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Abstract Suaeda subg. Brezia (Chenopodiaceae/

Amaranthaceae) comprises *45 halophytic species dis-

tributed worldwide along coastlines and in saline inland

habitats. Thirteen species are currently accepted from the

Americas, but species delimitation is difficult due to the

scarcity of distinguishing characters. Little is known yet

about phylogenetic relationships and biogeography of

American Brezia species. Here, we present molecular

phylogenies based on DNA sequence data from the nuclear

ribosomal internal transcribed spacer (ITS) and the

chloroplast rpl32-trnL intergenic region. Our sampling

comprised 157 accessions covering all 13 American Brezia

species along with 38 accessions from 16 Eurasian taxa.

Phylogenetic trees were generated using parsimony and

Bayesian methods. Three monophyletic lineages were

discerned in the ITS tree: the Suaeda maritima, S. prostrata

and S. corniculata group. Most American species proved to

belong to the S. corniculata group. Species boundaries

were mostly not recovered or even contradicted by the ITS

data, which could be a consequence of low sequence

variation in terminal clades and/or reticulate evolution. The

rpl32-trnL phylogeny was poorly resolved, with the

majority of American species being part of a polytomy

with few supported internal nodes. Several incongruities

were found between the nuclear and chloroplast tree,

revealing at least four instances of hybridization and

chloroplast capture between distant lineages. Chromosome

counts showed that all American species are polyploid with

hexaploidy prevailing. We discuss our results in terms of

species relationships, hybridization, polyploidy and bio-

geography with emphasis on the colonization from NE

Asia and Europe, and the subsequent spread and diversi-

fication in the Americas.
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Introduction

Suaeda Forssk. ex J.F.Gmelin (Suaedoideae; Chenopodi-

aceae/Amaranthaceae) is a genus of halophytic plants that

comprises approximately 80–100 species with a worldwide

distribution. In the course of an integrated study based on

morphological, anatomical and molecular characters of the

Old World species of genus Suaeda, we previously estab-

lished the subgenus Brezia (Moq.) Freitag & Schütze with

the single section Brezia (Moq.) Volk. (=Heterosperma

Iljin) (Schütze et al. 2003). Brezia proved to be clearly

separated from its sister subgenus Suaeda by a deep split in

phylogenetic trees that were derived from nuclear ITS and

plastid atpB–rbcL and psbB–psbH sequences (Schütze

2011; Schütze et al. 2003). In morphological respect,

Brezia species consistently differ from other members of

the genus by a unique pistil configuration characterized by

the insertion of usually two stigmas at the top of the
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gradually tapering apex of the ovary, in combination with

green-lined axes, C3 leaf anatomy, predominantly annual

life form, and a distinctly hygrohalophytic habit. Like most

Chenopodiaceae, Suaeda species are preferably anemo-

philous or self-pollinating. Schütze (2011) altogether listed

38 species in subgenus Brezia, with 23 species occurring in

temperate Eurasia, 10 in the Americas and the remainder

scattered over S Africa, S and SE Asia and Oceania. Our

knowledge of putatively new taxa allows for an estimate

of *45 species. Brezia species can be found growing in

two different types of habitats: (1) intertidal marshes,

estuaries and beaches from the Arctic to the Tropics

(Fig. 1a, e) but with highest diversity in the temperate

zones and (2) saline and alkaline wetlands that frequently

occur under semiarid and arid climates in plains, in

depressions, at the borders of saline or brackish lakes

(Fig. 1 b–d) and in the outer belts of springs, again cen-

tered in temperate and subtropical zones.

For the two American subcontinents, altogether 13

species of Suaeda sect. Brezia are currently accepted

(Table 1). The distribution of the six N American taxa

according to the Flora of North America is shown in

Fig. 2. Delimitation of species and identification of indi-

vidual specimens in the subgenus are often impeded by

the scarcity of discriminating morphological characters

and their plasticity related to different habitat conditions,

in particular to nutrient and water supply and to the

degree and type of salinity (see, e.g., Fig. 1i). Even

characters that are usually quite reliable, such as life

form, leaf parameters, structure of inflorescence, shape of

the fruiting perianth and seed size are subject to consid-

erable variation. This led to varying species circum-

scriptions which in some areas and some species groups

have not been settled yet. Thus, previous and ongoing

morphological studies in the Mexican Brezia species

(Ferren and Whitmore 1983; Watson and Ferren 1991;

Alvarado Reyes and Flores-Olvera 2013; Noguez-Her-

nández et al. 2013) have shown that the traditional clas-

sification does not correctly reflect the real species

diversity, and descriptions of additional new taxa have

already been announced from the area around the Gulf of

California (Ferren and Roberts 2011).

Based on our own morphological, karyological and

molecular work on Suaeda species from larger parts of

Eurasia (e.g., Lomonosova and Freitag 2003, 2008; Freitag

and Lomonosova 2006, 2013; Lomonosova et al. 2008)

which was complemented by cultivation experiments, we

suspected that certain Brezia species known from N

America are in need of a critical recheck, despite the rather

recent but partly contradicting revision by Hopkins and

Blackwell (1977) and the account of Ferren and Schenk

(2003). Hidden diversity was a priori suspected in species

distributed through different climatic zones. In this respect,

the most interesting candidates are S. calceoliformis and S.

linearis. While the former species is reported from the

Arctic coasts of the Beaufort Sea down to subtropical S

California and from the Pacific coast throughout the

western plains (Great Basin) to the Atlantic coast, the latter

species is said to grow all along the coast from cool tem-

perate SE Canada to tropical Yucatan (Fig. 2). The com-

paratively large number of taxonomical synonyms in S.

calceoliformis and also in S. maritima is another potential

indicator for hidden heterogeneity. Taken together, a pro-

found taxonomic revision of the American Brezia species

appears to be overdue.

So far, only few molecular data are available on the

relationships among the American Brezia species and their

affinities to species on other continents. Such data are

however a necessary precondition for elucidating the

phylogeny and the historical biogeography of the American

taxa. Our previous genus-wide ITS analysis had shown that

the Old World species of sect. Brezia are distributed among

three lineages, i.e., the S. corniculata, S. prostrata and S.

maritima group (Schütze et al. 2003). The two latter groups

are closely related with each other, and were not distin-

guished in plastid phylogenies based on atpB–rbcL and

psbB–psbH sequences that in general had a lower resolu-

tion than ITS. So far, only the S. corniculata group was

found to be characterized also by a morphological apo-

morphy: the tepals being distinctly unequal, with at least

one of them hooded or hooked (see Fig. 1n–p).

cFig. 1 American species of Suaeda subg. Brezia: habitats, habit and

details. a Coastal salt marsh of Suaeda aff. esteroa (light green) and

Sarcocornia pacifica (Standl.) A.J.Scott (dark green), Baja California,

Bahı́a de Las Animas, 02/01/1998; b Alkaline flat with S. occiden-

talis, Distichlis spicata (L.) Greene and Nitrophila occidentalis Wats.

growing on washes between bushes of Sarcobatus vermiculatus

(Hook.) Torr., Buffalo Valley, Nevada, 03/10/2010; c S. calceo-

liformis belt behind Salicornia rubra A.Nelson belt, southern edge of

Great Salt Lake, Utah, 30/10/2010; d S. jacoensis on an alkaline

plain of N Mexico, Nuevo Léon, 19/08/2014, 24�21005.700N/
100�11050.100W; e S. patagonica on rocky shore, Antarctica Chileña

near Pto. Natales, 25/02/2011. f S. rolandii, greenhouse cultivation in

Kassel, with H. Freitag, 04/11/2011; g S. calceoliformis 1, prostrate

annual form from open alkaline flat at Newark Lake, Nevada 01/10/

2010; h S. pulvinata, prostrate perennial plant on temporarily flooded

plain at Totolcingo Lake, C Mexico, 03/10/2012. i S. calceoliformis 2,
erect plants, from an ecocline near the Great Salt Lake, Utah, 30/09/

2010; j S. calceoliformis (S. minutiflora) in flower, from cultivation in

Kassel, 16/01/2012; k S. calceoliformis, fruiting branch, near Great

Salt Lake, Utah, 30/10/2010; l S. rolandii, fruiting branch, from

greenhouse cultivation in Kassel, 26/10/2011; m S. occidentalis,

Whorlwind Valley near Beowawe, Nevada, 03/10/2010; n S. calceo-

liformis (S. minutiflora), fruiting perianths, from cultivation in Kassel,

20/02/2012; o S. linearis, branch with fruiting perianths, Padre Island,

Texas, 26/09/2010; p S. occidentalis, fruiting perianths from above,

Whorlwind Valley near Beowawe, Nevada, 03/10/2010. Photos by R.

Brandt (f, p), E. Dominguez (e), W. R. Ferren (a), H. Flores-Olvera
(d, h), all others by H. Freitag
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Fig. 1 continued
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With S. patagonica s.l., the sampling of Schütze et al.

(2003) included only a single collection from S America,

which was found nested in the S. corniculata group. Since

this early work, the ITS regions of six more American

Brezia species have been sequenced, i.e., S. calceoliformis

and S. occidentalis by Kapralov et al. (2006), and S. lin-

earis, S. mexicana, S. esteroa and S. puertopenascoa by

Steinmann, included in Schütze (2011). All species proved

to be members of the S. corniculata group, but were poorly

resolved in the ITS trees. To sum up, only a single ITS

sequence each from seven of the 13 American species of

subg. Brezia is known so far. This lack of knowledge

delimits conclusions about the affinities among taxa,

especially since unexpected molecular diversity was also

found by extended sampling in well-circumscribed Brezia

species from the Old World, e.g., in S. maritima, S. spicata

and S. salsa (reviewed by Weising and Freitag 2007).

With regard to the origin of lineages, Schütze (2011)

calculated from chronograms based on tree topologies of

ITS and atpB–rbcL sequences that Brezia probably had

evolved during the Oligocene at approximately 30 Mya

somewhere between today’s E Mediterranean region and C

Asia where the group also has its present center of diver-

sity. The split into the three Old World lineages happened

much later, presumably in the Late Miocene, whereas most

of the diversification as represented by extant populations

started in the Early Pleistocene. In his study, Schütze

(2011) had used penalized likelihood with two calibration

points of deeper Chenopodiaceae nodes taken from

Kadereit et al. (2005b). His ITS dataset included 35 (24)1

accessions from 27 (19) taxa of subg. Brezia and among

them one sample each from 11 (7) species of the S. cor-

niculata group, with all three American lineages repre-

sented by seven species. The estimates made by Schütze

(2011) were later confirmed in a more representative,

family-wide dated plastid phylogeny presented by Kadereit

et al. (2012).

Polyploidy is widely distributed in Suaeda, but the

karyological conditions of the American Brezia species are

poorly known except for Canada, where Basset and

Crompton (1978) constantly found tetraploids (2n = 36) in

S. maritima, hexaploids (2n = 54) in S. calceoliformis, and

dekaploids (2n = 90) in the newly described S. rolandii.

Otherwise, only scattered data were reported for S.

patagonica, S. edulis, S. linearis and S. calceoliformis

(Table 2). More data are clearly needed because the results

of Basset and Crompton (1978) already indicated that

ploidy level is an important and potentially species-de-

limiting character in the American Brezia taxa. This is

supported by our own experience in Eurasian Brezia spe-

cies (Lomonosova 2011, and references therein) where the

ploidy levels vary from diploidy (2n = 18) to dekaploidy

(2n = 90). Ploidy levels were usually found to be constant

within species, with a few notable exceptions (e.g., S.

corniculata, S. kulundensis). By comparing nuclear and

chloroplast phylogenies, the evolution of polyploids can in

principle be traced back to their ancestors, as was shown in

certain Asian Brezia species by Lomonosova et al. (2008)

and Schütze (2011).

In the present study, we addressed the following ques-

tions: (1) How does the actual genetic diversity among the

American species correspond to their current taxonomic

classification? Are currently delimited species mono-

phyletic, or can we detect hidden heterogeneity and/or new

species? (2) Can we find evidence for reticulate evolution?

(3) Where are the American species placed in the phylo-

genetic frame of the subgenus? (4) How many times were

the Americas colonized, where did the colonizers come

from, and how did they spread and diversify?

To answer these questions, we performed an extensive

sampling of the American Brezia species along with pre-

sumably related species from other continents. Molecular

phylogenies using the traditional nuclear ITS marker and

the rpl32-trnL gene as a chloroplast DNA (cpDNA) marker

were generated, and complementary chromosome counts

were carried out which proved to be significant for

understanding the evolution in the subgenus. In addition,

most taxa were studied in ample herbarium material, in the

field and in the greenhouse.

Materials and methods

Plant material for molecular studies

For the molecular study, we sequenced 157 samples from

all 13 currently accepted American Brezia species includ-

ing several samples with doubtful affinities, and 38 samples

from 16 selected Eurasian Brezia species. Four Eurasian

species of Suaeda subg. Suaeda sect. Schoberia were

chosen as outgroups based on our previous analyses

(Schütze et al. 2003; Schütze 2011). All accessions are

compiled on a spreadsheet in Online Resource 1. We

consciously increased the sampling in taxonomically crit-

ical and widely distributed taxa such as S. calceoliformis

(40) and S. linearis (26). To some species, we had only

limited access. Therefore, S. densiflora and S. pulvinata are

just represented by one sample each. From several taxa,

more herbarium specimens were sampled than presented

here, but either failed in DNA extraction, or never deliv-

ered readable sequences. For provenances of the samples

included in the molecular analyses see Fig. 3. The selection

of the Eurasian species was based on the results of Schütze

(see above) and our own worldwide dataset comprising1 1st number—ITS, 2nd number—atpB–rbcL.
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about 350 sequences of Suaeda subg. Brezia (unpublished

data). As we found that the vast majority of the American

Brezia species belongs to the S. corniculata group, we

included all species of that group known worldwide.

The majority of samples from America were gathered by

ourselves from herbarium specimens, mainly in US

American institutions, to (1) reduce the risk of getting

wrongly identified material, (2) get material from locations

close to the areas where the types had been collected, and

(3) screen for potentially interesting morphological varia-

tions. The most helpful herbaria were BKL, CAS, GR,

LPB, NY, RENO, RSA, SD, TEX, UCSB, and UTC

(Thiers 2012). Some additional samples were taken from

loans, particularly from ALA, DAO, IEB, and from

material kindly provided by a number of colleagues. About

one quarter of the samples was collected by RB and HF

during an expedition along the northeastern, southern and

western coasts of the US as well as in dry inland areas in

September and October 2010. During fieldwork, the leaves

were quick-dried with silica gel in parallel to the collection

of herbarium specimens which are deposited in KAS. For a

few samples, plants were grown from seeds collected

during the expedition, and fresh leaves from these plants

were used for DNA isolation.

Most accessions from the Eurasian species were

sequenced from herbarium material, preferably from more

recently collected specimens kept in KAS and NS. For

details of the vouchers see Online Resource 1. Species

identification was sometimes difficult, especially along the

northeastern US coast where several species grow sym-

patrically in only slightly differing habitats. Responsibility

for the names given to the American samples is by HF, and

for the Eurasian samples jointly by HF and ML. The

geographical coverage of the distributional areas is suffi-

ciently even and almost complete, whereas sampling den-

sity differs considerably depending on the availability of

samples. The only gap concerning the known distribution is

Cuba from where we did not get readable sequences. The

lack of samples from large strips along the Pacific coast of

Canada and the United States correlates with the rare

occurrence of Brezia species in these areas.

Plant material for karyological, morphological

and taxonomic studies

All plants used for chromosome counting were grown

from seeds in greenhouses in Kassel and/or in Novosi-

birsk. The seeds were mostly collected during the field

trip to N America (see above), some were provided by

W. R. Ferren (from Sandy Hook, New Jersey, USA), and

seeds of S. patagonica (from S Chile) were sent by E.

Dominguez. Regrettably, due to limited availability of

Table 1 Currently recognized American species of Suaeda sect. Brezia according to Ferren and Schenk (2003), Alvarado Reyes and Flores-

Olvera (2013) and Mulgura (1999) with more common or important synonyms (for full references see Hopkins and Blackwell 1977)

Taxon Distribution Habitat Growth form

S. calceoliformis (Hook.) Moq. 1840 Canada and USA, most parts Inland and coastal Annual

S. americana (Persoon) Fernald 1907 SE Canada, NE USA Coastal Annual

S. depressa (Pursh) S.Watson 1871 Canada and USA (NW, W and C) Inland and coastal Annual

S. minutiflora S.Watson 1883 USA (W and SW California) Coastal Annual

S. densiflora A.Soriano ex Giusti 1984 E Argentina Inland Annual

S. edulis Noguez-Hernández et al. (2013) C Mexico Inland Annual

S. esteroa Ferren & Whitmore (1983) USA (W and SW Ca.) Mexico (Baja California) Coastal Perennial

S. jacoensis I.M.Johnst. 1943 N and C Mexico Inland Perennial

S. linearis (Elliott) Moq. 1840 USA (E and S coasts), Mexico (E coast) Coastal Annual–perennial

S. maritima (L.) Dumort. 1827 SE Canada, NE USA Coastal Annual

S. richii Fernald 1907 NE USA Coastal Annual

S. maritima subsp. richii (Fernald) Basset &

Crompton (1978)

NE USA Coastal Annual

S. mexicana I.M.Johnst. 1929 N and C Mexico Inland Perennial

S. occidentalis (S.Watson) S.Watson 1871 C USA Inland Annual

S. patagonica Speg. 1897 S Chile, S Argentina Coastal Annual

S. puertopenascoa M.C.Watson & Ferren (1991) NW Mexico (Sonora) Coastal Perennial

S. pulvinata Reyes & Flores-Olv. 2013 C Mexico Inland Perennial

S. rolandii Basset & Crompton (1978) SE Canada, NE USA Coastal Annual

2356 R. Brandt et al.
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seeds and to the comparatively short time span they

remain able to germinate, not all American species could

be grown in the greenhouse. All relevant karyological

data from literature were also included into the

evaluation.

Morphological and taxonomic information was gained

from the relevant literature. Most types have been seen,

at least as scans, and many herbarium specimens beyond

those cited as vouchers in Online Resource 1 were

studied in American herbaria and in the specimens made

available by loans. During the expedition, complemen-

tary observations concerning morphological variation and

ecology were made in the field. Other important infor-

mation came from cultivation experiments in the green-

house, where progeny of plants originating from seed

collected in the field and/or received from W. R. Ferren

were grown under most suitable and identical conditions

(see, e.g., Fig. 1f) thus allowing to judge about the

impact of adverse environmental factors in certain nat-

ural habitats.

DNA isolation, amplification and sequencing

Total DNAs were isolated from 50 to 100 mg of fresh

leaves, or 20–50 mg of silica-dried or herbarium leaves

of individual plants using a modified cetyltrimethylam-

monium (CTAB) procedure (Krapp 2013). DNA con-

centrations were determined electrophoretically versus

known amounts of k DNA as standards. For PCR, DNA

samples were adjusted to a concentration of approxi-

mately 20 ng/lL.
For PCR amplification of the nuclear ribosomal ITS

region and the chloroplast rpL32-trnL intergenic region,

we used primer combinations described by Blattner

(1999) and Shaw et al. (2007), respectively. For some

difficult samples, the rpL32-trnL spacer was amplified in

two parts, using newly designed internal primers in

addition to the standard primers (int_fwd: 50-AAC ATA

GTA CTT TTG GTT GAA AAC CC-30; int-rev: 50-GAA
AGT TTA ACG ATT TTC TTA TTT GCC-30). All

primers carried an M13-tail at their 50 end to facilitate

Fig. 2 Distribution of North American species of Suaeda subg. Brezia, from Ferren and Schenk (2003), by courtesy of the Flora of North

America Association
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Table 2 Chromosome numbers (2n) of American and selected Eurasian Suaeda species

Species 2n R Counts Provenance Samples with new data (ID, HS, S

and US numbers)a
References

New Old

S. corniculata group, America

S. calceoliformis (Hook.) Moq., all

molecular types

54 7 16 Canada, USA (most

parts)

2212, 2214, 2219, 2221, 2222, US

26, US 30a

Mu, Ba, Lö,

etc.

S. edulis Flores Olv. & Noguez 54 1 C Mexico No

S. esteroa Ferren &

S.A.Whitmore s.str.

54 1 USA (S California),

NW Mexico

2220

S. jacoensis I.M.Johnst. – – N Mexico

S. linearis (Elliott) Moq. 1 54 1 1 USA (E Coast) 2198 Lor

S. linearis x 90 1 USA (Maine) 2200

S. linearis 2 54 4 USA, Mexico (Gulf of

Mexico)

2206, 2208, 2210, US 20

S. linearis 3 – – Mexico (Yucatan)

S. mexicana (Standl.) Standl. 1, 2 54 1 N Mexico FO

S. occidentalis S.Watson 54 3 USA (Nevada) 2215, 2216, 2217

S. patagonica Speg. 36, 54 1 2 S Chile, S Argentina 2277 Mo, LoF9

S. puertopenascoa M.C.Watson &

Ferren

– – NW Mexico (Sonora)

S. pulvinata Alvarado Reyes &

Flores Olv.

54 1 C Mexico FO

S. corniculata group, Eurasia

S. arctica Jurtzev & V.V.Petrovsky – – Russia (Chukotka)

S. corniculata (C.A.Mey.) Bunge

ssp. corniculata

(36), 54 6 [80 Siberia, C Asia 1026, 1461,1557, 1606, 1611, 2060 LoX7, LoF9,

Lo11, etc.

S. ‘‘jacutica’’ inedit. 18 2 Russia (Yakutia) S440, S441

S. pannonica Beck 72 2 Austria, Hungary Kr, LoX7

S. tschujensis Lomon. & Freitag 18 1 3 Russia (SE Altai) 1169 LoF3, LoX5

S. tuvinica Lomon. & Freitag 54 1 1 Russia (Tuva) 1607 LoX8

S. maritima group, N America

S. maritima (L.) Dumort. 36 7 13 SE Canada, USA (E

Coast)

2202, 2203, 2357, 2359, 2196, SH 10 Ba

S. rolandii Basset & Crompton 90 5 4 SE Canada, USA (E

Coast)

2197a, 2358, US 7, SH 1, SH 9 Ba

S. maritima group, Eurasia

S. crassifolia Pall. 18 3 Iran, Uzbekistan,

Kazakhstan

Eb, LoX3,

LoX7

S. heteroptera Kitag. 18 [10 SE Siberia, Russian

Far East

Pro, Lo11, etc.

S. kulundensis Lomon. & Freitag 72, 90 35 E Europe, Siberia,

Kazakhstan

LoF9, LoS10

S. maritima (L.) Dumort. 36 [20 W,C and S Europe Pe, Kr, LoF9

etc.

S. salsa (L) Pall. 36 36 E Europe to Siberia Lo11, etc.

S. sibirica Lomon. & Freitag 72 40 E Siberia LoF9, LoS10

S. tschujensis Lomon. & Freitag 18 4 SE Altai LoF3, LoX5

S. ‘‘tibetica’’ inedit. – – China, (Tibet,

Qinghai)

S. prostrata group, America

S. densiflora A.Soriano – – Argentina

S. spicata (Willd.) Moq. – – USA (S California)
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subsequent sequencing (see below). All PCRs were

performed in 30 lL volumes using a Biometra T-Gra-

dient Cycler. Each reaction contained approximately

20 ng of genomic template DNA, 1.5 mM MgCl2,

0.25 lM of each forward and reverse primer, 0.2 mM of

each dNTP, 0.5 lg/lL bovine serum albumin and 0.1 U/

lL Mango Taq DNA polymerase (Bioline, Taunton,

USA) in a buffer supplied by the enzyme manufacturer.

ITS amplification was initiated with a denaturation step

at 95 �C for 3 min, followed by a touchdown PCR for

10 cycles, each consisting of 95 �C for 30 s, 60–55 �C
(see below) for 30 s, and 72 �C for 30 s. Starting at

60 �C, the annealing temperature was reduced by 0.5 �C
per cycle and then left constant at 55 �C for another 30

cycles. Final extension was at 72 �C for 7 min. For the

chloroplast rpL32-trnL intergenic region, initial denatu-

ration was performed at 80 �C for 5 min, followed by 30

PCR cycles, each consisting of denaturing at 95 �C for

1 min, annealing at 45 �C for 1 min and elongation at

65 �C for 2 min. Final extension was at 72 �C for 5 min.

To check for the presence of distinct, single bands, ali-

quots of PCR products were electrophoresed on 1.5 %

agarose gels and stained with ethidium bromide. Some

samples failed to amplify with one or the other DNA

region.

Double-stranded PCR products (10–30 ng per reaction)

were sent to a commercial company (LGC Genomics,

Berlin, Germany) for sequencing by the dideoxynucleotide

chain termination method. M13 forward (50-TGT AAA

ACG ACG GCC AGT-30) and M13 reverse sequencing

primers (50-CAG GAA ACA GCT ATG ACC-30) were

purchased from Metabion (Martinsried, Germany). All

sequences were submitted to GenBank. Accession numbers

are given in Online Resource 1.

Phylogenetic analyses

Consensus sequences were aligned with the help of PhyDE

(Müller et al. 2011) followed by manual adjustments. Indels

were excluded from all analyses. The alignments used to

produce the phylogenies are provided as commented nexus

files in Online Resources 2 and 3. All phylogenetic recon-

structions were performed separately for the rpl32-trnL and

the ITS sequence alignment. No combined analysis of

nuclear and plastid datasets was attempted due to the con-

siderable degree of incongruence. Maximum parsimony

(MP) analyses were performed using PAUP* 4.0b (Swof-

ford 2003). Consensus trees were generated from a heuristic

search with 100 stepwise random addition replicates using

tree bisection and reconnection (TBR) branch swapping

with steepest-descent modification and MulTrees option

activated. To evaluate the extent of homoplasy in the

dataset, the consistency (CI) and retention (RI) indices were

calculated. Statistical support values were estimated run-

ning 100 bootstrap pseudoreplicates with one random

addition replicate followed by TBR branch swapping.

For Bayesian inference analyses, the datasets were tested

for the best-fit model of evolution with MrModeltest v. 2.3

(Nylander 2004) using the Akaike Information Criterion.

GTR ? G ? I represented the best fitting model for both

datasets. Bayesian analyses were done using MrBayes 3.2

(Huelsenbeck and Ronquist 2001). Two independent runs of

Markov chain Monte Carlo were initiated, with 1,000,000

generations, sampling trees every 100th generation. Each run

consisted of three heated chains using a heating parameter of

0.2 and one cold chain. After plotting the likelihood-by-

generation values, the first 10 % of the runs were discarded

as burn-in, and Bayesian consensus trees with posterior

probability values of nodal support were constructed.

Table 2 continued

Species 2n R Counts Provenance Samples with new data (ID, HS, S

and US numbers)a
References

New Old

S. prostrata group, Eurasia

S. olufsenii Paulsen 18 1 Tajikistan (Pamir) 2426 Za, Lo11

S. prostrata Pall. 18 14 SE Europe, S Siberia,

Kazakhstan

Kr, Lo11

S. spicata (Willd.) Moq. 36 2 Spain Pe

Ba Basset and Crompton (1978), Eb Ebrahimzadeh et al. (1994), FO Flores-Olvera (pers. comm.), Kr Krahulcová and Tomšovic (1997), Lo11

Lomonosova (2011), LoF3,9 Lomonosova and Freitag (2003, 2009), LoS Lomonosova and Shaulo (2010), LoX3,5,7,8 Lomonosova et al. (2003,

2005, 2007, 2008), Lö Löve and Löve (1982), Lor Lorz (1937), Mo Moore (1981), Mu Mulligan and Cody (1973), No Noguez-Hernández et al.

(2013), Pe Pedrol and Castroviejo (1988), Pro Probatova et al. (1998), Za Zakhar’eva (1990)
a Origin of new counts (second column from right): Arabic numbers refer to plant IDs in the sampling list (see Online Resource 1). Numbers

beginning with SH are derived from offsprings of seeds collected by W. Ferren on Sandy Hook, New Jersey. Numbers beginning with S are

derived from plants collected by A. N. Nikolin in Yakutia. Numbers beginning with US are derived from plants collected by H. Freitag from

different places in the USA: US7—New Jersey, Sandy Hook near 2198; US20—Texas, Kennedy Co., E of Riviera Beach; US26—near 2213;

US30a—near 2214
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Biogeography

Regarding the biogeographical aspects, we tried with

ancient area reconstructions using the methods imple-

mented in RASP (Yu et al. 2010, 2015) but failed in

getting plausible results, maybe in part due to the

peculiar kind of our data. In face of the general prob-

lems associated with purely statistical biogeographical

evaluations of phylogenetic trees, in particular the lack-

ing information about extinct species (see Cusimano and

Renner 2014) we doubt that other standard methods of

ancient area analyses, as MESQUITE or LAGRANGE,

would yield more reliable results. For outlining historical

biogeography, we instead complemented the direct,

intuitively gained inference from the phylogenetic trees

by information from our karyological data, from our

knowledge of the species’ biology—in particular their

ecology—, and from general experience in other groups

of Chenopodiaceae.

Karyological methods

Chromosome counts of root tip meristems were carried out

following the protocol of Smirnov (1968). In short, root tips

obtained from germinated seeds or from cultivated plants were

pretreated in 0.2 % colchicine for 2 h, fixed in ethanol–acetic

acid (3:1) and subsequently stained with 1 % acetic hema-

toxylin. Observation of chromosomes, photo documentation

and subsequent drawings of themitoticmetaphases weremade

with the help of anAxioscop-40 lightmicroscope and the built-

in video camera AxioCam MRc 5 (Zeiss, Germany).

Results

Alignment and sequence statistics

The nuclear ITS1—5.8SrDNA—ITS2 region and the

plastid intergenic spacer rpl32-trnL were sequenced for a
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Fig. 3 Locations of the American samples used in the present study. The colors of the symbols correspond to the lineages of the S. corniculata

group in the ITS tree shown in Figs. 4 and 7. In some cases, two or more samples from adjoining localities are represented by a single symbol
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large taxon set with special focus on the American species

of Suaeda sect. Brezia. The ITS dataset comprised 170

sequences (127 from the Americas), of which 157

sequences were generated for this study. The rpl32-trnL

dataset consisted of 161 sequences (123 from the Ameri-

cas) all of which were newly generated. The alignment of

ITS contains 598 characters (size range 430–581 bp)

showing 26.2 % variable sites of which 21.2 % were par-

simony informative (33.6 and 28.6 % when outgroup taxa

were included). The alignment length of the rpl32-trnL

intergenic spacer was 1055 bp (size range 814–965 bp),

with 8.8 and 6.0 % of the sites being polymorphic and

parsimony informative, respectively (18.9 and 15.6 %

when outgroup taxa were included).

Phylogenetic analysis of the ITS tree

The consensus tree resulting from Bayesian analyses of the

ITS dataset is shown in Fig. 4. A similar topology was

obtained by maximum parsimony (MP) analysis (not

shown). Posterior probabilities and bootstrap support val-

ues obtained by Bayesian and MP analyses are indicated

above and below the branches, respectively. One remark-

able aspect of the ITS tree(s) is the apparent lack of cor-

respondence between the positions of several samples and

the names given to them, although much effort was dedi-

cated to accurate species identification. For convenience,

genetically differing samples that carry the same species

name and might represent hidden species are distinguished

by a suffix, like S. linearis 1, 2 or 3, or S. aff.

calceoliformis.

The backbone topology of the ITS tree confirms our

previous findings (Schütze et al. 2003; Schütze 2011)

concerning the well-supported monophyly of the subgenus

Brezia and its basal dichotomy into the S. corniculata

group and a second lineage that splits into the S. prostrata

and the S. maritima groups. The S. prostrata group only

contains two sequences from the Americas, one belonging

to the S American S. densiflora which is presumed to be

closely related to the Eurasian S. prostrata, and the second

being almost identical with the available sequences of the

W Mediterranean S. spicata, for the first time collected in S

California. The S. maritima group is represented in N

America by 13 accessions of S. maritima and by two

accessions of the endemic S. rolandii. The N American S.

maritima sequences do not differ significantly from those

generated from S. maritima plants collected along the

Atlantic coast of Europe.

The S. corniculata group is represented in our tree

by all species known worldwide. It is much more

diversified and, in contrast to the other two groups,

appears to be clearly centered in the Americas. The ITS

tree reveals a basal subdivision, with a well-supported

(PP 0.99, BS 100) small group of geographically

restricted Asian species being sister to a clade that

contains all American species and the remaining Eur-

asian species. This very coherent group (PP 1, BS 100)

which we here refer to as the S. arctica lineage

includes S. arctica, S. tschujensis and two taxa that

have not been formally described yet (S. ‘‘jacutica’’, S.

‘‘tibetica’’). The large clade containing the remainder of

the S. corniculata group is split into another dichotomy,

separating a weakly supported (PP 0.96, BS 54), purely

N American group of 17 accessions that were mor-

phologically identified as S. calceoliformis and S.

mexicana from the remainder. For convenience, the first

clade is here referred to as S. calceoliformis 1 lineage,

shaded blue in Fig. 4 and marked by blue symbols in

the map (Fig. 3). Internal groupings in the S. calceo-

liformis 1 lineage are only weakly supported.

The next split is a trichotomy. The first unit is a single

sequence of an individual similar to S. calceoliformis

(named here S. aff. calceoliformis) collected in inland S

California. The second group (PP 0.69, BS 50) includes in

an unresolved polytomy all samples from the three

remaining Eurasian species of the group, namely S. cor-

niculata, S. pannonica and S. tuvinica (here informally

referred to as S. pannonica assemblage) together with a

well-supported (PP1, BS 100) monophyletic group of

American S. edulis and S. calceoliformis accessions. We

refer to the latter as S. calceoliformis 2 lineage, shaded red

in Fig. 4 and marked with red symbols in Fig. 3. The third,

also weakly supported group of the trichotomy (PP 0.9, BS

69) comprises all remaining American taxa of the S. cor-

niculata group, which we collectively refer to as S. linearis

lineage, shaded green in Fig. 4 and represented by green

symbols in Fig. 3.

The S. linearis lineage is split into a polytomy formed

by several accessions of S. occidentalis and the only

sequence of S. pulvinata together with four weakly to

moderately supported subclades consisting of (1) two

more sequences of S. occidentalis (PP 1, BS-), (2) all

four sequences of the South American S. patagonica

together with two sequences of S. puertopenascoa, a

narrow-ranged endemic of the northern shores of the

Gulf of California (PP 0.84, BS-), (3) all sequences from

the Mexican endemic S. jacoensis together with three

samples of S. mexicana 2 (PP 0.99, BS-), and (4) a

lineage that comprises all sequences from S. linearis and

S. esteroa s.l. (PP 1, BS 68). The latter subclade is

composed of two sister groups. One of these contains

eight sequences of S. linearis 1 along with the enigmatic

S. linearis X (see ‘‘Discussion’’) from the Atlantic coast

(PP 0.96, BS 55), while the second, unsupported group

again splits into a polytomy containing 11 sequences of

S. linearis 2 from the northern Mexican Gulf coast, three
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2102 S. calceoliformis 2 (CDN, Yukon)

2141 S. calceoliformis 2 (CDN, Yukon)

2104 S. calceoliformis 2 (USA, Alaska)

2274 S. calceoliformis 1 (CDN, Saskatchewan)

2338 S. calceoliformis 1 (USA, Utah)

2167 S. calceoliformis 1 (USA, California)

2166 S. occidentalis (USA, Nevada)

1375 S. pannonica (A, Burgenland)

2255 S. jacoensis (MEX, Nuevo León)

S441 S. „jacutica“ (RUS, Sakha Rep.)
1241 S. arctica (RUS, Chukotka)

2223 S. calceoliformis 2 (USA, California)

2341 S. calceoliformis 1 (CDN, New Brunswick)

2392 S. edulis (MEX, Guanajuato)

2163 S. occidentalis (USA, Oregon)

2232 S. calceoliformis 2 (CDN, Brit. Columbia)

1611 S. corniculata (RUS, Tuva Rep.)

2246 S. calceoliformis 2 (USA, Colorado)

2277 S. patagonica s.str. (RCH, Magellanes)

2177 S. patagonica s.l. (RA, Patagonia)

2233 S. mexicana 1 (MEX, Coahuila)

2240 S. aff. calceoliformis (USA, California)

2114 S. calceoliformis 1 (CDN, Manitoba)

2247 S. calceoliformis 2 (CDN, Brit. Columbia)

2150 S. puertopenascoa (MEX, Sonora)

2218 S. calceoliformis 2 (USA, Nevada)

1461 S. corniculata (RUS, Altai Rep.)

2171 S. „tibetica“ (CHN, Tibet)

2116 S. calceoliformis 2 (CDN, Alberta)

2164 S. linearis 1 (BS)

2340 S. calceoliformis 2 (CDN, Saskatchewan)

2107 S. calceoliformis 2 (USA, Alaska)

2269 S. pannonica (A, Burgenland)

2101 S. calceoliformis 2 (USA, Alaska)

2106 S. calceoliformis 2 (USA, Alaska)

2272 S. calceoformis 1 (CDN, New Brunswick)

2212 S. calceoliformis 2 (USA, Utah)

1607 S. tuvinica (RUS, Tuva Rep.)

2078 S. „tibetica“ (CHN, Qinghai)

1557 S. corniculata (RUS, Irkutsk Obl.)

1026 S. corniculata (KZ, Almaty Prov.)
2060 S. corniculata (RUS, Novosibirsk Obl.)

2193 S. calceoliformis 1 (USA, New York)

2227 S. linearis 1 (USA, Florida)

2395 S. edulis (MEX, Jalisco)

2337 S. linearis 1 (BS)

2254 S. jacoensis (MEX, Coahuila)

2238 S. calceoliformis 2 (USA, California)

2399 S. pulvinata (MEX, Texcoco)

2222 S. calceoliformis 2 (USA, California)

2401 S. patagonica (RCH, Magellanes)

2105 S. calceoliformis 2 (CDN, Yukon)

1606 S. corniculata (RUS, Sakha Rep.)

2100 S. calceoliformis 2 (CDN, Yukon)

2215 S. occidentalis (USA, Nevada)

S440 S. „jacutica“ (RUS, Sakha Rep.)

1169 S. tschujensis (RUS, Altai Rep.)

2217 S. occidentalis (USA, Nevada)

2223b S. calceoliformis 2 (USA, California)

S380 S. arctica (RUS, West Chukotka)

2393 S. edulis (MEX, Michoacan)

2248 S. calceoliformis 1 (USA, Texas)

2090 S. tuvinica (MGL, Uvs Aimag)

2165 S. calceoliformis 2 (USA, Nevada)

2221 S. calceoliformis 1 (USA, California)

2396 S. edulis (MEX, Jalisco)

2219 S. calceoliformis 2 (USA, Nevada)

2239 S. calceoliformis 1 (USA, California)
2237 S. calceoliformis 1 (USA, California)

2282 S. mexicana 1 (MEX, Coahuila)

2112 S. calceoliformis 1 (CDN, Ontario)

2213 S. calceoliformis 2 (USA, Utah)

2115 S. calceoliformis 1 (CDN, Ontario)

2216 S. occidentalis (USA, Nevada)

2214 S. calceoliformis 2 (USA, Nevada)

1216 S. patagonica s.l.(BOL, Oruro)

2181 S. puertopenascoa (MEX, Sonora)

S427 S. arctica (RUS, Magadan Obl.)

2250 S. mexicana 2 (MEX, San Luis Potosi)
2280 S. mexicana 2 (MEX, Nuevo León)

2281 S. jacoensis (MEX, Coahuila)

2226 S. linearis 1(USA, Florida)

2108 S. calceoliformis 2 (USA, Alaska)

2179 S. mexicana 2 (MEX, Coahuila)

2113 S. calceoliformis 1 (CDN, Ontario)

2091 S. corniculata (MGL, Uvs Aimag)

2231 S. calceoliformis 1 (USA, Washington)

2191 S. jacoensis (MEX, Coahuila)
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2208 S. linearis 2 (USA, Texas)

2156 S. esteroa s.l. (MEX, Baja California)

2400 S. sp. nov. (MEX, Texcoco)

2220 S. esteroa s.str. (USA, California)
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2200 S. linearis x (USA, Maine)
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2328 S. esteroa s.str. (USA, Californien)

2168 S. linearis 1 (USA, South Carolina)

2149 S. esteroa s.l.(MEX, Sonora)

2333 S. esteroa s.l. (MEX, Baja California)

2228 S. linearis 2 (USA, Louisiana)

2257 S. esteroa s.l.(MEX, Sonora)

2279 S. linearis 3(MEX, Yucatan)

2206 S. linearis 2 (USA, Texas)

2259 S. esteroa s.l.(MEX, Sonora)

2154 S. esteroa s.l. (MEX, Baja California)

2155 S. esteroa s.l. (MEX, Baja California)

2252 S. linearis 3 (MEX, Yucatan)

2198 S. linearis 1(USA, New Jersey)

2253 S. linearis 3 (MEX, Yucatan)

2251 S. linearis 3 (MEX, Yucatan)

2256 S. esteroa s.l. (MEX, Sinaloa)

2109 S. linearis 1 (USA, North Carolina)

2204 S. linearis 2 (USA, Texas)

2158 S. esteroa s.l.(MEX, Sonora)
2258 S. esteroa s.l. (MEX, Sonora)

2186 S. linearis 2 (MEX, Veracruz)

2205 S. linearis 2 (USA, Texas)

2153 S. esteroa s.l. (MEX, Baja California)

2380 S. esteroa s.l.(MEX, Baja California)

2229 S. linearis 2 (USA, Mississippi)

2157 S. esteroa s.l. (MEX, Baja California)

2230 S. esteroa s.l. (MEX, Baja California)

2148 S. linearis 2 (USA, Texas)

2190 S. linearis 3 (MEX, Yucatan)

2397 S. linearis 3 (MEX, Yucatan)

2207 S. linearis 2 (USA, Texas)

2210 S. linearis 2 (USA, Texas)

2260 S. linearis 1 (USA, New York)

2209 S. linearis 2 (USA, Texas)
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accessions of S. esteroa s.l. from NW Mexico and

adjacent California, three more accessions of S. esteroa

s.l. from the Californian Gulf coast of Sonora and

Sinaloa (PP 1, BS 77), six samples of S. linearis 3 from

the Yucatan coast and a single accession from inland C

Mexico that probably represents a new species (see

‘‘Discussion’’), and a moderately supported lineage (PP

1, BS 66) embracing 13 more sequences of S. esteroa s.l.

from the northern Californian Gulf coast and the Pacific

coast from SW California to Baja California, including

another well-supported sublineage from Baja California.

It should be noted that, in our extensive dataset from

other continents, not a single accession was detected that is

suspicious as having been derived from any American

progenitor.

Phylogenetic analysis of the rpl32-trnL tree

In preliminary experiments, several non-coding cpDNA

loci were amplified and sequenced from a small test set of

plants, including atpB–rbcL and psbB–psbH that had

been used by Schütze et al. (2003). Among these, the

rpl32-trnL intergenic spacer suggested by Shaw et al.

(2007) showed the most reliable performance and the

highest diversity and was chosen for sequencing all

samples. A 50 % majority rule consensus tree resulting

from Bayesian analyses is shown in Fig. 5. A similar

topology was obtained with an MP analysis (not shown,

but the BS values were transferred to the respective

branches of the Bayesian tree).

The most striking features of the cpDNA tree are: (1)

Resolution and statistical support of the different lineages

are generally much lower than in the ITS tree. (2) Several

accessions and lineages are placed in different positions as

compared with the ITS tree (for details see ‘‘Discussion’’),

with the outcome that none of the three major species

groups recognized in sect. Brezia with ITS is monophyletic

in the cpDNA tree. (3) In accordance with the ITS tree, the

S. arctica lineage is sister to the moderately supported (PP

0.99, BS 69) remainder of the S. corniculata group that

forms a polytomy of eight lineages. Seven of these corre-

spond to the unresolved Eurasian S. pannonica assemblage

of the ITS tree, whereas all but two American samples of

the S. corniculata group are united in a single unsupported

2335 S. spicata (USA, California)
2225 S. densiflora (RA, Buenos Aires)

1550 S. kulundensis (RUS, Novosibirsk Obl.)

2111 S. maritima (USA, Massachusetts)

2300 S. gracilis

2387 S. crassifolia (IR, Golestan Prov.)

1379 S. prostrata (RUS, Volgograd Obl.)

2273 S. maritima (CDN, New Brunswick)

2196 S. maritima (USA, New York)

2286 S. acuminata

2194 S. maritima (USA, New York)

2310 S. „iranica“

1638 S. maritima (E, Galicia)

2201 S. maritima (USA, Maine)
2197a S. rolandii (USA, New Jersey)

1513 S. maritima (F, Lower Normandy)

1650 S. maritima (GB, Scotland)

1108 S. crassifolia (UZ, Jizzakh Prov.)

2071 S. heteroptera (RUS, Primorsky Krai)

2189 S. maritima (USA, New York)

2359 S. maritima (USA, New Jersey)

1423 S. spicata (F, Languedoc)
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Fig. 4 Molecular phylogeny of American and selected Eurasian

species of Suaeda subg. Brezia derived from a Bayesian analysis of

internal transcribed spacer (ITS) sequences. Posterior probabilities are

shown above branches; bootstrap values from a maximum parsimony

analysis are shown below branches. ID, species name, provenance

and chromosome numbers are given for each accession (for details

see Online Resource 1). Chromosome numbers in brackets refer to

samples from nearby localities. After submission of the present

manuscript the species S. ,,iranica‘‘ was described as S. khalijefarsica

Akhani. Shaded areas indicate American samples; for color coding

see Fig. 3. A Austria, BOL Bolivia, CHN China, CDN Canada, DK

Denmark, E Spain, F France, GB Great Britain, KZ Kazakhstan, IR

Iran, MEX Mexico, MGL Mongolia, RA Argentina, RCH Chile, TJ

Tajikistan, UA Ukraine, USA United States of America, UZ

Uzbekistan
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2214 S. calceoliformis 2 (USA, Nevada)

2109 S. linearis 1 (USA, North Carolina)

2258 S. esteroa s.l. (MEX, Sonora)

2379 S. esteroa s.str. (MEX, Baja California)

2251 S. linearis 3 (MEX, Yucatan)

2102 S. calceoliformis 2 (CDN, Yukon)

2106 S. calceoliformis 2 (USA, Alaska)

2208 S. linearis 2 (USA, Texas)

2255 S. jacoensis (MEX, Nuevo León)

2112 S. calceoliformis 1 (CDN, Ontario)

2240 S. aff. calceoliformis (USA, California)

2221 S. calceoliformis 1 (USA, California)

2237 S. calceoliformis 1 (USA,California)

2163 S. occidentalis (USA, Oregon)

2210 S. linearis 2 (USA, Texas)

2395 S. edulis (MEX, Jalisco)

2225 S. densiflora (RA, Buenos Aires)

2148 S. calceoliformis 2 (USA, Texas)

2167 S. calceoliformis 1 (USA, California)

2392 S. edulis (MEX, Guanajuato)

2280 S. mexicana 2 (MEX, Nuevo León)

2219 S. calceoliformis 2 (USA, Nevada)

2328 S. esteroa s.str. (USA, Californien)

2253 S. linearis 3 (MEX, Yucatan)

2396 S. edulis (MEX, Jalisco)

2113 S. calceoliformis 1 (CDN, Ontario)

2190 S. linearis 3 (MEX, Yucatan)

2181 S. puertopenascoa (MEX, Sonora)
2150 S. puertopenascoa (MEX, Sonora)

2400 sp. nov. (MEX, Texcoco)

2155 S. esteroa s.l. (MEX, Baja California)

2166 S. occidentalis (USA, Nevada)

2233 S. mexicana 1 (MEX, Coahuila)

2247 S. calceoliformis 2 (CDN, British Columbia)

2256 S. esteroa s.l. (MEX, Sinaloa)

2207 S. linearis 2 (USA, Texas)

2206 S. linearis 2 (USA, Texas)

2231 S. calceoformis 1 (USA, Washington)

2260 S. linearis 1 (USA, New York)

2239 S. calceoliformis 1 (USA, California)

2259 S. esteroa s.l. (MEX, Sonora)

2226 S. linearis 1 (USA, Florida)
2227 S. linearis 1 (USA, Florida)

2212 S. calceoliformis 2 (USA, Utah)

2272 S. calceoliformis 1 (CDN, New Brunswick)

2246 S. calceoliformis 2 (USA, Colorado)

2279 S. linearis 3 (MEX, Yucatan)

2158 S. esteroa s.l. (MEX, Sonora)

2216 S. occidentalis (USA, Nevada)

2156 S. esteroa s.l. (MEX, Baja California)

2198 S. linearis 1 (USA, New Jersey)

2232 S. calceoliformis 2 (USA, Alaska)

2209 S. linearis 2 (USA, Texas)

2179 S. mexicana 2 (MEX, Coahuila)

2164 S. linearis 1 (BS)

2104 S. calceoliformis 2 (USA, Alaska)

2337 S. linearis 1 (BS)

2141 S. calceoliformis 2 (USA, Alaska)

2154 S. esteroa s.l. (MEX, Baja California)

2238 S. calceoliformis 2 (USA, California)

2215 S. occidentalis (USA, Nevada)

2100 S. calceoliformis 2 (CDN, Yukon)

2223b S. calceoliformis 2 (USA, California)

2399 S. pulvinata (MEX, Texcoco)

2222 S. calceoliformis 2 (USA, California)

2153 S. esteroa s.l. (MEX, Baja California)

2380 S. esteroa s.l. (MEX, Baja California)

2228 S. linearis 2 (USA, Louisiana)

2151 S. esteroa s.l. (MEX, Baja California)

2223 S. calceoliformis 2 (USA, California)

2341 S. calceoliformis 1 (CDN, New Brunswick)
2101 S. calceoliformis 2 (USA, Alaska)

2220 S. esteroa s.str. (USA, California)

2108 S. calceoliformis 2 (USA, Alaska)

2193 S. calceoliformis 1 (USA, New York)

2205 S. linearis 2 (USA, Texas)

2230 S. esteroa s.l. (MEX, Baja California)

2105 S. calceoliformis 2 (CDN, Yukon)
2107 S. calceoliformis 2 (USA, Alaska)

2114 S. calceoliformis 1 (CDN, Manitoba)

2152 S. esteroa s.l. (MEX, Sonora)

2115 S. calceoliformis 1 (CDN, Ontario)

2257 S. esteroa s.l. (MEX, Sonora)

2248 S. calceoliformis 1 (USA, Texas)

2397 S. linearis 3 (MEX, Yucatan)

2393 S. edulis (MEX, Michoacan)

2229 S. linearis 2 (USA, Mississippi)

2157 S. esteroa s.l. (MEX, Baja California)

2213 S. calceoliformis 2 (USA, Utah)

2250 S. mexicana 2 (MEX, San Luis Potosi)

2218 S. calceoliformis 2 (USA, Nevada)

2168 S. linearis 1 (USA, South Carolina)

2252 S. linearis 3 (MEX, Yucatan)

2333 S. esteroa s.l. (MEX, Baja California)

2204 S. linearis 2 (USA, Texas)

2149 S. esteroa s.l. (MEX, Sonora)

2217 S. occidentalis (USA, Nevada)

2116 S. calceoliformis 2 (CDN, Alberta)

1
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clade (shaded gray in Fig. 5). (4) The subdivision of the

American species of the S. corniculata group into three

lineages as suggested by the ITS tree is not seen in the

cpDNA tree. Instead, only a few internal subclades are

revealed among many unlinked accessions. These sub-

clades are formed by S. patagonica (PP1, BS 90), the same

S. jacoensis/S. mexicana 2 group (PP 1, BS 99) as in the

ITS tree, three accessions of S. calceoliformis 1 and 2 (PP1,

BS 68), and four accessions of S. calceoliformis 2 and S.

edulis (PP 0.97, BS 54).

Chromosome counts

Our new counts from 31 N American and 12 Eurasian

specimens are presented along with 36 previous counts in

Table 2 on the background of a complete compilation of

taxa dealt with in this article. Examples of metaphase

plates are shown in Fig. 6. The coverage is still incomplete

because we were not able to get seeds from S. jacoensis, S.

mexicana, S. puertopenascoa, S. pulvinata, S. densiflora

and the single American accession of S. spicata.

2195 S. maritima (USA, New York)

1557 S. corniculata (RUS, Irkutsk Obl.)

2335 S. spicata (USA, California)

2196 S. maritima (USA, New York)

2197a S. rolandii (USA, New Jersey)

2358 S. rolandii (USA, New Jersey)

2091 S. corniculata (MGL, Uvs Aimag)

2203 S. maritima („richii“) (USA, Maine)

2070 S. sibirica (RUS, Zabaykalsky)

2035 S. heteroptera (RUS, Rep. Buryatia)

1461 S. corniculata (RUS, Altai Rep.)

2359 S. maritima (USA, New Jersey)

1513 S. maritima (F, Lower Normandy)

2090 S. tuvinica (MGL, Uvs Aymag)

1108 S. crassifolia (UZ, Jizzakh Prov.)

1647 S. maritima (DK, Jutland)

2110 S. maritima (CDN, Prince Edward Island)

2060 S. corniculata (RUS, Novosibirsk Obl.)

2340 S. calceoliformis 2 (CDN, Saskatchewan)

1379 S. prostrata (RUS, Volgograd Obl.)
2426 S. olufsenii (TJ, Pamir)

1580 S. salsa (UA, Crimea)

1423 S. spicata (F, Languedoc)

1241 S. arctica (RUS, Chukotka)

2062 S. kulundensis (RUS, Samara Obl.)

2286 S. acuminata

2200 S. linearis x (USA, Maine)

2078 S. „tibetica“ (CHN, Qinghai)

2269 S. pannonica (A, Burgenland)

1607 S. tuvinica (RUS, Tuva Rep.)

2300 S. gracilis

2194 S. maritima (USA, New York)

2171 S. „tibetica“ (CHN, Tibet)

2310 S. „iranica“

1651 S. maritima (GB, Cornwall)

2387 S. crassifolia (IR, Golestan Prov.)

2201 S. maritima (USA, Maine)

2189 S. maritima (USA, New York)

1550 S. kulundensis (RUS, Novosibirsk Obl.)

2111 S. maritima (USA, Massachusetts)

2274 S. calceoliformis 1 (CDN, Saskatchewan)

1638 S. maritima (E, Galicia)

2357 S. maritima (USA, New Jersey)

1231 S. salsa (RUS, Astrakhan Obl.)

1611 S. corniculata (RUS, Tuva Rep.)

1375 S. pannonica (A, Burgenland)

2271b S. rolandii (CDN, New Brunswick
2271a S. rolandii (CDN, New Brunswick)

1606 S. corniculata (RUS, Sakha Rep.)

1466 S. sibirica (RUS, Irkutsk Obl.)

1026 S. corniculata (KZ, Almaty Prov.)

S427 S. arctica (RUS, Magadan Obl.)

2071 S. heteroptera (RUS, Primorsky Krai)

2296 S. cucullata

1650 S. maritima (GB, Scotland)

2202 S. maritima (USA, Maine)

2273 S. maritima (CDN, New Brunswick)

1181 S. spicata (F, Rhône delta)
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Fig. 5 Molecular phylogeny of American and selected Eurasian

species of Suaeda subg. Brezia derived from a Bayesian analysis of

plastid intergenic spacer rpl32-trnL sequences. Posterior probabilities

are shown above branches. ID, species name and provenance are

given for each accession; shaded areas indicate American samples.

For abbreviations see Fig. 4. After submission of the present

manuscript the species S. ,,iranica‘‘ was described as S. khalijefarsica

Akhani
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Regarding the S. maritima group, we confirmed tetra-

ploidy for the N American populations of S. maritima

which is in accordance with the data from the Atlantic

coast of Europe, and dekaploidy for S. rolandii. In the S.

corniculata group, nearly all American specimens proved

to be hexaploid, with the only exceptions being one tetra-

ploid specimen found in the otherwise hexaploid S.

patagonica, and the surprising discovery of dekaploidy in

one plant from coastal Maine (referred to here as S. linearis

X). The Eurasian species of the S. corniculata group cover

the whole series from diploids (2n = 18) to dekaploids

(2n = 90).

Discussion

Critical appraisal of the ITS and the rpl32-trnL

phylogenies

In general, resolution of our ITS as well as cpDNA trees is

limited, which at least in part has to be attributed to low

sequence divergence. Given that the ITS tree is better

resolved than the cpDNA tree, we cautiously consider it as

the backbone of our phylogenetic inference. This is in line

with previous studies on Suaedoideae (Schütze et al. 2003;

Kapralov et al. 2006; Lee et al. 2007; Schütze 2011) and

supported by general experience (e.g., Feliner and Rossello

2007, and references therein), which led to the almost

universal usage of ITS sequencing for phylogenetic studies

at the species level in the past. We are nevertheless aware

of the limitations inherent to the ITS marker as summarized

(and somewhat exaggerated) by Álvarez and Wendel

(2003). As such they listed incomplete concerted evolution

when different ITS repeats are merged within a single

genome of (allo)polyploids, and the occurrence of paralo-

gous sequences which both might confound phylogenetic

reconstructions. Such phenomena might have caused the

rather wide and very well-supported separation of two

hexaploid S. calceoliformis lineages in the ITS tree. At

least in some cases, pairs of samples belonging to either the

S. calceoliformis 1 or 2 lineage, respectively, have been

collected close to each other and are morphologically

almost indistinguishable (e.g., ID 2338 and ID 2212 from

Utah, and ID 2274 and ID 2340 from Saskatchewan).

Despite its lower resolution, the cpDNA tree is also

important because it indicates the degree to which indi-

vidual gene trees may differ from one another and hence

from the underlying species tree (Doyle 1992; Maddison

1997). Though conflict between nuclear and plastid trees

can be caused by different phenomena such as, e.g., coa-

lescence and incomplete lineage sorting [see Pirie et al.

2009; Naciri and Linder (2015) discussed ‘‘seven veils’’],

in Suaeda probably more often they indicate reticulation by

hybridization events. This applies in particular to taxa that

have originated by reticulate evolution via alloploidy as

shown by ourselves (Lomonosova et al. 2008) and by

Schütze (2011) in Suaeda kulundensis and S. sibirica, two

Asian counterparts of the American species of the S. cor-

niculata group also included in our trees. Homoploid

hybridization and introgression can have similar effects. To

detect such phenomena, we carefully compared both trees

with each other in the following paragraph.

Fig. 6 Mitotic metaphases of studied plants. a Suaeda ‘‘jacutica’’

nom. inedit. (2n = 18) [DNA-ID S440]; b Suaeda maritima (L.)

Dumort. (2n = 36) [DNA-ID 2359]; c Suaeda occidentalis S.Watson

(2n = 54) [DNA-ID 2216]; d Suaeda corniculata (C.A.Mey.) Bunge

(2n = 54) [DNA-ID 1461]; e Suaeda calceoliformis (Hook.) Moq.

(2n = 54) [DNA-ID 2221]; f Suaeda rolandii Bassett & Crompton

(2n = 90) [DNA-ID 2197a]. Scale bar 5 lm; all photos by M.

Lomonosova
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Incongruities between the ITS and the rpl32-trnL

trees

Major conflicts among ITS and cpDNA tree topologies are

summarized in Fig. 7 where simplified versions of both

trees are compared with each other. Whereas many of the

incongruities regarding the position of individual acces-

sions and lineages receive little statistical support, others

are substantiated by stable and well-supported branches.

A major incongruity regarding the monophyly of the S.

prostrata, S. maritima and S. corniculata groups was

already noted and ascribed to hybridization by Schütze

(2011), although other cpDNA markers (atpB–rbcL and

psbB–psbH) were used in his study. In the ITS tree of

Schütze (2011), the Asian species S. sibirica, S. kulun-

densis, S. crassifolia and S. heteroptera are placed in the S.

maritima group, whereas they reside in more basal bran-

ches of the S. corniculata group in the cpDNA tree. We

found the same distribution in our present analyses (com-

pare Figs. 4, 5). For S. sibirica and S. kulundensis, (see

Fig. 7). Lomonosova et al. (2008) confirmed the

hybridization hypothesis by morphological and karyologi-

cal arguments.

Among the American species, signatures for hybridiza-

tion between members of widely separated species groups

and combinations with ‘‘wrong’’ chloroplast DNA were

found in several samples (see Fig. 7). One striking example

concerns the Argentinean endemic S. densiflora (ID 2225)

that morphologically and according to ITS data clearly

belongs to the S. prostrata group but has a cpDNA

sequence of the S. corniculata group. As no other species

of these two groups are known from S America, the origin

of this sequence combination is mysterious. Given that

only one sample of S. densiflora was analyzed and no

chromosome counts are available yet, this result needs to

be validated by additional sampling.

S. arctica lineage

S. corniculata group 

S. maritima group

S. prostrata group
2225

2274

2200

2340

1550

outgroups outgroups

2062

2070
1466

2215, 2216
2163, 2166
2217

ITS rpl32-trnL

2233

2400

Fig. 7 Comparison of ITS and rpl32-trnL trees. Only those acces-

sions were included where both sequences were available. Shaded

areas indicate American samples. For color coding of ITS lineages

see Fig. 3. The hatched area in the rpl32-trnL tree contains

intermingled American and Eurasian samples. Horizontal broken

lines separate the three species groups. All other lines connect

corresponding accessions
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Chloroplasts of the S. maritima group were found in

plants that morphologically and according to ITS data

belong to different lineages of the S. corniculata group

(Fig. 7). Thus, two S. calceoliformis plants from Sas-

katchewan (ID 2274, 2340) that belong to either S. cal-

ceoliformis lineage 1 or 2 have S. maritima chloroplasts

that only slightly differ from each other. These pairings are

likewise difficult to explain. Whereas both S. calceo-

liformis 1 and 2 plants are present in the surroundings, the

closest occurrence of S. maritima is far away at the Atlantic

coast (see Fig. 3). Since cpDNA is transmitted by seed in

most angiosperms and probably also in Suaeda, long-dis-

tance dispersal of S. maritima seeds to the inland may have

occurred, followed by pollination of the seed-grown plant

with S. calceoliformis pollen. Introgression of S. maritima

cpDNA into S. calceoliformis was then eventually com-

pleted by repeated backcrossing with the paternal species.

Most likely, both samples represent incidental and inde-

pendent hybridization events. The only accession of

Suaeda linearis X (ID 2200), from coastal Maine, is unique

in its combination of ITS sequences of the S. linearis lin-

eage with S. maritima chloroplasts (see also the subsequent

paragraph on ‘‘Ploidy levels’’).

Putative hybridization events between different lineages

of the S. corniculata group are more difficult to detect

because of the small sequence divergence. Here, we shortly

comment on three examples traced in Fig. 7. First, Suaeda

sp. nov. (ID 2400) from Texcoco in eastern central Mexico

combines ITS sequences of S. linearis 3 (Yucatan) with

cpDNA sequences close to but clearly distinct from S.

mexicana 2 from northern central Mexico. This specimen

also differs morphologically from its next relatives and

probably represents a new species. Second, S. mexicana 1

(ID 2233) from Coahuila in northern central Mexico has

ITS sequences close to those of the second S. mexicana 1

accession (ID 2282) from the same area and cpDNA

sequences of the sympatric S. edulis. Unfortunately, we

were unable to generate cpDNA sequence data from

accession ID 2282, so we cannot judge whether this

incongruity represents an incidental hybridization event

without evolutionary consequences or a new species. Third,

S. occidentalis, a morphologically well-circumscribed

species, is represented in our sampling by five accessions

collected in a coherent area and combining almost identical

nuclear ITS sequences with more variable cpDNA

sequences. Given that sequence variation in the cpDNA is

usually much lower than in the nuclear ITS region, it is

tempting to speculate that this divergence is likewise a

consequence of cpDNA capture. We assume that much

more hybridization has happened in the American species

of Suaeda subg. Brezia but its traces can hardly be rec-

ognized in the ‘‘noise’’ of the regular sequence variation in

both markers.

Ploidy levels

Our study has revealed all counted American species and

populations of Suaeda subg. Brezia as polyploids

(Table 2). Most likely, the same also applies to the popu-

lations which were not available for counting, with the

potential exception of two species belonging to the S.

prostrata group. As at least in the short run polyploidiza-

tion is a unidirectional process (Scarpino et al. 2013, 2014),

we can use—complementary to the molecular phyloge-

nies—the increasing levels of polyploidy in the Suaeda

groups for tracing their evolution. For convenient com-

parison, the polyploidy series of the Eurasian and the

American representatives of the S. maritima and the S.

corniculata groups of subg. Brezia are summarized and

juxtaposed in Table 3. Furthermore, by combining kary-

ological information with sequence data of nuclear and

chloroplast markers, the hybrid parents or their close rel-

atives can be detected provided they are genetically suffi-

ciently distinct. In all groups, the presumably more

ancestral diploids are restricted to Eurasia, though theo-

retically, at least in the S. corniculata group, they could

have become extinct in the Americas.

S. maritima group In the S. maritima group, the tet-

raploid conditions constantly found in the American S.

maritima underline the coherence with the European

populations. Unexpectedly, the dekaploid S. rolandii that

was interpreted by Basset and Crompton (1978) as an

allopolyploid with the parents being S. maritima and S.

calceoliformis proved to have not only ITS but also

cpDNA sequences of S. maritima and therefore more

likely it has to be considered as autopolyploid. We are

aware that concerted evolution could also have caused

this result, but in view of the young age as indicated by

the missing or low sequence divergence from S. mar-

itima this appears less likely. Even more surprising was

our discovery of a dekaploid individual (‘‘S. linearis X’’,

ID 2200) from the coast of Maine, which combined S.

maritima cpDNA sequences with an ITS sequence of S.

linearis (see Fig. 7). Though we collected only one

solitary individual that morphologically resembled S.

linearis rather than the likewise dekaploid S. rolandii,

the unusually high ploidy level strongly suggests that it

represents a new species. Both putative parental species

occur in the same area. The two American dekaploids

are most likely rather young. Interestingly, such per-

plexingly polyploid plants based on S. maritima have

never been observed in Europe where the species occu-

pies a much wider range, and the populations have had

much more time for polyploidization.

S. corniculata group The diploid conditions found in all

members of the Asian S. arctica lineage studied so far and

only in them strongly support the molecular results
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concerning the ancestral position of that lineage which is

also confirmed by molecular age estimates (see above).

Tetraploidy, as the presumably next evolutionary step,

occurs in some populations of the Eurasian S. corniculata

and of S. patagonica from southernmost Chile only, while

the majority of plants in both species show hexaploid

chromosome complements.2 From the coexistence of tet-

raploid and hexaploid populations in the same species and

in two separate lineages, we conclude that hexaploidy was

for some unknown reason favored in the group. At least the

hexaploid populations of S. patagonica have most likely

evolved by autopolyploidy because S. patagonica is the

only extant representative of the subgenus in S America

and it is most unlikely that another putative ancestor had

ever reached Tierra del Fuego. However, some hexaploids

may also have originated by hybridization between genet-

ically slightly differing parental populations of the same

ancestral tetraploids, thereby obscuring the separation

between auto- and allopolyploids and by that eventually

contributing to the actual problems in delimiting the

American species of the S. corniculata group.

At first glance, tetraploid populations of S. patagonica

seem to qualify as the progeny of all other American

species of the S. corniculata group because there is no

doubt about the plesiomorphic character of that chromo-

some number in the context of the related American spe-

cies. However, this interpretation is conflicting with the

ITS phylogeny where S. patagonica takes a basal position

only in the S. linearis lineage. Considering the apparent

ease of the change from tetra- to hexaploidy, it is however

conceivable that the other two American lineages likewise

started with tetraploid populations that later became

extinct. Interestingly, the S. pannonica assemblage also

includes tetraploid populations in the S. corniculata group

besides the predominant hexaploids. Higher ploidy levels

signaling terminal evolutionary positions in the group are

known only from the octoploid S. pannonica (ID 2269, SE

Europe) and from the unique (allo)dekaploid plant S. lin-

earis X (ID 2200 from Maine, see preceding paragraph).

As general conclusion, we can confirm that like many

other groups of higher plants, the American Suaeda pop-

ulations have benefited from polyploidy ‘‘as a rampant

evolutionary process that triggers drastic genome reorga-

nization’’ (Comai 2005:836; see also Tayalé and Parisod

2013, and references therein. Whereas polyploidy in

Suaeda subg. Brezia most probably contributed to the fit-

ness of the populations and thereby to their success, our

study does not give support to the recently postulated link

between polyploidy and long-distance dispersal, as was

deduced by Linder and Barker (2014) from their work on

danthonioid grasses. In Suaeda subg. Brezia, long-distance

dispersal always occurred incidentally as can be concluded

from the case of S. patagonica: the longest distance was

Table 3 Overview of known ploidy series of American and related Eurasian species of Suaeda sect. Brezia

Ploidy level Suaeda corniculata group Suaeda maritima group

Eurasian species American species Eurasian species American species

109 – S. linearis x S. kulundensis S. rolandii

89 S. pannonica – S. kulundensis –

S. sibirica

69 S. corniculata subsp. corniculata S. calceoliformis s.l. – –

S. tuvinica S. edulis

S. esteroa s.l.

S. linearis s.l.

S. mexicana

S. occidentalis

S. patagonica

S. pulvinata

49 S. corniculata subsp. corniculata S. patagonica S. maritima S. maritima

S. corniculata subsp. mongolica S. salsa

29 S. ‘‘jacutica’’ inedit. – S. crassifolia –

S. tschujensis S. heteroptera

(S. japonica)

S. maritima subsp. asiatica)

The S. corniculata group comprises five more American species with yet unknown ploidy levels

2 Both numbers were also reported for S. calceoliformis by Ferren

and Schenk (2003) but tetraploidy is most unlikely in this species

because we did not find a respective record in any original

publication, and all 23 counts known to us agree in 2n = 54.
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conquered by a colonizer equipped with the smallest gen-

ome. Also the first immigrants in N America were most

likely diploids or tetraploids and only later higher ploidy

levels were reached.

Provenance and spread of the American species

of Suaeda subg. Brezia

The phylogenetic trees shown in Figs. 4 and 5 together

with the molecular clock data of Schütze (2011) allow us to

make some inferences on the timing of the different colo-

nization events and the spatiotemporal evolution of Suaeda

subg. Brezia in the Americas. Putative dispersal vectors as

well as climatic history, ecological and morphological

aspects have also to be taken into account. Our data

strongly suggest Asia as the ancestral area not only of subg.

Brezia but also of the S. maritima and S. corniculata

groups, while the S. prostrata group which is not fully

represented in the tree most likely originated in the

Mediterranean area (Schütze 2011). From those places of

origin, Brezia spread around the world. While Eurasia

harbors 37 recognized taxa from all main groups, with

centers of diversity—11 species each—in Asian Russia

(Lomonosova and Freitag 2008) and Mongolia (Freitag and

Lomonosova 2013), our new data show that the Americas

hold the second rank with 11 recognized species, nine of

them occurring in N and C America. However, the repre-

sentation of the three main species groups in Eurasia and in

the Americas is extremely unequal, with 16:2 in the S.

maritima group, 6:2 in the S. prostrata group, and 5:10 in

the S. corniculata group.

S. prostrata group The two American species of the S.

prostrata group have certainly reached the continent sep-

arately. Suaeda spicata that we detected in one collection

kept in the San Diego Herbarium is so similar to

Mediterranean samples in morphology and in sequence

data, that we do not question its S European provenance

and recent anthropogenic dispersal. The origin of the

Argentinean S. densiflora is obscure, but its unique genetic

composition (see Fig. 7) suggests an earlier introduction.

The species conquered a moderately large area that offers

climatic and soil conditions similar to S Europe.

S. maritima group Two lines of evidence suggest a W

European origin of the American members of the S. mar-

itima group. First, all American populations are restricted

to the N Atlantic coastline, whereas all related taxa of the

S. maritima group show an Eurasian distribution. Second,

the ITS and cpDNA sequences of S. maritima specimens

from the opposing European and American coastlines are

almost indistinguishable. The question remains when that

migration happened and if it was a singular or a repeated

event. At first glance an accidental introduction by the

intensive shipping traffic appears to be plausible (Small

1933:469; Hultén 1971:188). According to Ball (pers.

comm.), it is known that ships transporting horses and

other farm animals have gathered hay from salt marshes

around the ports [in England] at the beginning of a voyage

and dumping the residue [with seeds] at or just outside their

destination. However, most American authors consider S.

maritima as being native, and some of our data also suggest

an earlier colonization. As outlined above, some American

populations were already involved in hybridization events

with partners from remote inland areas where seeds of

coastal S. maritima have a rare chance to arrive. Moreover,

the tetraploid S. maritima populations in America already

gave rise to two dekaploid taxa, i.e., S. rolandii and ‘‘S.

linearis X’’ (see above). Otherwise, the sequence similarity

of American and European S. maritima populations and the

lack of bottleneck signatures suggest multiple recent

introductions having followed an earlier colonization.

Two vectors could account for the postulated long-dis-

tance seed dispersal from Europe to N America (for a

summarizing reevaluation see Milne 2006): (1) attachment

to the feet of waterfowl (e.g., geese), and (2) oceanic

currents which also might have contributed to the dispersal

of S. maritima along European shores (Weising and Freitag

2007). By molecular studies, Kadereit et al. (2005a)

showed that dispersal of salt water-resistant, viable seeds

by floating on seawater played a dominant role in the

extended migrations of coastal halophytes during and after

glacial periods. Although the Gulf Stream follows the

opposite direction from SW to NE, it appears conceivable

that long-lasting easterly winds occasionally allow for

floating of seeds at the sea surface from east to west. There

are some other examples for amphi-Atlantic halophytes

listed by Hultén (1958, 1971), as, e.g., Atriplex glabrius-

cula Edmondston, Glaux maritima L., Spergularia marina

(L.) Griseb., Mertensia maritima (L.) Gray and Polygonum

raji Bab. Hultén, however, considers these plants as rem-

nants of formerly (before the Ice Ages) circumpolar ranges

which at least in case of Suaeda maritima seems to be less

likely. However, in warmer climates with a more northern

distribution of S. maritima, the distance between the two

disjunct areas must have been shorter. Taken together,

early colonization via natural long-distance dispersal as

well as later introductions by maritime trade may have

contributed to the current distribution patterns.

After its successful establishment in N America, S.

maritima apparently withstood the competition with the

endemic Suaeda species of the S. corniculata group and

conquered a long strip along the northeastern coast of N

America. By autopolyploidy, allopolyploidy and intro-

gression, S. maritima contributed to the biodiversity of

Suaeda subg. Brezia in N America, but it did not change its

habitat preferences and together with its derivates it

occupies the same ecological niche as in Europe. It remains
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astonishing that despite of the much shorter distance

obviously none of the numerous E Asian species of the S.

maritima group ever invaded into the American continent,

although it started to diversify much earlier than the S.

corniculata group and contains many coastal taxa. Like-

wise the S African and Australian/Oceanian populations of

the S. maritima group have never reached the Americas or

have not survived there.

S. corniculata group Our molecular trees and kary-

ological data consistently suggest that the American spe-

cies of the S. corniculata group are derived from Asian

colonizers that were closely related to the small S. arctica

lineage that split from the S. maritima/S. prostrata clade in

the Lower Pliocene at about 5.1–5.3 Mya. The extant

species of the S. arctica lineage grow on arid high moun-

tains of C Asia as well as in both coastal and inland areas

of subarctic NE Asia where they adapted to microthermic

habitats with a very short growing season. We consider it

unlikely that colonization of the Americas started from

such ecophysiologically specialized populations that might

have originated only during the later Quaternary glacial

cycles. It seems more conceivable that the ancestors of the

American species grew under more favorable conditions

prevailing in that period and became extinct afterwards.

The first colonizers were either diploids or tetraploids. If

the molecular clock estimates are correct, the colonizers

arrived in America in the Early Pleistocene (Calabrium) at

about 1.6 Mya where they gave rise to the S. calceoliformis

1 lineage. They presumably arrived from NE Asia via long-

distance dispersal, perhaps attached to the feet of water-

fowl. We have no information about migratory bird routes

in these times, but today a much used ‘‘East Asia/East

Africa Flyway’’ that extends to Alaska is well known, in

addition to the ‘‘Pacific Americas Flyway’’ used in the

opposite direction and continuing from the Americas to the

Chukotka Peninsula (Birdlife International 2014a, b). With

high probability, we can exclude migration along the

commonly cited Bering route used by numerous species

including men (see, e.g., Hultén 1937/1972) because the

temporary closing of the Bering Strait happened much

later.

The phylogenetic trees seem to indicate the interior of

Mexico as a ‘‘landing place’’ of the early colonizers and a

later spread to N America. However, this scenario is not

convincing because by its perennial and gypso-halophytic

habit, S. mexicana 1 qualifies as a derived species com-

pared to the other members of the group which have

retained the annual and hygrohalophytic character of the

more ancestral S. arctica lineage. Rather we consider S.

mexicana 1 as a highly specialized relict that has derived

from now extinct annuals of a more northern distribution.

Also from a geographical viewpoint, a first arrival in N

America seems to be more plausible.

The sequence and number of biogeographical events

concerning the other lineages are ambiguous. If the various

trees which show only weak or no branch support correctly

reflect the phylogeny, at least one more colonization from

Asia occurred. Both the S. calceoliformis 2 and the S.

linearis lineages may have originated from a tetraploid

invader belonging or related to the Eurasian S. pannonica

assemblage. However, the uncertainties in tree topologies

do not exclude the possibility that the S. pannonica

assemblage originated in America and dates back to an

early remigration event. Dating by molecular clock did not

reveal substantial differences in the age of the three

American lineages and the S. pannonica assemblage.

However, the much higher diversity of the S. linearis lin-

eage, presence of the plesiomorphic tetraploidy, geo-

graphical range and ecological versatility that considerably

exceeds those of the two S. calceoliformis lineages cast

doubts into the rough molecular estimates and strongly

suggest a higher age as compared to the other American

clades.

The well-supported and genetically homogeneous S.

calceoliformis 2 lineage spread rather recently from inte-

rior N America (S. calceoliformis 2) to C Mexico (S.

edulis). Likewise, the weakly supported but genetically

heterogeneous S. linearis lineage probably evolved in

interior N America where it is still represented by the

basally branching S. occidentalis. From there, it dispersed

to interior Mexico (S. pulvinata, S. mexicana 2, S.

jacoensis), NWMexico (S. puertopenascoa), S America (S.

patagonica) and with the distinct S. linearis/S. esteroa

subclade to the coastal marshes of N America and Mexico.

Its separation into S. linearis and S. esteroa happened only

in the middle Pleistocene (Ionian) at about 0.15 Mya.

Along the coastlines of the Atlantic and the Mexican Gulf,

more recently S. linearis split into three distinct geo-

graphical groups, and S. esteroa shows a similar pattern

along the coasts of northwestern Mexico and California.

Additional remarks on the dispersal scenarios Dispersal

over short, medium and long distances by water fowl has to

be assumed as the most important vector for the further

geographical spread of the American S. corniculata lin-

eages. The occurrence of S. patagonica on Tierra del Fuego

in southernmost S America and at the shores of saline

lagoons of the Bolivian Altiplano are most striking exam-

ples of long-distance dispersal and can be correlated to the

‘‘Pacific Americas Flyway’’ (Birdlife International 2014b).

It is also used by birds (e.g., geese) that inhabit the same

habitats as the Suaeda species. Similar disjunctions on the

American subcontinents were recently reviewed by Wen

and Ickert-Bond (2009) and by Donoghue (2011). They

likewise suggested bird dispersal as the most likely vector,

though proof is rare. The same dispersal vectors probably

apply to S. edulis in C Mexico that according to our
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molecular results is a rather recent derivate of the N

American S. calceoliformis 2 lineage, and likewise to S.

mexicana 1 from the S. calceoliformis 1 lineage. We also

assume bird dispersal over shorter distances inside of N

America where Suaeda habitats are restricted to island-like

saline habitats, and for the first colonization of the coastal

marshes along the Atlantic Ocean.

Along the coasts of the Pacific and the Atlantic as

well as of the Gulfs of California and Mexico, short-

distance dispersal by floating on seawater probably was

the most effective vector, as along the European coasts

(see above). The rigorous latitudinal shifts of the climatic

zones during the climatic oscillations of the Pleistocene

must have caused repeated migrations that enhanced

diversification as can be deduced from the genetic

diversity in S. linearis and S. esteroa in their essentially

continuous distribution areas. While during cooling

periods, the populations migrated southward, down to

formerly (and today) tropical areas; in warmer intervals,

the majority of the populations remigrated to the north

except for individuals that had adapted to the changing

temperature conditions. They built up new populations

that were able to persist in subtropical and tropical

environments where they even became components of

mangrove ecosystems.

However, the distinct genetic discontinuities in the

roughly coherent distribution areas of S. linearis and S.

esteroa need to consider additional factors. Certainly,

geographical barriers and differing systems of oceanic

currents are important, not only as they exist today but also

in glacial periods with a much lower sea level. This is

obvious in S. linearis, where the most distinct genetic

discontinuity was found between the populations of the

Atlantic (S. linearis 1) and the Gulf coasts (S. linearis 2 and

3), which are separated from each other by the headland of

S Florida. Similar barriers might have contributed to the

unexpected diversity of the S. esteroa populations along the

shores of NW Mexico as speculated by Ferren and Roberts

(2011), but the rather scattered occurrence of salt marshes

on Baja California is by itself suspicious of causing iso-

lating effects.

Concordant discontinuities in population structure of

salt marsh and intertidal animals of the N American

Atlantic and Gulf coasts are well known since Avise

(1992). Also the smaller but significant genetic subdivision

(PP 0.95–0.99) in S. linearis 1 along the Atlantic coast

between Maine and the Bahamas is paralleled in the

invertebrate fauna of the salt marsh communities and was

attributed to temporal latitudinal shifts (Dı́az-Ferguson

et al. 2010).

Besides effective dispersal vectors, we consider the

genomic variability as most important precondition for the

apparent success of the S. corniculata group in the

Americas. It opened the path for physiological, ecological

and morphological adaptations enabling its species to

invade into new ecological niches though retaining their

strictly halophytic constitution. From the extant species, it

can be concluded that the Asian ancestors were hygro-

halophytic annuals of coastal and inland habitats probably

adapted to temperate conditions. While S. patagonica and

some populations of S. calceoliformis had adjusted to

subarctic conditions, other American species ecophysio-

logically adapted to habitats in warm temperate, subtropi-

cal and tropical climates. In some species, in particular, in

S. esteroa, S. puertopenascoa, S. mexicana, S. jacoensis

and S. pulvinata, this was associated with a transition from

annual to perennial and eventually evergreen habit that

allows for longer periods of photosynthesis and enhances

competitiveness in a closed vegetation cover. A few spe-

cies, namely S. occidentalis, S. mexicana and S. jacoensis,

also acquired the ability to survive under much drier habitat

conditions, thereby approaching to xero-halophytes.

Finally, it should be stated that two peculiar habitat

characters might have greatly contributed to the success of

the group under study: (1) salinity that strongly reduces the

number of competing species, and (2) instable hydrological

conditions that damage or kill the plants both in years with

prolonged flooding and with permanent low water levels.

The respective habitats around salty lakes, in depressions

of arid areas and along seashore lagoons therefore usually

carry more or less open plant communities. With their

halophytic habit and opportunistic life strategy in being

annual and therefore able to survive unfavorable years as

dwarfed plants or seeds, most Suaeda species are perfectly

adapted to those habitats. In coastal salt marshes with

highly competitive perennials (e.g., Spartina sp. div.,

Sarcocornia pacifica [Standl.] A.J. Scott), annual Brezia

species are either more or less restricted to disturbed (e.g.,

by erosion) microsites or they are lacking altogether, as

along vast stretches of the Pacific coast.

Concluding remarks and outlook

The results obtained in the present study allow us to answer

most but not all of the questions raised in the introduction:

(1) ten out of 13 currently recognized Brezia species in the

Americas belong to the S. corniculata group, two to the S.

maritima group and one to the S prostrata group. The

Americas turned out to represent the diversity center of the

S. corniculata group, while the American species of the

other groups just represent outposts. (2) Correspondence of

the molecular phylogenies to the current taxonomic clas-

sification is weak. Only the species represented by one or

few samples appear to be monophyletic, such as S. densi-

flora, S. puertopenascoa, S. pulvinata and S. rolandii.
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Some species are paraphyletic due to slight sequence

divergence, such as S. edulis, S.jacoensis, S. occidentalis

and S. patagonica. Two species proved to be clearly

polyphyletic, indicating the presence of hidden or of con-

founded species. That applies to S. calceoliformis consist-

ing of 3(4) different lineages, S. linearis and S. esteroa—

which together form a monophylum in the ITS tree—each

with at least two lineages, and to S. mexicana containing

two lineages. (3) Several incongruities were found between

the ITS and chloroplast tree, suggesting ancient lineage

sorting and/or reticulate evolution. We found at least four

instances of hybridization and chloroplast capture between

distant lineages. (4) The Americas were colonized in five

steps: The first and most successful two colonization events

that founded the American S. corniculata lineages in N

America started from NE Asia; later on a forerunner of S.

densiflora arrived from the Mediterranean in Argentina,

and S. maritima entered the northern Atlantic coast from W

Europe. Only in most recent historical times, S. spicata not

known from America yet was introduced into S California.

Enhanced by recurrent polyploidization, commonly to

hexaploidy but two times also to dekaploidy, and by gene

flow, the invaders diversified and adapted to somewhat

differing ecological niches. The current distribution pattern

in the Americas is explained as having developed overland

mainly via long- and short-distance dispersal by water fowl

and along the seashores by additional or predominant

drifting on seawater. Important driving forces behind the

latter were the repeated latitudinal shifts of climatic zones

from the late Pliocene onwards. No unambiguous ‘‘out of

America’’ event was detected in our worldwide sampling

but we cannot exclude an early remigration event to Asia

that gave rise to the S. pannonica assemblage.

The molecular and karyological results delivered

substantial insights into the phylogenetic and biogeo-

graphical relationships of the American taxa of Suaeda

subg. Brezia, but only in few cases they fulfilled our

expectations to be helpful in species delimitation. Nev-

ertheless, they allow for suggestions towards an

improved classification, together with results obtained

from morphological studies in the field and on numerous

herbarium specimens including most types. The initially

suspected heterogeneity of the populations currently

summarized under the names S. calceoliformis and S.

linearis was confirmed and suggests on the one hand the

reestablishment of several taxa discerned by earlier

authors but lumped together in the more recent accounts

since Basset and Crompton (1978). On the other hand, it

also requires the description of new taxa. However, the

available space does not allow an inclusion of these

taxonomical aspects into the present article. We hope to

complete our taxonomic account by more detailed stud-

ies in areas and herbaria that we could not visit so far.

Additional work is particularly needed in populations of

the two S. calceoliformis lineages, in the S. mexicana/S.

jacoensis group and in the insufficiently understood taxa

S. edulis, S. patagonica and S. densiflora.
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