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Abstract

The water-lily genus Nymphaea exhibits a worldwide distribution with an estimated number of
more than 50 extant species. Recent phylogenetic analyses resolved three major lineages, a subg.
Brachyceras- subg. Anecphya clade, also including Nymphaea ondinea, a subg. llydrocallis-subg.
Lotos clade, and the temperate subg. Nymphaea as a third clade. This study extends the taxon
sampling for Brachyceras, previously the least understood subgenus. Maximum Parsimony and
Bayesian analysis of nrlTS sequence data depict a monophylctic subg. Brachyceras- clade and
show a New World clade to be nested within African taxa. Plastid trnT-trnF sequence data are
less conclusive. A middle Miocene origin is inferred for the New World Brachyceras lineage that
must have dispersed out of Africa either via a Beringian migrational route or through immediate
long distance dispersal. Within subg. Brachyceras, the West African individuals of Nymphaea
guineensis form a distinct clade in both nuclear and plastid trees to which the Madagascan
Nymphaea minuta is sister. Central and East African Brachyceras species appear well separated,
suggesting a separating effect of the Dahomey gap to the evolution of these species. ITS sequences
are more powerful in identifying Nymphaea species than trnT—trnF sequences. Nevertheless,
about  15%  of  the  known  species  remain  to  be  sampled  for  a  complete  molecular  tree  of
water-lilies. This also requires sampling of multiple populations in order to discover entities
with a common evolutionary history and distinct molecular and morphological characters.

Introduction

Among  all  genera  of  the  water-lily  clade  (Nymphaeales),  Nymphaea  is  the  most  diverse
lineage  with  more  than  50  species.  Recent  molecular  phylogenetic  analyses  have
shown  several  lineages  that  represent  species  radiations  on  certain  continents  (Borsch
et  al.  2007,  2008;  Lohne  ct  al.  2007).  A  lineage  comprising  all  temperate  species  in
Eurasia  and  North  America  gains  high  support  from  both  DNA  and  morphology,  and
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corresponds  to  subg.  Nytnphaea.  Two  lineages  with  night  bloomers  appear  vicariant
for  the  New  and  Old  World  Tropics,  respectively.  The  monophyletic  subg.  Hydrocallis
occurs  in  Mexico,  the  Caribbean,  Central  and  South  America  (Wiersema  1987,  Lohne
et  al.  2008b)  whereas  subg.  Lotos  is  native  from  Africa  through  the  Indian  subcontinent
to  northern  Australia.  Molecular  studies  have  shown  that  the  Southern  African
N. petersiana, previously classified within subg. Brachyceras, in fact belongs to subg. Lotos
where  it  is  sister  to  the  remainder  of  the  species  (Borsch  et  al.  2007).  All  phylogenetic
analyses  hitherto  carried  out  agree  on  the  close  relationship  between  the  pantropically
distributed  subg.  Brachyceras  and  an  Australian  radiation  of  species  constituting  subg.
Anecphya.  Complex  reticulate  evolutionary  patterns  were  involved  in  the  genesis  of
the  approximately  10-16  species  of  Anecphya  (Lohne  et  al.  2008a),  many  of  which
were  described  only  recently  (Jacobs  &  Porter  2007;  Jacobs  &  llellquist  2006;  Jacobs
8c  Llellquist  2011,  this  issue).  Morphology  and  molecules  agree  on  the  finding  that  the
monotypic  genus  Ondinea  diverged  rather  recently  from  ancestors  within  Anecphya
(Borsch  et  al.  2007,  Lohne  et  al.  2009),  pointing  al  rapid  changes  in  floral  architecture
as well as organ number, probably as a consequence of changes in life form (submerged
aquatic  in  temporal  streams).  Therefore,  Lohne  et  al.  (2009)  transferred  Ondinea
purpurea,  including  its  two  subspecies,  to  Nymphaea.

Analyses  of  divergence  times  and  historical  biogeography  of  Nymphaeales  (Yoo
et  al.  2005,  Lohne  et  al.  2008b)  revealed  two  major  diversification  phases  during  the
evolution  of  the  Nymphaeales  crown  group.  First,  there  was  a  rapid  differentiation  into
the  three  major  lineages,  Cabombaceae,  Nuphar  and  the  remaining  Nymphaeaccae,
during  the  Palaeocene.  Secondly,  the  radiation  of  core  Nymphaeaccae  (  Victoria  ,
Euryale,  Nymphaea  inch  Ondinea)  took  place  from  the  Late  Oligoccne  to  Middle
Miocene.  The  scenario  outlined  by  Lohne  et  al.  (2008b)  starts  with  a  differentiation
of  the  Nymphaea  subgenera  in  the  Northern  Hemisphere  and  subsequent  migration
of  subg.  Hydrocallis  to  the  New  World  and  subg.  Lotos  to  the  Old  World.  During  the
Miocene,  the  subgenus  Hydrocallis  radiated  in  South  America,  whereas  ancestors  of
subgenus  Anecphya  migrated  to  Australia  followed  by  a  rapid  radiation.  Lohne  et  al.
(2008b)  explain  the  present  pattern  of  tropical  disjunctions  of  closely  related lineages  as
being  a  result  of  range  expansion  in  the  Northern  hemisphere  during  the  Early  Tertiary
and,  from  the  Oligoccne  to  Miocene,  subsequent  vicariance  due  to  the  formation  of
migration  barriers  (oceans  and  climatic  zones).  Similar  scenarios  have  been  inferred
for  several  other  pantropical  angiosperm  groups,  such  as  Magnoliaceac  (Azuma  et  al.
2001,  Doyle  et  al.  2004),  Lauraccae  (Chanderbali  et  al.  2001)  and  Malphigiaceac  (Davis
et  al.  2002,2004).

1  he  subgenus  Brachyceras  is  the  least  understood  group  of  water-lilies.  Many  taxa,
especially from the Palaeotropics, have an unclear status and have not been collected for
decades.  A  comprehensive  modern treatment  of  the  group is  sorely  needed to  integrate
the  fragmentary  regional  information  that  currently  exists.  The  trn  I  -trn  L  data  set  ol
Borsch  et  al.  (2007)  included  eight  Brachyceras  species,  which  al  that  time  comprised
the  largest  number  of  taxa  in  any  phylogenetic  study  involving  the  subgenus.  I  here
were  two  African  and  one  New  World  subclades,  although  their  relationships  remained
unclear.  Evidence  from  multiple  plastid  regions,  mitochondrial  matR,  nuclear  11S  and
morphology  placed  the  Neotropical  N.  gracilis  and  the  African  N.  micrantha  as  sisters
(Lohne  et  al.  2007,  Borsch  et  al.  2008).  However,  the  monophyly  of  subg.  Brachyceras
itself  could not  be resolved with any confidence in the more densely  sampled trn I  -trnb
tree  ol  Borsch  et  al.  (2007).  Therefore,  it  remains  to  be  clarified  if  the  pan-tropical
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water-lily  species  of  Brachyceras  are  paraphyletic  to  subg.  Anecphya  or  are  in  fact
monophyletic.  In  order  to  test  this,  dense  taxon  sampling  will  be  crucial  as  a  random
choice  of  few  Nymphaea  species  is  likely  to  lead  to  biased  phylogenetic  conclusions  on
the  phylogenetic  position  of  Nymphaea  and  on  phylogenetic  relationships  within  the
genus (Lohne et al.  2007).

A  complete  species  phylogeny  of  water-lilies  will  not  only  be  essential  for  better
understanding  of  their  evolutionary  diversification  but  also  is  a  prerequisite  to  study
species  limits  and  to  arrive  at  a  complete  modern  species  assessment.  The  strategy  is  to
include  all  morphological  entities  (species  and  phenotypic  variants)  into  plastic!  and
nuclear  sequence  data  sets.  This  allows  a  determination  of  all  lineages  and,  through
genomic  incongruence,  also  of  areas  of  the  tree  where  hybridisation  led  to  reticulate
origin  of  species.  Hybrid  speciation  in  conjunction  with  allopolyploidisation  is  evident
within  Nymphaea  subgenera  Anecphya  (Lohne  ct  al.  2009)  and  Nymphaea  (Volkova
et  al.  2010).  Representation  of  individuals  from  throughout  the  range  of  species
is  necessary  to  detect  geographical  differentiation  within  monophyletic  species,  as
evident  in  the  widespread  North  American  Nymphaea  odorata  (Woods  et  al.  2005),
and  incomplete  lineage  sorting.  This  may  be  a  factor  in  the  Australian  subg.  Anecphya
(Lohne  et  al.  2008a).  Reticulation  or  unequal  lineage  sorting,  however,  has  not  yet  been
detected  within  other  water-lily  lineages  but  this  could  simply  be  caused  by  limitations
in sampling.

Here  we  use  the  plaslid  trnT-trnV  and  nuclear  ITS  regions  to  construct  a  comprehensive
sequence data set with the aim of including as many taxa as possible rather than limiting
the  size  of  the  taxon  set  in  order  to  increase  the  number  of  characters.  Insufficiently
resolved  clades  or  subclades  within  the  respective  trees  can  then  be  studied  later  with
additional  approaches  including  genomic  fingerprinting  techniques  and  algorithms  not
a  priori  relying  on  dichotomous  evolutionary  patterns.  Aims  of  this  study  are  therefore
to include more samples of subg. Brachyceras and to test (1)  how the various lineages of
Brachyceras  are  related  to  each  other  and  to  the  Australian  Anecphya  clade,  and  (2)  the
extent  to  which  hitherto  unsampled  taxa  of  Brachyceras  can  be  distinguished  by  DNA
sequence data.

Material  and  Methods

Taxon  sampling

The  trnT-trnV  dataset  used  in  this  study  comprises  86  species  of  Nymphacales,
representing  both  genera  of  the  Cabombaceae  (  Brasenia  ,  Cabomba)  as  outgroup  taxa,
each  genus  of  the  Nynrphaeaceae  (  Barclaya  ,  Euryale,  Nuphar,  Nymphaea,  Victoria),
and  within  the  genus  Nymphaea,  each  of  the  five  subgenera  (  Anecphya,  Brachyceras,
Elydrocallis,  Lotos,  Nymphaea).  Nymphaea  ondinea,  previously  separated  from
Nymphaea as  a  distinct  genus,  is  also  included in  our  data  sets.

A  subset  of  43  of  these  taxa  was  employed  for  analysing  the  relationships  of  subg.
Brachyceras  and  Anecphya  using  the  nuclear  ITS  marker.  Here,  two  species  of  subg.
Hydrocallis  (N.  amazonum,  N.  jamesoniana)  were  used  as  outgroup  taxa,  with  all
available  taxa  of  Anecphya  and  Brachyceras  forming  the  ingroup.  New  samples  were
sequenced  for  both  trnV—trnP  and  LI’S  in  this  study.  Additionally,  published  sequences
from the authors’ previous studies were used to complement the data sets.  All  taxa used
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in  this  study,  including  information  on  origin  of  the  material,  voucher  specimens  and
EMBL/Genbank  accession  numbers,  are  listed  in  Appendix  1.

DNA  isolation,  amplification  and  sequencing

DNA  was  isolated  from  silica-gel-dried  leaf  tissue  using  the  triple  extraction  method
of  Borsch  et  al.  (2003).  The  chloroplast  genomic  region  trnT-trn  F  is  widely  used  for
phylogenetic  analyses  and  spans  the  intergenic  spacer  between  trnT  and  trnL,  the  trill,
gene  including  its  intron  as  well  as  the  spacer  between  trnL  and  trnL.  We  amplified  this
region  in  two  fragments  using  the  primers  rps4—5R  (Sauquet  et  al.  2003)  and  trnLl  10R
(Borsch  et  al.  2003)  for  the  5’-fragmcnt  and  the  primers  C  and  F  (Taberlet  et  al.  1991)
for  the  3’-fragment.  In  addition  to  the  amplification  primers,  the  internal  sequencing
primers  D  and  E  (Taberlet  el  al.  1991)  were  used  to  read  through long  poly-TA  stretches
in  the  p8  stem  loop  of  the  trnL  intron  (see  Borsch  et  al.  2007  for  a  detailed  analysis
ol  this  region).The  nuclear  marker  region  ITS  spans  the  internal  transcribed  spacer  1
(IIS1)  between  18S  and  5.8S  rDNA,  the  5.8S  rDNA  itself,  and  the  internal  transcribed
spacer  2  (ITS2)  between  5.8S  and  26S  rDNA.  Amplification  and  sequencing  ol  this
region  was  done  using  the  standard  primers  1TS4  and  ITS5  (White  et  al.  1990)  and
following  the  procedure  outlined  in  Lohne  et  al.  (2008a).

Alignment  and  indel  coding

Sequences  were  aligned  manually  with  PhyDe®  version  0.9.95  (Muller  et  al.  2007)
following  the  rules  outlined  in  Lohne  and  Borsch  (2005).  For  ITS,  sequences  of
Amborella,Austrobaileya,  Illicium,Schisandra  and  Kadsura  could  not  be  aligned  with  the
sequences  of  Nymphaeales  (at  least  for  the  major  parts  of  the  region).  Therefore,  only
ITS sequences of  representatives  of  the subgcnera Brachyceras  and Anecphya ,  with  two
representatives  of  subg.  Hydrocallis  as  outgroup,  were  aligned and analysed.  Mutational
hotspots  (after  Borsch  et  al.  2003)  were  excluded  from  analysis.  All  length  mutations  in
ITS  were  coded  automatically  in  a  “01  ’’-matrix  with  SeqState  version  1.4  (Muller  2005),
applying  the  “simple  indel  coding”  strategy  after  Simmons  and  Ochotcrena  (2000).
The  indel  matrix  was  appended  to  the  sequence  matrix  for  Maximum  Parsimony  and
Bayesian  analyses.  Thus,  the  final  ITS  matrix  contained  767  characters  (707  nucleotide
characters and 60 indels).

Alignment  and  indel  coding  of  the  trnT-trnF  regions  was  done  in  the  same  way.
Additionally,  the  p8  stem-loop  region  within  the  trnL  intron  (originally  excluded  as  a
hotspot  from  the  main  matrix,  see  also  Borsch  et  al.  2007)  was  aligned  separately  for
each  subgenus  and  appended  to  the  matrix.  This  allowed  the  inclusion  of  nucleotide
positions  and  length  mutations,  which  are  potentially  informative  within  the  subgenera.
T  lie  final  trriT-trn?  matrix  comprised  2077  characters  (1953  nucleotide  positions  from
trnT~trn\\  including  the  p8  region,  and  124  indels).

Phylogenetic  and  dating  analyses

I  he  two  data  sets  of  Nymphaea  s.l.  were  analysed  separately.  Maximum  parsimony
(MP)  ratchet  analyses  were  conducted  with  command  files  generated  by  PRAP  (Muller
2004)  and  then  executed  with  PAUP*  version  4.0b  10  (Swofford  2002).  The  ratchet
settings  were  200  iterations,  weight  2,  weighted  =  25%,  and  10  random  addition  cycles.
1  Icuristic  search  parameters  were  simple  stepwise  addition,  saving  only  one  of  the
shortest  trees  per  random-addition  cycle  and  increasing  the  maximum  number  of  trees
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automatically  by  100.  Node  support  was  estimated  through  jackknifing  (JK)  10,000
replicates  (simple  addition,  keeping  1  tree  per  replicate,  deleting  36.8%  of  characters
in each replicate).

For  Bayesian  analysis,  models  of  molecular  evolution  in  ITS  and  the  tmT-tmF  region,
respectively,  were  determined  using  MrModeltest  version  2.2  (Nylander2004)  according
to  the  Akaike  information  criterion.  The  following  models  were  selected:  GTR+G
for  ITS  and  the  tmL  intron,  GTR+I  for  the  trnh-trnF  spacer,  GTR  for  the  triiT-trnL
spacer,  JC  for  the  tmL  gene,  and  F81  for  the  p8  region  within  the  tmL  intron.  Bayesian
analyses  of  the  total  evidence  data  sets  (substitutions  plus  indels)  were  performed  using
MrBayes  version  3.1.2  (Ronquist  &  Huelsenbcck  2003),  with  the  binary  model  applied
to  the  indel  partition.  Analyses  settings  were  as  follows:  four  runs  with  four  chains  and
1,000,000  generations  each,  saving  one  tree  per  100  generations.  During  the  calculation,
tree  probabilities  converged  to  a  stable  value  after  38,000  generations  for  ITS  and  after
15,000  generations  for  tmT-tmF;  thus,  the  burn  in  was  set  to  380  and  150,  respectively.

Divergence  times  were  inferred  using  the  integrated  relaxed  clock  approach
implemented  in  the  program  BEAST  version  1.5.4  (Drummond  &  Rambaut  2007).
Instead  of  rate  priors,  two  calibration  points  were  used  for  each  data  set.  For  tmT-tmF
the  minimum  age  for  the  Nuphar  crown  group  was  set  as  52  ±  1  Mya  (Chen  et  al.  2004;
Nuphar  wutuensis  is  the  oldest  known  fossil  record  of  Nuphar).  The  Nymphaea  crown
group was set  to have a minimum age of  33 ± 1 Mya.  This  is  based on Nymphaea litninis
as  the  oldest  fossil  seeds  that  can  be  unambiguously  assigned  to  Nymphaea  (dated  as
Upper  Eocene/Lower  Oligocene;  Collinson  1980).  The  time  of  the  Eocene/Oligocene
boundary  is  drawn  from  Berggren  et  al.  (1995).  This  set  of  taxa  assigned  to  Nymphaea
was  not  specified  as  monophyletic  for  the  calculations.  For  the  ITS  data  set,  minimum
ages  for  the  crown  group  of  the  Brachyceras-Anecphya-dadc  were  set  as  24.7  ±  5.8  Mya
and  for  the  Anecphya  clade  as  19.6  ±  6.5  Mya  based  on  the  dated  trnT—trnF  tree  of
this  study  (Fig.  2).  Models  of  molecular  evolution  were  chosen  for  each  partition  as
depicted  by  MrModeltest  (see  above).  However,  since  the  programme  BEAST  does
not  include  a  model  for  binary  matrices  we  excluded  the  indel  characters  from  both
data  sets.  Thus,  the  matrices  containing  only  nucleotide  characters  were  analysed
with  BEAST.  Rates  for  each  branch  were  drawn  independently  from  a  lognormal
distribution  (Drummond  et  al.  2006).  A  Yule  speciation  model  was  assumed  and  a
random  starting  tree  was  used.  Analyses  were  performed  for  10,000,000  generations,
saving  one  tree  every  1000  generations.  The  burn  in  was  set  to  10%  yielding  9000
trees.  The  maximum  clade  credibility  tree  was  calculated  with  TrceAnnotator  v.  1.4.8
(Drummond  &  Rambaut  2007),  setting  the  posterior  probability  limit  to  0.7.  Trees  were
rooted  with  Cabombaceae  in  the  tmT-tmF  analysis  and  with  Nymphaea  amazonum
and  N.  jamesoniana  in  the  ITS  analysis.

Results

Trees  obtained  from  trnT—trnF

Maximum  Parsimony  (MP)  analysis  of  the  chloroplast  marker  tmT-tmF  yielded  114
shortest  trees  with  a  tree  length  of  543  steps.  Figure  1  shows  the  strict  consensus  of
these  114  trees  with  Jackknife  support  values  above  branches.  The  consensus  tree  of
the  Bayesian  Analysis  using  MrBayes  (BA)  is  not  shown  since  it  is  largely  congruent



198 Telopea 13(1-2): 2011 Borsch, Lohne, Mbaye and Wiersema

- Nymphaea eloriae NY 137a NY103e NY381a NY110a NY448
- Nympfatoa ondtnoa NY377■ NY134
- Nymphaoa vtotacaa NY410- Nymphaea vtotacaa NY372
- Nymphaea ma«7X>«p*nna NY373a NY 127
- Nymphaea mocroepetm* NY391- Nymphaea peorgJnac NY425- Nymphaea carpenbataa NY398* NY399

arpentnrtae NY396

— Nymphnen ntnins NY432
r— Nymphaea li coknatii NY122- Nymphaea awulca NY113/— Nymphaon caoruloa NY550 (Ethiopia)- Nymphaea heudoiolil NY068 (Rwanda)

•_ Nymphnea Ihofmarwn NY065 (Rwanda)o — Nymphooe «p NY551 (Angola)Nymphaea mtcrartha NY007 (Zimbabwe)Nymphaoa mtoanlha NY563 (Senegal)
l_j— Nymphaoa gurioernti NY555 (Senegal)o'— Nymphaea gurieensl* NY558 (Senegal)
-Nymphaoa gunooram NY557 (Senegal)-Nymphaea gurwenata NY560 (Senegal)-Nymp ha oa gufrmenais NY564 (Senegal)-Nymphaoa gueieeneJs NY561 (Senegal)NY5S8 (Senegal)NY 582 (Senegal)minuta NY568 (Madagascar)

NY02S (MmdPO)NY429 (Mexico)
- Nymphaoa ampta NY 100 (Mexico)- Nymphaoa pufchoia NY567 (Cuba)
- Nymphaoa elogans NY006 (Florida)Nymphaoe ckrjam NY370 (Louisiana)

- Nymphaoa cononli NY022- Nymphaan gurdnoriana NY026- Nym;il*aea gbindulilnra NY390- Nymphaoa jnmesortana NY071- Nymphaoa amazonum NY428- Nymphaoa Jamesoriana NY098r. thormaks NY 003
- Nymphaua lolus vnr. thormalis NY 105e NY078

e pubescens NY406a NY058
- Nymphaoa toiragena NY060- Nymphaoa aiba NY058- Nymphaoa alba NT061- Nymphaoa cwidxta NY003- Nymphaoe Candida NYDC2a NY 109

j. odorata N012
Nymphaoa odoraU sap- luberosa NY269

- Nymphaoe mcxJaina NY069- Nymphaoe moakana KM308
- Victoria Longwood" N378- Victoria cruonna N318
- Euryato terax N015- Barclays tongMora N378

“j— Nuphar japomca N400foa 1 - Nuphar totna N107
1 85 j — Nuphar advena NOOO
10 1 — Nuphar advena ssp advena N108
(-Cabomba carolteuina N112ia kchmbnn N106

Queensland

Western Australia
Northern Territory

Northern Territory

Queensland

AUSTRALIAN. subg. Anecphya

(garden origin)
NE and Central Tropical Africa
S Tropical Africa

PALEOTROPICS

W Tropical Africa N. subg. Brachyceras

Western Indian Ocean

Mexico and Caribbean

SE USA
NEOrROPICS

N. subg. Hydrocallis

N. subg. Lotos

N. subg. Nymphaea

Victoria/Euryale dado
Bardaya

Nuphar

Cabombaccae (outgroup)

Fig- I. Phylogenetic relationships within Nymphaea and Nymphaeaceae as inferred from the
plastid marker trnT-trnR The tree shown is the strict consensus of 114 shortest trees obtained
with  Maximum  Parsimony  analysis.  Jackknife  values  are  given  above  branches.  Posterior
probabilities as obtained from Bayesian analysis with MrBayes (tree not shown) arc given below
branches. Nodes, which are not present in the Bayesian tree, are marked with n.p. (not present).
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Fig. 2. Summary tree from BEAST analysis of the plastid marker trn'Y-IrnV. Log-normal prior
of 52.0 ± 1 million years was set for the most recent common ancestor (MRCA) of Nuphar and
33.0 ± I million years for the MRCA of Nymphaea, according to the fossil record (see text).
Posterior probability values above 0.7 are presented above each node. The inferred age of each
node is given below the respective branch, while the bars represent 95% confidence intervals of
the inferred ages.
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with  the  MP  tree.  Posterior  Probabilities,  as  obtained  with  MrBayes,  are  instead  given
below the branches of  the MP tree.  There is  only one node present in the MP that  is  not
present  in  the  BA  tree  (marked  with  n.p.  in  Fig.  1)  and  a  tew  poorly  supported  terminal
nodes  present  in  the  BA  but  not  in  the  MP  tree  (not  shown).

The  maximum  credibility  tree  obtained  from  the  BEAST  analysis  (Fig.  2)  differs  from
the  MP  and  BA  trees  (Fig.  1)  by  depicting  Brachyceras  as  monophyletic,  although  the
relevant  node  receives  only  0.92  PP.  The  BEAST  analysis  indicates  an  age  of  24.7  ±  5.7
Mya  for  the  Anecphya-Brachyceras  clade,  19.6  ±  6.5  Mya  for  the  Anecphya  crown  group
and  a  similar  age  (19.8  ±  6.7  Mya)  for  the  Brachyceras  crown  group.

Trees  obtained  from  ITS

The  ITS  data  set  comprises  more  potentially  parsimony  informative  characters  than
trn'Y-lrnV  (250  within  ITS,  190  within  the  tmT-tniF  data  set),  although  it  has  less
than  half  the  number  of  base  pairs.  Due  to  the  variability  of  this  nuclear  marker,  it  is
not  possible  to  align  complete  ITS  sequences  of  the  Anecphya-Brachyceras  clade  with
sequences  from  other  subgencra  of  Nymphaea  ,  let  alone  with  other  Nymphaeaceae
or  Cabombaceae.  However,  ITS  is  useful  for  investigating  phylogenetic  relationships
within the Anecphya-Brachyceras clade. Figure 3 shows the strict consensus of 4 shortest
trees  (466  steps).  As  with  trnl-trnV,  Bayesian  analysis  with  MrBayes  yielded  a  largely
congruent  tree  (not  shown),  with  only  very  few,  poorly  supported  terminal  nodes  not
present  in  both  trees.  However,  the  topologies  of  the  ITS  tree  and  the  respective  part
of  the  plastic!  tree  (  Anecphya-Brachyceras  clade)  are  not  fully  congruent.  I  here  are,
for  example,  some  differences  in  the  position  of  the  N.  violacea  samples  within  subg.
Anecphya.  These  are  not  discussed  here,  since  the  complex  evolutionary  patterns  in  this
subgenus have been discussed earlier  by  Lohne et  al.  (2008).

The  ITS  data  set  was  also  analysed  with  BEAST,  using  the  ages  estimated  with  the  Irnl  -
trnl  data  set  for  the  Anecphya-Brachyceras  clade  and  the  Anecphya  crown  group  as
calibration  points.  The  BEAST  summary  tree  (Fig.  4)  shows  the  same  topology  as  the
MP/BA  tree  (Fig.  3).

Discussion

Relationships  within  the  Anecphya-Brachyceras  clade

The  dense  taxon  sampling  of  water-lilies  provides  some  indication  that  both  subg.
Anecphya  and  subg.  Brachyceras  are  monophyletic.  Previously,  neither  maximum
parsimony  nor  Bayesian  tree  inference  applied  to  a  smaller  trn'Y-trnY  data  set  had
recovered a subg. Brachyceras clade (Borsch et al. 2007) whereas a subg. Anecphya clade
consistently  received  maximum  support.  This  pattern  is  also  evident  for  trees  inferred
from  the  extended  trnY—trnV  data  set  in  this  study,  although  the  maximum  credibility
tree  calculated  with  BEAST  (Fig.  2)  depicts  Brachyceras  as  monophyletic.  It  has  to
be  noted  that  this  tree  gives  an  alternative  hypothesis  which  is  based  on  a  different
approach  to  summarising  trees  based  on  the  criterion  of  highest  product  of  posterior
probabilities  as  implemented  in  the  BEAST  package.  In  any  case  the  monophyly  of
subg.  Brachyceras  needs further  testing using additional  plastid  data.
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Internal  relationships  of  the  subg.  Brachyceras  clade  in  the  maximum  credibility
tree,  however,  are  unique  in  suggesting  a  “mixed”  New  World  lineage  (1.00  PP)  also
containing  the  Madagascan  N.  minuta  and  one  deviant  sample  of  N.  micrantha
(NY562).  All  samples  of  N.  guineensis  appear  in  a  lineage  sister  to  most  other  African
species,  together  gaining  1.00  Posterior  Probability  from  the  BEAST  analysis.

In  general,  Bayesian  Posterior  Probabilities  are  prone  to  over  credit  nodes  as  is  evident
from  simulation  (Suzuki  et  al.  2002)  and  empirical  analyses  (Simmons  ct  al.  2004).
Recent simulation studies indicate that  Bayesian Inference may also group long branches
together,  especially  when  sequence  sites  evolve  heterogeneously  (Kolaczkowski  &
Thornton  2009).  In  the  shallow  Brachyceras  clade,  sequences  exhibit  not  only  very  low
overall  distances  but  also  many  autapomorphic  mutations  that  hamper  correct  model
assessment.  The  BEAST  topology  (Fig.  2)  and  similarly  the  Bayesian  tree  obtained
with  MrBayes  (not  shown)  must  therefore  be  interpreted  with  caution,  and  the  high
posterior  probabilities  may  not  necessarily  indicate  correctly  resolved  nodes.

In  contrast,  nuclear  ITS  sequences  yield  a  well-resolved  and  supported  MP  tree
(Fig.  3),  where  both  subgenera  (  Anecphya  and  Brachyceras)  are  revealed  as  well
supported  monophylctic  clades.  All  species  of  subg.  Brachyceras  share  characteristic
morphological  features  that  support  their  separation  from  subg.  Anecphya:  there  are
free  carpellary  appendages  and  much  broader  filaments  in  subg.  Brachyceras,  which  are
absent  or  filamentous  in  subg.  Anecphya.  The  ITS  tree  shows  that  within  Brachyceras
there  is  a  clade,  comprising  all  samples  of  N.  guineensis  and  N.  minuta,  which  is  sister
to  the  remaining  samples.  The  neotropical  species  N.  ampla,  N.  elegans,  N.  gracilis  and
N.  pulchella  occur  in  a  well  supported  clade  completely  nested  within  African  taxa.
In  subgenus  Anecphya,  two  major  clades  corresponding  to  the  “small  seeded  group”
(comprising  N.  macrosperma,  N.  carpentariae,  N.  georginae,  N.  gigantea,  N.  immutabilis
and  N.  atrans)  and  a  “large  seeded  group”  {N.  violacea,  N.  ellcniae,  N.  hastifolia  and
N.  ondinea)  are  recovered  as  in  the  earlier  more  comprehensive  analysis  by  Lohne  et
al.  (2008a).  The  “small  seeded  group”  has  been  separated  from  Anecphya  as  a  distinct
subgenus  Confluentes  by  Jacobs  (2007).  While  reticulate  evolutionary  patterns  are
evident  in  subg.  Anecphya  (Lohne  ct  al.  2008a),  there  are  also  some hints  on  reticulation
within  subg.  Brachyceras.  This  applies  especially  to  the  position  of  N.  minuta,  which
is  depicted  sister  to  N.  guineensis  by  the  nuclear  marker  but  nested  within  the
neotropical  lineage  in  the  trnT-trnV  BEAST  tree  (Fig.  2).  However,  this  finding  can
be  only  preliminary  because  phylogenetic  structure  in  the  IrnT-trnV  sequences  is  still
insufficient  (as  evident  from  the  polytomy  in  the  MP  tree,  Fig.  1).

Biogeography  of  subgenus  Brachyceras:  the  neotropical  lineage  “out-of-Africa”

The  addition  ol  further  subg.  Brachyceras  species,  especially  to  the  nuclear  ITS  tree  of
Borsch  et  al.  (2008),  provides  evidence  that  the  Neotropical  species  of  Brachyceras  form
a  lineage  nested  within  the  African  taxa  (Figs  3  &  4).  Previous  phylogenetic  studies
of  Nymphaea  with  a  smaller  taxon  sampling  showed  N.  heudelotii  (Africa)  sister  to
N.  gracilis  plus  N.  ampla  (Lohne  et  al.  2007,  Borsch  et  al.  2008).  The  plastid  trnT-
trn  F  trees  of  this  study  (Figs  1  &  2),  however,  do  not  allow  any  insights  on  historical
plant  migration  patterns  within  Brachyceras  due  to  limited  resolution  and  support.
However,  the  ITS  tree  suggests  an  origin  “out-of-Africa”  of  the  neotropical  Brachyceras
sublineage (Fig. 3).
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Molecular  dating  based  on  a  matK.  tree  of  25  Nymphaeales  taxa  (Lohne  et  al.  2008b)
suggested  an  age  for  the  Anecphya-Brachyceras  crown  group  of  9.9  ±  6.5  Mya.  Even  if
the  closest  palaeotropical  relatives  of  the  New  World  Brachyceras  lineage  are  not  yet
precisely  known,  it  is  obvious  that  their  split  must  be  younger.  Our  estimate  with  the
fossil  calibrated  minimum  ages  of  Nuphar  (52  Mya;  Nuphar  wutuensis)  and  Nymphaea
(33  Mya,  Nymphaea  liminis)  using  a  much  more  densely  sampled  trnT-trnV  data  set
and  BEAST  (Fig.  2)  increases  the  hypothesised  age  of  the  Anecphya-Brachyceras  crown
group  to  24.7  ±  5.8  Mya.  Differences  may  be  caused  by  the  denser  taxon  sampling
in  this  study  as  better  taxon  sampling  tends  to  yield  older  nodal  estimates  (Linder
et  al.  2005).  Accordingly,  our  trriY-tmV  analysis  hypothesises  a  split  of  a  Brachyceras
sublineage  mainly  composed  of  New  World  species  to  have  already  taken  place  19.6  ±
6.5  Mya.  However,  this  topology  should  be  viewed  with  caution  (see  above).  A  dating
approach using the ITS data set  of  Anecphya-Brachyceras has some limits  because there
are  no  fossils  known  for  this  lineage,  and  previously  calculated  node  ages  including
their  Credibility  Intervals  need  to  be  used  as  calibration  points.  The  revealed  minimum
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Fig. 3. Phylogeny of Nymphaea subg. Brachyceras and subg. Anecphya as inferred from the
nuclear marker ITS. Tree tree shown is the strict consensus of four shortest trees obtained by
Maximum Parsimony analysis. Jackknife values are given above branches. Posterior probabilities
as obtained from Bayesian analysis with MrBayes (tree not shown) are given below branches.
Nodes, which are not present in the Bayesian tree, are marked with ti.p. (not present).
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ages  within  N.  subg.  Brachycercis  and  Anecphya  are  about  twice  as  old  as  calculated
using  a  matK  tree  that,  in  comparison,  sampled  only  30%  of  the  taxa  (Lohne  et  al.
2008b).  Nevertheless,  the  split  of  a  clear  New  World  Brachyceras  lineage  is  found  to
have  occurred  10  ±  6  Mya  (Fig.  4),  and  thus  roughly  falls  into  the  same  time  range  as
expected  from  plastid  data  by  Lohne  et  al.  (2008b).

Plant  migrations  from  Africa  to  the  Neotropics  arc  known  from  various  angiosperm
families  and  appear  to  be  even  more  important  in  explaining  African-Neotropical
biogeographic  relations  than  vicariance  (Erkcns  et  al.  2009).  This  is  indicated  by
inferred  origins  of  lineages  considerably  younger  than  100-110  Mya,  when  the
opening  of  the  Atlantic  Ocean  was  initiated  (McLoughlin  2001).  In  several  families,
early  to  middle  Eocene  diversification  is  reconstructed  and  migration  of  angiosperms
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Fig. 4. Summary tree from BEAST analysis of the nuclear marker ITS. Log-normal prior of 24.7
± 5.8 Mya was set for the MRCA of the ingroup (the Brachyceras-Anecphya clade) and 19.6 ±
6.5 Mya for the MRCA of subg. Anecphya. These dates were taken from the previous analysis of
the trnT-trnV dataset, in order to allow at least a rough estimation of ages within this group.
Posterior probability values above 0.7 are presented above each node. The inferred age of each
node is given below the respective branch, while the bars represent 95% confidence intervals of
the inferred ages.
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adapted  to  tropical  climates  proceeded  via  the  North  Atlantic  or  the  Bering  Land
Bridges.  This  possibility  finally  ceased  during  the  Oligocene  with  the  cooling  of  the
northern  hemisphere  (Morley  2003).  Meliaceae  were  shown  to  have  dispersed  in
the  Eocene  via  Beringia  from  Africa  into  the  New  World  (Mullner  ct  al.  2006).  for
Malpighiaceae,  a  “Laurasian  migration  route”  via  a  boreotropical  connection  between
North  America  and  Eurasia  during  the  Eocene  was  hypothesised  (Davis  et  al.  2002).
For  Melastomataceae,  Renner  et  al.  (2001)  reported  the  arrival  of  boreotropical  taxa  in
southern  continental  New  World  areas  in  the  Oligocene  and  Miocene.  Such  a  scenario
may  be  true  for  the  ancestor  of  the  Neotropical  night  blooming water-lilies  (Lohne  et  al.
2008b)  that  subsequently  produced  the  radiation  of  the  14  species  of  subg.  Ilydrocallis
distributed  from  the  Caribbean  and  Central  America  to  South  America.

How  did  the  ancestor  of  the  Neotropical  Brachyceras  species  reach  the  Western
hemisphere?  Theoretically,  there  are  three  possible  migrational  routes  (Morley  2003,
Erkens  et  al.  2009).  The  first  assumes  spread  over  a  North  Atlantic  Land  Bridge  (Tiffney
&  Manchester  2001)  around  a  climatic  optimum  in  the  Eocene  (45-55  Mya).  'I  his
certainly  predates  the  origin  of  the  Brachyceras  lineage.  Alternatively,  plants  could  have
spread  over  the  Bering  Land  Bridge.  This  connection  existed  well  into  the  Pliocene
(Tiffney  8c  Manchester  2001),  and,  time  wise,  could  have  been  a  possible  route.  Lohne
et  al.  (2008b)  argued  that  several  Nymphaeales  taxa  show  adaptations  to  seasonal
habitats.  Tropical  or  paratropical  ancestral  Brachyceras  species  could  have  survived
dark  winters  at  northern  latitudes  in  a  dormant  state.  The  present  day  distribution
of  Brachyceras,  with  most  Neotropical  taxa  in  Mexico,  the  Caribbean  and  Central
America,  some  even  reaching  warm-temperate  North  America,  may  be  indicative  of
a  radiation  in  this  area  with  subsequent  spread  of  only  a  few  taxa  into  South  America.
A  phylogcographic  examination  of  the  Nymphaea  ampla  -  N.  pulchella  species  complex
would  be  interesting  in  this  context.  Nymphaea  pulchella  was  recently  resurrected  as  a
distinct  species  based  on  leaf  and  seed  morphology  (Wiersema  et  al.  2008)  and  is  one
of  only  two  taxa  ranging  well  into  South  America.  Since  the  neotropical  Brachyceras
sublineage  appears  as  a  terminal  clade  within  an  African  stock  of  Brachyceras
(Fig-  3),  the  acceptance  of  a  Beringian  migrational  route  would  also  imply  that  Asian
taxa  of  subg.  Brachyceras  (e.g.  N.  nouchali  )  have  an  African  origin.  The  third  possibility
could  have  been  dispersal  from  Africa  to  the  New  World  tropics  across  the  ocean,  cither
facilitated  by  islands  as  stepping  stones  until  the  Miocene  (Tiffney  Ik  Manchester
2001,  Morley  2003)  or  by  immediate  long  distance  dispersal  by  unknown  vectors.
Seed  dispersal  across  the  Atlantic  ocean  by  wind  and  sea  currents  was  hypothesised  by
Renner (2004) for a number of angiosperm genera (e.g., Elaeis / Arecaceae, Commiphora
/  Burscraceae).  Nymphaea  seeds  can  float  and  this  is  even  supported  by  specialised
arils  (Wiersema  1987,  Borsch  ct  al.  2008)  but  nothing  is  known  about  the  influence
of  salt  water  on  their  seed  viability.  However,  since  our  divergence  lime  estimates  in
Nymphaea  are  rather  too  young  than  too  old,  a  step  by  step  long  distance  dispersal  of
Brachyceras  species  into  the  New  World  via  the  Beringian  Land  Bridge  in  a  still  suitable
climate  may  well  be  a  possible  explanation.

Another  interesting  pattern  is  the  close  relationship  of  N.  guineensis  from  West  Africa
and  the  Madagascan  endemic  N.  minuta  inferred  by  ITS  (Fig.  3).  This  would  imply  a
trans-African  disjunction  of  closely  related  lineages,  as  observed  in  several  other  plant
groups  (see  Sanmartin  et  al.  2010  for  overview).  However,  in  the  trnT—trnE  BEAST  tree
(Fig.  2),  Nymphaea  minuta  is  nested  within  a  clade  with  the  Neotropical  species;  but
this  position  is  not  recovered  by  the  MP  analysis  (Fig.  1).  Thus,  further  investigation
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of  phylogenetic  relationships,  preferably  at  population  levels,  will  be  necessary  to  draw
sound  conclusions  on  the  biographic  history  of  Nymphaea  subg.  Brachyceras  in  Africa.

Further  sequence  data  from  all  genomic  compartments  will  be  needed  to  test  the
monophyly  of  subg.  Brachyceras,  and  its  internal  relationships.  Tree  inference  using
combined  data  sets  of  genomic  regions  selected  for  high  phylogenetic  structure
will  yield  improved  node  confidence  (Borsch  &  Quandt  2008).  A  larger  number  of
concatenated  genomic  regions  is  also  expected  to  produce  better  time  estimates  with
smaller  credibility  intervals  using  relaxed  clock  methods  (Battistuzzi  ct  al.  2010).  Our
data  also  show  a  trend  to  relatively  higher  Credibility  Intervals  for  younger  nodes.
Dating  of  shallow  phylogenies,  as  for  example  is  the  case  within  Brachyceras,  will
certainly  benefit  from  a  more  representative  sampling  of  sequence  characters  that  will
allow  calculation  of  more  accurate  posterior  intervals  (Brown  &  Yang  2010).  Increasing
the  molecular  data  sets  of  Nymphaea  will  therefore  be  an  important  future  task.

Molecular  systematics  of  water-lilies:  Towards  a  complete  species  tree

This  study  presents  the  most  comprehensive  data  set  for  Nymphaea  to  date,  comprising
approximately  75  %  of  all  currently  known  species.  It  will  be  a  major  task  for  future
collaborative  research  to  include  all  taxa  for  a  complete  species  tree.  A  complete  species
tree will  on the one hand provide the necessary backbone for species identification based
on  DNA  markers  (bar  codes).  It  will  also  provide  the  molecular  basis  for  evaluating
species  concepts  in  Nymphaea  and  for  compiling  a  comprehensive  monograph  of  the
genus  Nymphaea  based  on  information  from  morphological,  molecular  and  ecological
data.

The  two  described  genomic  markers  trnT-trnF  and  ITS  show  great  potential  for
molecular  species  identification  (DNA  bar-coding).  Within  Irnl-trnV,  there  are  the
AT-rich  sections  of  the  trnL  intron  (especially  the  p8  stem-loop  region)  that  provide
sufficient  information  for  species  identification.  However,  as  a  prerequisite  an
evaluation  of  species  limits  and  population  level  studies  across  the  species’  ranges  is
needed.  This  is  especially  important  because  reticulate  evolution  has  been  identified
in  subg.  Anecphya  (Lohnc  et  al.  2008a)  and  recently  also  shown  for  Lhe  temperate
subg.  Nymphaea  (Volkova  et  al.  2010).  Further  research  is  also  needed  to  see  if
allopolyploids  are  involved  in  the  evolution  of  Nymphaea  and  its  subgenera.  Including
more  information  from  plastic!  DNA  markers  seems  to  be  most  promising  in  order  to
unravel  the  complex  evolutionary  patterns  within  Nymphaea.  However,  it  will  also  be
crucial  to  analyse  how  morphological  and  other  biological  characters  (e.g.,  pollination
biology,  vegetative  adaptations,  distribution)  correlate  with  the  complete  species  tree
based  on  molecular  markers.  Therefore,  it  will  be  helpful  to  have  all  sequence  data
collected  in  a  curated  data  base  linked  to  geo-referenced  specimen  information  and,  if
possible,  population  data  accompanying  the  specimens.

After  more  than  a  century  since  the  seminal  work  of  Conard  (1905),  exploration  and
description  of  new  water-lily  species  has  still  not  finished.  As  evident  from  Fig.  5,  one
quarter  of  the  currently  accepted  species  were  described  in  the  last  30  years.  Main
contributions  in  this  sense  were  the  monograph  of  Nymphaea  subg.  Hydrocallis  by
Wiersema  (1987,  see  also  Wicrsema  et  al.  2008)  and  the  contributions  by  Surrey  W.
L.  Jacobs  on  Nymphaea  subg.  Anecphya  (Jacobs  1992,  1994,  2007,  Jacobs  &  Hellquist
2006,  Jacobs  &  Porter  2007).  There  are  still  several  taxa  of  uncertain  status,  especially
within the least  understood subg.  Brachyceras but  also in subg.  Lotos,  where the identity
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The figure is based on the list of currently accepted species (based on the online database of the USDA Agricultural Research Service, http://www.ars-grin. gov/cgi-bin/npgs/html/splist.pl?8329) and the year of first description of the respective species names. The number behind the subgeneric names indicates the number of currently accepted species. In contrast to the current classification, Nymphaea petersiana is here considered as part of subg. Lotos because of

evidence from DNA (see, e.g., Borsch et al. 2008).
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of  N.  rubra  needs  to  be  verified  (Mitra  &  Subramanyam  1982,  Venu  et  al.  2003).  Thus,
it  might  be  expected  that  future  work  on  these  two  subgenera  will  again  alter  (and
probably  increase)  the  total  number  of  species  in  the  genus  Nymphaea.  Additionally,
our  present  study  adds  further  interesting  questions,  especially  with  respect  to  the
biogeographical  history  of  subg.  Brachyceras.

In  conclusion,  it  must  be  stated  that  a  comprehensive  monograph  of  Nymphaea  with
data  on  species  distribution,  ecology  and  conservation  status  is  very  much  needed.
Such  an  undertaking  should  be  and  actually  can  only  result  from  the  joint  effort  and
expertise  from  an  international  working  group  on  Nymphaea  and  the  Nymphaeales.
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Appendix 1. Samples included in the study, respective source of material, location of voucher specimens, DNA lab codes and GenBank accession numbers of deposited sequences. Some of the sequence data were generated for this study, while others were taken from our own previous studies ( a Borsch et al. 2003, b Borsch et al. 2007, c Lohne et al. 2007, d Borsch et al. 2008,' Lohne et al. 2008a). Additionally, ITS sequences of N. micrantha were taken from GenBank

(Volkova et al. 2010).
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