Nesom, G.L. 2013. Review: Brandvain, Kenney, Flagel, Coop, and Sweigart. "Speciation and introgression between Mimulus
nasutus and Mimulus guttatus." Phytoneuron 2013-97: 1-9. Published 11 December 2013. ISSN 2153 733X

Brandvain, Y., AM. Kenney, L. Flagel, G. Coop, and AS3weigart. Submitted on 26 Oct 2013.
Speciation and introgression betwaéimulus nasutus andMimulus guttatus. arXiv:1310.7131v1 [g-
bio.PE].

The study by Brandvain et al., published online arigiv, presentsd population genomic
investigation of the speciation history of two closelyealated species of monkeyflowers... "the
first population genomic analysis bfimulus guttatus andM. nasutus.” It is based on the results of
whole genome analyses ®fl. guttatus (13 populations),M. nasutus (5 populations), andv.
dentilobus (1 population, as an outgroup) through sampling that "spanneckadblegical and
geographic ranges of each species." "We use these dehsergiguous population genomic data to
estimate the population-split time, quantify rapid logsancestral variation accompanying the
transition to selfing itM. nasutus, and identify ongoing, bidirectional introgression. Additiopaie
observe a negative correlation between the recombinatiommdtenterspecific divergence between
M. nasutus and sympatridVl. guttatus, a result best explained by selection against introgress M.
nasutus ancestry. Our approach provides a detailed view of diffetemtiand introgression in a
tractable ecological, genetic, and evolutionary model system."

ABSTRACT "Mimulus guttatus and M. nasutus are an evolutionary and ecological model sister species
pair differentiated by ecology, mating system, and partial reproductive isolation. Despite extensive
research on this system, the history of divergence and differentiation in this sister pair is unclear. We
present and analyze a novel population genomic data set which shows that M. nasutus “‘budded” off of a
central Californian M. guttatus population within the last 200 to 500 thousand years. In this time, the M.
nasutus genome has accrued numerous genomic signatures of the transition to predominant selfing.
Despite clear biological differentiation, we document ongoing, bidirectional introgression. We observe a
negative relationship between the recombination rate and divergence between M. nasutus and sympatric
M. guttatus samples, suggesting that selection acts against M. nasutus ancestry in M. guttatus."

The techniques and technology that allow these data tathergd are remarkable and the
neighbor-joining tree (NJTree) with congruent PCA provideeresting insights. Much of the
interpretation and inference, however (especially thah vphrases like "suggesting,” "likely
reflecting,” "likely due to," "hinted at," "presumablg,dand "it seems"), incorporates confused and
unfounded assumptions and circular reasoning, and coupledaektof documentation and limited
sampling, it gives little confidence that associated pmegations coincide with what actually is
happening in the evolution of these plants.

In a more precise taxonomic context, names for the spelisesissed here would be
positioned in the genu&rythranthe, one of the segregates established by Barker et al. (20b2gam
the species dlimulus sensu lato. In the comments here, however, plants ardiaasMimulus
rather tharErythranthe (some newly described species do not have a naMéamalus), not because
of ambivalence regarding their taxonomic placement but ind@adase of comparison with the
Brandvain et al. discussion.

Lack of documentation

The remarkable convention in the Brandvain et al. studypwolg that of many other
molecular-genetic investigations, in not providing vouchers fier gamples means that analyses
cannot be objectively interpreted or independently evalualdtey can be repeated only by using
exactly the same samples, not by anyone wishing to make areimitapt attempt toward the same
observations. Even from a molecular-genetics outsider's @ounew, it is hardly what one expects
from mainstream science.
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Confused assumptions

The outgroup from Arizona is identified BBmulus dentilobus, but that species is endemic to
northwestern Mexico (Nesom 2012) — the Arizona species closklied toM. dentilobus (and
mostly identified asM. dentilobus prior to 2012) isM. parvulus, which presumably accurately
identifies the outgroup. Not that this affects the outcofime study, but generally it is useful and
desirable to be accurate as possible, and the corretifizigion could have been made simply by
reference to maps in Nesom (2012). Further, choic&l.oflentilobus as the outgroup in the
Brandvain et al. study was arbitrary. Even though litleecurely known of the internal phyletic
structure of sectSmiolus, a potentially more informative choice of outgroup mightehbeen made
from a species of the Decora group or Tilingii group (Neg2@h2), both of which are primarily
centered in the same region as species in the study (ttet@and Microphylla groups) and probably
more closely related to them.h&M. dentilobus group is highly specialized, has a base chromosome
number of x = 16 (vs. X = 14 M. guttatus and its close relatives), and is primarily from Mexic

More significantly, all other populations in the studg afentified agviimulus nasutus or M.
guttatus. Mimulus nasutus is clearly a closely coherent species morphologicallygemettically but it
can be inferred from Brandvain et al.'s Table S1 thbdeest two other species are represented among
the remaining 13 samples — rhizomat®isguttatus is distinct from annuall. guttatus, the latter
better identified asvi. microphyllus (Nesom 2012, 2013b). In addition to these two, three other
species are tentatively identified here among the 13. n@ltiee identifications are offered in the
following paragraphs, as summarized in Figure 2. Of thiel1guttatus samplesAHGT, BOG, CAC,
DPR, DUN, IM, LMC, MAR, REM, SLP, SWB, andYJS represent populations that have been used in
previous studies or that are currently being used (ewpjgart & Willis 2003; Lowry et al. 2008;
Sweigart et al. 2008; John Willis, pers. comm. 20PED andYJS are listed in Seed Collections
(2009).

North group
CACG (Klickitat Co., Washington) is characterized in Breaia et al.'s Table S1 as an annual

and identified here aslimulus microphyllus. TheIM (Linn Co., Oregon) anAR (Douglas Co.,
Oregon) samples also aké microphyllus, the annual. The NJTree-paire@G (Humboldt Co.,
Nevada) andvJS (Lehmi Co., Idaho) are perennial and evidently are ap@gtyi identified as
rhizomatoudM. guttatus sensu stricto.

The AHQT sample (Park Co., Wyoming) represents a population fronméiesoil in
Yellowstone National Park. AMimulus guttatus exceptAHQT in that region is rhizomatous — the
locale is far west of the range of annll microphyllus. Lekberg et al. (2012) reported that the
AHQT population differs from non-thermal populations of the sammddiate area in its lack of
rhizomes, smaller size, denser vestiture, phenology (flowbeegms earlier in the season), and floral
biology/mating systemAHQT is autogamous).AHQT also is genetically distinct (as studied from 7
microsatellite and gene-based nuclear markers) and g@hetsolated from all other populations in
the area. These observations provide prima facie evidenceedgardingAHQT as a distinct
morphological and biological species — this is exactly theosevidence usually called for and
accepted in such an assessment — and indeed these plantsameck as a species in 1900, as
Mimulus thermalis A. Nelson. | accepted this taxonomic assessment akdM@som 2012), noting
thatM. thermalis is the only known example of sympatric speciatio&rythranthe. It also appears
to be a bonafide example of what Brandvain et al. refastspeciation by "budding off" (see below,
Speciation history). In Figure 2HQT is identified as "guttatus s. str. > thermalis," recaggiats
direct evolutionary connection to rhizomatdtiguttatus.
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South group
A sample from southeastern ArizorED, mapped apparently from Cochise County, from

"San Pedro River" fide Seed Collections 2009) is sistall tother samples of the South group in the
NJTree and is correspondingly isolated in the PCA. It tmigpresent an introgressed population of
rhizomatousMimulus guttatus or perhaps it is the annudl unimaculatus (duration ofPED was noted
as "?" in Table S1).Mimulus cordatus (Subgroup C/D of the Microphylla group, Nesom 2012) is
common in Cochise County, and although it produces autagaffawers | have encountered many
collections ofM. cordatus that were originally identified alsl. guttatus. Plants of\. cordatus are
fibrous-rooted annuals, but larger plants of the speciamndiesistically produce leafy, rhizome-like
runners from basal nodes and root from proximal nodes of the.stéetsaus®ED is isolated in the
analyses fronM. guttatus samples, and becaubg cordatus is relatively common in southeastern
Arizona, | have identifie®ED as the latter. Of course, while this ID is plausiblie speculative —
PED may well represent rhizomatoud. guttatus, in which case the sample still would be
accomodated by the arrangement in Figure 1. At leaginitributes to a point made here, that
identifications by the authors are ambiguous at best.

DUN (Lane Co., Oregon) areiVB (Mendocino Co., California) amel. grandis, as inferred
from their use in previous molecular-genetic studies (eayvry et al. 2008).LMC (Mendocino Co.,
California) andREM (Napa/Lake Co., California) comprise a pair sistavit@randis in the neighbor-
joining analysis; each is characterized as an®REM; is from serpentine. Their identity, judging from
the disposition otMC in Lowry et al. (2008), ig. microphyllus, but their close alliance witM.
grandis is unexpected because of the much closer morphologicalasty of M. grandis and
rhizomatousM. guttatus.

In the Brandvain et al. analysis, the NJTree sistéitoulus nasutus is theDPRG-SLP group
(both samples from Tuolumne Co., California). BDHRG andSLP are characterized as annugilp
is specifically noted in Table S1 to be from a serpentaigtét (from the Red Hills, fide John Willis,
pers. comm.). The type collection Mt pardalis was made in 1919 from the serpentine Red Hills of
Tuolumne County and, based on the information (or l&d§ presented by Brandvain et al., it would
be possible that thBPRG-SLP group represents]. pardalis, which is among the species suggested
(Nesom 2012) to be most closely relatedMonasutus. | am assured, however (John Willis, pers.
comm.), that th®PRG-SLP plants are among those that would be identifielll asicrophyllus.

It is only slightly tangential here to note thditmulus pardalis has often been identified &
guttatus. Macnair postulated that a new species, which he idesicasMimulus cupriphilus, had
been derived within the last 50 to 150 years directly from arviuglttatus (= M. microphyllus) at
the site of a California copper mine — it was later mairdut (Nesom 2012) that the putative new
species has a much wider distribution, more charactedlgtioccurs on serpentine, and had been
named adM. pardalis more than 40 years earlier. Wright et al. (2013) discuis®dncrease in
frequency of a hybrid incompatibility allele in a copsebstrate population at the site earlier studied
by Macnair — they identified the copper-tolerant plantshm study simply a$l. guttatus, not
indicating whether they wend. pardalis (a.k.a.M. cupriphilus, which is not even mentioned in the
paper) or Macnair's hypothesized "parentd|"guttatus. According to John Willis (pers. comm.),
they are appropriately identified & microphyllus.

Focal samples
Among the 4 focal samples ("sequenced to high depth,” "high ,degh quality") of

Mimulus guttatus used in the PSMC analysi8HQT is immediately derived from rhizomatoi.
guttatus. DPRG andSLP are identified here (from information not included in goyplication) asvi.
microphyllus. Each of these three apparently is a widely divergentantawithin the broad
population the authors apparently intended to study. Thehfearnple, CACG, presumably also is
correctly identified as1. microphyllus.
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Unfounded assumptions
Brandvain et al. observe thaMimulus guttatus and M. nasutus are an evolutionary and

ecological model sister species pair differentiated byoggolmating system, and partial reproductive
isolation." Evidence for their characterization as eitkied of "sister species pair" (evolutionary,
ecological) is neither presented nor discussed in the texttrarsdtheir pairing, especially their
evolutionary pairing, appears to be an assumption upon whiatude is based. An "evolutionary
species pair" or a "sister species pair' typically ingsahat the two taxa are immediately derived
from the same ancestor, that they are each other&stledative. Evidence in support of this would
exist as a well-supported phylogenetic hypothesis for theespeomprisingMimulus sect.Smiolus,

at least for a significantly inclusive group of segmiolus species pertinent to the considerations in
the study. | am not aware that any such evidence ex&thypothesis that at least provides an
adequate taxonomic framework is an infrasectiatassification, which | noted to be "admittedly
subjective,” laid out in the recent taxonomic study of s&atiolus (Nesom 2012). Figure 1 is a
hypothetical cladistic depiction of that classification tis bne among many possible topologies that
would have to be refuted before a plausible claim ctw@ldnade regarding a evolutionary sister

relationship betweell. microphyllus andM. nasutus.
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Figure 1. Hypothetical phylogeny of part of s&miolus. Mimulus grandis, M. guttatus, M. microphyllus, M.
nasutus, and probably. pardalis each comprise populations that are characterized bipp®f genome of
other species (the origin of these "outside" genetatid here to common ancestry and introgressior), an
some populations within each species may be reproductiselsitéd. Each, however, apparently has an
ancestral coherence that allows all populations tetegnized as a single species (a morphological spezses),
indicated by the yellow highlight; selective processe® atgmy impose ecological and morphological
constraints. Mimulus thermalis has been derived from a populationMf guttatus. Mimulus sookensis is
hypothesized to be of hybrid origin betwadnnasutus andM. microphyllus, but it is morphologically identical
to M. nasutus and thus included here withii. nasutus considered as a morphological species.
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In that informal classification and the derivative phy#og (Fig. 1), closest relatives of
Mimulus nasutus are hypothesized to Herythranthe brevinasuta, M. laciniatus, and M. pardalis.
These all are annual with autogamous flowers, basal amdnaiocauline leaves often purplish, and
flowers often produced at all nodes, proximal to disthl.was noted that this group is perhaps
arbitrarily separated from the group that includ&smicrophyllus as well asM. glaucescens, M.
marmoratus, andM. nudatus, and now with recent descriptions (Sexton et al. 2013; Nesom 2013d
2013e), alsdMimulus filicifolius and Erythranthe percaulis — all these also are annual but have
generally larger flowers that are allogamous. BecausBrdmedvain et al. study also includes plants
characterized as perennnial (rhizomatous), a phylogenetidhegi® to identify sister relationships
also would necessarily includd. guttatus in the strict sense (which is rhizomatous) and species
hypothesized to be most closely related to it M—grandis, M. arenicola, M. thermalis, M.
unimacul atus, andErythranthe lagunensis.

ThePED sample clusters with the NJTree South grouPEB-is identified here aMimulus
cordatus (Subgroup C of the Microphylla group, which also includesaiensis, M. brachystylis,
andM. charlestonensis; Nesom 2012) Mimulus hallii first was separated as Microphylla Subgroup D
but it is better placed with the species of Subgroup C, wtugkther constitute a group where
diversification through vicariant speciation is a reasonhigmthesis (see Maps 15 and 16 in Nesom
2012; Map 5 in Nesom 2013c).

In sum, there is no basis for an a priori assumptianMivaulus guttatus (in any sense except
a "multi-species,” one that includes 4 or 5 or more sé&pa@ecies) is the sister specieshf
nasutus. Results of the Brandvain et al. analysis itself malaw the possibility that such is the case
(the neighbor-joining sister t@l. nasutus is DPRG-SLP = M. microphyllus), but the clustering pattern
of a NJTree does not necessarily correspond to the atallistory (see comments below). And,
obviously, the sister thl. nasutus in the analysis can only be found among the sampleasded|—
there are other possibilities, unconsidered.

Circular reasoning, speciation history, transition to s#ing

Mimulus guttatus andM. nasutus are assumed to be sister species, and then the studyeisicl
only M. guttatus andM. nasutus among the samples — the conclusion that one is derived from the
other, or that they have an immediate common ancestangsgapable. This reasoning and its
associated presumptions/conclusions, which underlie the whaly, sdilute the meaning of the
discussion.

Speciation history

The whole study is characterized as “an investigatfaime speciation history” oMimulus
nasutus and M. guttatus. The authors find that “Geneticallyyl. nasutus clusters with central
CalifornianM. guttatus samples, suggesting that speciation post-dated the diffgrentof somew.
guttatus populations. Thus, speciation in this pair is best desgrés a 'budding off' d¥l. nasutus
from M. guttatus, rather than a split of an ancestral species intd’twamd (p. 3) “overall patterns of
genomic differentiation show deep population structurdirguttatus, with M. nasutus diverging
from a central CaliforniaiM. guttatus population approximately 200 kya. ... The fact thlaguttatus
is paraphyletic (i.e., split bi. nasutus) suggests tha¥l. nasutus budded from within a structural
ancestraM. guttatus population.” In view of the circular reasoning and the non-diadigture of a
neighbor-joining tree, and with the problems in incomplete iggadgc and taxonomic sampling and
identification of samples, such interpretations of sgem vary from ambiguous to meaningless.
Inferences of the "population-split time" may be objective,ibM. microphyllus is not sister tav.
nasutus, then perhaps the estimates are of the earliest thea tiheir separate clades diverged from a
common ancestor (see Fig. 1).
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Transition to selfing

It is implied (if not intended to be unequivocally statddt Mimulus nasutus acquired its
self-pollination syndrome as part of the process of speciatiowhich it was derived from
outcrossingM. guttatus (i.e., “The evolutionary transition from outcrossing tdf-gertilization, as
occurred inM. nasutus ...” (p. 2); "The transition from outcrossing to selftiieration in M. nasutus
has had clear consequences on patterns of genomic vatighiot0); "We observe an approximate
coincidence between the timing of divergence and the declipepulation size irM. nasutus (as
inferred from our PSMC analysis), likely as a resulttloé transition to selfing being linked to
speciation." (p. 10). The evolutionary polarity of the traosiin pollination biology is based on a
reasonable assumption, derived from observations in many m#rergroups, that the autogamy is
derived from an allogamous ancestral state, but withoutuinezpl evidence regarding the events of
speciation, the ancestral allogamy and origin of autogamjyding its timing, inM. nasutus can
only be speculative.

Although flowers of rhizomatouMimulus guttatus and M. microphyllus are consistently
allogamous and herkogamous, corolla size and anther/stigarement in both species are variable
and it is not implausible that a small-flowered populatimight become autogamous (e.g., adin
thermalis). The distinctive morphology oM. nasutus (vestiture, stem shape, leaf shape,
inflorescence configuration, calyx shape and coloration)eliery makes it difficult to accept that it
was immediately derived froMd. microphyllus. Based on the hypothesis that the closest relatives of
M. nasutus areErythranthe brevinasuta, M. laciniatus, andM. pardalis (Nesom 2012, p. 14; Fig. 1),
all autogamous annuals, a reasonable correlate was twteé@ that "The suite of characters
associated with autogamous fertility is heritable” — angammus species could be ancestral to
other autogamous species. This is almost certainlycdle in Subgroup C/D of the Microphylla
group (all autogamous annuals), although in this instancea@ug disjunctions apparently underlie
a pattern of vicariant speciationMimulus nasutus and E. brevinasuta probably are evolutionary
vicariants;M. nasutus is at least currently sympatric with bdth laciniatus andM. pardalis.

Limited sampling — ecological and geographic ranges

The claim that collection of samples "spanned the ecabgitd geographic ranges of each
species” (p. 3) appears not to be centrally significarthé intent of the study, because neither the
ecological nor geographical parameters of that claim ateh@a by the samples.

* The southernmost sample bfimulus nasutus is from central California. The species occurs
southward into Baja California and southeastward througtoAa into New Mexico. Essentially the

only area where it is not sympatric with. microphyllus is Arizona and New Mexico (see maps in
Nesom 2013a).

* The southernmost sample of annivimulus guttatus (M. microphyllus) is from central California;
the northernmost sample is from southern Washington. Theespegiges into southwestern British
Columbia and southward to the southern counties of Califofassentially the only areas where it is
not sympatric withM. nasutus are southern British Columbia and northern Baja Califofse® maps
in Nesom 2013a).

* The only samples of rhizomatous/perenriéilmulus guttatus (excluding the two samples ™.
grandis) are from Idaho and Nevada. Rhizomatdds guttatus (M. guttatus sensu stricto) is
widespread over the western USA, into Mexico (Baja Gali&, Sonora, Chihuahua), and through
western Canada into Alaska (Nesom 2012, 2013c). A locabiy the Queen Charlotte Islands
mapped on Brandvain et al.'s Figure 1A does not appear amosantipédes and does not figure in the
analysis — the only plants of sefitmiolus in the QCI are rhizomatoud. guttatus.
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Given the broad morphological and geographic diversity witiizomatousMimulus
guttatus and other species as well, the limited sampling leamgsn many possibilities in
interpretation of the speciation history of this groupon@usions of the analysis can only be based
on the samples included. Unsampled taxa and geograplitadiygent populations might prove to
be interpolated among the branches of the NJTree, reqohiargges in interpretation.

Neighbor-joining tree with revised identifications

The topology of the Brandvain et al. neighbor-joining tréeitFigure 1B) is reproduced
here as Figure 2, with original sample names substituted &giespnames based on surmises
discussed above. If the Figure 2 revision is at all a clagproach to biological realities than the
generalized identifications in 1B, presumably this woulceralhe study's interpretations and
discussion. Without vouchers, however, there is no way of detegntorrect identities (nor could
there be basis for a claim that the original Figure IBase appropriate than the revised Figure 2).

A prominent feature reflected in the NJTree is the mibdng of Mimulus microphyllus
samples among those of other species. In the South groumnpoof the genome are shared
betweenM. microphyllus andM. nasutus and betwee. microphyllusandM. grandis. In the North
group, portions of the genome are shared betweeni crophyllus and rhizomatouM. guttatus.
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Figure 2. Neighbor-joining tree topology of Figure 1B of mhaain et al., with hypothetical alternative
identifications of the samples (see comments in téi{te original sample codes are shown to the left inlema
font. The new names are hypothetical since withouickers there is no way of making objective
identifications.
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Mimulus microphyllus as | have identified it might appear to be non-monophyletithe
NJTree, comprising several independent lineages (Brandvaih sbte [p. 3] thaMM. guttatus is
"paraphyletic” in their analysis). | have suggested exattiiat evolutionarily independent lineages of
rhizomatoudM. guttatus might also be found, but the sampling here does not dilairntd be tested.

Mimulus grandis (rhizomatous, perennial) in the NJTree clusters withpéesmof annuaM.
microphyllus rather than rhizomatoud. guttatus. It was earlier observed that annual duration in
sect.Smiolus may be plesiomorphic, which would not be inconsistent witlependent evolution of
rhizome production itM. guttatus andM. grandis — "Rhizome production i&rythranthe occurs in
scattered species and species groups and may be derigadhirof the instances. In seSimiola,
rhizomes are produced in about half of the species andspeses may all have arisen from annual,
non-rhizomatous ancestors" (Nesom 2012, p. 9). Brandvainredtal(p. 3) that the NJTree “clearly
displays a deep phylogenetic split withih guttatus, roughly corresponding to northern and southern
parts of its range.” The separate positions of rhizomatbuguttatus andM. grandis in the North
and South groups might be taken to confirm their evolutiomaggpendence, in spite of their
morphological similarity. On the other hand, the distdreteveenM. guttatus andM. grandis shown
in the NJTree may reflect introgression in paralleheathan a cladistic disparity.

Various comments throughout the discussion directly imply tf@tauthors interpret the
NJTree as a cladogram, but neighbor-joining produces angament based on phenetic similarities
(distance measures), not one intended to be interpretecladistic topology. It might be argued that
the large amount of genetic data adduced in whole genomesstesien when interpreted with a
neighbor-joining algorithm, produces an arrangement of sangiieilar to a phylogenetic analysis,
but this is speculative. In the present study, a cladistiergretation of the NJTree seems so
implausible to me (compare Figure 1) that the NJTree grgemne more reasonably interpreted as
reflective of gene flow than a pattern of phylogeny.
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