; LPWG, 2013;) and shows
caesalpinioids as a basal, paraphyletic grade with mimosoids and papilionoids
forming monophyletic groups nested within the caesalpinoids.

Phylogenetic distribution of genome size, gene/intron losses and inversions
across legumes

The 71-gene phylogeny (Figure 2) was used to examine the distribution of
gene and intron losses and gene order changes across legumes. All legume
plastomes included in this study have lost rpl22, whereas rps16 has experienced five
independent losses. The rpl33 gene loss is restricted to a single papilionoid clade
that includes two genera, Phaseolus and Vigna. The remaining gene losses (e.g.,
accD, rpl23, psal and ycf4) are restricted to clades within the IRLC. Three different
intron losses (e.g., clpP intron 1, clpP intron 2 and rps12 intron 1) are also only

found among the IRLC taxa.
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The 50 kb inversion present in the new papilionoid plastomes is in all other
IR-containing papilionoids included in this study. The inversion in L. albus and R.
pseudoacacia that is nested within the 50 kb inversion is found in two distinct
lineages (Figure 2). The 36 kb and 39 kb inversions in L. albus and R. pseudoacacia,
respectively, have the same gene content and have endpoints that lie within a 29 bp
region of sequence present in both in trnS-GGA and trnS-GCU (Figure 1a,b). All
legumes sampled in this study have trnS-GCU and trnS-GGA genes that contain the
identical 29 bp of sequence at the 3’ end with the exception of only a few nucleotide
differences in A. hypogaea, V. unguiculata and P. vulgaris (Figure 1b). Inversion
events within the IRLC were not included in this analysis; see Sabir et al (2014) for a

summary of these events.

Genome size variation among IR-containing legumes
The caesalpinioids and mimosoids have plastomes that average

approximately 160 kb in size, whereas papilionoid plastomes that contain an IR
have an average size of approximately 153 kb (Figure 3). There is a statistically
significant (p < 0.01) reduction in plastome size in IR-containing papilionoids
compared to caesalpinioids and mimosoids. The significant decrease in size of
papilionoid plastomes is due largely to deletions in intergenic spacer (IGS) regions.
These deletions are more prevalent in the LSC compared to the SSC and IR (Figure
3). Whole genome alignment using MultiPipMaker identified nine hotspots (A-I in

Figure 4) within papilionoid legume plastomes where most deletions are located.
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These IGS deletions account for the significant reduction in genome size of

papilionoids compared to caesalpinioids and mimosoids.

DISCUSSION

Genomic rearrangements across legumes
The basal lineages of legumes have plastomes with the same gene order and

content as the ancestral angiosperm genome (Ruhlman & Jansen 2014) with the
exception of the loss of rpl22. It was previously shown that rpl22 is missing in
legumes (Gantt et al. 1991; Doyle et al. 1995), and that this gene was transferred to
the nucleus (Gantt et al. 1991). In contrast, the papilionoids display numerous cases
of gene and intron loss and inversions with the most extensive events occurring in
the IRLC (Figure 2). The loss of rpl33 is limited to a clade within the papilionoids
comprising V. unguiculata and P. vulgaris suggesting a single loss of this gene among
legumes. Conversely, in addition to its absence in four of the new genomes
sequenced here, rps16 is also absent in Phaseolus vulgaris (Guo et al. 2007) and all
species examined to date within the IRLC (Cai et al. 2008; Jansen et al. 2008; Magee
et al. 2010; Sabir et al. 2014). The phylogenetic distribution indicated five
independent losses of rps16 across legumes (Figure 2). This corroborates previous
evidence of multiple, independent losses of rps16 across legumes based on Southern
hybridization or PCR screening (Doyle et al. 1995). The loss of the 3’ intron of clpP
and of rps12 is common to all IRLC species (Jansen et al. 2008) while the second clpP

intron has been lost only from Glycyrrhiza glabra (Sabir et al. 2014). All Trifolium
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species examined to date except T. lupinaster have lost accD (Cai et al. 2008; Sabir et
al. 2014; Sveinsson and Cronk 2014). While both Pisum sativum and Lathyrus
sativus have lost rpl23, ycf4 is absent from only P. sativum and psal is absent only in
L. sativus (Magee et al. 2010). With our expanded sampling of legumes, including
taxa from the two previously unsampled subfamilies, caesalpinioids and mimosoids,
the remaining discussion will emphasize three areas of novelty: genome size

differences, independent losses of rps16 and the 36 kb parallel inversion.

Genome size difference
Compared to mimosoids and caesalpinioids, papilionoids that have an IR

show a significant reduction in plastome size (Figure 3). Variation in plastome size
in seed plants is typically attributed to IR expansion/contraction or loss, gene
duplication or gene loss (Wicke et al. 2011; Jansen & Ruhlman 2012) or increased
repetitive DNA content in intergenic regions (Blazier et al. 2011; Green 2011; Sabir
et al. 2014). However, size reduction in IR-containing papilionoids is caused
primarily by deletions within intergenic spacers in nine different regions, six of
which are in the LSC (Figure 4). A similar phenomenon has also been reported in
the cupressophytes (Wu & Chaw 2014) and gnetophytes (McCoy et al 2008; Wu et al
2009), which have species with reduced or missing IRs. In cupressophytes, the
reduced sizes were attributed to intergenic deletions (Wu & Chaw 2014) whereas in
gnetophytes the reductions were found in intronic regions as well as inter-operon,

as opposed to intra-operon, spacers (Wu et al. 2009).
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Downsizing of intergenic regions has been proposed to have selective
advantages in plastids and parasitic bacteria as a means to streamline replication
and minimize resources required for growth (Dufresne et al. 2005; McCoy et al.
2008; Wolf & Koonin 2013; Wu & Chaw 2014). Additionally, Lynch et al. (2006)
suggested a negative correlation between genome size and mutation rates at silent
sites, which was supported by Wu & Chaw (2014) in the cupressophytes.
Calculating nucleotide substitution rates across legumes would be valuable for

testing the generality of this correlation in the future.

Independent losses of rps16
Multiple losses of plastid encoded rps16 have been documented across seed

plants (reviewed in Jansen and Ruhlman 2012). The rps16 intron has been lost in
the plastomes of Penthorum chinense, Trachelium caeruleum and Pelargonium x
hortorum (Chumley et al. 2006; Haberle et al. 2008; Dong et al. 2013) and rps16 is
completely missing in a wide diversity of taxa ranging from ferns to angiosperms
(Gao etal., 2013; Magee et al,, 2010; Roy et al,, 2010; Sabir et al., 2014; Saski et al.,
2005; Tangphatsornruang et al., 2010; Tsudzuki et al., 1992; Ueda et al. 2008). In
species of Arabidopsis and other members of the Brassicaceae, rps16 is in a state flux
with fully functional forms in some species and pseudogenes in others (Roy et al.
2010). While we did not test the functionality of rps16, the situation in Fabaceae
and Brassicaceae is quite similar, with some copies apparently being fully functional

while others exist as pseudogenes or have been lost entirely from the plastome.
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Among legumes with published plastid genome sequences, the loss of rps16 has
been previously reported for members of the IRLC in addition to P. vulgaris and V.
radiata (Guo et al. 2007; Magee et al. 2010; Sabir et al. 2014; Saski et al. 2005;
Tangphatsornruang et al. 2010). The detection of four additional losses of rps16
across legumes (Figure 2) indicates that the gene has been lost independently at
least five times.

Gene loss in plastomes is often associated with a functional gene transfer to
the nucleus, substitution by a nuclear encoded mitochondrial targeted gene product
or substitution by another nuclear encoded protein (Bock & Timmis 2008; Jansen &
Ruhlman 2012). Ueda et al. (2008) surveyed rps16 and found that the loss of the
plastid encoded rps16 was mediated by the substitution of the nuclear encoded
mitochondrial-targeted rps16 in Populus alba and the IRLC legume Medicago
truncatula. Evidence of this substitution was also found in transcriptome data of
two other members of the IRLC, Trifolium repens and T. pratense, where each
species was missing the plastid copy of rps16 and had two nuclear copies of rps16
(Sabir et al. 2014). It would be worth exploring whether nuclear copies of rps16 are
present in all legume species regardless of the status of the plastid encoded gene.
The presence of a plastid targeted Rps16 in species harboring an intact plastid gene
would suggest an intermediate state in which two discrete Rps16 proteins would be
present in plastids, similar to the situation described by Ueda et al. (2008) for A.

thaliana and Oryza sativa. Such redundancy could permit the eventual
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pseudogenization of the plastid copy. In addition, Magee et al. (2010) found that
rps16 and nearby genes including accD, psal and ycf4 are located in a hypermutable
region with a mutation rate that is higher than in the nucleus. Brandvain & Wade
(2009) found a positive correlation between mutation rates and the number of
transfers that occurred from the mitochondria to the nucleus. A hypermutable
region in various legumes that spans rps16, accD, psal and ycf4 could be promoting

gene losses via any of the mechanisms mentioned above.

Parallel inversion
Martin et al. (2014) originally described the 36 kb inversion embedded

within the 50 kb inversion common to most papilionoid legumes in Lupinus luteus
and we have identified the same inversion in L. albus, consistent with their
suggestion that the inversion is present in core genistoid legumes. The inversion is
likely caused by a 29 bp repeat within trnS-GCU and trnS-GGA that occurs
approximately 36 kb apart in opposite orientation in the plastid genome (Figure 1).
A novel finding of this study is that the same inversion is also found in Robinia
pseudoacacia, a distantly related papilionoid legume. The same repeat presumed
responsible for this inversion occurs in the trnS-GCU and trnS-GGA genes of all the
legumes included here (Figure 1b). Thus, this repeat has the potential to facilitate
flip flop recombination in the other species, much like the IR mediated
recombination described by Palmer (1983) and others (Kim & Lee 2005; Jansen &

Ruhlman 2012; Martin et al. 2014). As long as such conformational changes do not
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inhibit proper gene function, the plastomes may contain isomers with respect to this
region much like the IR. For example, Gurdon & Maliga (2014) found two stable
plastid configurations differing by a 45 kb inversion initiated by a run of T’s nested
in an imperfect repeat within Medicago truncatula. Guo et al. (2014) documented
genomic isoforms involving a 36 kb inversion in the Cupressophytes flanked by an
approximately 250 bp inverted repeat suggesting varying configurations may not be
as rare as previously thought. Parallel inversions utilizing the same endpoints in
distantly related taxa are extremely rare, however. Aside from our case within the
legumes a similar occurrence of a parallel inversion was reported in Clematis and
Anemone species (Hoot & Palmer 1994). However, this case of a parallel inversion
was detected by Southern hybridization and whether the endpoints or the cause of
the inversion was the same in both species was not determined. The fact that all
studied legumes have the same 29 bp repeat with potential to initiate inversions in
some but not all taxa is novel.

Rare genomic changes, especially inversions, have been proposed to be
powerful phylogenetic characters that have little or no homoplasy (Raubeson &
Jansen 2005). However, the presence of identical inversions in two distantly related
genera within papilionoids, Lupinus and Robinia, as well as within other groups
suggests that caution should be utilized when using inversions as phylogenetic

markers.
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Table 2.1. Sampling of new legume plastid genomes.

Taxa are ordered as they appear in the phylogeny in Figure 2. Dashes in the USDA ID #

column indicate the species was obtained from other sources (see Methods). Accession

# refers to GenBank accession numbers. Vouchers are deposited in TEX-LL.

Species Subfamily USDA ID No. Accession # | Voucher ID
Caesalpinia coriaria Caesalpinioideae - KJ468095 L004
Ceratonia siliqua Caesalpinioideae 00-0031 KJ468096 L005
Cercis canadensis Caesalpinioideae 91-0010 KF856619 L006
Haematoxylum brasiletto | Caesalpinioideae 89-0061D KJ468097 L009
Tamarindus indica Caesalpinioideae 90-0361 KJ468103 LO017
Prosopis gladulosa Mimosoideae 90-0502 KJ468101 LO15
Apios americana Papilionoideae - KF856618 L1002
Arachis hypogaea Papilionoideae PI 536065 KJ468094 L003
Indigofera tinctoria Papilionoideae P1 300006 KJ468098 L010
Lupinus albus Papilionoideae W6 39803 KJ468099 L012
Pachyrhizus erosus Papilionoideae - KJ468100 L014
Robinia pseudoacacia Papilionoideae PI 502585 KJ468102 LO16
Vigna unguiculata Papilionoideae PI1 313545 KJ468104 L021
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Table 2.2. Features of the 13 new plastome sequences

New plastome sequences (in bold) shown in the order that they appear in the phylogeny (Figure 2). Abbreviation are: C

- Caesalpinioideae, M - Mimosoideae, P - Papilionoideae, LSC - large single copy, SSC - small single copy, IR - inverted

repeat.
. Numb Protein tRNA rRNA U¢Pes Protein
Subfamil . Genome . with GC .
Species . LSC SscC IR er -coding gene gene . -coding
y size intron %
genes genes s s s %

Cercis canadensis 158,995 88,118 19,621 25,628 111 77 30 4 18 36.2 57.4
C Tamarindus indica 159,551 87,967 22,800 24,392 111 77 30 4 18 36.2 56.9
C Ceratonia siliqua 156,367 85801 18,504 26,031 111 77 30 4 18 36.7 57.6

Haematoxylum
C brasiletto 157,728 87,465 18,193 26,035 111 77 30 4 18 36.7 57.3
C Caesalpinia coriaria 158,045 87,589 18,160 26,148 111 77 30 4 18 36.5 57.5
M Prosopis glandulosa 163,042 92,324 18,904 25,907 111 77 30 4 18 35.9 55.7
M Acacia ligulata 158,724 88,577 18,299 25924 111 77 30 4 18 36.2 50.6
M Leucaena trichandra 164,692 93,690 18,890 26,056 111 77 30 4 18 35.6 47.6
P Arachis hypogaea 156,395 85951 19,868 25,288 110 76 30 4 17 36.4 55.9
P Lupinus albus 154,140 82,266 20,070 25,902 111 77 30 4 18 36.5 59.8
P Indigofera tinctoria 158,367 88,852 18,799 25,358 111 77 30 4 18 35.8 57.0
P Millettia pinnata 152,968 83401 19,051 25,258 111 77 30 4 18 34.8 56.7
P Apios americana 152,828 83,092 18,272 25,732 110 76 30 4 17 35.6 56.6
P Pachyrhizus erosus 151,947 83,605 18,912 24,715 111 77 30 4 18 35.3 59.3
P Glycine max 152,218 83,175 17,895 25,574 111 77 30 4 18 35.4 60.0
P Vigna unguiculata 151,866 81,587 17,427 26,426 109 75 30 4 17 35.2 59.2
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Table 2.2 (continued)

P Phaseolus vulgaris 150,284 79,825 17,609 26,425 109 75 30 17 35.4 57.5
Robinia
pseudoacacia 154,835 86,172 19,005 24,829 110 76 30 17 35.9 56.3
Lotus japonicus 150,519 81,936 18271 25,156 111 77 30 18 36.0 57.0
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Figure 2.1. Mauve alignment showing a shared inversion in two papilionoids. A,

Diagram of the large single copy (LSC) region aligned in Geneious using

progressiveMauve with Arachis hypogaea as the reference. Syntenic regions are

indicated by colored, locally collinear blocks (LCBs). Histograms inside each block

represent pairwise nucleotide sequence identity. Inversions are shown as blocks

flipped across the plane. The location of trnS-GCU and trnS-GGA is annotated and a

subset of protein coding genes in the inversion region is also indicated. B,

Alignment of trnS-GCU and trnS-GGA in sampled legumes. Alignment of trnS-GCU

and trnS-GGA genes (pink arrow) from 17 legume species was generated in
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Geneious using MUSCLE. The 29 bp repeat is indicated by the orange arrow.
Colored nucleotides are those that differ between the two trnS genes and across

species.
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Figure 2.2. Phylogenetic relationships among legumes with completed plastomes.
The maximum likelihood tree was generated using RaXML. Bootstrap values were
100% for all branches. Species names are colored to indicate three subfamilies of
Fabaceae: Caesalpinioideae (blue), Mimosoideae (purple) and Papilionoideae
(green). Gene and intron losses are indicated on the branches and plastome size is
included in parentheses next to each taxon in the tree. Scale bar indicates mean

number of nucleotide substitutions per site along each branch. IR exp/cont.
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represents inverted repeat expansion/contraction. The 50 kb inversion indicated
on the phylogeny is present in all papilionoid taxa included in this study but a
previous investigation showed that this inversion is not present in all members of

this subfamily (Doyle et al. 1996; Wojciechowski et al. 2004).
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Figure 2.3. Size variation of legume plastomes. Histograms showing the sizes of
distinct regions of legume plastomes and the entire genome. Species names are
colored to indicate three subfamilies of Fabaceae: Caesalpinioideae (blue),
Mimosoideae (purple) and Papilionoideae (green). Below each histogram is a

scatter plot of the respective component size plotted against total genome size.
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Figure 2.4. MultiPipMaker similarity plot of whole plastomes. Cercis canadensis
was used as the reference. One copy of the inverted repeat (IR) was excluded. The
regions outlined in black boxes correspond to deletion hotspots in the following
intergenic regions: A - matK-atpA, B - rpoB-psbD, C - trnT-ndhl, D - ndhC-atpB, E -
pSbE-psbB, F - rps11-rps19, G - ycf2-trnL-CAA, H - 3’ ycf1-ndhF, 1 - ndhF-trnL-UAG.
Species names are colored to indicate three subfamilies of Fabaceae:
Caesalpinioideae (blue), Mimosoideae (purple) and Papilionoideae (green). Color in
similarity plot indicates nucleotide sequence percent identity: red (75-100), green
(50-75) and white (<50). Numbers along the bottom indicate genome coordinates

in kb. LSC = large single copy region, IR = inverted repeat and SSC = small single

copy region.
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Chapter 3: Plastome-wide nucleotide substitution rates reveal
accelerated rates in Papilionoideae and correlations with genome
features across legume subfamilies

INTRODUCTION

Angiosperm plastid genomes (plastomes) are characterized by a
quadripartite structure that includes two identical copies of an inverted repeat (IR)
separated by a large single copy (LSC) region and a small single copy (SSC) region
(Ruhlman and Jansen, 2014). The inverted repeat is usually about 25 kilobases (kb)
and houses four ribosomal genes (rrn4.5, rrn5, rrn16, rrn23), seven tRNAs and seven
protein coding genes. Within angiosperms the IR has been lost in certain members
of Orobanchaceae (Downie and Palmer, 1992), Geraniaceae (Blazier et al., 2011,
2016a; Guisinger et al.,, 2011) and Fabaceae (Koller and Delius, 1980; Palmer and
Thompson, 1981; Palmer et al., 1987). Within Fabaceae (legumes), loss of the IR
occurred once leading to a monophyletic group within the subfamily Papilionoideae
termed the “IR lacking clade” (IRLC) (Wolfe, 1988; Lavin et al., 1990; Wojciechowski
etal., 2004).

Rates of nucleotide substitution in genes located in the IR have been shown
to be at least three times lower compared to single copy (SC) genes (Wolfe et al.,
1987). This estimate was confirmed in a recent study that investigated synonymous
substitution rates across 52 families of angiosperms, gymnosperms and ferns, which
concluded that rates of genes in the IR are about four times lower than SC genes
(Zhu etal,, 2016). It has been suggested that lower rates in IR genes are caused by
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gene conversion bias whereby the mutation rate across the genome is the same but
duplicated regions such as the IR are resistant to mutational change (Birky and
Walsh, 1992). Species lacking one copy of the IR present an opportunity to compare
rates between ancestral SC genes with genes formerly in the IR that are now single
copy. Perry and Wolfe, (2002) investigated nucleotide substitution rates in SC and
IR genes in four legume species with (Glycine max, Lotus japonicus) and without
(Medicago truncatula, Pisum sativum) the IR and found that genes formerly in the IR
have accelerated rates that are equivalent to rates of SC genes, in agreement with
the gene conversion bias hypothesis of Birky and Walsh (1992). Plastome-wide
evolutionary rate comparisons using an expanded taxon sampling in a family that
includes both IR-containing and IR-lacking species have not yet been performed.
Comparison of nucleotide substitution rates between functional groups of
genes also provides insight into plastome evolution. Genes encoding subunits that
are important in photosynthetic processes such as ATP synthase (ATP), NAD(P)H
dehydrogenase (NDH), cytochrome b6f complex (PET) and photosystems I and II
(PSA and PSB) have been shown to have lower rates of nucleotide substitution than
other functional groups of genes in grasses (Zhong et al. 2009; Guisinger et al.,
2010) and Geraniaceae (Guisinger et al., 2008). Studies have identified a few groups
of genes or individual genes that have accelerated rates. Ribosomal protein (RPL
and RPS) genes are highly accelerated in Geraniaceae (Guisinger et al., 2011; Weng

et al,, 2012) and RNA polymerase (RPO) genes have recently been shown to be
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accelerated in several angiosperm lineages (Blazier et al., 2016). In Silene plastid
genes with the most accelerated rates are accD, clpP, ycf1 and ycf2 (Sloan et al.,
2012). accD encodes acetyl-CoA carboxylase, important in fatty acid biosynthesis
(Kode et al,, 2005) and clpP encodes a protein that is part of a multimeric protease
(Peltier et al., 2004). Additionally, recent studies in mimosoid legumes found cIpP to
be highly divergent in certain lineages (Dugas et al., 2015; Williams et al., 2015).

In addition to rate variation between genes or functional groups of genes,
rate variation in relationship to features of the plastome, such as size and genomic
rearrangements (gene order changes, gene/intron loss and indels) can provide
insight into forces that shape the plastome. While gene order and content is highly
conserved throughout seed plants (Jansen and Ruhlman, 2012), extensive
rearrangements have been found in conifers (Hirao et al., 2008; McCoy et al., 2008),
Campanulaceae (Cosner et al., 2004; Haberle et al., 2008; Jansen and Ruhlman,
2012; Knox, 2014), Ericaceae (Fajardo et al., 2013; Martinez-Alberola et al., 2013),
Geraniaceae (Chumley et al., 2006; Blazier et al., 2011; Guisinger et al., 2011; Weng
et al.,, 2014; Blazier et al., 2016a), Oleaceae (Lee et al.,, 2007) and Fabaceae (Cai et al.,
2008, Sabir et al., 2014, Schwarz et al., 2015; Sveinsson and Cronk, 2014). A positive
correlation between genome rearrangement events and nucleotide substitution
rates has been noted in several lineages of angiosperms (Jansen et al.,, 2007). This
has been confirmed with more in-depth studies in the mitochondrial and plastid

genomes of angiosperm families Caryophyllaceae (Sloan et al., 2012) and
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Geraniaceae (Guisinger et al., 2008, 2011; Weng et al., 2014; Grewe et al., 2015) and
the gymnosperm Welwitschia mirabilis (McCoy et al., 2008). Correlations between
genome size and nucleotide substitution rates have also been investigated. In
Cupressophytes, a negative correlation was found between genome size and values
of dS (Wu and Chaw, 2014), whereas in Caryophyllaceae (Sloan et al., 2012) and
Geraniaceae (Grewe et al.,, 2015) mitochondrial genome size was positively
correlated with substitution rates. Several studies have suggested that increased
rates of nucleotide substitutions and genomic rearrangements may be due to
alterations in DNA repair, replication and recombination mechanisms (Guisinger et
al., 2008; Weng et al., 2014; Zhang et al. 2016). Additional studies with increased
sampling that focus on correlations between genome features and substitution rates
are needed.

Rate heterogeneity across lineages has also been explored and rate
differences between lineages are often attributed to differences in life history traits.
Based on animal studies, the generation time effect hypothesis was posited, which
states that nucleotide substitution rates should be negatively correlated with
generation time because animals with shorter generation times undergo more germ
line cell divisions (Ohta, 1993; Wu and Li, 1987). In plants, large, mostly woody
plants have lower absolute growth rates leading to fewer cell divisions per unit
time, whereas small, herbaceous plants have high absolute growth rates (Petit and

Hampe, 1997). Studies across major monocot lineages have revealed that
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substitution rates of plastid rbcL (Doebley et al., 1990; Gaut et al., 1992; Wilson et
al,, 1990), nuclear adh (Gaut et al.,, 1996; MacCay et al., 1995) and mitochondrial
atpA (Eyre-Walker and Gaut, 1997) in grasses are fast compared to palms, which
have a longer generation time. Subsequent studies have found evidence supporting
the generation time hypothesis in plants where woody plants have slower rates
than herbaceous plants (Bousquet et al.,, 1992; Kay et al., 2006; Laroche et al., 1997;
Smith and Donoghue, 2008). Recently, a study utilizing genes from the
mitochondria (atp1, matR, nad5, rps3), the plastome (atpB and rbcL) and the nucleus
(xdh) tested substitution rates against plant height, as a measure of life history,
across multiple plant families (Bromham et al.,, 2015). A clear and consistent
pattern emerged that plant families with shorter average height (fast generation
time) have faster rates of molecular evolution. To date, however, all studies
addressing generation time as it relates to substitution rates have focused on only a
few loci or a handful of lineages that are either very closely or very distantly related.
Family-wide sampling across multiple loci is necessary in order to elucidate any
patterns reflecting effects of generation time on nucleotide substitution rates.
Legumes are an ideal group in which to investigate nucleotide substitution
rates both among lineages and across genomes. The family includes three
traditionally recognized subfamilies, Caesalpinioideae, Mimosoideae,
Papilionoideae, that exhibit a wide variety of habitat and growth habits (LPWG,

2013). Additionally, plastome organization within legumes ranges from ancestral
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angiosperm gene order in Caesalpinioideae and Mimosoideae to highly rearranged
gene orders in the Papilioinoideae IRLC with a gradient of change seen in the IR-
containing Papilionoideae (Schwarz et al., 2015). In this study, we address the
following questions: 1) Are nucleotide substitution rates higher in IRLC
papilionoids? 2) Are rates of nucleotide substitutions in genes formerly in the IR in
IRLC taxa accelerated compared to genes retained in the IR in [R-containing taxa?

3) Is there a correlation between rates and genome features such as size and
rearrangement events? In order to address these questions, we utilize 71 genes
common to 20 legume plastomes recently published by our group (Sabir et al., 2014;
Schwarz et al,, 2015; chapter 2) and 19 publicly available legume plastomes,
representing the largest rate analysis, both in taxonomic coverage across legumes
and number of genes included. Our analyses find that substitution rates in genes
formerly in the IR in IRLC taxa are accelerated, but not significantly so, than IR genes
in IR-containing species. Additionally, rates are accelerated significantly within
IRLC papilionoids and there is a significant increase of rates in herbaceous versus
woody legumes. Lastly, we show that there is a significant correlation of nucleotide
substitution rates and plastome features such as size and rearrangement events

(gene order changes and indels).
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METHODS

Sampling

In addition to twenty plastid genomes that were recently sequenced,
assembled and annotated for this analysis (Sabir et al., 2014 and Schwarz et al.,
2015, chapter 2), 19 publicly available legume plastome sequences and four
outgroups were downloaded from GenBank
(http://www.ncbi.nlm.nih.gov/genbank/) (Table 3.1). With the exception of
Trifolium species, sampling included only one species representing each genus when

there were multiple species available.

Gene sequence alignment and phylogenetic analysis

Seventy-one protein coding genes (Table 3.2) common to all 43 species were
extracted and aligned using MAFFT (Katoh and Standley, 2013) translation align in
Geneious 7.1.9 (Biomatters, Ltd.). Alignments were manually edited in order to
improve alignment quality and also to ensure indels were maintained in groups of
three to retain the reading frame. A concatenated alignment of all 71 genes was
generated and ambiguous and poorly aligned regions were removed using Gblocks
(http://molevol.cmima.csic.es/castresana/Gblocks_server.html). Phylogenetic
analysis was performed in RAXML Blackbox (Stamatakis et al. 2008) using the GTR
model and 100 bootstrap replicates. Alignments of individual genes were also

concatenated into functional groups (Table 3.3) in Geneious 7.1.9 (Biomatters, Ltd.).
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Nucleotide substitution rates

Nonsynonymous (dN) and synonymous (dS) nucleotide substitution rates for
each of 71 protein coding genes and eight functional groups were estimated using
the codeml program in PAML 4.5 (Yang 2007). Codon frequencies were determined
by the F3 x 4 model. Transition/transversion and dN/dS ratios were estimated with
the initial values of 2 and 0.4, respectively. Two analyses were run: 1) runmode = 0,
model = 0 in which the phylogeny generated by RAXML was used as a constraint
tree and dN/dS ratios were allowed to vary among branches, and 2) runmode = -2,
model = 1, for pairwise rate comparisons between each legume taxon and Morus

indica, one of the outgroup species.

Detection of rate acceleration

Pairwise dN and dS values across the genome were compared between four
major groups of legumes: caesalpinioids, mimosoids, papilionoids with the IR and
IRLC papilionoids. Significant acceleration of substitution rates in genes between
the four legume subgroups was tested using the nonparametric, Kruskal-Wallis test.
The generated p-values were corrected using the Holm method in the p.adjust
function in R version 3.2.4. Line plots were created using ggplot2 in R version 3.2.4,
using the stat_summary function to plot the mean value of genes in each of the four
groups. In order to test if sampling bias from a large number of papilionoid (30)
taxa compared to many fewer mimosoids (4) and caesalpinioids (5) may have

skewed results, an additional analysis was performed using only five IR-containing
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papilionoids (Arachis hypogaea, Indigofera tinctoria, Apios americana, Phaseolus
vulgaris, Robinia pseudoacacia) and five IRLC papilionoids (Wisteria floribunda, Cicer
arietinum, Trifolium boissieri, T. pratense, Vicia faba).

Averaged dN and dS values for each taxon were utilized in the nonparametric
Wilcoxon Rank Sum Test in order to test significance of rate accelerations for two
different comparisons: 1) between legumes that have both copies of the IR
compared to those lacking one copy of the IR, and 2) between legumes with a

herbaceous versus a woody growth habit.

Correlation between substitution rates and genome characteristics

Numbers of indels for each gene was calculated using a custom Python script
and indels were summed across all genes resulting in a single indel count number
for each taxon. Genomic rearrangements were calculated for each genome
compared to an outgroup, Morus indica, using Common Interval Rearrangement
Explorer (CREx) (Bernt et al., 2007). Genome size included only one copy of the IR
in order to be consistent across all legumes.

Average dN and dS values were calculated for each taxon and correlation
against genome size, number of indels and number of rearrangements for each
genome was tested. The Pearson correlation test was performed in R version 3.2.4,
using the rcorr function in the Hmisc package. The p-values were corrected using
the Holm method in the p.adjust function and scatterplots were generated using the

ggplot2 package in R version 3.2.4.
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RESULTS

Phylogenetic analysis

The maximum likelihood phylogeny was generated using 43 taxa, 39 of
which were legumes, and 71 protein-coding genes from the plastome. The
maximum likelihood score was - 449433.5397. The phylogeny has strong support
for all nodes with the exception of the branch leading to Glycyrrhiza glabra and
Wisteria floribunda (Figure 3.1) and is congruent with previous legume phylogenies

(LPWG, 2013; Wojciechowski et al., 1994).

Rates of functional groups

Functional groups consisted of eight groups of genes in addition to eight
individual genes that cannot be assigned to any of these groups (Table 3.3). Values
of dS are higher than dN across all functional groups and individual genes (Figures
3.2 - 3.3, Table 3.4). Mean dN values range from 0.0014 (PSB) to 0.0465 (ycf1).
Mean values of dN are highest in clpP (0.0266) and ycf1 (0.0465). Values of dS range
from 0.0177 (ycf2) to 0.0759 (ycf1) with the same two genes, clpP and ycf1, having
the highest mean values. Photosynthetic genes (PSA, PSB, PET) and ATP-synthase
genes (ATP) have some of the lowest dN values while NADH-dehydrogenase genes

(NDH) and ycf2, in addition to PSA and PSB have the lowest dS values.

Rate accelerations in papilionoids

Pairwise comparison across the genome of four legume subgroups
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With the exception of two genes, matK and petL, pairwise dN values are
consistently higher in all protein coding genes of IRLC papilionoids compared to the
other three groups (Figure 3.4). Caesalpinioids and mimosoids have the lowest dN
values across the genome with the exception of cIpP, which is accelerated in the
mimosoids. The values of dS show a more complex pattern of variation across the
genome (Figures 3.5 - 3.6). A number of genes have a higher dS value in IR-
containing papilionoid taxa compared to IRLC papilionoids (i.e., psbl, atpA, psaB,
atpE, psbE, petL, rpl20, psbT, petB, rps11, rpl3, rpl16, rps15, ndhl, ndhE, psaC).
Similar to the pattern seen in dN values, the caesalpinioids and mimosoids
consistently have the lowest dS values compared to the papilionoid groups. There is
a noticeable decrease in dS of genes that are contained within the IR region (Figures
3.5 -3.6). Of the four major groups of legumes, the IRLC papilionoids have the
highest dS rate across genes that were formerly in the IR region. With the exception
of three photosynthetic genes, for both dN (psb], psbM, psbZ) and dS (psbE, psb],
psb]) comparisons, there is a statistically significant increase in dN and dS values
between the two papilionoid groups and caesalpinioid and mimosoid groups across
the genome (Table 3.5). While the analysis containing just a subset of IR-containing
papilionoids and IRLC papilionoids showed the exact same patterns for both dN and
dS (Figures 3.7 - 3.9), the difference in rates between groups was not significant for
any of the 71 genes after Holm correction (Table 3.6).

Pairwise comparison of habit and IR presence
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There is a significant increase in dN and dS values (p-values of 1.01E-07 and
7.61E-04, respectively) of herbaceous legumes compared to those of legumes with a
woody growth habit. Additionally, those taxa lacking one copy of the IR have
significantly higher dN and dS values (1.16E-08 and 1.34E-02, respectively)

compared to rates in taxa that contain both copies of the IR.

Correlations between rates and genome characteristics

There is a negative correlation of -0.371 and -0.431 between genome size
and dN and dS values, respectively (Figures 3.10 - 3.11). However, only the
correlation between genome size and dS values is significant with a p-value of
2.76E-02. There is a strong and significant positive correlation of 0.910 (p-value,
2.66E-14) and 0.727 (p-value, 1.65E-06) between dN and number of indels and
rearrangements, respectively (Figures 3.12 - 3.13). While not as strong, dS also
shows significant positive correlations of 0.561 (p-value, 1.47E-03) and 0.522 (p-
value, 3.92E-03) with number of indels and rearrangements, respectively (Figures

3.14 - 3.15).

Lineage-specific accelerated rates

Across branches, dN values are generally higher and more variable within
papilionoids compared to caesalpinioids and mimosoids (Figures 3.16 - 3.17). The

most accelerated dN values among genes are in clpP, ycf1 and three ribosomal
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protein genes (i.e., rps3, rps8, rps15). Overall, the most accelerated dN values are on
the branch leading to Lathyrus sativus (Figure 3.17).

Values of dS show a slightly different pattern across lineages with more
accelerated branches in the IR-containing papilionoids (Figures 3.18 - 3.19). The
two most accelerated branches of the papilionoids are those leading to Arachis
hypogaea and Lotus japonicus. Within the caesalpinioids Tamarindus indica has the
most accelerated branch. The most accelerated lineage-specific values of dS are
similar to those of dN where ycfI and several ribosomal protein genes tend to be the

fastest evolving genes.

DISCUSSION

This represents the most comprehensive study of nucleotide substitutions
rates in plastid genes across legumes both in terms of the number of taxa and genes
compared. Included in the analyses were a total of 39 legume plastomes. In
addition to the broad sampling across all three subfamilies, 71 protein coding genes
common to all 39 plastomes were examined. Legumes are an ideal group to address
questions of rate heterogeneity in relation to biological features because of the
variation in both plastome organization and growth habit. Nucleotide substitution
rates were consistently higher in papilionoid taxa compared to caesalpinioid and
mimosoid taxa, and rates in IRLC papilionoids were generally higher than in IR-
containing papilionoids. Additionally, positive correlations were uncovered

between substitution rates and genome rearrangements and number of indels in
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protein coding genes. A negative correlation between dS and genome size was also
revealed. The discussion will focus on rates of genes commonly housed in the IR in
both IR-containing and IRLC taxa, potential explanations for why papilionoids
exhibit faster rates than the other two legume subfamilies and what mechanisms
may be responsible for correlations between rates and genomic characteristics such

as size, rearrangements and indels.

Accelerated rates in IR genes of IRLC papilionoids

Synonymous rates (dS) of genes within the IR are much lower than genes in
the LSC and SSC regions in all legume subgroups. This pattern is consistent with a
number of studies focusing on angiosperm (Maier et al., 1995; Perry and Wolfe,
2002; Wolfe et al., 1987; Zhu et al, 2016) and gymnosperm (Wu and Chaw, 2015)
plastome evolution. It has been proposed that stabilization of the two copies of the
IR through copy dependent DNA repair (Perry and Wolfe, 2002; Wolfe et al., 1987)
and gene conversion (Birky and Walsh, 1992) is the mechanism for reduced
synonymous substitution rates within IR genes. Perry and Wolfe (2002) indicated
that genes normally contained within the IR should have a mutation rate equal to
the LSC and SSC genes in those species lacking an IR. While dS values of genes
contained within the IR are lower across all legumes, the accelerated rates of the IR
genes within the IRLC papilionoids are still much lower than the rest of the genome

and not equal to rates of the other single copy genes. The larger taxon sampling in
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the present study could account for differences in general trends or patterns
compared to previous studies.

Earlier studies of rates of nucleotide substitutions in legumes have
emphasized dS and not dN. In this study, dN values across the genome were
significantly higher in the papilionoids with the exception of three photosynthetic
genes (psb], psbM, psbZ). However, dN of all legumes was equally variable across the
genome and did not show any pattern that was unique to genes within the IR region
(Figure 3.4). This was not unexpected because dS, not dN, is representative of the
underlying mutation rate given the neutral theory of molecular evolution (Kimura,
1984) so general trends in rate heterogeneity across the genome structure would be

likely be more pronounced in dS values.

Accelerated rates in papilionoid taxa

Both dN and dS are significantly accelerated in papilionoids compared to
caesalpinioids and mimosoids (Figures 3.4 — 3.6). This is consistent with other
recent studies that have explored legume plastome evolution (Dugas et al. 2015;
Williams et al., 2015). Nucleotide substitution rate heterogeneity between
taxonomic groups has long been studied in animals (Britten, 1986; Martin and
Palumbi, 1993; Mooers and Harvey, 1994; Ohta, 1993; Wu and Li, 1985) and plants
(Barraclough et al,, 1996; Bousquet et al.,, 1992; Gaut et al., 1992; Gaut et al., 1996;
Smith and Donoghue, 2008). A hypothesis commonly invoked to explain rate

heterogeneity between taxonomic groups is the generation time. In plants, the
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generation time hypothesis has been largely supported in studies comparing rates
of herbaceous, short-lived plants to woody, long-lived plants (Kay et al., 2006;
Laroche et al., 2008; Smith and Donoghue, 2008). Our study also supports the
generation time hypothesis as papilionoid legumes are largely herbaceous while
mimosoids and caesalpinioids are mostly woody. However, the validity of the
generation time hypothesis is debated for two main reasons: 1) a mechanism behind
generation time influencing substitution rates is unclear due to the fact that plants
don’t sequester their germ line cells as animals do therefore somatic mutations can
be passed down, and 2) many studies addressing how rates may be influenced by
generation time to-date have used either very closely related taxa, very divergent
taxa or very few loci (Smith and Donoghue, 2008; Whittle and Johnston, 2003).
Recently Bromham et al. (2015) investigated, among other things, correlation
between dS and plant height in sequences from the plastid, mitochondrion and
nucleus. They found a consistently negative correlation between dS and plant
height suggesting that taller plants, which tend to be woody, have lower rates of
synonymous substitution than shorter plants. Taller plants have more cell divisions
between the seed and the apical meristem, and therefore more opportunities for
mutation (Bobiwash et al,, 2013). A way to avoid this is by reducing the error rate
per replication to reduce mutation rates, which would be reflected in values of dS

(Bromham et al., 2015).
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Studies have also shown a positive correlation between dS and species
diversification in angiosperms (Barraclough et al., 1996; Bousquet et al., 1992;
Bromham et al,, 2015). In the context of legumes this correlation is also supported
by the data as the papilionoids are much more species rich and diverse than either

the caesalpinioids or the mimosoids.

Correlations between substitution rates and genome complexity

Size
The causes of plastome size variation within the legumes are distinct in

different lineages. Expanded sizes within mimosoids are due to increased regions of
tandem repeats (Dugas et al., 2015). In papilionoids containing both copies of the
IR, downsizing from the ancestral state is due to deletions within intergenic
hotspots, especially in the LSC (Schwarz et al., 2015). Lastly, the most drastic size
reductions come from the complete loss of the IR in the IRLC (Palmer and
Thompson, 1981; Lavin, 1990; Liston et al., 1995). Previous studies have shown
negative (Lynch et al., 2006; Wu & Chaw, 2014) and positive (Grewe et al., 2015)
correlations between nucleotide substitution rates and genome size.

Both dN and dS values of legumes as a whole reveal a negative correlation
with genome size (Figures 3.4 - 3.5). However, the correlation between dN and
genome size is not significant, whereas the correlation between dS and size is
significant. Lynch et al. (2006) suggested that organellar genomes are shaped by

mutational burden, in which case a negative correlation between genome size and
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mutation rate at silent sites would be present. This is the case in cupressophyte
plastomes that vary in size due to intergenic downsizing (Wu and Chaw, 2014).
Alternatively, Grewe et al., (2015) have shown increased substitution rates
that are correlated with increased mitochondrial genome size and decreased
complexity as measured by gene and intron loss. Within the papilionoids, Trifolium
meduseum and T. subterraneum have the largest genome sizes and some of the
highest dS values. In addition, these two genomes contain the most rearrangements,
repetitive regions and a large number of gene and intron losses compared to other
papilionoid taxa. It may be that there are confounding processes shaping the

plastome evolution in the papilionoids.

Rearrangements and indels

Within legumes both dN and dS are correlated with number of indels and
rearrangements (Figures 3.8 - 3.9) but correlations of both variables with dN are
much stronger. This is congruent with previous studies that have found positive
correlations between dN and increased rearrangements (Guisinger et al. 2008;
Weng et al. 2014). Jansen et al. (2007) also identified a positive correlation between
branch lengths and gene/intron losses, indels and rearrangements. Weng et al.
(2014) found a correlation in Geraniaceae between rearrangements and dN. In
legumes a correlation between both dN and dS with respect to rearrangements and
indels is present. A possible explanation for a correlation in both dN and dS and

genomic rearrangements is that a single factor is influencing both substitution rates
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and genomic rearrangements. It has been suggested that a faulty DNA
repair/recombination/replication mechanism may be responsible for both highly
rearranged plastomes and increased dN values in Campanulaceae (Barnard-Kubow

et al.,, 2014) and Geraniacaeae (Guisinger et al., 2008, 2011; Zhang et al., 2016).

CONCLUSION

Legumes provide a unique opportunity to explore plastome-wide nucleotide
substitution rate heterogeneity across three subfamilies that vary in many
characteristics including plastome size, number of rearrangement events, presence
of an IR and growth habit. Here we find accelerated rates in papilionoid taxa
compared to mimosoid and caesalpinioid taxa. Acceleration in the papilionoid
lineage may be due to the fact that most species are herbaceous whereas
caesalpinioids and mimosoids are largely woody. However, more work is needed to
determine whether growth habit and or other features such as species richness or
population size play a larger role in rate heterogeneity. Correlations were also
revealed between dN and dS values and genome rearrangements, number of indels
and plastome size. Accelerated rates and more genome rearrangement events could
be the result of a faulty DNA repair/recombination/replication system as has been
suggested in Campanulaceae and Geraniaceae. Exploring nucleotide substitution
rates in mitochondrial genes may give some insight into whether this trend is
present in genomes of other cellular compartments or limited to the plastome. The

negative correlation between rates and plastome size could be explained by
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mutational burden. However, effective population size could also be a factor in this
correlation and more work is needed in order to untangle the cause of this

correlation.
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Table 3.1. Species included in analyses, along with GenBank Accession numbers
and Fabaceae subfamily to which each taxon belongs. For accession

numbers of individual genes for T. pratense, see Table XX.

Species
Castanea mollissima
Cucumis sativus
Fragaria vesca
Morus indica
Caesalpinia coriaria
Ceratonia siliqua
Cercis canadensis
Haematoxylum
brasiletto
Tamarindus indica
Acacia ligulata
Inga leiocalycina
Leucaena trichandra
Prosopis gladulosa
Apios americana
Arachis hypogaea
Glycine max
Indigofera tinctoria
Lotus japonicus
Lupinus albus
Millettia pinnata
Pachyrhizus erosus
Phaseolus vulgaris
Robinia pseudoacacia
Vigna unguiculata
Astragalus nakaianus
Cicer arietum
Glycyrrhiza glabra
Lathyrus sativus
Lens culinaris
Medicago truncatula
Pisum sativum
Trifolium aureum
Trifolium boissieri
Trifolium
glanduliferum

Accession No.

NC_014674
NC_007144.1
NC_015206
NC_008359.1
KJ468095
KJ468096
KF856619
KJ468097

KJ468103
NC_026134.1
NC_028732
KT428297
KJ468101
KF856618
KJ468094
NC_007942
KJ468098
NC_002694
KJ468099
NC_016708
KJ468100
NC_009259.1
KJ468102
KJ468104
NC_028171
NC_011163.1
KF201590
NC_014063
KF186232
NC_003119.6
NC_014057
KC894708
NC_025745
NC_024034
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Subfamily
Outgroup
Outgroup
Outgroup
Outgroup

Caesalpinioideae
Caesalpinioideae
Caesalpinioideae
Caesalpinioideae

Caesalpinioideae
Mimosoideae
Mimosoideae
Mimosoideae
Mimosoideae

Papilionoideae
Papilionoideae
Papilionoideae
Papilionoideae
Papilionoideae
Papilionoideae
Papilionoideae
Papilionoideae
Papilionoideae
Papilionoideae
Papilionoideae
Papilionoideae_IRLC
Papilionoideae_IRLC
Papilionoideae_IRLC
Papilionoideae_IRLC
Papilionoideae_IRLC
Papilionoideae_IRLC
Papilionoideae_IRLC
Papilionoideae_IRLC
Papilionoideae_IRLC
Papilionoideae_IRLC

Habit
NA*
NA*
NA*
NA*

Woody
Woody
Woody
Woody

Woody
Woody
Woody
Woody
Woody
Herbaceous
Herbaceous
Herbaceous
Woody
Herbaceous
Herbaceous
Woody
Herbaceous
Herbaceous
Woody
Herbaceous
Woody
Herbaceous
Herbaceous
Herbaceous
Herbaceous
Herbaceous
Herbaceous
Herbaceous
Herbaceous
Herbaceous



Table 3.1 (continued)
Trifolium grandiflorum
Trifolium lupinaster
Trifolium meduseum
Trifolium pratense
Trifolium repens
Trifolium strictum
Trifolium
subterraneum

Vicia faba

Wisteria floribunda
*NA = not applicable

KC894707
K]788287
KJ476730

Table XX

KC894706

NC_025745

NC_011828

KF042344
NC_027677
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Papilionoideae_IRLC
Papilionoideae_IRLC
Papilionoideae_IRLC
Papilionoideae_IRLC
Papilionoideae_IRLC
Papilionoideae_IRLC
Papilionoideae_IRLC

Papilionoideae_IRLC
Papilionoideae_IRLC

Herbaceous
Herbaceous
Herbaceous
Herbaceous
Herbaceous
Herbaceous
Herbaceous

Herbaceous
Woody



Table 3.2. List of genes utilized in all analyses of this study.

Gene name
atpA psaC rps3
atpB psaj rps4
atpE psbA rps7
atpF psbB rps8
atpH psbC rps11
atpl psbD rps12
ccsA pSbE rps14
cemA psbF rps15
clpP psbH rps18
matK psbl rps19
ndhA psb] ycfl
ndhB psbK ycf2
ndhC psbL ycf3
ndhD psbM
ndhE psbN
ndhF psbT
ndhG psbZ
ndhH rbcL
ndhl rpl2
ndh] rpl14
ndhK rpll6
petA rpl20
petB rpl32
petD rpl36
petG rpoA
petL rpoB
petN rpoCl1
psaA rpoC2
psaB rps2
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Table 3.3. Genes included in the functional groups utilized in substitution rate

analyses

Functional group

Genes included

ATP atpA, atpB, atpE, atpF, atpH, atpl

ccsA ccsA
cemA cemA

clpP clpP

NDH ndhA, ndhB, ndhC, ndhD, ndhE, ndhF, ndhG, ndhH,

ndhl, ndh], ndhK

matK matK

PET petA, petB, petD, petG, petL, petN

PSA psad, psaB, psaC, psaJ

PSB psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbl, psb],

psbK, psbL, psbM, psbN, psbT, psbZ

rbcL rbcL

RPO rpo4, rpoB, rpoC1, rpoC2

RPL rpl2, rpl14, rpllé6, rpl20, rpl32, rpl36

RPS rps2, rps3, rps4, rps7, rps8, rps11, rps12, rpsi4,

rps15, rps18, rps19

ycfl yef2

ycf2 yef3

ycf3 ycf4
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Table 3.4. Mean substitution rates of eight functional groups and eight genes that
cannot be placed in any of those groups.

Mean values of functional

groups
dN ds

ATP 0.0033 0.0362
ccsA 0.0092 0.0395
cemA 0.0112 0.0295
cilppP 0.0266 0.0551
matK 0.0160 0.0383
NDH 0.0081 0.0226
PET 0.0027 0.0354
PSA 0.0015 0.0294
PSB 0.0014 0.0278
rbcL 0.0032 0.0398
RPL 0.0064 0.0345
RPO 0.0070 0.0370
RPS 0.0078 0.0341

yefl 0.0465 0.0759
yef2 0.0113 0.0177
ycf3 0.0016 0.0299
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Table 3.5. Results from Kruskal-Wallis test of dN and dS values for each gene

Gene
atpA
atpB
atpE
atpF
atpH
atpl
ccsA
cemA
clpP
matK
ndhA
ndhB
ndhC
ndhD
ndhE
ndhF
ndhG
ndhH
ndhl
ndh]
ndhK
petA
petB
petD
petG
petL
petN
psaA
psaB
psaC
psal
psbA
psbB

dN

P_values

1.04E-06
2.51E-06
7.52E-06
1.55E-04
1.82E-05
7.68E-05
4.60E-04
3.39E-04
9.48E-05
1.33E-04
2.43E-04
1.90E-06
5.14E-04
1.84E-04
1.97E-04
9.03E-04
2.48E-03
6.77E-04
2.10E-03
1.76E-04
1.91E-04
2.63E-03
1.16E-05
4.94E-04
5.21E-03
5.55E-03
1.78E-04
8.99E-04
7.30E-04
2.56E-05
1.92E-06
1.43E-03
1.85E-05

Holm
7.07E-05
1.50E-04
4.06E-04
5.89E-03
9.12E-04
3.38E-03
1.06E-02
8.64E-03
4.08E-03
5.33E-03
6.79E-03
1.24E-04
1.06E-02
6.07E-03
6.07E-03
1.44E-02
2.48E-02
1.22E-02
2.31E-02
6.07E-03
6.07E-03
2.48E-02
6.02E-04
1.06E-02
3.03E-02
3.03E-02
6.07E-03
1.44E-02
1.24E-02
1.20E-03
1.24E-04
1.71E-02
9.12E-04
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Gene

atpA
atpB
atpE
atpF
atpH
atpl
ccsA
cemA
clpP
matK
ndhA
ndhB
ndhC
ndhD
ndhE
ndhF
ndhG
ndhH
ndhl
ndh]
ndhK
petA
petB
petD
petG
petL
petN
psaA
psaB
psaC
psal
psbA
psbB

ds

P_values

8.47E-05
9.07E-05
1.29E-04
2.71E-05
2.53E-06
1.76E-05
1.33E-04
1.06E-04
4.92E-06
1.19E-04
5.06E-05
1.83E-06
7.92E-04
1.15E-04
8.45E-06
8.13E-05
1.27E-04
3.91E-05
5.19E-03
1.38E-04
1.10E-04
2.97E-05
1.16E-04
1.43E-04
6.06E-04
9.25E-04
2.04E-05
1.05E-04
3.48E-04
5.73E-04
3.85E-03
1.02E-03
9.99E-05

between the four Fabaceae subgroups. All results are significant with
the exception of those genes marked with a (£).

Holm
4.14E-03
4.26E-03
4.60E-03
1.52E-03
1.75E-04
1.04E-03
4.60E-03
4.60E-03
3.30E-04
4.60E-03
2.63E-03
1.28E-04
1.21E-02
4.60E-03
5.49E-04
4.06E-03
4.60E-03
2.07E-03
4.15E-02
4.60E-03
4.60E-03
1.60E-03
4.60E-03
4.60E-03
1.15E-02
1.21E-02
1.18E-03
4.60E-03
7.31E-03
1.15E-02
3.47E-02
1.22E-02
4.60E-03



Table 3.5 (continued)

psbC
psbD
pSbE
psbF
psbH
psbl
psb] +
psbK
psbL
psbM +
psbN
psbT
psbZ +
rbcL
rpl14
rpll6
rpl20
rpl2
rpl32
rpl36
rpoA
rpoB
rpoCl1
rpoC2
rps11
rps12
rps14
rps15
rps18
rps19
rps2
rps3
rps4
rps7
rps8
ycfl
yefe
yef3

1.62E-05
1.74E-04
4.85E-05
3.73E-04
3.66E-06
2.13E-06
3.94E-01
2.49E-03
3.93E-03
4.16E-01
3.23E-04
1.11E-04
4.43E-01
2.04E-04
2.42E-06
7.52E-07
3.90E-06
8.64E-06
2.00E-05
3.52E-05
3.20E-04
1.62E-04
9.67E-05
1.34E-04
5.53E-06
1.56E-04
2.33E-06
1.03E-03
1.10E-06
6.21E-06
4.72E-04
6.45E-06
5.05E-03
1.72E-06
1.10E-03
8.29E-07
9.40E-07
5.70E-04

8.28E-04
6.07E-03
2.18E-03
8.95E-03
2.16E-04
1.34E-04
1.00E+00
2.48E-02
2.75E-02
1.00E+00
8.64E-03
4.56E-03
1.00E+00
6.07E-03
1.48E-04
5.34E-05
2.26E-04
4.58E-04
9.61E-04
1.62E-03
8.64E-03
5.89E-03
4.08E-03
5.33E-03
3.15E-04
5.89E-03
1.45E-04
1.44E-02
7.38E-05
3.48E-04
1.06E-02
3.55E-04
3.03E-02
1.14E-04
1.44E-02
5.80E-05
6.49E-05
1.08E-02
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psbC
psbD
pSbE +
psbF
psbH
psbl +
psb] +
psbK
psbL
psbM
psbN
psbT
psbZ
rbcL
rpl14
rpll6
rpl20
rpl2
rpl32
rpl36
rpoA
rpoB
rpoCl1
rpoC2
rps11
rps12
rps14
rps15
rps18
rps19
rps2
rps3
rps4
rps7
rps8
ycfl
yefe
yef3

1.09E-05
1.33E-04
1.64E-02
1.11E-03
2.21E-04
4.96E-02
1.12E-02
3.70E-02
9.22E-06
2.31E-04
6.47E-02
8.21E-03
2.22E-05
6.21E-06
1.54E-05
1.33E-04
2.83E-05
4.41E-06
7.59E-04
1.43E-04
6.40E-05
1.63E-04
1.18E-04
1.37E-04
1.45E-04
8.44E-05
1.04E-04
8.53E-04
6.41E-04
2.78E-03
1.44E-04
5.53E-03
1.20E-04
8.45E-06
7.04E-04
1.01E-04
6.18E-07
1.66E-05

6.76E-04
4.60E-03
6.54E-02
1.22E-02
5.09E-03
1.11E-01
5.59E-02
1.11E-01
5.81E-04
5.09E-03
1.11E-01
4.93E-02
1.27E-03
4.10E-04
9.40E-04
4.60E-03
1.56E-03
3.00E-04
1.21E-02
4.60E-03
3.26E-03
4.60E-03
4.60E-03
4.60E-03
4.60E-03
4.14E-03
4.60E-03
1.21E-02
1.15E-02
2.78E-02
4.60E-03
4.15E-02
4.60E-03
5.49E-04
1.20E-02
4.60E-03
4.39E-05
9.97E-04



Table 3.6. Kruskal-Wallis values of pairwise nucleotide substitution rates compared
between four groups of legumes: mimosoids, caesalpinioids, IR-
containing papilionoids and IRLC papilionoids. Holm correction was
performed on all p-values.

dN ds
Genes P- Holm corrected P- Holm corrected
values values
psbA 0.0641 0.6302 0.0069 0.1719
matK 0.0066 0.2855 0.0397 0.4371
psbK 0.0075 0.2855 0.0983 0.7305
psbl 0.0080 0.2887 0.0913 0.7305
atpA 0.0022 0.1435 0.0047 0.1517
atpF 0.0033 0.1857 0.0029 0.1517
atpH 0.0040 0.2081 0.0030 0.1517
atpl 0.0041 0.2098 0.0049 0.1517
rps2 0.0165 0.3965 0.0034 0.1517
rpoC2 0.0039 0.2081 0.0029 0.1517
rpoC1 0.0029 0.1744 0.0039 0.1517
rpoB 0.0048 0.2251 0.0039 0.1517
petN 0.0123 0.3393 0.0025 0.1440
psbM 0.8414 1.0000 0.0610 0.6098
psbD 0.0337 0.4918 0.0022 0.1396
psbC 0.0201 0.4274 0.0023 0.1396
psbZ 0.3545 1.0000 0.0034 0.1517
rpsi4 0.0098 0.3037 0.0036 0.1517
psaB 0.0304 0.4918 0.0023 0.1396
psaA 0.0177 0.4065 0.0048 0.1517
ycf3 0.0117 0.3393 0.0015 0.1027
rps4 0.0573 0.6302 0.0019 0.1242
ndh] 0.0069 0.2855 0.0027 0.1509
ndhK 0.0080 0.2887 0.0028 0.1517
ndhC 0.0726 0.6302 0.0107 0.2241
atpE 0.0029 0.1744 0.0033 0.1517
atpB 0.0068 0.2855 0.0022 0.1396
rbcL 0.0637 0.6302 0.0012 0.0871
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Table 3.6 (continued)

cemA 0.0061 0.2790 0.0036 0.1517
petA 0.0589 0.6302 0.0026 0.1483
psb] 0.7217 1.0000 0.1103 0.7305
psbL 0.0282 0.4918 0.0021 0.1372
psbF 0.0095 0.3037 0.0288 0.3747
pSbE 0.0023 0.1489 0.9575 1.0000
petL 0.0068 0.2855 0.0233 0.3491
petG 0.0369 0.4918 0.0036 0.1517
psaj 0.0043 0.2101 0.4638 1.0000
rps18 0.0081 0.2887 0.0210 0.3364
rpl20 0.0018 0.1267 0.0028 0.1517
clpp 0.0688 0.6302 0.0169 0.3038
psbB 0.0020 0.1360 0.0035 0.1517
psbT 0.0197 0.4274 0.0310 0.3747
psbN 0.2131 0.8523 0.2235 1.0000
psbH 0.0096 0.3037 0.0182 0.3087
petB 0.0087 0.2887 0.0046 0.1517
petD 0.0194 0.4274 0.0032 0.1517
rpoA 0.0041 0.2098 0.0138 0.2620
rpsi1 0.0044 0.2101 0.0033 0.1517
rpl36 0.0030 0.1744 0.0036 0.1517
rps8 0.0119 0.3393 0.0114 0.2287
rpli4 0.0028 0.1714 0.0084 0.1858
rplié6 0.0014 0.1005 0.0039 0.1517
rps3 0.0144 0.3611 0.2879 1.0000
rps19 0.0030 0.1744 0.0233 0.3491
rpl2 0.0039 0.2081 0.0017 0.1163
yef2 0.0029 0.1744 0.0016 0.1073
ndhB 0.0020 0.1360 0.0076 0.1830
rps7 0.0070 0.2855 0.0016 0.1070
rps12 0.0024 0.1546 0.0044 0.1517
yefl 0.0021 0.1407 0.0031 0.1517
rps15 0.0273 0.4918 0.0728 0.6550
ndhH 0.0134 0.3492 0.0021 0.1372
ndhA 0.0067 0.2855 0.0035 0.1517
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Table 3.6 (continued)

ndhl 0.0477 0.5726 0.3442 1.0000
ndhG 0.0292 0.4918 0.0028 0.1517
ndhE 0.0061 0.2790 0.0022 0.1396
psaC 0.0061 0.2790 0.0052 0.1517
ndhD 0.0033 0.1857 0.0057 0.1517
ccsA 0.0223 0.4274 0.0030 0.1517
rpl32 0.0027 0.1697 0.0081 0.1854
ndhF 0.0620 0.6302 0.0029 0.1517
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Figure 3.1. Maximum likelihood tree (-1n =-449433.539651) of Fabaceae based on
71 plastid genes.

Numbers above branches are bootstrap support values. The scale bar represents
substitutions per site. The phylogeny is divided into four subgroups:
Caesalpinioideae (red), Mimosoideae (green), Papilionoideae taxa containing both
copies of the IR (inverted repeat) (blue) and Papilionoids lacking the IR (purple).

Bootstrap values > 50 are shown at nodes.
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Figure 3.2. dN and dS of functional groups with the highest values removed.

Box plots of dN values (red) and dS values (green) of eight functional groups and
eight individual genes. The top and bottom lines of the box represent the 75% and
25t percentiles, respectively and the middle line in each box represents the 50t
percentile. The whisker lines represent the minimum to the maximum points and
the points outside of the whisker lines are outliers. Two extremely high values for
ycfl were removed in order to provide a closer view of the relationships between

functional groups.
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Figure 3.3. dN and dS of functional groups with all data points.

Box plots of dN values (red) and dS values (green) of eight functional groups and
eight individual genes. The top and bottom lines of the box represent the 75% and
25t percentiles, respectively and the middle line in each box represents the 50t
percentile. The whisker lines represent the minimum to the maximum points and

the points outside of the whisker lines are outliers.
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—— Caesalpinioideae

—— Mimosoideae

Average dN

—— Papilionoideae

—— Papilionoideae_IRLC

Figure 3.4. Pairwise comparison of dN values across the genome of four groups of
Fabaceae.

Line plot representing average dN values for each gene within the Caesalpinioideae
(red line), Mimosoideae (green line), Papilionoideae (blue line), Papilionoideae IRLC
(purple). Genes are in the ancestral gene order with genes in the LSC (large single

copy region), IR (inverted repeat) and SSC (small single copy region) labeled.

64



Caesalpinioideae

—— Mimosoideae

Average dS

—— Papilionoideae

Papilionoideae_IRLC

XYY SIL T ENN-OZSOONTONCORT 2XOWAN I<C RALW IO 0000 ZINAC<T nQTONRONNDNSN-OT<ECLOOCNL
5508055880088 2 00, 8 S0 EEE oo REERR028 88, 000300000 aas a0 005 A, 0ps50ES 8S 425
8eg8eE®ET =888 QB88ap88>-cEEREEE 8 200408200080 8a88008a 280" P2 -a>aPEBCEE4P08E

Figure 3.5. Pairwise comparison of dS values across the genome of four groups of
Fabaceae.

Line plot representing average dS values for each gene within the Caesalpinioideae
(red line), Mimosoideae (green line), Papilionoideae (blue line), Papilionoideae IRLC
(purple). Genes are in the ancestral gene order with genes in the LSC (large single

copy region), IR (inverted repeat) and SSC (small single copy region) labeled.
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‘ Caesalpinioideae

— Mimosoideae

Average dS

—— Papilionoideae

Papilionoideae_IRLC

Figure 3.6. Pairwise comparison of dS values across the genome of four groups of
Fabaceae with outliers removed.

Line plot representing average dS values for each gene within the Caesalpinioideae
(red line), Mimosoideae (green line), Papilionoideae (blue line), Papilionoideae IRLC
(purple). Genes are in the ancestral gene order with genes in the LSC (large single
copy region), IR (inverted repeat) and SSC (small single copy region) labeled.
Extremely high values of rpl32 in both papilionoid lineages were cutoff at 1.5 in

order to provide a better view of the relationships between the subgroups.
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Caesalpinioideae

—— Mimosoideae
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—— Papilionoideae
Papilionoideae_IRLC

Figure 3.7. Pairwise comparison of dN values across the genome of four groups of
Fabaceae using a subset of papilionoid taxa.

Line plot representing average dN values for each gene within the Caesalpinioideae
(red line), Mimosoideae (green line), Papilionoideae (blue line), Papilionoideae IRLC
(purple). Genes are in the ancestral gene order with genes in the LSC (large single
copy region), IR (inverted repeat) and SSC (small single copy region) labeled. A

subset of taxa including only five species each of papilionoid and papilionoid IRLC

were utilized (see Methods).
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Caesalpinioideae

—— Mimosoideae
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—— Papilionoideae

Papilionoideae_IRLC

Figure 3.8. Pairwise comparison of dS values across the genome of four groups of
Fabaceae using a subset of papilionoid taxa.

Line plot representing average dN values for each gene within the Caesalpinioideae
(red line), Mimosoideae (green line), Papilionoideae (blue line), Papilionoideae IRLC
(purple). Genes are in the ancestral gene order with genes in the LSC (large single
copy region), IR (inverted repeat) and SSC (small single copy region) labeled. A

subset of taxa including only five species each of papilionoid and papilionoid IRLC

were utilized (see Methods).
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— Mimosoideae
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—— Papilionoideae
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Figure 3.9. Pairwise comparison of dS values across the genome of four groups of
Fabaceae using a subset of papilionoid taxa and with outliers removed.

Line plot representing average dS values for each gene within the Caesalpinioideae
(red line), Mimosoideae (green line), Papilionoideae (blue line), Papilionoideae IRLC
(purple). Genes are in the ancestral gene order with genes in the LSC (large single
copy region), IR (inverted repeat) and SSC (small single copy region) labeled.
Extremely high values of rpl32 in both papilionoid lineages were cutoff at 1.5 in

order to provide a better view of the relationships between the subgroups. A subset
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of taxa including only five species each of papilionoid and papilionoid IRLC were

utilized (see Methods).
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Figure 3.10. Correlation between genome size and dN values.

Scatterplot with regression line (blue line) of average dN values for each genome
compared to genome size in kilobases. The color of each point represents the
subgroup to which it belongs: Caesalpiniodeae (red), Mimosoideae (green)
Papilionoideae (blue), Papilionoideae IRLC (purple). The grey region surrounding
the regression line represents the standard error. Correlation value =-0.371, p-

value = 6.59E-02.
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Figure 3.11. Correlation between genome size and dS values.

Scatterplot with regression line (blue line) of average dS values for each genome
compared to genome size in kilobases. The color of each point represents the
subgroup to which it belongs: Caesalpiniodeae (red), Mimosoideae (green)
Papilionoideae (blue), Papilionoideae IRLC (purple). The grey region surrounding
the regression line represents the standard error. Correlation value =-0.431, p-

value = 2.76E-02.
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Figure 3.12 Correlation between indel count and dN values.

Scatterplot with regression line (blue line) of average dN values for each genome
compared to number of indels. The color of each point represents the subgroup to
which it belongs: Caesalpiniodeae (red), Mimosoideae (green) Papilionoideae
(blue), Papilionoideae IRLC (purple). The grey region surrounding the regression

line represents the standard error. Correlation value = 0.910, p-value = 2.66E-14.
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Figure 3.13. Correlation between rearrangements and dN values.

Scatterplot with regression line (blue line) of average dN values for each genome
compared to number of rearrangements. The color of each point represents the
subgroup to which it belongs: Caesalpiniodeae (red), Mimosoideae (green)
Papilionoideae (blue), Papilionoideae IRLC (purple). The grey region surrounding
the regression line represents the standard error. Correlation value = 0.727, p-value

= 1.65E-06.

78



0.5~

Average dS Value

I
IS
1

0.3-

N4 K Q
Number of Indels

79

Subfamily

© Caesalpinioideae

© Mimosoideae

® Papilionoideae

© Papilionoideae_IRLC

Correlation value: 0.561
P-value: 1.47E-03



Figure 3.14. Correlation between indel count and dS values.

Scatterplot with regression line (blue line) of average dS values for each genome
compared to number of indels. The color of each point represents the subgroup to
which it belongs: Caesalpiniodeae (red), Mimosoideae (green) Papilionoideae
(blue), Papilionoideae IRLC (purple). The grey region surrounding the regression

line represents the standard error. Correlation value = 0.561, p-value = 1.47E-03.

80



0.6~

Average dS Value

0.5-

0.4-

0.3~

©
Number of Rearrangements

81

N

Subfamily

© Caesalpinioideae
® Mimosoideae

® Papilionoideae

Papilionoideae_IRLC

Correlation value: 0.522
P-value: 3.92E-03



Figure 3.15. Correlation between rearrangements and dS values.

Scatterplot with regression line (blue line) of average dS values for each genome
compared to number of rearrangements. The color of each point represents the
subgroup to which it belongs: Caesalpiniodeae (red), Mimosoideae (green)
Papilionoideae (blue), Papilionoideae IRLC (purple). The grey region surrounding
the regression line represents the standard error. Correlation value = 0.522, p-value

= 3.92E-03.
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Figure 3.16. Plot of dN values for each gene by branch.

Point plot representing dN values of all genes for each branch. Each point represents the dN value of one gene. The
subgroups are represented by each color: Caesalpiniodeae (red), Mimosoideae (green) Papilionoideae (purple),
Papilionoideae IRLC (blue). Data points with the highest values are labeled with their gene name. Branch numbers on
the point plot correlate to the branch labels on the phylogeny in upper right, which is taken from Figure 1 with the

outgroup taxa removed.
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Figure 3.17. Plot of dN values for each gene by branch with outliers removed.

Point plot representing dN values of all genes for each branch cutoff at 0.15. Each point represents the dN value of one
gene. The subgroups are represented by each color: Caesalpiniodeae (red), Mimosoideae (green) Papilionoideae
(purple), Papilionoideae IRLC (blue). Data points above 0.10 are labeled with their gene name. Branch numbers on the
point plot correlate to the branch labels on the phylogeny in upper right, which is taken from Figure 1 with the

outgroup taxa removed.
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Figure 3.18. Plot of dS values for each gene by branch.

Point plot representing dS values of all genes for each branch. Each point represents the dS value of one gene. The
subgroups are represented by each color: Caesalpiniodeae (red), Mimosoideae (green) Papilionoideae (purple),
Papilionoideae IRLC (blue). Data points above 0.30 are labeled with their gene name. Branch numbers on the point
plot correlate to the branch labels on the phylogeny in upper right, which is taken from Figure 1 with the outgroup taxa

removed.
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Figure 3.19. Plot of dS values for each gene by branch with outliers removed.

Point plot representing dS values of all genes for each branch cutoff at 0.50. Each point represents the dS value of one
gene. The subgroups are represented by each color: Caesalpiniodeae (red), Mimosoideae (green) Papilionoideae
(purple), Papilionoideae IRLC (blue). Data points above 0.35 are labeled with their gene name. Branch numbers on the
point plot correlate to the branch labels on the phylogeny in upper right, which is taken from Figure 1 with the

outgroup taxa removed.
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Chapter 4: Nucleotide substitution rates of legume mitogenomes
reveal accelerated rates in Papilionoideae consistent with
plastome-wide substitution rates

INTRODUCTION

Mitochondrial genomes (mitogenomes) of angiosperms are the largest
compared to other eukaryotic lineages and most fluid in terms of genome structure
of any organelle (Mower et al., 2012). Genes in the mitogenome encode products
involved in electron transport, ATP synthesis, intron splicing and the translation,
maturation and the translocation of proteins (Mower et al., 2012). Gene content is
known to vary within angiosperms with some basal angiosperms retaining all 40
ancestral genes while others such as Lachnocaulon (Eriocaulaceae) have lost all 14
ribosomal proteins and the succinate dehydrogenase (sdh) genes (Adams et al.,
2002). Mitochondrial gene loss is scattered phylogenetically with most variation in
gene content involving ribosomal protein genes (Palmer et al., 2000; Adams and
Palmer, 2003; Mower et al,, 2012). The driving force behind many mitochondrial
gene losses is RNA-mediated functional transfer to the nucleus whereby a copy of a
mitochondrial mRNA is reverse transcribed and integrated into the nucleus where it
gains function and eventually either the nuclear or mitochondrial copy is silenced or
lost (Adams et al., 1999; Adams et al., 2001). The most interesting examples of
functional transfer intermediates are found in cox2 within legumes in which most

species (except Vigna) have both nuclear and mitochondrial copies but one or the
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other has been inactivated (Covello and Gray, 1992; Adams et al., 1999; Palmer et
al,, 2000).

While mitogenomes change rapidly in organization, nucleotide substitution
rates of mitochondrial genes in plants are the slowest compared to other groups
such as animals and to other organelles (Wolfe et al., 1987; Palmer and Herbon,
1988). Mitochondrial genes within plants evolve 10-20 times slower than the
nuclear genes, three times slower than the plastid and 40-100 times slower than
mammalian mitochondrial genes (Wolfe et al., 1987). However, exceptions to this
ratio are found within Geraniaceae, Plantaginaceae, Lamiaceae and Caryophyllaceae.
Palmer et al. (2000) surveyed 281 angiosperms for gene loss using Southern blot
analyses and showed Pelargonium hortorum (Geraniaceae) and Plantago rugelii
(Plantaginaceae) to be highly divergent in their mitochondrial genes due to the lack
of hybridization. Nucleotide substitution rates for both Pelargonium and Plantago
have been explored further and accelerated rates of mitochondrial genes have been
shown to extend to multiple genera within the Geraniaceae (Parkinson et al., 2005;
Bakker et al., 2006; Weng et al.,, 2012) and Plantaginaceae (Cho et al., 2004; Bakker
et al,, 2006). Additionally, Silene (Caryophyllaceae) is known to have extremely high
levels of mitochondrial sequence divergence; however, its case is exceptional
because of an 8-fold difference in substitution rates between species even when the
fastest evolving species, Silene noctiflora, is removed from the comparisons (Mower

et al.,, 2007; Sloan et al., 2008). More recently Zhu et al. (2014) found extreme

92



synonymous rate heterogeneity (up to 340-fold) within the mitogenome of Ajuga
reptans (Lamiaceae).

While genes in the mitochondria, plastid and nucleus evolve at very different
rates in plants, typically in a 1:3:16 ratio, respectively (Wolfe et al., 1987),
nucleotide substitution rates are generally correlated across all three genomes
(Eyre-Walker and Gaut, 1997). Studies comparing substitution rates of grasses and
palms have shown elevated synonymous rates of a plastid (rbcL), mitochondrial
(atp1) and nuclear gene (Adh) in grasses (Bousquet et al., 1992; Gaut et al., 1992;
Gaut et al., 1996; Eyre-Walker and Gaut, 1997). Due to the extreme acceleration in
mitochondrial genes in Silene, Sloan et al. (2012) sequenced four Silene plastomes to
compare substitution rates and genomic rearrangements between the two genomes.
They found the two species, S. noctiflora and S. conica, with fast evolving
mitochondrial genes also had accelerated rates in a subset of plastid genes in
addition to high levels of rearrangement in the plastome. Similarly, S. latifolia and S.
vulgaris, which have slower rates in the mitochondrial genes, also have
correspondingly low rates and unrearranged plastomes. Geraniaceae also exhibits a
high number of plastid genomic rearrangements and accelerated rates of plastid
genes (Chumley et al., 2006; Guisinger et al., 2008, 2011; Blazier et al., 2011; Weng
etal., 2012, 2014; Blazier et al.,, 2016b) in addition to accelerated rates of
mitochondrial genes (Parkinson et al., 2005; Weng et al., 2012). Accelerated rates in

Plantago genes seems to be limited to the mitochondrion as rate analyses of two
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plastid genes, rbcL and ndhF, revealed limited variation in Plantago compared to
other taxa (Cho et al,, 2004). While the lack of rate variation in the plastid of
Plantago may be due to the fact that only two genes were examined, in the case of
Ajuga 78 and 27 protein coding genes were utilized from the plastid and
mitochondrion, respectively, to compare substitution rates (Zhu et al., 2014) and
while mitochondrial rates were increased, there was no increase in plastid rates,
uncoupling the correlation between plastid and mitochondrial rates.

Within some legumes, especially papilionoids, high levels of plastid
rearrangements are well documented (Cai et al., 2008, Sabir et al., 2014, Schwarz et
al,, 2015; Sveinsson and Cronk, 2014). Studies of rate heterogeneity in legumes
have been restricted to a few taxa and largely focused on plastid genes relative to
the presence/absence of the inverted repeat (IR) (Wolfe et al., 1987; Perry and
Wolfe, 2002), or single, highly divergent genes such as ycf4 (Magee et al., 2010) and
clpP (Dugas et al,, 2015; Williams et al.,, 2015). However, chapter three explored
plastid rate heterogeneity on a broader scale across all three subfamilies and in
comparison to biological features such as genome size, genome rearrangements and
growth habit in order to uncover trends in legume plastid gene evolution. Given the
large amount of information that is now available on legume plastid organization
and substitution rates, investigating rates of evolution of mitochondrial genes may
provide insights into the causes of evolutionary changes in both organellar

genomes.
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To date, there are currently seven mitogenomes publicly available on
GenBank (https://www.ncbi.nlm.nih.gov/). In this study, we present sequence data
for 19 draft legume mitogenomes across the entire family to investigate: 1)
mitochondrial gene content in legumes, 2) acceleration of rates of individual
mitochondrial genes or functional groups of genes, 3) lineage specific variation of
rates, and 4) comparison of rates in the mitochondria and plastids. This is the most
comprehensive investigation of mitochondrial nucleotide substitution rates in the

legumes both in terms of taxon sampling and number of genes examined.

MATERIALS AND METHODS

Taxon sampling, contig assembly and mitochondrial gene identification

[llumina reads from genomic DNA previously generated for 19 species of
legumes (Sabir et al, 2014; Schwarz et al, 2015) were assembled with 200X
coverage using a range of kmer sizes (71, 73, 75, 77) and scaffolding turned off with
Velvet (Zerbino and Birney, 2008). Contigs from all assemblies were imported into
Geneious version 7.1.9 (Biomatters Ltd., http://www.geneious.com/). A database of
mitochondrial protein-coding genes comprising closely related legume sequences
(Table 4.1) was employed to identify mitochondrial genes in contigs from each
assembly. Illumina reads were mapped to reference genes for each gene that could
not be found in assembled contigs using Bowtie2 (Langmead and Salzberg, 2012).

An additional eight mitochondrial genomes (seven legumes and one outgroup,
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Populus tremula) publicly available on GenBank
(http://www.ncbi.nlm.nih.gov/genbank/) were also utilized (Table 4.1).

Plastid genes common to the same 27 species were extracted from plastomes
generated for previous studies (Sabir et al.,, 2014; Schwarz et al., 2015) and from

NCBI (http://www.ncbi.nlm.nih.gov/genbank/) (Table 4.1).

Sequence alignment and phylogenetic analyses

Twenty-six mitochondrial genes and 70 plastid genes (Table 4.2) present in
all 27 species (26 legumes and one outgroup) were extracted and aligned using the
translation align tool in Geneious with default MAFFT (Katoh and Standley, 2013)
settings. Alignments were manually edited to improve quality by ensuring that
indels were maintained in groups of three to retain the reading frame. In addition to
individual gene alignments, three concatenated alignments were generated: 1) 70
plastid genes, 2) 26 mitochondrial genes and 3) all 96 plastid and mitochondrial
genes. Ambiguous and poorly aligned regions were removed using Gblocks
(http://molevol.cmima.csic.es/castresana/Gblocks_server.html). Maximum
likelihood trees were generated using RaxML Blackbox (Stamatakis et al. 2008) on
CIPRES (Miller et al., 2010) with the gamma model of rate heterogeneity, rapid
bootstrapping and the “auto” setting, which determines when there are a sufficient
number of replicates. The tree with the maximum likelihood value was imported

into FigTree version 1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/).
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Nucleotide substitution rates

Nonsynonymous (dN) and synonymous (dS) nucleotide substitution rates for
each of 96 (26 mitochondrial, 70 plastid) protein-coding genes were estimated
using the codeml program in PAML 4.5 (Yang 2007). Codon frequencies were
determined by the F3 x 4 model. Transition/transversion and dN/dS ratios were
estimated with the initial values of 2 and 0.4, respectively. Two analyses were run:
1) runmode = 0, model = 1 in which the mitochondrial phylogeny generated by
RAxML was used as a constraint tree, and 2) runmode = -2, model = 1, for pairwise
rate comparisons between each legume taxon and Populus tremula, the outgroup

species.

Detection of RNA editing sites

RNA editing sites were predicted using PREP-Mt in the Predictive RNA Editor
for Plants (PREP) Suite (Mower, 2005, 2009). Individual sequences for each gene
were submitted and only those predicted edit sites that had a confidence interval of
> 0.50 were counted. An average number of editing sites for each gene was
calculated across all species. Correlation testing between dS and dN values and
number of RNA editing sites was performed in R (v3.2.2) using the rcorr function in
the Hmisc package using the Pearson method. Boxplots and scatterplots were
generated using the ggplot package in R (v3.2.2). One outlier, atp9, was removed
from the scatterplot of dS versus RNA editing sites in order to visualize the trend but

this outlier was not left out of the correlation testing.

97



Detection of rate acceleration

Values of dN and dS for each branch were plotted using the ggplot package in
R (v3.2.2). Pairwise dN and dS values for all genes across all 26 legume species in
addition to the average values for each legume species were also plotted using the
ggplot package in R (v3.2.2). The Wilcoxon rank sum test (wilcox.test,
paired=FALSE) in R (v3.2.2) was used to test significance between woody versus
herbaceous habit. P-values were corrected using the p.adjust function in R with the

Holm method.

Comparison of rates of mitochondrial and plastid genes

Using dN and dS values from the pairwise PAML analysis, dN and dS values
across all genes from both genomes were averaged for each species. Boxplots were
generated using the ggplot package in R (v3.2.2). Significance was tested using the
Wilcoxon rank sum test (wilcox.test, paired=FALSE) in R (v3.2.2). The Spearman
correlation test was performed using the rcorr function in the Hmisc package in R

(v3.2.2) to evaluate any relationship between dN and dS values of each genome.

RESULTS

Phylogenetic analysis

Phylogenetic analyses were performed using three different datasets: 1)

plastid only, 2) mitochondrial only and 3) plastid and mitochondria combined. The
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maximum likelihood tree (-In =-61835.918823) generated with 27 taxa and 26
protein coding genes from the mitogenome (Figure 4.1) was the most congruent
topology with recent legume phylogenies (Wojciechowski et al., 1994; LPWG, 2013)
and was therefore selected as the constraint tree. The rapid bootstrap search
terminated after 360 replicates. There was strong support (> 90% bootstrap

values) for all but two nodes in the tree (Figure 4.1).

Mitochondrial gene content

Of 32 mitochondrial genes known to be shared by most angiosperms (Mower
et al., 2012), 26 were detected in all legumes and the outgroup (Table 4.3). Two
genes, rpl5 and rps10, were lost from the mitochondrial genome of the outgroup
Populus tremula. Additionally, four genes (i.e., cox2, rps1, rps3, rps14) were

putatively lost at least once within legumes (Table 3).

Rates of nucleotide substitutions of mitochondrial genes

Twenty six mitochondrial genes present in all 27 species examined, the
outgroup Populus and 26 legumes, were utilized in rate comparisons (Tables 4.1 -
4.2). Mean values of dN ranged from 0.012 in nad5 to 0.101 in atp8 (Figure 4.2).
The genes in the ATP synthase functional group were the most variable in terms of
dN values and also contained members with the highest dN values among all the
mitochondrial genes (i.e., atp4 and atp9). The remaining functional groups have

more uniform dN values compared to the ATP synthase genes with two exceptions:
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nad3 and rps4. Values of dS showed a more pronounced trend than dN values with
ATP synthase genes having highly variable dS values. atp9 had the highest mean dS

value (1.047) overall and nad7 had the lowest mean value at 0.028 (Figure 4.2).

Lineage specific rates

Substitution rates for each lineage were calculated using the mitochondrial
constraint tree. The branch leading to the legumes had the highest number of
accelerated genes for both dN and dS (Figures 4.3 - 4.4). Values of dN were
relatively uniform across all branches with the exception of a few lineages with
accelerated genes. atp4 was accelerated in the branches leading to the legumes,
Cercis canadensis and Ceratonia siliqua. The only mimosoid included in this study,
Prosopis glandulosa, showed accelerated dN values for atp8 and nad4L genes.
Within the papilionoids there were a few accelerated genes including atp6, atp8 and
nad9. Trifolium repens exhibited accelerated dN values in multiple genes that were
not accelerated in the remaining legumes, including mttB, ccmC and nad4. Values of
dS were also relatively homogeneous across all branches with a few exceptions.
There was an acceleration of dS in multiple genes in the branch leading to the
legumes. dS of atp9 was accelerated in the branches leading to Arachis hypogaea
and Prosopis glandulosa, and atp6 was accelerated in the branch leading to Medicago
truncatula. These values along with atp1 in the branch leading to all legumes were

higher than all other values of dS within legumes (Figure 4.4).
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Pairwise dN and dS values were averaged across all genes in each species and
plotted (Figure 4.5). In Prosopis glandulosa there was a noticeable increase in dS
and, and to a much lesser extent, in dN. Similarly, values of both dN and dS were
accelerated in Arachis hypogaea, Medicago truncatula and Trifolium repens. Values
of dS were approximately 1.6 times higher in papilionoid taxa (mean = 0.131)
compared with caesalpinioid and mimosoid taxa (mean = 0.080). In contrast, dN
values only differed by approximately 1.1 times in the papilionoids (mean = 0.047)
compared to caesalpinioids and mimosoids (mean = 0.041). In addition to
comparing the differences between the subfamilies, there was a significant increase
in both dN (p-value = 6.27E-03) and dS (p-value = 4.86E-05) values in those taxa

that have a herbaceous versus woody habit.

Frequency of RNA editing in legumes

RNA editing sites were detected in all legume mitochondrial genes with the
exception of five genes (atpl, atp6, atp8, cox1, mttB) belonging to Trifolium repens
(Table 4.4). Overall, the lowest levels of editing were predicted in atp1, atp8 and
atp9 with an average of 2-3 editing sites across the legumes (Table 4.4, Figure 4.6).
The NADH dehydrogenase genes consistently had the highest level of editing with
the most predicted sites (average of 39.5) in nad4. A significant (p < 0.05) negative
correlation between the number of RNA editing sites and dN and dS was detected

(Figure 4.7).
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Mitochondrial versus plastid rates

Rates of both mitochondrial and plastid protein-coding genes were
calculated and rates of each gene from each genome were averaged across legume
species. Mean dN and dS values of the plastid genes were approximately 1.3 and 3.8
times higher than those of the mitochondria, respectively (Table 4.5). Overall, genes
in the plastid were significantly accelerated in both of dN (p-value = 3.143E-05) and
dS (p-value = 4.033E-15) compared to the mitochondrial genome (Figure 4.8, Table
4.5). Across legumes there was a trend of increasing dN values from the basal
caesalpinioid and mimosoid lineages to the IRLC papilionoids in both genomes,
although it was much more pronounced in the plastid; however, there was a
decrease in rates in Robinia pseudoacacia, Lotus japonicus and Glycyrrhiza glabra
(Figure 4.9). Values of dS exhibited a marked elevation in the papilionoid taxa for
both mitochondrial and plastid genes (Figure 4.9).

Correlation between dN and dS values of each genome was calculated using
the Spearman correlation test. The highest (0.783) and most significant (p-value =
2.24E-06) correlation was between dS of the mitochondrion and plastid. There was
also a significant positive correlation (0.683, p-value = 1.19E-04) between dN for

both genomes (Figure 4.10).

DISCUSSION

This study represents the most comprehensive nucleotide substitution rate

comparison of organellar genes in legumes. We utilized newly and previously
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generated sequence data to analyze substitution rates of 96 mitochondrial and
plastid genes for 26 legume species representing all four major clades in the family.
Legumes are an excellent group to study nucleotide substitution rates because it is a
large family with variation in several biological features such as growth habit and
species richness (Wojciechowski et al., 2004; Bruneau et al., 2008; LPWG, 2013).
Additionally, plastid rate heterogeneity within legumes has been examined
previously (Wolfe et al., 1987; Perry and Wolfe, 2002; Magee et al., 2010; Dugas et
al,, 2015; Williams et al., 2015; chapter 3) and provides an excellent framework to
compare rate heterogeneity between multiple organellar genomes on a family-wide
scale. We found four mitochondrial genes putatively lost within the legumes.
Mitochondrial dS values were more than 1.5 times faster in the papilionoid lineage
compared with the caesalpinioid and mimosoid lineages combined. Values of both
dN and dS were also accelerated in a number of ATP synthase genes and several
genes from other functional groups. When comparing overall rates of genes from
the mitogenome and the plastome, dS was 3.8 times higher in the plastid compared
to the mitochondrion, whereas nonsynonymous values were only 1.3 times higher
in the plastid. The following discussion will focus on four topics: 1) mitochondrial
gene losses in legumes, 2) intragenomic rate heterogeneity in the mitogenome, 3)
acceleration of rates in mitochondrial genes in papilionoid lineages and 4)

comparison of rates between the mitochondrial and plastid genomes.
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Mitochondrial gene losses in legumes

Four protein coding genes (i.e., cox2, rps1, rps3 and rps14) are putatively
missing from the mitogenomes of the legumes examined (Table 4.3). Because
mitogenomes were not completed for these species, it is possible that the missing
genes may be due to low sequence coverage. However, there are two reasons that
make it likely that these four genes have been lost. First, we were able to detect all
other protein coding genes for these same species, which suggests that the depth of
coverage is sufficient to detect any genes that are present. Second, previous studies
have shown that these four genes have been lost in one or multiple lineages of
angiosperms, including legumes, either by complete loss, substitution or functional
transfer to the nucleus (Brandvain and Wade, 2009). The loss of coxZ2 from
angiosperm mitochondrial genomes is restricted to Vigna within legumes, which
was originally suggested by southern hybridization studies (Nugent and Palmer,
1991; Adams et al, 2002) and later verified with sequencing of the V. radiata
(Alverson et al., 2011) and V. angularis (Naito et al.,, 2013) mitogenomes. Our data
show that the loss of cox2 also occurs in V. unguiculata. The functional transfer of
cox2 to the nucleus occurred between 60 and 200 million years ago, however the
mitochondrial copy still remains in most lineages with the only loss in angiosperms
being reported in the Vigna lineage (Nugent and Palmer 1991). Covello and Gray,
(1992) characterized a functional nuclear cox2 gene in Glycine, a closely related
legume, showing an intermediate stage in the functional transfer in which the
nuclear copy is expressed but the mitochondrial copy is not expressed. Adams et al.
(1999) were able to show that in some angiosperms both the nuclear and
mitochondrial copies of cox2 are functional while in other species only one of the

copies is functional.
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The remaining three mitochondrial genes (i.e., rpsl, rps3, rps14) lost in
legumes are ribosomal protein coding genes, which are known to be lost frequently
across angiosperms (Adams and Palmer, 2003). Adams et al. (1999) surveyed 40
mitochondrial genes across 280 genera of flowering plants and found losses of
ribosomal protein genes are much more common than genes belonging to other
functional groups. They found 33, 7 and 27 losses of rpsl, rps3 and rpsl4,
respectively, across angiosperms and the losses of other ribosomal genes show a
similar frequency of loss. rps1 is missing in four legume taxa examined in this study,
Lotus japonicus, Trifolium aureum, T. grandiflorum and T. meduseum. The loss of
rpsl in L. japonicus was reported previously by Kazakoff et al. (2012) based on
complete mitogenome sequencing, and it has been functionally transferred to the
nucleus. Frequent loss of ribosomal protein genes is not limited to mitochondria.
Plastid genomes also exhibit many ribosomal protein gene losses across
angiosperms with 11 plastid ribosomal protein genes lost once or multiple times
(Jansen et al. 2007). Within the legumes rpl22 (Gantt et al. 1991; Doyle et al. 1995),
rpl33 (Guo et al.,, 2007; Schwarz et al., 2015) and rps16 (Guo et al., 2007; Cai et al.
2008; Jansen et al. 2007; Magee et al. 2010; Sabir et al. 2014; Schwarz et al., 2015)
have been lost from the plastid genome once (rpl22, rpl33) or multiple (rps16)

times.
Rate variation in legume mitochondrial genes

Values of dN are elevated in atpl, atp4, atp6 and atp8, nad3 and rps4
compared with other genes (Figure 4.2). Also, dS values are elevated in rps12, atpl,
atp4 and atp9 with the latter gene having especially high rates of change.

Mitochondrial rate heterogeneity has been documented in a number of angiosperm
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species. The most extreme example is the 340-fold rate acceleration in Lamiaceae
genus Ajuga (Zhu et al,, 2014). While the differences in rates are not so extreme in
legumes, many of the same genes that show rate heterogeneity in both dN and dS
among legumes (i.e., rps12 and atp4, atp6, atp8 and atp9) are the same ones
detected in other angiosperm lineages (Adams and Palmer, 2003). Rate variation
between genes can be explained by three different mechanisms: 1) localized
hypermutation, 2) RNA editing or 3) mutagenic retroprocessing. In the plastid
genome, Magee et al. (2010) identified a region surrounding ycf4 that is a hotspot
for point mutations hypothesized to be the result of repeated DNA breakage and
repair. A mutational hotspot requires genes to be in close proximity in the genome,
and while a few of the mitochondrial genes with accelerated rates in legumes (e.g.,
nad3 and rps12) are near each other in Vicia faba, V. radiata and Milletia pinnata,
most accelerated genes in legumes are not close to each other. RNA editing is a
common cause of divergence in mitochondrial rates (Lu et al., 1998). Values of dN
may be overestimated due to RNA editing but dS values are rarely affected (Mower
et al, 2007). A survey for RNA editing sites within legumes revealed the lowest
number of editing sites in genes that have the higher dN and dS values (Figures 4.2 -
4.6) suggesting that RNA editing is not likely responsible for the rate heterogeneity.
This negative correlation is also seen in Geraniaceae (Parkinson et al., 2005), Silene
(Sloan et al., 2010) and in a family of monocots (Cuenca et al., 2010). Lastly, a
process referred to as mutagenic retroprocessing by Parkinson et al. (2005)
explains rate heterogeneity among mitochondrial genes. This mechanism involves
exceptionally high levels of reverse transcription in combination with homologous
recombination (Parkinson et al., 2005; Bakker et al, 2006). This process was

invoked in Geraniaceae and Plantago, which have high levels of rate heterogeneity
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but low levels of RNA editing. In the case of mutagenic retroprocessing a correlation
between transcription levels and substitution rates may exist if those genes that are
highly transcribed are also retroprocessed more frequently. It is noteworthy that
I[slam et al. (2013) analyzed mitochondrial gene expression in flower tissues of rye
grass and found high normalized expression levels of rps3, rps12, rpl16 and the
highest levels in ATP synthase genes with 2.5 times higher expression of atp9. In
view of information, mutagenic retroprocessing is the most likely candidate for the
rate variation in mitochondrial genes of legumes. However, studies focusing on
transcription levels of mitochondrial genes are needed to explore this mechanism
more thoroughly.

A slight rate acceleration in dS of atpH was demonstrated in the plastid
(Chapter 3). atpH is a homolog of atp9, which also shows highly accelerated rates in
the mitochondrion. This correlated rate acceleration pattern of these two genes was

also observed in 4juga (Zhu et al., 2014).
Accelerated rates in papilionoids

Papilionoid legumes have 1.1 and 1.6 times higher dN and dS values than the
caesalpinioid and mimosoid taxa combined (Figure 4.5). There are two major
differences between caesalpinioids/mimosoids and papilionoids, numbers of
species and growth habit. Papilionoids are largely herbaceous and are much larger
in terms of numbers of species whereas both caesalpinioids and mimosoids are
woody with many fewer species (Wojciechowski et al., 2004; Bruneau et al., 2008;
LPWG, 2013). Multiple studies have shown correlations between substitution rates
and species diversification (Barraclough et al.,, 1996; Bousquet et al., 1992) and

growth habit (Kay et al., 2006; Laroche et al., 2008; Smith and Donoghue, 2008) in
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plants. Bromham et al. (2015) examined correlations between a number of factors
and substitution rates in all three plant genomes over a range of flowering plants
and found a consistent negative correlation between plant height and dS in both
plastid and mitochondrial genes. However, there was no link between species
diversification and dS of mitochondrial genes, although there was such a correlation
for for plastid rates. We did not test for a correlation between species
diversification and nucleotide substitutions rates of mitochondrial genes but in view
of the limited sampling of legumes such a comparison would be more appropriate
once more extensive taxon sampling is available. We did find that rates are
significantly higher in herbaceous versus woody taxa, which supports the
generation time hypothesis. This pattern was also observed between for rates of

sequence evolution in legume plastomes (Chapter 3).
Rates in mitochondrial genes versus plastid genes

Plastid protein coding genes have 1.3 and 3.8 higher rates than the
mitogenome for dN and dS, respectively (Figure 4.8). This is congruent with the
ratio of dS of mitochondria and plastid of 1:3 that was previously reported in plants
(Wolfe et al., 1987; Drouin et al., 2008). Several previous studies have focused on
the correlation of substitution rates between the mitogenome, plastome and nuclear
genome and have found levels of rate heterogeneity are often correlated between all
three genomes (Gaut et al., 1996; Eyre-Walker and Gaut, 1997; Gaut 1998). We also
detected a positive correlation between mitochondrial and plastid rates for dN and
dS (Figure 4.10).

Patterns of dN and dS are similar across legumes for both genomes including

an acceleration in the papilionoid legumes (Figure 4.9). Sloan et al. (2012)
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compared rates in plastomes and mitogenomes of four Silene species and found
mitogenome-wide increases in dS were not correlated as much with plastome rates
as they were with plastomic rearrangements, such as indels, intron losses and
inversions. While another study comparing genome-wide rates and biological
features of both organellar genomes is not available, similar cases in which
increases in sequence and/or structural evolution in either organellar genome has
been shown in Geraniaceae (Parkinson et al., 2005; Mower et al., 2007; Guisinger et
al, 2008, 2011; Blazier et al., 2011; Blazier et al., 2016a), gymnosperms (McCoy et
al, 2008; Wu et al., 2009; Wu and Chaw, 2014), and legumes (Sabir et al., 2014;
Schwarz et al.,, 2015; Chapter 3). Correlations between plastomic rearrangements
and substitution rates were shown in Chapter three. While caesalpinioids and
mimosoids have ancestral gene content and order (Dugas et al., 2015; Schwarz et al.
2015), papilionoids exhibit many rearrangements in the form of inversions, gene
and intron losses, indels and the loss of one copy of the IR in one clade (Palmer et al,,
1987; Cai et al., 2008; Sabir et al., 2014; Sveinsson and Cronk, 2014; Schwarz et al,,
2015). The increased rates in both genomes in the papilionoid legumes may be
explained by a common mechanism that results in increased substitution rates and
genomic rearrangements. MSHI1, RECA and Whirly proteins have been shown to
play important roles in plant organellar genome stability (Shedge et al., 2007;
Marechal et al., 2009; Rowan et al.,, 2010; Xu et al., 2011). MSH1 is targeted to both
mitochondria and plastids but only the mitogenome is affected in mutants (Shedge
et al.,, 2007) and Whirly proteins are important in stabilizing the plastome (Marechal
et al.,, 2009). A modification the dual-targeted RECAZ gene could affect the evolution
of both genomes but double knockouts reveal that the consequences in the plastome

and mitogenome are different (Shedge et al., 2007). The relationship between the
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patterns of evolution in the mitogenome and plastome is still unclear. More
comparative studies of all three plant genomes need to be completed to uncover

evolutionary mechanisms driving these patterns.
CONCLUSION

This is the most comprehensive study of evolutionary rates of organellar
genomes in legumes. Although whole mitogenomes were not generated, the rate
analyses provide insights into patterns of evolution within the family. We identified
four mitochondrial genes missing in one or more species of legumes (cox2, rpsi,
rps3, rps14). These same genes have been lost and functionally transferred to the
nucleus in several disparate lineages of angiosperms (Mower et al. 2012). Values of
dS of the plastome are 3.8 times faster than in the mitogenome, which are similar or
slightly higher than well-established ratio of 3:1 between these two genomes (Wolfe
et al., 1987; Drouin et al., 2008). In both genomes we see accelerated dN and dS in
papilionoid legumes compared to caesalpinioids and mimosoids. This acceleration
may be due to differences in growth habit, nuclear encoded genes involved in DNA
replication, repair and recombination or a combination of these two forces. More
organellar genome comparisons are needed to expand the knowledge of the
evolutionary mechanisms driving genomic rearrangements and accelerations in

substitution rates.
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Table 4.1. List of outgroup and Fabaceae species utilized in this study with
subfamily placement, and accession numbers. XX - XX indicates range
of accessions numbers, which will be submitted to Genbank when the

chapter is submitted for publication.

Species

Populus tremula
Caesalpinia coriaria
Ceratonia siliqua
Cercis canadensis
Haematoxylum brasiletto
Tamarindus indica
Prosopis gladulosa
Apios americana
Arachis hypogaea
Glycine max
Indigofera tinctoria
Lotus japonicus
Lupinus albus
Millettia pinnata
Pachyrhizus erosus
Robinia pseudoacacia
Vigna angularis
Vigna radiata var. radiata
Vigna unguiculata
Glycyrrhiza glabra
Medicago truncatula
Trifolium aureum
Trifolium grandiflorum
Trifolium meduseum
Trifolium pratense
Trifolium repens
Vicia faba

Subfamily

Outgroup
Caesalpinioideae
Caesalpinioideae
Caesalpinioideae
Caesalpinioideae
Caesalpinioideae

Mimosoideae
Papilionoideae
Papilionoideae
Papilionoideae
Papilionoideae
Papilionoideae
Papilionoideae
Papilionoideae
Papilionoideae
Papilionoideae
Papilionoideae
Papilionoideae
Papilionoideae

Papilionoideae_IRLC
Papilionoideae_IRLC
Papilionoideae_IRLC
Papilionoideae_IRLC
Papilionoideae_IRLC
Papilionoideae_IRLC
Papilionoideae_IRLC
Papilionoideae_IRLC
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Mitochondria
Accession No.
NC_028096
XX-XX
XX-XX
XX-XX
XX-XX
XX-XX
XX-XX
XX-XX
XX-XX
NC_020455.1
XX-XX
NC_016743.2
XX-XX
NC_016742.1
XX-XX
XX-XX
NC_021092.1
NC_015121.1
XX-XX
XX-XX
NC_029641.1
XX-XX
XX-XX
XX-XX
XX-XX
XX-XX
KC189947

Plastid
Accession No.
NC_027425
KJ468095
KJ468096
KF856619
KJ468097
KJ468103
KJ468101
KF856618
KJ468094
NC_007942
KJ468098
NC_002694
KJ468099
NC_016708
KJ468100
KJ468102
NC_021091
NC_013843
KJ468104
KF201590
NC_003119.6
KC894708
KC894707
KJ476730
XX-XX
KC894706
KF042344



Table 4.2. List of genes utilized in all nucleotide substitution rate analyses.

Plastid Mitochondrion
atpA psb] atp1
atpB psbK atp4
atpE psbL atp6
atpF psbM atp8
atpH psbN atp9
atpl psbT ccmB
ccsA psbZ ccmC
cemA rbcL ccmFC
clpP rpl2 ccmFN
matK rpl14 cob
ndhA rpll16 cox1
ndhB rpl20 cox3
ndhC rpl36 matR
ndhD rpoA mttB
ndhE rpoB nadl
ndhF rpoC1 nad2
ndhG rpoC2 nad3
ndhH rps2 nad4
ndhl rps3 nad4L
ndh] rps4 nad5
ndhK rps7 nadé6
petA rps8 nad7
petB rps11 nad9
petD rps12 rpll6
petG rps14 rps4
petL rps15 rps12
petN rps18
psaA rps19
psaB ycfl
psaC ycf2
psaJ yef3
psbA
psbB
psbC
psbD
pSbE
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Table 4.2 (continued)
psbF
psbH
psbl
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Table 4.3. Mitochondria gene content in 26 legumes and the outgroup Populus. X indicates gene is present, red

indicates absences.

X

X

X
X

X

X

atpl
atp4
atp6
atp8
atp9
ccmB

cemC
cemFC
ccmFN

cob

cox1

cox2

cox3
matR
mttB
nadl
nad2
nad3
nad4
nad4L
nad5

nadé6
nad7

nad9

rpl5
rpll6
rpsl

rps3

rps4
rpsl0

rpsl2
rpsl4 |
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Table 4.4. Predicted number of RNA editing sites for each mitochondrial gene predicted by PREP-Mt of the PREP Suite.
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Table 4.5. Mean dN and dS values of mitochondrial and plastid genes.

Substitution Mean P-value*
Genome Type
Mitochondrion dN 0.0408
3.14E-05
Plastid dN 0.0531
Mitochondrion ds 0.1197 4.03E-15
Plastid ds 0.4543
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Populus tremula
4 Cercbicanac Caesalpinioideae
Tamarindus indica
Ceratonia siliqua
97 Prosopis glandul Mimosoideae
Caesalpinia coriaria
Haematoxylum brasiletto
5
Arachis hypog IR-containing
Papilionoideae
Lupinus albus
Indigofera tinctoria
100 Millettia pinnata
— Apios americana
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Vigna angularis
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100 Lotus japonicus
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Trifolium grandiflorum
Trifolium aureum
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Trifolium pratense

0.0050

Figure 4.1. Maximum likelihood tree (-In =-61835.919) of Fabaceae based on 26
mitochondrial genes.

Numbers at nodes are bootstrap support values. Only support values greater than
50 are shown. The scale bar represents substitutions per site. The phylogeny is
divided into four subgroups: Caesalpinioideae (red), Mimosoideae (green),
Papilionoideae taxa containing both copies of the IR (inverted repeat) (blue) and

Papilionoids lacking the IR (purple).
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Figure 4.2. Box plots of dN and dS values of 26 mitochondrial genes.

The top and bottom lines of each box represent the 75t and 25t percentiles,
respectively and the horizontal line in each box represents the 50t percentile. The
whisker lines represent the minimum to the maximum points and the points outside
of the whiskers are outliers. Gene names are colored to represent functional
groups: ATP synthase genes (green), Cytochrome C (periwinkle), Cytochrome C
reductase (red), Cytochrome C oxidase (orange), NADH dehydrogenase (blue) and

ribosomal proteins (purple).
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Figure 4.3. Plot of dN values for each gene by branch.

Point plot representing dN values of all genes for each branch. Each point represents the dN value of one gene. The
Fabaceae subgroups are indicated by the following colors: Caesalpiniodeae (red), Mimosoideae (green) Papilionoideae
(blue), Papilionoideae IRLC (purple). Data points with a value greater than 0.04 are labeled with their gene name.
Branch numbers along the x-axis correlate to the branch labels on the phylogeny on the right, which is taken from

Figure 4.1 with the outgroup taxon and bootstrap support values removed.
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Figure 4.4. Plot of dS values for each gene by branch.

Point plot representing dS values of all genes for each branch. Each point represents the dS value of one gene. The
Fabaceae subgroups are indicated by the following colors: Caesalpiniodeae (red), Mimosoideae (green) Papilionoideae
(blue), Papilionoideae IRLC (purple). Data points with value greater than 0.15 are labeled with their gene name.
Branch numbers along the x-axis correlate to the branch labels on the phylogeny on the right, which is taken from

Figure 4.1 with the outgroup taxon and bootstrap support values removed.
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Figure 4.5. Pairwise comparison of dN and dS values for each species across Fabaceae.

Line plot represents average dN (red line) and dS (green line) values for each species. Species labels are colored to
indicate Fabaceae subfamilies: Caesalpinioideae (red), Mimosoideae (green), Papilionoideae (blue). Species are in the

order shown in the phylogeny in Figure 4.1.
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Figure 4.6. Box plots of number of RNA editing sites of 26 mitochondrial genes.

The top and bottom lines of each box represent the 75t and 25t percentiles, respectively and the horizontal line in
each box represents the 50t percentile. The whisker lines represent the minimum to the maximum points and the
points outside of the whiskers are outliers. Gene names are colored to represent functional groups: ATP synthase
genes (green), Cytochrome C (periwinkle), Cytochrome C reductase (red), Cytochrome C oxidase (orange), NADH

dehydrogenase (blue) and ribosomal proteins (purple).
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Figure 4.7. Correlation scatterplots between dN and dS values of the mitchondrion
versus number of predicted RNA editing sites.

Scatterplots with regression lines (blue) of dN (top diagram) and dS (bottom
diagram) values from the genes of the mitochondria versus the number of predicted
RNA editing sites. The grey region surrounding the regression line represents the
standard error. Correlation values = - 0.440 (dN) and -0.460 (dS), p-values = 0.026
(dN) and 0.028 (dS).
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Figure 4.8. Box plots of overall dN and dS values of the mitochondrial and plastid
genes.

Values of dN (top diagram) and dS (bottom diagram) for mitochondrial (red boxes)
and plastid (green boxes) genes are shown. In each plot the top and bottom lines of
the box represent the 75t and 25t percentiles, respectively and the middle line in
each box represents the 50t percentile. The whisker lines represent the minimum

to the maximum points and the points outside of the whisker lines are outliers.
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Figure 4.9. Pairwise comparison of dN and dS values of the mitochondria and
plastid genes across Fabaceae.

Line plots represent average dN (top diagram) and dS (bottom diagram) values for
each species. Mitochondrial rate values are indicated by the green and plastid rate
values are indicated by the red line. Species labels are colored to indicate Fabaceae
subfamilies: Caesalpinioideae (red), Mimosoideae (green), Papilionoideae (blue).

Species are in the order shown in the phylogeny in Figure 4.1.
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Figure 4.10. Correlation scatterplots between dN and dS values of the plastid
versus mitochondrial genes.

Scatterplots with regression lines (blue) of dN (top diagram) and dS (bottom
diagram) values from the genes of the mitochondria versus the plastid. The grey
region surrounding the regression line represents the standard error. Correlation

values = 0.683 (dN) and 0.783 (dS), p-values = 1.12E-04 (dN) and 2.24E-06 (dS).
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