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ABSTRACT
An intuitive phylogeny of the goldenrod genSislidago is presented. The diagram was
developed over three decades as data from field observationshological analyses, cytology, and
limited molecular studies were considered. Chromosoméexswere mapped onto the phylogeny
and highlighted in various ways to show the frequencies ofoidgl tetraploids, hexaploids,
octoploids, nonaploids, decaploids, and duodecaploid repBifgoid-only taxa are most frequent.
High polyploid (10x-14x) individuals occur in only three specieaxalincluding polypoid series are
more frequent than taxa with one polypoid cytotype.

No rigorous molecular phylogeny of the goldenrod gesoliglago L. (Asteaceae: Astereae)
has been published. The only existing phylogeny featuring bigaxhomic sampling is that of
Zhang (1996), in which cpDNA restriction fragment length polyhsm data were used to
reconstruct relationships among &lidago taxa. While support for certain relationships wasngfro
much of the topology received modest support. One of the Zhang (r@88)was published in
Semple, Ringius, and Zhang (1999). Schilling et al. (2008) publidteeanbst recent molecular
phylogeny ofSolidago using nuclear ribosomal ITS and ETS sequence data Zbrgoldenrod
species and one interspecific hybrid. They reported limitéerspecific sequence variation, with
pairwise comparisons revealing "ITS sequence divergence ofaffgnkess than 1%, with total
differences between samples of 1-10 bp.” While the phylogdimstis of the genusolidago have
been established by these studies, these data have dorte Gtdefy relationships within the genus.
Semple and Cook (2006) estimated the numb&plofiago species to be ca. 100 with 77 occurring in
Canada and the USA, while Semple (2016b, frequently updatetbdes 120 species and 42
subspecies/varieties. This species richness and theflaekolution provided by previous analyses
highlight the need for a dataset featuring both enhanced taxosampling and phylogenetic signal.
With this in mind, a detailed working intuitive phylogeny iseggnted in an effort to provide
hypotheses on evolutionary relationships.

The intuitive phylogeny of alfolidago species and varieties is presented in Figure 1. This is
the culmination of more than four decades of work on thegbey members of my Astereae Lab and
is based on (1) observations on more 20 88@lago collections, (2) field observations of more than
100 of the approximately 122 species combined with single of-sgalson greenhouse observations
on most of the species with known ploidy level(s), (3) chsonme number determinations from
nearly 4500 individuals, (4) published and unpublished multivariatphometric studies including
nearly 3000 specimens representing all sections and subsefttbesgenus, (5) several unpublished
cladistics studies conducted by undergraduates in the Semjgleedes Lab, (6) existing molecular
phylogenies (Zhang 1996; Beck et al. 2004; Schilling et al. 2008sdpeiet al. 2013), (7)
relationships indicated in Nesom (1993), and (8) numerous disogswith colleagues and students
over four decades. Sixty-two Semple Astereae Lab publicati@isinclude data ofolidago are
listed online (Semple 2016a frequently updated, goldenrodspi@ndot cited here separately; the
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first was Brouillet and Semple (1981) and the most recast 8emple and Lopez Laphitz (2016).
The intuitive phylogeny includes threpecies not yet described.

The phylogeny diagram has been in development for about decseles. It began in the
early to mid 1980s as a large poster board with taxon nangeknown chromosome counts placed in
a rough phylogenetic pattern. The purpose was primarily toigighivhich taxa remained to be
studied cytologically and also to provide a quick overviewhef genus for students. The diagram
was converted into a computer graphic in the early 1990s usiegrly version of CorelDral{ and
included in Zhang (1996). Layers were added to the diagramghtight cytological information
(Figs. 2-4) and the names of the about forty students whkediarn the genus over four decades.
Additional taxa were added as new names were published and cheargemade to the branching
topology, indicating revised hypotheses of evolutionary relationsi@ped on new information. For
example, the inclusion @&olidago glomerata Michx. in subsectGlomeruliflorae was adopted based
on the position of this taxon in Zhang (1996); Cronquist (1980)ghawped it withS. squarrosa and
S puberula Nutt. and other species placed here in subSqaarrosae. Changes in the ranks of some
taxa were based on other cytological and molecular stueigs, Peirson et al. (2012, 2013) on
subsectHumiles.

Research in support of the treatmentSolidago for Flora North America (Semple & Cook
2006) and the English language version of the Flora of Chihan(@ Semple 2011) necessitated
detailed examination of nearly &blidago taxa and numerous multivariate studies incorporating 35-
50 traits on large numbers of specimens. Early muitit@studies include Heard and Semple (1988)
and Semple et al. (1990). More recent multivariate esuigiclude Cook et al. (2009), Lopez Laphitz
and Semple (2015), Semple et al. (2015), and Semple and Lepé#a (2016). These detailed
studies have led to insights into relationships among epe&dthin subsections. For example, the
recent addition of multivariate data 8ngypsophila Nesom ands pringlei Fern. (Semple & Lopez
Laphitz 2016) resulted in multiple changes to the topoldgubsectTriplinerviae, the hypothesized
relationships of much of the inform&brtifoliae group were changed to reflect the hypothesis$hat
pringlei is likely basal or most similar to the ancestral sggedor the entire group. Also, the
phylogenetic position db altissma L. was changed to reflect uncertainty about whether dnigsl in
the Tortifoliae group or theCanadensae group within the subsection. Traits of all the infrageneric
groups were included in Semple and Cook (2006) and Lopez kaphii Semple (2015).
Inflorescence shape and branching pattern, presence orcabskbasal rosettes, size differences
between lower and upper leaves, leaf shape and venation, nsuanigesizes of leaf margin serrations
and changes in these from lower to upper stem, and phyllapesand venation are critical features
of infrageneric taxa. Multivariate studies on all infraggc groups irSolidago will be published as
they are completed.

The Semple Astereae L&bolidago chromosome number database currently includes reports
for 4466 individuals; ploidy level determinations by flow cytomeing not included. More than
2000 of these were utilized in Semple (1992), a publication sumingachromosome count data for
Solidago taxa by provinces and states for Canada and the U&Mealuding a long list of references
not repeated here. Additionally, Watanabe (2b&Guently updated) includes a long list of published
chromosome number reports féolidago along with source publications. A significant number of
counts included in the Semple Astereae Lab database yvi® be published, but efforts are
underway to finalize and publish all cytogeographic studie® fdllowing chromosome numbers are
known in Solidago: 2n=18, 27, 36, 45, 54, 72, 90, 108, and ca. 126. The Semple Lab database
includes 2723 diploid countsr{29,, 2n=18; 60.9% of all counts), along with 1022 tetraploid counts
(2n=18,, 2n=36; 22.8% of all counts), 637 hexaploid counts=@7,, 2n=54; 14.2% of all counts),
one octoploid count (&72; and 23 flow cytometry ploidy level determinations), eightapkid
counts (2=90), eight duodecaploid count:gb4,, 2n=108), and one 14x countrZca.126). Also
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included are three triploid countsné27; 0.0672%) and two pentaploid counts§25). The number

of counts for a taxon ranges from 1-4Blgltissma L.). No chromosome counts have been reported
for the following ten specieS durangensis Nesom,S. gypsophila Nesom,S. hintoniorum Nesom,S
orientalis (Nesom) Nesom, .aniculata DC., andS. pringlel from Mexico; S pacifica Juz. from
eastern AsiaS argentinensis Lopez Laph. & Semple from South America; &hduckieyi Torr. &

A. Gray andS capulinensis Cockerell & Andrews from the USA.

The chromosomal base numberSofidago is x=9 (Semple and Cook 2006), and Figures 2-4
summarize chromosome number variation in the context ointbive phylogeny. Diploids-only
species are most common (Fig. 2) with 79 taxa, althouglmnitiiedes several dozen taxa with only 1-
4 individuals sampled. Taxa exhibiting a single polyplojtbtype are rare (Fig. 3); including 11
tetraploid taxa, four hexaploid taxa, and one octoploid ta%owoésii Pringle & Loreto). There are
two decaploid-only taxa (Fig. 3§ faucibus Weibolt andS lancifolia (Torr. & Gray) Chapm.
Solidago glomerata is the only known duodecaploid or higher (12x-14x) taxon (FigT8ere are 35
taxa with more than one ploidy level reported (Fig. 4); 1& @&xtand 4«; 11 with2x, 4x, and &; and
five with 4x and &. Solidago subsectTriplinerviae exhibits both the largest number of taxa and the
most number of multiple ploidy level tax&:altissima (471 counts)S. gigantea Ait. (426 counts)S
canadensis L. in the narrowest sense (261 counts), &niépida DC. (246 counts). Additional taxa
with extensive numbers of counts inclUglenemoralis Ait. (320 counts) in subsedilemorales andS
rugosa Mill. (252 counts) in subsectenosae. All of these species have been the subjects of long-
term cytogeographic studies.

Several patterns emerge from mapping counts onto the wetytiylogeny. No section or
subsection ofolidago is only diploid or only polyploidSolidago ser.Odora (Mackenzie in Small)
Semple S ser.Brachychaeta (Torr. & Gray) Nesom, anfl ser.Auriculatae Semple are only known
at the diploid level with multiple reports for eac@nly subsectThrysiflorae comprises only diploids
with one exception; two reports of tetraploidsSirpetiolaris from Florida were in error (Semple and
Cook 2004) and a third report from North Carolina hasreectly identified voucher (Semple et al.
1992). However, four of the nine taxa in subsé&hyrsiflorae have no cytological data reported. All
but three of the 18 taxon in subsegjuarrosae are only diploid:S. speciosa Nutt. includes 2x and 4x
individuals, S. sciaphila is 4x only, and the very rai@ porteri Small is the only 6x taxon in the
subsection. All Eurasian taxa of subséclidago are diploid, while the North American members
Multiradiatae group include 2x and 4x or are exclusively polyploid. The &fabiting the highest
ploidy levels occur in only two subsections: one speciesilisext. Argutae (Weiboldt & Semple
2003) and two species in subseGtomeruliflorae (Cook & Semple 2008). Taxa with multiple
polyploid levels are more frequent (30) than taxa witingles known polyploid level (18).Solidago
subsectTriplinerviae includes the most taxa with multiple ploidy levels, whictpant explains the
taxonomic difficulties encountered in this group of specikss also more intensively sampled than
any other subsection, which may also account for its kroyalogical complexity. Finally, taxa of
putative allopolyploid origin appear to be rare. The geBnliglago includes a large amount of
morphological and cytological variation but surprisingly low levaf DNA sequence variation. This
suggests relatively recent morphological and cytological diveegewer a relatively short time.
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Intuitive phylogeny of Sofidago 7

Semple

!

]

1

1

|

1

|
[}
\
1

{
\
L)
3
\

‘

gi=ug

pruojuLLyg

£PapNXa aq oL
u‘.u-..uwﬁ.__.__mttuhm.__m .m.

S si=ug 3
e e 81
P 1
SUALINIP Q.%N‘ 110 e T e 5 ' g=uz — \ il
S . 3 e i s Sy dss o e g)=uz
= P e 2 Sk
sisua|rumy e e e e andopfisidy | & e e Hjieppi
- : . ~ = bo 1
vaifiavd o0sopiog QMQN‘QQM‘ ‘1098 iz saprootuLinid W N
8l=uz i e HIYBLIM ussoa” i
pItRYep, — = . : - ol 1 HuowSnoy |
ammipnaingy : DD A 8i-uz SHDIUALIO et
DAUNDEAA w.ﬁ:m. i gtz \ aowds REmTEL
gi=uz __~ = PR . DSOULSIIN 81= aowds SSUMNGDI G onad 1apyong i
Stisadyp “Jen DT e : ‘gg=uz?  f i) \
2 : pdinaoia) I~ 4 = ! s 8l=UZ _~ | ~ gj=ug |
gl=uz ’ ge=uz . anaolf Sup S SRS gi=ug UPIDSCIeR.  g\=uz  sLipjoyad uen—og=uz I
DAMDINA BN ; - gE=ug L pulgsng DIsSnSuD 1en i i
e ‘BL=Uz FG=UZ =) -~ 8L=Ug T . i ’
D - pA0WDYS : EEEL D] DUDIIXIU 9e=Uz_ iiiniiio S [ mm " <
i ot o 8L=lz et puinga ‘dss)  gi=vz %E=UE -7
i A : \ pisono e L SOPRIOUIIN S 2t J DoanLIofijp3 dss A
gL=uz Btz gl=uz Dipaz den B 8l=ue _ S T e
xapduns “en /EEM&E S— Sapnunp sipoaxalf \8LE, ) 9s=uz . Mﬁﬁﬂﬁrﬁ syjout /Eek::u% dss )
xayduts HEHANIL : § g L ; oezuz !
- [ be=liz \ syiowu
8l=Uz = ! mmnotind 9g=uz = e i i i
DUBUIRN sty Sene geue /w‘.u.._u dodiias o\, Ea ) be= iy Ewww_,m_mwmm .a%m.amﬁmmmwﬂmumm '
gg=tzg — gi=uz  Dsopdogp c.qc\“,_h“_ubm___\ e DILIOZD nt..uukt”.:LQ. B wntomony ~ ge=uz /
SISHIOLIDIUO ojtydosovia 06=UZ m,mu.._\m $G=Uz A 2DS0UI Hpuomnp E SRR i o
= 1S gzi=uz  PHOfloun] anLopo : 12)8und gl=ug \
SeS } glil=ug B ) Bl W e ©apnadpunpdig Y SISUB[D  gr-uz
gg=ug aouds - pipaawo)s . el @iopo ~ S~ pijofiuyn e 3 r.’hlvo? = " vssoiSousiin |
DSOWAID.L et e BL=Uz DIDPOLIAD el Ew_p.u wru:w.ﬂ \ g1=uz S ~—4— BSso[Sou _.
PN gey DIOJUDD ; ™ il pijofiugn 1en N ppydosdds
.&w_w:.‘mﬁ 1021 . - Nﬁhﬁh}_..u.u.__& V G A pjiydosd (s o
S ) - S . gL=uz gl=u
! : mﬂhak;ﬁa@% “8l=ug ppjaanyds : mijofiuissiny auipnd 1en Eucm.\. sisuaSuD.np !
; BI=VZ  AB2IUN [ ! i gl=uz_ [api gl=ug i
pasunf . _ i me:un&.unﬁnmu&km YE=UT gi=uz DSOS = pyofirior ! ST i
gL=uz gl =uz Sl T ppwaap. o L §l=uz N SRy
winiorsind ETREYE] . Sloue aadst Jen ol / G i
gL=ug mmn__% apnsia ¥V SypAn o0 m_\:mffmmucm p_;sa HYLIOMUADI] 1
ppydpios ifz" i 5 5 gi=ug
tm%ﬂ.u__»u.% 11a! wT:M.. N ¥6=2 g1-uz profipia2 Jea a® HLioYs il wmfucm 0
gl=uz 8l=4Z g g, v BSOSILIIBA S . DUISSID i
SISUILINOSSIU gl=tz EEE 5 iz ‘ gl=uz Bt e gg=uz A T i
B e =uz. £ = : : i i
e uww.?saw m_..ucm__, = biapisgnd - PiaA BIEIBER - DUDISINDUOLD oA 2 myydaonind .,.:pu,,w:z.ua,:..& .
SISUDUUIEAD il 2 cw._kshnx.m. . s oprdsy sen _m>/ "
N : = = g . = gL=Ug o ge=ug =L, !
E_.wmm.n.mw% BpssmpEs R . _Bl=Ug gi=u & nuuuw_mhmmum\, ’ SHisadn. u__q:_%___ gl=ug yani DULSSIIE "JBA % 1 " !
i pG=Uz jjiayd [ vuvion “ : o pipsuop \ po=uz
—u; gL=uz gL=Uz gl=uz 1iapiod i H ~ gL=uz 1eA \ i
Sheit PR HSED, ST -4 “ldyapag [ -opn] gL=uz  gg=uz - N it v5=uz :
.q.htm\wwur_w SPER Rty S =uz : : /¢ baa et s, Rl / stz %= xojf  sisuapoupd ]
sl & gl=ug Jen G=Ug S gl=uz i
spuopving: DSSOIB0ULID .ER / +0oq gL=uz geie BIEZ ezt b vg :N\mm-m_m w_,.:m ”1 Lpgibyden .
; gl =Uz = ! 8= - . = L =ug L2 i i
. e P L=u opnd i 06=tz & nsLLDY . 8l=Ug pULOUL JBA 2 b
S DSUO]JBA mumtwt?w; 5 ! P2 ongionnf \ i DSLGAIDS TeA L gi=uz :
aL=uzg 1 ny greuz /  DPaDI ! T op=uz / \ / SISUIPDUDD JBn
vpidiy 1en ) w5 gi=uz Aoyl 3

pupps sisuauyprAopnasds 1en

poslz oe=uz  ABIpUALG

Figure 2. Solidago taxa known only at the diploich218 ploidy level.
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Figure 3. Solidago taxa known only at the tetraploid (green), hexap{ordnge), octoploid (red), decaploid

(pink), or duodecaploid or higher (purple) ploidy levels.
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Figure 4. Solidago taxa known at the two or more ploidy levelg

and & (red).



