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Abstract

Fabales is a cosmopolitan angiosperm order which consists of four families, Leguminosae (Fabaceae), Polygalaceae,
Surianaceae and Quillajaceae. The monophyly of the order is supported strongly by several studies, although
interfamilial relationships are still poorly resolved and vary between studies; a situation common in higher level
phylogenetic studies of ancient, rapid radiations. In this study, we carried out simulation analyses with previously
published matK and rbcL regions. The results of our simulation analyses have shown that Fabales phylogeny can be
solved and the 5,000 bp fast-evolving data type may be sufficient to resolve the Fabales phylogeny question. In our
simulation analyses, while support increased as the sequence length did (up until a certain point), resolution showed
mixed results. Interestingly, the accuracy of the phylogenetic trees did not improve with the increase in sequence
length. Therefore, this study sounds a note of caution, with respect to interpreting the results of the “more data”
approach, because the results have shown that large datasets can easily support an arbitrary root of Fabales.
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1. Introduction

Fabales Bromhead is a cosmopolitan angiosperm order which consists of four families, Leguminosae (Fabaceae) Juss.,
Polygalaceae Hoffmanns. & Link, Surianaceae Arn. and Quillajaceae D. Don (APG, V). Morphological characters
supporting a close relationship of Polygalaceae, Surianaceae and Quillaja Molina to Leguminosae are not very
extensive. For example, Leguminosae species are characterized by several clear wood anatomical features, but share
relatively little with the wood anatomy characteristics of Polygalaceae, Surianaceae and Quillajaceae (Baas et al.,
2000). Similarly, within Fabales, nodulation occurs only in Leguminosae specifically in most Papilionoideae, some
Caesalpinioideae including most mimosoids which was originated several times independently (Soltis et al., 1995;
Cannon et al., 2014), but are not found in the other three families. Unlike the polysymmetric flowers in Surianaceae
and Quillajaceae, monosymmetric keel flowers are found only in two of the families within Fabales, more specifically
in two tribes of Polygalaceae (Polygaleae Chodat and Xanthophylleae Chodat) and subfamily Papilionoideae DC.
(Leguminosae) (Bello et al., 2010). However, this character has been accepted as an adaptation or convergent character
rather than a synapomorphic character (Westerkamp, 1997), because of the developmental differences and different
evolutionary modules of the keeled flowers in these two families (Bello et al., 2010; Bello et al., 2012).

Leguminosae and Polygalaceae are the largest families in the order, (Persson, 2001; Lewis et al., 2005; Lewis et al.,
2013), while Quillajaceae and Surianaceae are the two species-poor families. Leguminosae is the third largest of all
flowering plant families with ca. 19,500 species in 766 genera worldwide (Lewis et al., 2005; Lewis et al., 2013;
LPWG, 2017). The Leguminosae have characteristic alternate, opposite, whorled, spiral or distichous leaves; the
inflorescences are panicles, racemes, fascicles, spikes, heads or flowers may be solitary; flowers are predominantly
actinomorphic to zygomorphic and fruits are predominantly legumes (Watson & Dallwitz, 1992). The legumes include
many important species used as foods or for other purposes such as soybean, peanuts, lentils, alfalfa and clover and
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Leguminosae is the second economically important family after Poaceae Barnhart (Lavin et al., 2005; LPWG, 2017).
The family is also ecologically important. In African forests and the Neotropics, Leguminosae are the most species-
rich family (Wang et al., 2009). Furthermore, this family contributes nitrogen-fixation via symbiotic bacteria
(nodulation). These attributes of the family have led to widespread interest in its evolution and classification.
According to new phylogenetic classification, the family consists of six subfamilies, Papilionoideae (501 genera, ca.
14,000 species; the great majority of them characterized by bilateral “papilionoid” flowers or “keeled* flowers sensu
Westerkamp, 1997), Caesalpinioideae DC. (150 genera, ca. 4,400 species), Cercidoideae LPWG (13 genera, ca. 335
species), Detarioideae Burmeist. (84 genera, ca. 760 species), Dialioideae LPWG (17 genera, ca. 85 species) and
Duparquetioideae LPWG (one genus, one species) (LPWG, 2017).

Polygalaceae is the second largest family in the order with a nearly cosmopolitan distribution (absent only from New
Zealand, many southern Pacific islands, Antarctica and the Arctic) and ca. 1,000 species in 20 genera of herbs (e.g.,
Epirixanthes Blume, Polygala L.), shrubs (e.g., Muraltia DC.), lianas (e.g., Securidaca L.) and trees (e.g.,
Xanthophyllum Roxb.) (Persson, 2001). Plants in this family have characteristic alternate, opposite or whorled leaves,
inflorescences are racemes or panicles (rarely flowers are solitary); flowers are actinomorphic to zygomorphic, and
the fruits are capsules, samaras, drupes or berries (Eriksen & Persson, 2007). The first interfamilial subdivision of the
family was carried by Chodat (1896) and he defined three tribes: Polygaleae, Moutabeae Chodat and Xanthophylleae,
but later genera Atroxima Stapf and Carpolobia G. Don were placed in a new tribe, Carpolobieae Eriksen (Eriksen,
1993). Now, Polygalaceae is classified into four tribes: Carpolobieae, Moutabeae, Polygaleae and Xanthophylleae.
However, aside from Polygala with ca. 500 species which accounts for around half the species in the family (Eriksen
& Persson, 2007); Monnina Ruiz & Pav., Muraltia, Securidaca and Xanthophyllum are other species rich genera.

The three species of monogeneric Quillajaceae are distributed only in South America. These species are trees with
alternate, simple leaves, cymose inflorescences, 5-merous-regular flowers and fruits that are follicles (Watson &
Dallwitz, 1992; Kubitzki, 2007). Surianaceae has seven species in four genera, Stylobasium Desf., Guilfoylia F. Muell.,
Cadellia F. Muell. and Recchia Sessé & Moc. ex DC., and aside from one species with a pantropical distribution, an
unusual distribution in Australia and Mexico (Mabberley, 1997). The Surianaceae are trees or shrubs with alternate,
simple or compound leaves; the inflorescences are panicles or cymes, the flowers are regular and the fruits are berries,
drupes or nuttlets (Watson & Dallwitz, 1992; Schneider, 2007).

Despite the great interest of botanists, a convincing phylogeny of the order is still not available. The monophyly of
Fabales is supported strongly by several studies, although interfamilial relationships are still poorly resolved and vary
between studies (e.g., Forest et al. 2007; Bello et al. 2009), a situation common in ancient, rapid radiations (Bello et
al., 2009). Indeed, ancient rapid radiations have been one of the hardest problems for phylogenetic studies to resolve
due to short internal branches which show a limited time span between speciation events, have weak phylogenetic
signal compared to long external branches and a spurious root problem (Smith, 1994; Whitfield & Lockhart, 2007),
and this type of problematic phylogenies were reported for many angiosperm clades such as Mesangiospermae (Zeng
etal., 2014), eudicots (Moore et al., 2010), basal Leguminosae (LPWG, 2017) and Brassicaceae Burnett (Huang et al.,
2015). Similarly, despite sampling more than 25,000 base pairs (bp) of sequence data, the phylogeny of rosids which
includes order Fabales has also been problematic (Jansen et al., 2006; Wang et al., 2009). The phylogeny of the largest
family of Fabales, Leguminosae, but particularly early diverging clades of the family, has also received weak and
controversial results from every study (LPWG, 2017). While the “more data” approach has been seen as the ultimate
solution for most phylogeny problems, yet large datasets can yield robust but inaccurate phylogenies (Jeffroy et al.,
2006).

Even their main focus was not Fabales, previous studies recovering different topologies for Fabales have used different
gene regions and have very different and unbalanced sampling (e.g. Savolainen et al., 2000; Kajita etal., 2001; Persson,
2001; Wojciechowski et al., 2004; Lavin et al., 2005; Bruneau et al., 2008). Not only to the putative rapid radiation of
the order, but also to taxon sampling directed either above (i.e. angiosperms) or below (i.e. Leguminosae,
Polygalaceae) the ordinal level of interest might have caused this phylogenetic instability (Bello et al., 2009).
Nevertheless, even studies which focused on Fabales such as Forest (2004), Forest et al., (2007), Bello et al., (2009)
and Bello et al.,, (2012) could not yield robust relationships for the order. For instance, (rbcL+matK) and
(rbcL+matK+66 morphological characters) analyses of Bello et al., (2009) and Bello et al., (2012) respectively, yielded
several low to moderately supported toplogies such as (((S+Q)L)P) and (L+P)(S+Q), however (((S+Q)L)P) was
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considered the most likely topology among them in both studies. Moreover, to date the DNA sequence loci used in
phylogenetic reconstructions within the order have mostly been from the plastid genome.

A simulation (power) analysis is a statistical test that may help to find the amount of data needed to resolve
phylogenetic problems (Whitfield & Lockhart, 2007). Simulation studies were reported as useful for systematic studies
that plan to work on problematic groups (Wortley et al., 2005). In a simulation study, it is feasible to find the required
sequence length, the most appropriate sequence type and the effect of combining partitions to solve a difficult
phylogeny (Wortley et al., 2005). In many multigene studies, real data sets may conflict with each other, and it is not
possible to predict this in simulation tests (Spinks et al., 2009); therefore, before attempting to sequence several genes,
it may be time and cost-effective to estimate the required number of base pairs and types of data. Thus, in the case of
Fabales, power analyses would give an estimation of the genes needed to solve this difficult phylogeny. Therefore, the
aims of this study are (1) to estimate the most suitable sequence type (fast-evolving or slowly evolving), and (2) to
determine the required sequence length to solve the poorly resolved interfamilial relationships of Fabales.

For these aims, the study of Wortley et al. (2005) is used as an example. Two plastid regions are employed, matK and
rbcL.

The ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit plastid gene (rbcL), which encodes the large
subunit of RuBisCO protein, is one of the most commonly sequenced regions in high level (i.e., above family level)
phylogenetic studies due to its ease of amplification and high sequence recovery rate (CBOL Plant Working Group,
2009). Indeed, several studies have reported that particularly for the ancient-rapid radiations slow-gene regions, like
rbcL, may be more efficient because fast-evolving genes are prone to phylogenetic artefacts, such as long branch
attraction (LBA), loss of phylogenetic signal and homoplasy (Felsenstein, 1978; Gribaldo & Philippe, 2002; Whitfield
& Lockhart, 2007). In addition, the low discrimination capability of the region has also been questioned by several
studies (e.g., Zhang et al. 2015). Some studies concluded that short internal branches may become even shorter, when
slowly evolving genes are employed (e.g., Roberts et al., 2009). However, the possibility of the region contributing to
a robust combined analysis should not be ruled out.

Intron Group Il maturase matK encodes a splicing-associated maturase protein. The matK, is one of the most rapidly
evolving coding regions in plants and shows high level of species discrimination ability among angiosperms (Lahaye
et al. 2008; CBOL Plant Working Group, 2009), even at the species level (Dong et al. 2012). The requirement of
specific primers and reported PCR problems are the most significant drawbacks of this gene region; however, it still
shows a very high level of species discrimination ability among angiosperms (Lahaye et al. 2008).

2. Materials and Methods

2.1. Taxon sampling

The dataset contained published matK and rbcL plastid gene regions from the National Center for Biotechnology
Information (NCBI/GenBank) for 27 taxa in total: 15 taxa from Leguminosae, nine taxa from Polygalaceae, one taxon
from Surianaceae and the sole genus of Quillajaceae, Quillaja. One outgroup taxon, Krameria ixine L. (Zygophyllales
Link) was also included to root the Fabales phylogeny. The National Center for Biotechnology Information
(NCBI/GenBank) accession numbers for these previously published DNA sequences are provided in Appendix 1.
Sequences were assembled and aligned using the Geneious alignment option in Geneious Pro 4.8.4 (Kearse et al. 2012)
with the automatic pairwise alignment tool and subsequently edited manually. Equivocal base calling at the beginning
and end of assembled complementary strands were trimmed. All insertion and deletions (indels) were scored as missing
data.

2.2. Methods to find the necessary amount and type of data to resolve Fabales phylogeny

2.2.1. Method 1: sequence simulation by Seq-Gen

Fully resolved and outgroup rooted neighbour joining (NJ) trees were created by PAUP 4.0b10 (Swofford, 2002) for
rbcL, matK and rbcL+matK data. jModelTest 0.1 (Posada, 2008; Darriba et al., 2012) was used to find the most
suitable evolutionary model for each data set. For the rbcL region, the most realistic model was GTR+1+G, with relative
base sequences A = 0.2637, C = 0.1920, G = 0.2443, T = 0.3000, relative substitution rates [AC] = 1.8817, [AG] =
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3.4498, [AT] = 0.6866, [CG] = 0.9896, [CT] = 4.8329, [GT] = 1.0000, gamma distribution shape parameter 0.5590,
and proportion of invariable sites 0.5400.

For the matK region, the most suitable evolutionary model was the GTR+G model with relative base sequences A =
0.3091, C =0.1504, G = 0.1506, T = 0.3899, relative substitution rates [AC] = 1.2704, [AG] = 1.9872, [AT] = 0.2821,
[CG] = 1.2551, [CT] = 1.9595, [GT] = 1.0000, gamma shape parameter = 1.2280.

Both rbcL and matK regions were simulated by Seq-Gen v1.3.2 (Rambaut and Grass, 1997) for 3,000, 5,000, 10,000,
15,000 and 20,000 bp. For the combined data sets, GTR+I+G and GTR+I models were used to see the results of effects
of both models. The rbcL and matK sequence length, and the total sequence length for these combined datasets are
shown in Table 1. For all datasets, the number of replicate matrices (n) was set to 100.

Table 1. Combined simulated data sets by Seq-Gen v1.3.2 (Rambaut and Grassly, 1997). bp=base pairs (please note
that the same data sets were simulated according to GTR+I+G and GTR+I models, separately).

rbcL sequence length (bp) matK sequence length (bp) Total sequence length (bp)

1,000 1,000 2,000
1,000 2,000 3,000
1,000 3,000 4,000
1,000 5,000 6,000
1,000 10,000 11,000
2,000 1,000 3,000
2,000 2,000 4,000
2,000 3,000 5,000
2,000 5,000 7,000
2,000 10,000 12,000
3,000 1,000 4,000
3,000 2,000 5,000
3,000 3,000 6,000
3,000 5,000 8,000
3,000 10,000 13,000
5,000 1,000 6,000
5,000 2,000 7,000
5,000 3,000 8,000
5,000 5,000 10,000
5,000 10,000 15,000
10,000 1,000 11,000
10,000 2,000 12,000
10,000 3,000 13,000
10,000 5,000 15,000
10,000 10,000 20,000

2.2.2. Method 2: manual sequence simulation

In this method the sequences were replicated on Geneious Pro 4.8.4 (Kearse et al. 2012) by employing the “new
sequence” option. Existent matK and rbcL sequences for each taxon were replicated from 2,000 bp to 7,000 bp by
1,000 bp increments, and rbcL and matK were manually duplicated from the original sequences of rbcL and matK
regions for 3,000 bp, 5,000 bp, 7,000 bp, 9,000 bp, 12,000 bp and 15,000 bp. All taxa were aligned to generate the
NEXUS files.

2.3. Phylogenetic analysis

For both methods, parsimony analyses were conducted using PAUP 4.0b10 (Swofford, 2002) with 1,000 replicate
heuristic searches, tree-bisection-reconnection (TBR) branch- swapping, MULPARS on, holding 10 trees per replicate
and saving all trees. After the parsimony searches, strict consensus trees were generated and rooted by the outgroup.
FigTree 1.4.2 (Rambaut, 2009; Rambaut 2014) was used to visualize tree files.
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2.4. Comparisons

Internal support, accuracy and resolution were used for comparisons. First, non-parametric bootstrap searches with
100 replicates were carried out to estimate the internal support for parsimony trees; the bootstrap supports above 90%
were counted, and the percentage of these high supports were calculated. Second, accuracy was measured by the
presence of the key nodes of the phylogenetic analyses of Bello et al. (2009) and Bello et al. (2012), which were a
monophyletic Fabales, monophyletic Polygalaceae and Leguminosae, (Quillajaceae+Surianaceae) bifurcation and
(Leguminosae (Quillajaceae+Surianaceae)) bifurcation. Lastly, consensus fork index (CFI) was estimated for the
resolution. For this calculation, the formula below was used, where Cl.is the consistency fork index, Bi is the number
of resolved internal branches, Btis the number of terminal branches and R is two or three dependent on whether the
tree is rooted (two) or has a basal polytomy (three) (Soltis et al., 1998; Wortley et al., 2005):

Clc=Bi+(B—R)

3. Results

3.1. Method 1: Sequence simulation by Seq-Gen

3.1.1. Separate analyses

In general, rbcL phylogenetic trees did not yield accurate relationships within Fabales (Figure 1.a). Resolution was
100% starting from 10,000 bp. However, a sharp increase was seen for the internal support after 5,000 bp.

The matK region showed a similar pattern (Figure 1.b). While there were no significant differences among different

data sets (i.e., different amounts of data) in terms of resolution and accuracy (the resolution was 100% and the accuracy
was only 40% for all datasets), internal support increased gradually as sequence length increased.
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Figure 1:. The effect of the sequence length of rbcL (a), matK (b and ¢) and rbcL+matK (d) on resolution, accuracy
and support in manual simulation analyses and simulations by Seq-Gen. The resolution was evaluated by CFlI, the
accuracy evaluated by the percentage of the presence of key nodes present, and the support was evaluated by the
percentage of the bootstrap values greater than 90%. bp: base pairs.

3.1.2. Combined analysis

Fifty strict consensus trees that were generated according to the matK model yielded polyphyletic clades, especially
for the Leguminosae family, and among these trees only five of them yielded the (((QS)L)P relationship. Therefore,
the results of these analyses are not included in Figure 1.

Similarly, among the trees generated according to the rbcL type model, five phylogenetic trees yielded monophyletic
Fabales families. These were: 3,000 bp tree (2,000 bp of rbcL and 1,000 bp of matK), 11,000 bp tree (10,000 bp of
rbcL and 1,000 bp of matK), 13,000 bp tree (10,000 bp of rbcL and 3,000 bp of matK), 15,000 bp tree (5,000 bp of
rbcL and 10,000 bp of matK),and 20,000 bp tree (10,000 bp of rbcL and 10,000 bp of matK). However, none of these
trees yielded the most likely intrafamilial relationship for Fabales (Table 2). Furthermore, resolution, accuracy and
support statistics for these trees did not show a gradual increase with the increase in sequence length. Therefore, the
results of these analyses are also not included in Figure 1.
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Table 2. The results of the strict consensus parsimony trees of 3,000 bp, 11,000 bp, 13,000 bp, 15,000 bp and 20,000
bp according to the simulations under rbcL model. L: Leguminosae, P: Polygalaceae, Q: Quillajaceae and S:
Surianaceae.

Name of the analysis Resulting

topology
3,000 bp strict consensus parsimony tree with (((QL)S)P)
2,000 bp of rbcL and 1,000 bp of matK

11,000 bp strict consensus parsimony tree with  (((QP)S)L)
10,000 bp of rbcL and 1,000 bp of matK

13,000 bp strict consensus parsimony tree with  ((LS)(QP))
10,000 bp of rbcL and 3,000 bp of matK

15,000 bp strict consensus parsimony tree with  ((PS)(QL))
5,000 bp of rbcL and 10,000 bp of matK

20,000 bp strict consensus parsimony tree with  (((LS)Q)P)
10,000 bp of rbcL and 10,000 bp ofmatK

3.2. Method 2: manual sequence simulation

3.2.1. Separate analyses

While any of the rbcL simulated trees did not yield monophyletic clades, all matK trees yielded monophyletic families
and “correct” relationships among the families of Fabales (Figure 1.c). Additionally, for the matK trees, while the
support for monophyletic Leguminosae and Polygalaceae was always high (> 95%), the support values for (Q+S) sister
relationship and ((Q+S)F) bifurcation reduced dramatically as a result of increasing the sequence lengths. For example,
for the (Q+S) clade, the bootstrap values were 56% for 2,000 bp and 91% for 7,000 bp. Similarly, for the ((Q+S)L)
bifurcation, the bootstrap support was 67% at 2,000 bp and 97% at 7,000 bp. In general, resolution and support
increased very little with the increase in sequence length.

3.2.2. Combined analysis

Combined analysis yielded monophyletic, moderately supported trees and always a (((QS)L)P topology. Moreover,
whilst the bootstrap supports were always high for the monophyletic Polygalaceae and Leguminosae, there was almost
no difference for the (Q+S) and ((Q+S)L) bifurcation support values between 3,000 bp and 15,000 bp. On the other
hand, whilst the accuracy was 100% for all datasets, and the resolution was almost always high (except 2,000 bp);
support was gradually increased and stabilized after 5,000 bp (Figure 1.d).

4. Discussion

4.1. Interpretation of general results of the simulation study

In general, accuracy did not improve with an increase in sequence length, which contradicts the results of Wortley et
al. (2005). A possible reason for the stability of the accuracy in Method 1 is that the software simulated sequences
according to the given wrong phylogeny (NJ starting tree); therefore, increasing the sequence length did not improve
the results. On the contrary, for Method 2, without a starting tree, all datasets yielded 100% accuracy.

Second, by using either Method 1 or Method 2, in almost all analyses, support increased by the increase of sequence
length (up until a certain point). The resolution, in some cases, increased until a certain point or showed mixed results;
in others, it did not change at all (e.g., the simulated matK trees according to Method 2, Figure 1.c). The reason for
this is the unresolved relationship of Ceratonia siliqua L. within Leguminosae in the 3,000 bp, 5,000 bp and 7,000 bp
trees. One of the possible reasons for this pattern may be the different percentage of rbcL / matK sequences in these
analyses.
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In general, manually simulated sequences yielded more accurate phylogenetic relationships, and there were a number
of monophyletic groupings in the trees. However, both the NJ trees of separate analyses and the combined analyses
did not yield “correct” phylogenetic relationships for Fabales families. An additional tree construction method was not
employed because the aim of this study is to determine how many base pairs are enough to solve the phylogenetic
relationships within Fabales, not to find the most suitable tree construction method for this problematic order. Yet,
adding several thousands of base pairs did not improve the results and the phylogeny continued to produce incorrect
phylogenetic relationships. This problem may be that a result of the specified tree being wrong, which would cause
the software to simulate the sequences wrong as well.

On the other hand, the results of this study clearly indicate that the matK type of data is more suitable to solve possible
relationships within Fabales. For example, bootstrap supports for (QS) and ((QS)L) nodes dramatically increased as
the sequence length increased, and it appears that just 5,000 bp is sufficient to solve the Fabales phylogeny problem.
Additionally, the results of Bello et al., (2009) support this conclusion with less homoplastic character (estimated with
CI) of matK and higher support values than rbcL analyses. However, two points should be noted in this case: first, all
analyses were interpreted according to previous assumptions of the phylogenetic relationships within Fabales (i.e.
Bello et al., 2009, Bello et al., 2012), but in these studies the supports for (QS) and ((QS)L) forks were always low,
and morphology was one of the most important reasons for determining the possible evolutionary relationship. Second,
while Bello et al. (2009) and Bello et al. (2012) had the most equal taxa coverage among all studies, the others did not
report a possible (((Q+S)L)P relationship (i.e. Forest., 2004). If the supposed phylogenetic inference represents the
most possible evolutionary relationship for Fabales, employing a matK type data set for future analyses may help to
strengthen this hypothesis with “correct” and well-supported clades.

Lastly, several studies reported that, especially for ancient phylogenies, slow gene regions are more efficient; for
instance, Whitfield & Kjer (2008) reported that while fast-evolving genes may help for the short internodes, these
genes are more likely to be overwritten and be more homoplastic than the slowly evolving genes. Indeed, fast-evolving
regions are more prone to certain artefacts such as LBA (Felsenstein, 1978) and loss of phylogenetic signal (i.e.,
mutational saturation) (Gribaldo & Philippe, 2002; Whitfield & Lockhart, 2007). Thus, extra caution should be taken
for employing these fast-evolving regions in any phylogenetic analysis.

In summary, the results of the current study demonstrate that Fabales phylogeny may be solved successfully by
employing just 5,000 bp of rapidly evolving genes (e.g., matK type). This is in contrast to slowly evolving genes (e.qg.,
rbcL) and some examples from ToL (Tree of Life) and IBOL (International Barcode of Life) which may not be resolved
even with maximal data (e.g. whole genome sequences) in the cases of non-tree like bits of the tree such as
hybridization and paralogy where many genes robustly support alternative topologies (Rokas & Carrol, 2006; Cotton
& Page, 2012); this is because Fabales is not one of the cases that indicates a hard polytomy (Bello et al., 2009).
Moreover, this study sounds a note of caution, with respect to interpreting the results of the “more data” approach,
because, while while simulated data does not always behave like real data (Spinks et al., 2009; Schéferhoff et al.,
2010), larger datasets can easily support an arbitrary root of Fabales (Jeffroy et al., 2006; Rokas & Carroll, 2006).

4.2. Future work

For Fabales a more-data approach is essential, but with the inclusion of an adequate number of taxa (Raman & Park,
2016; Pereira et al., 2017; Reddy et al., 2017) and with the “right” gene regions (i.e., fast-evolving gene regions that
can be alignable across families or genes with strong phylogenetic signal), despite its drawbacks, such as homoplasy,
alignment difficulties and LBA. Cases that have shown that the more data approach is useful are not rare in the literature
such as Rosaceae (Zhang et al., 2017), Mesaangiospermae (Zeng et al., 2014), eudicots (Zeng et al., 2017), Brassicaeae
(Huang et al., 2015), Vitaceae Juss. (Raman & Park, 2016), birds (Reddy et al., 2017), salamanders (Rodriguez et al.,
2017), turtles (Pereira et al., 2017; Shaffer et al., 2017), and genus Oryza L. (Zou et al., 2008), because, especially in
the case of rapid radiations additional data can increase the internal branch lengths; consequently, resolving the
phylogeny question becomes easier. In this case, nuclear genes have been very useful in answering controversial
phylogenetic questions since they are biparentlly inherited, in contrast to the plastid data for thousands of base pairs
that are linked and mostly inherited maternally (Sun et al., 2015). The importance of the model of evolution was also
shown by several studies for tree of life, Animalia, placental mammals and Archaea (e.g., Morgan et al., 2013; Pisani
et al., 2015; Tarver et al., 2016); therefore, a complex model such as a heterogeneous model that allows sites or time
periods to evolve under different models may help to reconstruct a correct root for Fabales.
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Appendix 1: Taxon sampling for the simulation study of the order Fabales.

Fabales

Leguminosae

Polygalaceae

Quillajaceae
Surianaceae
Outgroups

Krameriaceae

Chamaecrista nictitans (L.) Moench
Haematoxylum brasiletto Karst.
Caesalpinia calycina Benth.

Cercis canadensis L.

Bauhinia syringifolia (F. Muell.) Wunderlin

Cassia grandis L.f.

Amherstia nobilis Wall.

Gleditsia triacanthos L.
Petalostylis labicheoides R. Br.
Lecointea peruviana Barneby.
Senna alata (L.) Roxb.
Browneopsis ucayalina Huber
Ceratonia siliqua L.

Cynometra mannii Oliv.
Tamarindus indica L.

Carpolobia alba G. Don
Securidaca retusa Benth.
Xanthophyllum sp.

Comesperma esulifolium (Gand.) Prain
Monnina salicifolia Ruiz & Pavon
Eriandra fragrans Royen & Steenis
Polygala tenella Willd.
Bredemeyera floribunda Gleason
Atroxima afzeliana (Oliv. Ex Chod.) Stapf
Quillaja saponaria Molina

Suriana maritima L.

Krameria ixine Lofling.
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