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Abstract Tamarix is one of the taxonomically most complex genera among the angiosperms, and there is little
consensus regarding its infrageneric classification. Here we present the most complete phylogenetic reconstruction
of the genus to date. This includes a DNA phylogenetic tree based on nuclear ribosomal ITS, and a plastid DNA
phylogeny based on three intergenic spacers (trnS-trnG, ndhF-rpi32, and trnQ-rps16). In total, both nuclear and
plastid phylogenetic analyses include more than 70 samples of 39 species from 27 countries, which represent close
to 60% of the diversity of the genus. Two complementary trees, based only on one plastid marker, are also included.
The first, based on trnS-trnG, is used to increase the number of species related to T. amplexicaulis. The second, based
on ndhF-rpl32, is used to investigate the separation between T. tetrandra and T. parviflora. The incongruence
between the available infrageneric classifications and the molecular results is confirmed. A reticulate evolution is
inferred from the trees, showing characters such as vaginate leaves appearing at different stages along the
evolutionary history of the genus. The presence of T. canariensis outside the Canary Islands is cast into doubt, and all
such records from NW Africa and Europe are here considered to belong to T. gallica. The results also suggest
independence of T. karelinii from T. hispida, and T. parviflora from T. tetrandra. Relationships between a number of
species are still not resolved, and additional studies will be needed to further refine the complex taxonomy of
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Tamarix.
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1 Introduction

Tamarix L. (Tamaricaceae Link) species are native to Africa and
Eurasia, inhabiting mainly desert, sub-desert or arid zones, but
are also found in freshwater riparian habitats in temperate
and subtropical regions (Qaiser, 1981; Zohary, 1987). The
genus is widespread in the Mediterranean, Irano-Turanian and
Indian regions, where the highest number of species, and the
two main diversity centres (East Mediterranean and Indo-
Turanian, sensu Baum, 1978), are found (Baum, 1978, 1990;
Villar et al., 2014a). From those two centres, Tamarix has
reached the Eurasian parts of the Circumboreal Region, as well
as the Indochinese, Eastern Asiatic, Saharo-Arabian, Sudano-
Zambezian, Karoo-Namib and Macaronesian regions (names
according to Takhtajan, 1986) (Baum, 1978; for a more
detailed phytogeographical division of Africa and Southwest
Asia, see White & Leonard, 1991).

In addition, some species (e.g., T. aphylla (L.) Karst.,
T. ramosissima Ledeb.) have been naturalized in Oceania
(Csurhes, 2008) and America, where they were introduced as
ornamentals in the 19th century (Prince & Sons, 1837; Warner
Harper, 1903). In the last decades, many studies have dealt
with the invasive potential of Tamarix, particularly in North
America, where it is considered as the second worst plant

XXX 2019 | Volume 9999 | Issue 9999 | 1-20

invasion in the USA (Baum, 1967; Di Tomaso, 1998; Stromberg,
1998; Gaskin & Schaal, 2003; Villar et al., 2014a).

Tamarix comprises tall shrubs and trees up to 5-6m in
height, although some species such as T. aphylla may reach
heights close to 20 m under favourable conditions. The leaves
are deciduous, marcescent, or perennial, showing diverse
shapes that fit into three categories: (i) vaginate, surrounding
the twigs all along the limb, or pseudo-vaginate, with a visible
scar along the contact of both leaf sides; (ii) amplexicaul,
deltoid shaped, thick and broader than long, embracing more
than half the twig or even clasping or scale-like, or triangular
lanceolate, only the lower half amplexicaul; and (jii) scale-like,
lanceolate, with a slightly decurrent narrow base or wide
auriculate base, usually not embracing more than half of the
twig. Intermediate forms can also be found. The inflorescen-
ces are formed as pedunculate racemes that are solitary,
fasciculate, in simple panicles or in compound panicles.
Raceme arrangements may vary at different flowering periods
over the year (Baum, 1978; Yang & Gaskin, 2007). Bracts range
from 0.5 to 8 mm long, usually one per flower, and have
different shapes. The sepals and petals, 4-5 (9), show diverse
shapes and the latter can be persistent or deciduous after
anthesis. The stamens, 4-5 (10), 8-10 (15), can be equal in
number, double, or unrelated to the number of petals and
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sepals. The insertion of the staminal filaments on the
nectariferous disc has been widely used as a diagnostic
character (Baum, 1978). They can be inserted truncately or
progressively above the disc lobes, or between the lobes. The
gynoecium is usually formed of three carpels, sometimes four,
exceptionally five or more. The fruits are dry capsules,
dehiscent by 3 (4) valves. The seeds are oval shaped,
0.5-1.5mm long, with an apical pappus formed of simple
hollow hairs, with excavations at the base.

Several authors have made notable contributions to the
knowledge of Tamarix. Prior to the 20" century, well-known
botanists and naturalists such as Pallas (1789), Poiret (1789),
Loureiro (1790), Bieberstein (1808), Willdenow (1816), Des-
vaux (1824), Ehrenberg (1827), Candolle (1828), Ledebour
(1829, 1843), Bunge (1833, 1851), Webb & Berthelot (1840),
Walpers (1843), Boissier (1849, 1856, 1867), and Niedenzu
(1895) added new species to the genus, or dealt with its
taxonomic classification in different geographic areas.

During the 20™ century, the number of taxa continued to
increase, particularly on account of local treatments (Freyn,
1903; Pau, 1906, 1922; Maire, 1931; Sennen, 1932; Sennen &
Mauricio, 1934; Maire, 1935, 1938). Afterwards, Gorschkova
(1949) made a remarkable contribution on the Central-Asian
species, translated into English by Shinners (1957). Baum
(1966) published the last comprehensive monograph of the
genus, later re-edited and published with minor modifications
(Baum, 1978). That monograph included almost every Tamarix
name published so far, with specific and intraspecific ranks,
accepting 54 species arranged in three sections and nine
series. This work is still a key reference for the genus Tamarix
worldwide, and has been the basis for most local and regional
treatments of Tamarix (Pignatti, 1982; De Martis et al., 1984,
1986; Cirujano, 1993; Venturella et al.,, 2007; Salazar &
Quesada, 2011).

Despite the numerous taxonomic revisions carried out in
the last two centuries, Tamarix has been always considered a
particularly difficult angiosperm genus for taxonomic classifi-
cation (Bunge, 1852; Baum, 1978). Many groups of species are
separated by small phenotypic differences, some only
seasonally apparent, and therefore accurate identification
is very difficult (Villar et al., 2012, 2014b, 2015a). Because of
this, some species distributions have been erroneously
expanded (Villar et al., 2012; Villar & Alonso, 2016). Variation
in morphology within proposed species has resulted in a
highly unresolved taxonomy, with a large number of
synonyms and name combinations between more than 200
taxa, at different ranks, described to date (Villar et al., 20143,
2015b; Villar & Alonso, 2017). Therefore, the number of species
varies from 54 accepted by Baum (1966, 1978) to “about 90”
suggested by Zohary (1987) or Yang & Gaskin (2007). Of
course, Baum (1966) could not check the validity of the
species (13 at least) that were described after the publication
of his monograph (Baum, 1968; Liu, 1979; Qaiser, 1981; Zhang
& Liu, 1988; Cakan & Zielinski, 2004; Villar et al., 20153). Inside
the above mentioned ranks, a reasonable estimation would be
around 70 to 75 species.

In the 21st century, molecular techniques have been used to
clarify the taxonomy of Tamarix. However, most of these
efforts focused on the genetic characterization of invasive
species out of their native range, as well as on the
identification of hybrid individuals (Gaskin & Schaal, 2003;
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Gaskin & Shafroth, 2005; Gaskin & Kazmer, 2009; Mayonde
et al,, 2015). Moreover, plastid phylogenetic data were also
used to identify a new species of Tamarix (Villar et al., 2015a).
Some of the aforementioned works already showed that the
series and sections proposed by Baum (1978) do not
correspond to natural groups (Gaskin & Schaal, 2003; Villar
et al., 2015a). Recent regional phylogenetic approaches have
been conducted for: (i) Iran (Arianmanesh et al., 2016), with
unreliable results due to mixing nuclear and plastid sequences
from different specimens, usage of incorrectly identified
GenBank specimens and other key mistakes; and (i) China
(Sun et al., 2016), with interesting results that are coincident
with ours in certain groups.

In the present study, we analyze taxa from all previously
described sections of Tamarix using nuclear and plastid DNA
markers, with special focus on the Mediterranean region, but
including representatives from Central and East Asia, and the
Cape region of Africa. This represents the most complete
molecular phylogenetic study of Tamarix conducted so far.
The main aims of our study are to: (i) establish a phylogeny of
Tamarix in order to evaluate the correctness and utility of
current classification, (ii) detect the weakest points in the
taxonomy of the genus, as a tool to point out possible future
research lines, (iii) assess the value of the morphological
characters used in classification and systematics of Tamarix.

2 Material and Methods

2.1 Taxon sampling

A total of 39 species of Tamarix, plus three outgroup
Tamaricaceae, were sampled, representing most of the higher
taxonomic units above the species level that have been
proposed in the Tamaricaceae to date. Our samples also
represent most of the geographical range of the family
(Table 1; Fig. 1), including 27 countries. We sampled plant
material from field specimens collected by the authors or
collaborators, as well as from fragments provided by different
herbaria (ABH, G, K, MO, P, TURP, VAL and W; Herbarium
codes according to Thiers, 2018 continuously updated).
Removal of fragments was properly marked on the herbarium
sheets by the respective curators. Newly collected field
specimens were deposited at ABH, MO and NPARL (USDA
ARS, MT, USA; Gaskin accessions) (Table 1).

To assure their taxonomic identity, no specimens were
included in this study without previous direct morphological
examination by the authors. Many studies dealing with the
taxonomy of Tamarix were consulted (Linnaeus, 1753; Pallas,
1789; Poiret, 1789; Loureiro, 1790; Willdenow, 1816; Desvaux,
1824; Ehrenberg, 1827; Candolle, 1828; Ledebour, 1829;
Ledebour, 1843; Boissier, 1849; Bunge, 1851, 1852; Boissier,
1867; Niedenzu, 1895; Gorschkova, 1949; Baum, 1966, 1968,
1978; Qaiser, 1981; Zohary, 1987; Cirujano, 1993; Zielinski, 1994;
Yang & Gaskin, 2007; Salazar & Quesada, 2011; Villar et al., 2012;
Samadi et al., 2013; Villar et al., 20143, 2014b, 2014¢, 2014d,
20153, 2015b), including original descriptions, treatments in
local floras, and taxonomic papers. Herbarium materials from
ABH, BCMEX, BM, G, HUAL, JAEN, K, MA, MO, MPU, P, PR, PRC
VAL and W were examined (over 2500 specimens), with
special attention to type specimens. Outgroup specimens
included Reaumuria alternifolia (Labill.) Britten, Myricaria

www.jse.ac.cn



Phylogenetic insights in Tamarix

panunuo)
epIpua] jo 3sej a8ung ("‘quauy3 6€-90/M\
Q/T9T9HW YTT9T9HW  6Z19T9HW LELOTOHI 6£0T71-900TAA "2} W 9 ‘elysed-pipad |2 Ipem 1dA33 X 190DIS) paloqup X|Upwp] p210qp °|
LLT9T9HIN - - - 09€£1150d "pPOUOW "1 USWIDA 28ung pdigpJp XLIbWD] 09€d boIqpup |
9/T9T9HIN - - - 6S€€1150d "POUOIN “1 UDWIDA 28ung poigpJp X1IpWD] 6S€d poIqpap |
e SHaY
GLT9T9HIN  Ltbbbedy Lovbbedy TAS 22 &%) ‘[e 12 JelIA T seyndy s| ‘eluiples ‘Aey| 1s4ey “H (1) pjjAydp xupwp) ajnv.l pjjAydp |
08ThSHAVY BWIDOH-|Y
V/[t9Tt9HW 9tbbbedy  oovbbedy 1ZAS 44 &) ‘[e 12 Je|IA T pue JOpeN U23M13q ‘022040 1saey] *H (1) pjihydp xLpwp] OWLYL pjjAydp |
ueu LL8D(
- €CT9T9HIN  8ZL9TOHW 0EL9TIHIN L8889SSOW uBseD [ -WaS pue uebaweq usamiaq ‘ued| AT IMOSSOIPUD X1IDWID | 11MOSSOIpup |
86550-800TM\ 1UIED JO 3SIMUINOS W3 6 86-Q0M\
€LT9T9HIN  TTTI9T9HW  LLL9T9HWN 6TL9T9HW ‘[e 39 ueAue3SOA 1 ‘h3]|eA JaAL Jesy “YAeroy ‘eluswily ‘A7 1IMOSSOJIpUD XIIDWD ] 11MossoJpup |
8890/HaVY ovitl
?/T9T9HIN  LTT9T9HIN  9ZL9T9HN QTL9TOHI ‘[ 39 OSUOY V' enysig ‘enad|y *quaJy3 sinpvaixajdwp Xxrpwp ] sinpaixajdwp |
Lg90LHAY Dv9cl
L/T9Z9HIN  OTC9T9HW  SZL9TOHW LTL9T9HW ‘[e 32 OSUOlY V' enysig ‘eua8ly *quaJy3 sinpaixajdwp xiupwp | sinpaixajdwp |
9890/HaV VSTl
0/T9T9H  6LZ9T9HW  PZI9T9HW 9TL9T9HW ‘[e 32 OSUOlY V' elysig ‘eusadly *quaJy3 sinpaixajdwp xiupwp | sinpaixajdwp |
S890/HAY DIa4d]
6979T9HW  QIT9TIHIN  E€LL9TOHW STL9TOHW ‘[ 32 OSUOY V' enysig ‘euddly *qua4y3 sinpvaixajdwp X1pwp ] sinpoixajdwp |
6£YPSHaVY
Q9C9T9HIN  LLZ9T9HW  T/L9T9HW Y2l9T9HI ‘e 39 JelIA T1°r oununsy ‘eluiples ‘Ajey| "J10d bUDPILID XLIDWD] @DOo€] bupdLfp °|
99€SSHAY [oHqed
L9T9T9HIN  LEbPredN  Sobbbedy (YAS 42 &) ‘[ 3 JelIA T°r |op opJo8ie|IA ‘epudjeA ‘uieds *J10d pUDLILID X1IpWD | ATL bupdlifp |
SBUEDE||IA
9979T9HIN  9LZ9TOHIN  LLL9TOHIN €TL9T9HIN T9ESSHAY "uenr Yy op apueud eungdeq ‘opajo] ‘uieds *J10d bUDILID XLIDWD] 012] bupdlufp *|
8L0SSHGY ‘seunwe)
SQ9T9T9HIN  SLT9TOHW  OZL9TOHW CTTL9TOHIN '3 R odsa.d ‘g'wW BAJ9S B| 9p Mod ‘euodin ‘ueds "J10d bUpILID XLIDWD] 9DL] bupdLfp *|
9¥Q/LSHAVY [eJEYA
¥9T9T9HW VLZ9TOHW  69L9T9HW LTL9TOHIN ‘ZUIMBIN J @ JB|[IA T -9[-O¥SUBIA ‘DUeISOsjed ‘eneosd “J10d bUDDLIfD XLIDWD] OYDLLL pupdLfp |
SothSHavY OWELL
€9T9T9HIN  ofbbbedy vovvhedy 8LEVYTAY ‘e 39 JelIA T°r nopgaqg ‘od>040W *J10d bUDPILID XLIDWD] DUDDLID XIIDWD ]
uedion 03 usnug pijofiuiayp
T9T979HW  Eebbbedy L6EYPTdy LLEYPTdY TYVAN 616 upjsen pniyeys wouy peod ‘uessjon ‘ued]  (*||iIgeT) pljofIula3p PIINWNDAY pLINWINDY
P1v66LS0NW uery Suayd izury R
L9T9T9HIN  Stbbbedy 66<hhTdy €LEVPTdy ‘|le 39 mawWo[oyeg 'g  -BA ‘sulejunow wniosedey] ‘eulyd  ‘zoAQ (9]Aoy) supSaja pwblAW supn8aja pwpAW
09279T9HW Vvebbbedy  86€vbedy TLEYYTaN TUVJN ‘gL upjsen Kjewy Jo 1S9\ W ST ‘uelsysiezey) 9Jkoy pIpa1o01q DLIPILIAN D3ID332DIq DPLIDILIAN
S1l z€|di-qypu  9isdu-pua
DUDIDJDL  DdOUIRI ERIIEIEIEY DUI3-SUI} OUd Jaquinu uoned
sjueguan sueguan syueguan -19491 juBgUID  -I{I3USPI PUB SI0ID3||0D uoped0| pue A1unod uoxe| saind1y uo |aqe

sasA[eue uendajow 104 pasn [eLRleN | d|qeL

J. Syst. Evol. 9999 (9999): 1-20, 2019

www.jse.ac.cn



Villar et al.

panunuod
LEEYSHAY
S6c9coHIN  ghbbbedy  cebbbegy 96EbbTdy ‘(e 19 Je|IA T 0.1q3 [2p e32q ‘euofeute] ‘uieds “1 poIIv8 XLIPWD] qaLdL voyps L
S98/SHEY
Y6T9ToHW  Lbbhbedy Lebbbedy S6EPPTdy ‘ZaUle 3 R Je[lIA T1°f IS B 9P Saley Siules ‘9due.dd *1 poIIP8 X1IPWD ] 1421 poyp8 °1
£8569HgY
€6T9T9HIN  PET9TOHIW  68L9TOHIN ThLl9T9HIN ‘[ 3 JelIA 1T BJIUDY ‘Odd0J0W 7 boIjIp8 X1UpWD ]| uay €] poyps I
uapJlen [edju
T6T9T9HIN  €€T9T9HI  88L9TOHWW LVL9T9HW TUVAN ‘9ZLoL upjsen 4 -ejog uedin] je pajeAind ‘euiyd *qopa1 pp3uoja X1IpwWDp]| 9/101D( pIpSUOa °|
YvgLSHAVY
L6Z9T9HIN €€V Pheay Lobbbedy 18€bbedy ‘ZaUleN "3 R Je[|IA 1T 1030y -xoud ‘oi8ausiuon wneg *Y-'g poiabwipp xlpwp]  ININ9L ba1Ibwpp |
0€8LSHaVY
06T9T9HI  tEbbbedy  9obbbedy 0g€vbedy ‘Zauje ‘3 @ Je|lIA 1( dpuedes xoud ‘ejueq|y wineg ‘Y'g ba13pwipp XLpwp] g1vil ba1abwpp ‘|
6QC9C9HW TET9TOHW  L8L9T9HW ovL9T9HW TYVAN ‘TOT upjsen "4 23103 Yinos *INO7 SISUaUIYd X1Ibwb | TOTO[ Ssisuaulyd |
66S69HgVY sewojedse|y ap seun(q ‘el
88T9T9HW  LET9TOHW  9819T9HW 6€19T9HIN *ZUIMB “J @ Je|IA "1 -Jeued uedn ‘spuels| Aieue) ‘ujeds "PIIIA SISUSLIDUDD X1UDWID | DD SISuUalIbuDd ‘|
S0969HaY BJa1IND e[ 9p 23udn4 ‘el
LQT9TIHIN OETI9TOHW  S8L9TIHW QEL9TOHIN ‘zaunde ‘3 Q JeJlIA "1 -deued uedn ‘spue|s| Ateue) ‘uieds *PIIIAA SISUSLIDUDD X1UDWD | 1DD] SIsuaLbubd |
LOLESHAY "odsaund Jewinn
- 6CC9T9HIN  PQL9TIHIN LELOTOHIN ‘d'W R Zauley W ‘94uaud] ‘spuels| Ateued ‘uieds *PIIIAA SISUBLIDUDD X1IDWID ] IND SISU3LIbUDD *|
L0LESHEY "odsaid odjydelen
- QTT9TOHW  £819T9HI 9€19T9HIN G\ @ ZaUlB "W ‘QyuIaua] ‘spuels| Aseued ‘uieds "PIIIA SISUSLIDUDD X1IDWID | eJen sisualpubd ‘|
0€EYSHEY
98T9T9HI  Lbbbedy Sibbbedy 68€Pvedyl ‘[e 33 Je|lIA T°( eueadiy) ‘ezoBeuez ‘uieds a8ung bupanoq XLIDWD | q3cql pupanoq ‘|
SQT9T9HIN  6EbbbedN  Eibbbedy LgEvYTdy 9TE9SHAY ‘|e 32 uenf Y edel e ‘uelQ ‘edsdly 23ung pbupaoq x1Jpwip] DVL] bubaAoq ‘|
6€€SSHAY
¥QT9T9HW [TT9TOHW  TQL9T9HW SEL9TOHIN ‘[e 32 JeIA T uadie [op opejes ‘epeuesn ‘uieds a8ung pupaAoq XLIpwp | 1nT] PUPAAO] ‘|
€QT9COHIN  Obbhbedy vibbbegy 89svbTdy €QLYSHAVY ‘e 19 Je|IA T1°( paweyoy a8elleg ‘0dd0J0 a8ung pupaaoq xripwp] OWS8LL bupbanoq ‘|
uapJen [ed1u 1eseN €9loLDr
TQT9T9HIW  9TT9T9HIN  L8L9TOHW YEL9TOHIN TUVdN “€9L0L upjsen ' -ejyog uedin] je pajeAlnd ‘eulyd p2ijoSuowo.3IsNp XLIpWD | poijoSuowo3snp |
ueuwasS wneg “y'g ("dlem
LEEQTOHIN - - €E19T9HIN 9£889SSOW "UISED °[ 0} PeOJ “JeudeD JO 1SBF WY ST ‘UBd] X3 *dUddQ) PUDLIBYIND XIIDWD]  0S8D[ DUDLIAYIND |
pinsqy 9¥g8or
LQT9TOHIN - - - Q0689SSOW "upjsen 03} peoJ ‘pjiueAj Jo YHON ‘ued| a8ung sapioyinadip xlpwiv| sapioynadip |
ST8or
0QT9C9HW STT9T9HW  OQL9T9HIN TEL9T9HIN 168Q89SSOIN “umjsen °r Wwop pue ueJdys| UdIMIS] ‘ued| a8ung sapioyinadip xrLpwp | Saployinadip |
yeynyy a8ung ("‘quauy3 LP-90M
6/T9T9HIN - - - LP0TI-900TAN 493 T MIRYS ‘Blyed-PIpaD |2 Ipea AdA33 X 19gDIS) paloqip XIpwp] D3aJoOqID °|
Sl z€|di-qypu  9isdu-pua
DOUDJDJDS  DOUIDYDI  IDUDIDDI  DUJI-SUJI dDUD Jaquinu uoned
sjueguan sueguan jueguan  -I9jad JUBgUID  -IJAUIPI puUB S103I3||0D uoped0| pue A1unod uoxe] saandly uo |aqeT

panupuod 1 3jqeL

www.jse.ac.cn

1-20, 2019

J. Syst. Evol. 9999 (9999)



Phylogenetic insights in Tamarix

panuiuod
02T9L0T90W "B
LLEQTOHIN  9fbbbedy oLbbbedy 1213248 -aJdeg 'd W ‘puepny ‘N jjodnoi8io0an ‘931> ‘939240 ‘[e 19 Je|JIA “T°f boulw XLIpWwp | 1N poulw ‘|
NN pue Ajlepn NIvys a8ung L9-LOM
O0LE9T9HW LPT9TOHW  TOT9TOHW 9S919T9HIN £90PY1L-LOOTAA “421|BMN [ usaMiaq ‘siseQ ya|yseq “¥dA33 X9 *quaJy3 bdipd0.opW X1UDWD ]| pdipdo.opwW °|
uspJen |ediu LLro1Dr
60€9T9HIN 9YT9TOHW  LOTITOHW SSL9T9HW TUVAN 1oL upjsen 4 -eyog uedun] e pajeAnnd ‘eulyd 28ung pAyop3soida| xripwp] pAyop3soida) |
uspJen [ediu 8GLLOr
Q0E9T9HIN - - - TUVAN "gSLL upisen 4 -ejog uedin] je pajeAlnd ‘eulyd a8ung pAyop3isorda| x1ipwip ] pAyopisoda) ‘|
LOS9TIHWN - - - ‘u's QW “A9JAl A uegzeyzayz ‘ueisyjezey| 28ung pAyopisorda| x1pwip ] Al bAyop3solrda) *|
90€9T9HIN - - - ‘u's D "ydyAouessny 20A0pes ‘epjAwey ‘erssny "PIIIA\ DXD| XLIDWD | SSnJ-D pxp| |
- - - ¥SL9Z9HW THVAN ‘6SoL upjsen 4/ Seq wny| 40 3seq ‘ueisiuswiyIn] NYISIOD IAOIDWOY XIIDWID | 6S0LD[ 11A0IDWIOY |
LZ-€9M
SOE9T9HW SPT9T9HIN  00T9T9HIN €SL9T9HIN 12T60-£861MA pJleuoaT [ weg Jo ise3 ‘ued] wneg “y°g SISuaupwiiay XLpbwpj| SISUUDWIIdY |
- bbeotoHW  661929HW TSL9T9HIN TUVAN ‘PbL upjsen 4 Sueyun4 ‘Suelfuix ‘euiyd a8ung 1iujjaipy xXupwp| Yyior nuiaipy 1
uapJen [edju
P0€9T9HW €PToT9HW  8619T9HW 1919T9HI THVAN °LoLoL upjsen “{°r -ejog uedin] je pajeAnnd ‘euiyd a8ung ujjaipy XLpWp] LOLOLD( Hulja4DY °|
OLLL-L96LAA
€OE9T9HIN TPT9T9HW  L6L9T9HW 0SL929HW 123uIyd9y ‘H'M uBMUIS JO YInos w| SL ‘ueisiyied ‘PIIIAA D2IpUl XIIDWD | oL-L9A\ b2Ipul °]
7b01T-Q00TM Zh-QOM
- LWTQTOHW  961929HW 6¥1929HIN ‘IjIAyseydeT °N 284083 1eysIsaT ‘erdioan a8ung 1uaydPpuayoy Xupwp] [EY RVl
ya8uen Jeau 8T8l
- obT9T9HW  S619T9HW gV19T9HW €68895SOW "UBSED "4 ‘UBJISYD] O} ISYRY WOl peoy ‘ued) a8ung raydpuayoy xrpwp| 11aydpuayoy |
TdVdN usp.ed [esiu
TOS9T9HI  6€T9T9HI  P6L9T9HIN LP19TOHIN ‘F9L0L upjsen 41 -ejog uedin] e pajeAn|nd ‘eulyd ‘PIIIM ppidsiy x1upwp | voLoLnr ppidsiy |
LOE9TOHIN  8ETITOHW  €6L9T9HIW 9v19T9HI ‘u's O “ASJAL A uedzeyzayz ‘ueisypezey "PIIIA ppIdsIy X1pwip] [Al bpidsiy 1
LLQ6SHAVY B|ONZIUDA *IpIoH ENDIZAN
00£9T9HW  Ebbbbegy Livbbedy 135 272&) ‘zauldey 3 g JefjA “Tr Suidwe) ‘oluioy] 0dN ‘@39940 g *ssiog pubadwpy XLpwp| pupadwpy |
GT06SHaVY “Ip|oH
66T9T9HI  Thbbbedy 9Lbvredy 06Ebbedy ‘Zaulue 3 R JeflIA 1T esyuawnog| ‘snuid3 ‘@904 Q 'ssiog bupadwby X1pwp| 3409 puvadwpy ‘|
168LSHAY “IPI3H INWEL
Q6T9T9HW  Yhihbedy gLibedy [{3324%) ‘ZUIMBIN J @ Je|IA “TM BJOYIN 139AS ‘[upd|n ‘oi8auajuopy Q 'sslog bupadwpy Xlpwp | puvadwpy |
€68/5HaV “JPIeH INWTL
L6T9TQHIN  LET9TOHW  THL9TOHW SPL9TOHW "ZOUIMB "3 Q JB[JIA M BIOYIN 1319AS ‘upd|n ‘oiauajuopy g *ssiog pubadwpy XLpwp| pupadwpy |
uapJien [ediu
967979HIN  9€T9T9HW  L6L9T9HIN PrL9T9HIN TUVAN ‘€Z10L upjsen 4 -eyog uedin] e pajeAnnd ‘eulyd *PIIM SI1PDIS X1upwib | €/10L0( siyppag |
uapJlen [ediu N 1N R Sueyz tA'd Xd LZLownf
- GET9T9HW  06L9T9HW €V19T9HW TUVAN ‘LZLoL upjsen ‘4 -eyog uedin] je pajeaind ‘eulyy  Sueyz ‘z'H sisusnsupg xiipwb) sisuansupg ‘|
Sll z€|di-qypu  9isdu-pua
DUDIDJDL  DdOUIRI ERIIEIEIEY DUI3-SUI} DU Jaquinu uoned
sueguan sueguan jueguan  -I9jad JuBgUID  -JAUIPI puB SI03ID||0D uoped0| pue A1unod uoxe] saindiy uo |aqe

panupuod 1 3jqeL

J. Syst. Evol. 9999 (9999): 1-20, 2019

www.jse.ac.cn



Villar et al.

panunuod
[TE9TOHIN  LEVPPTgy Lvbbedy 119272 &) QTLST-LOOTM "I BM 1eud IpeM ‘qeyeq ‘euls 4dA33 ‘quaJy3 puk8p13a3 xLpW] 87-LOM pUASpa3a1 *|
uspJen |ediu nm -l cioLof
9TE9T9HIN  8ST9TOHIN  €LT9TOHIN 891L9T9HW TUVAN "TZioL upjsen “{°r -eyog uedin] je pajeAnnd ‘euiyd =\ SISUaUDPWD|YPY XIIDWD | sIsuaupypWD|PY “I
chobL-CooTpn 1USJY JO 3SEaYINOS €h-CoM
STE9TOHIN  LSTOTOHW  TLTOTOHW L9L9T9HIN ‘[e 19 Y2UA 3 wy| ¥ “4opzeusydsA ‘elusuily a8ung sisuaulAws xLpuwp| sisuauJAws ‘|
16901
YTE9T9HIN - - - ‘u's O ‘uededH ueyAas ‘euepy ‘AaxIny a8ung sisuauJfws xLpwp] sisuauJAws |
069¥or
€TEOT9HW  9ST9TOHW  LLT9TOHW 991L929HWN ‘u's QW ‘ueedH apIqy ‘eAyeiny ‘Aoxany a8ung sisuauifws xLpwp] sisuauJAws ‘|
obed
TTEQTIHW  SSTOT9HIW  OLZ9TOHW S9L9T9HIN obz€11S0d unuga ‘rd INOYY ‘eluelney @ SIsua|p8auas Xupwp | sisuaip8auas ‘|
Thege-YNa-X
LZE9T9HIN - - - -1addaH *N'4 SUYPIN ‘|e8auas *Q SIsua|pgauas X1pwp| by sisuaip8auas |
€h161-600TAN ojsedeje] €H-60MA\
0C€9T9HIN PST9T9HW  60T9T9HIN Y919T9HW N9UA 3 @ ejpdeiyd °r 9p sewua] ‘uenr ues ‘eunuadiy *qapa7 bwiSSISOWDI XIIDWD ] bwiIssIsowp. |
00LLD(
- - - €9L9T9HIN THYVAN "00LL upjsen *4 Iysequawisng ‘ueisiusawang *Q pdipooudAd xiipwp | pdipooudAd |
LleEbSHaY
61€979HI  obbbbedy  ochbbegy Y6EbbTdy *IUMIA 'V R HE|IA 1T sojewtaq ‘xodd ‘93a1) ‘@d9aun 2@ pJojfiaipd XLpwp | 014D 1 pJopfiaipd |
L61YSHAV
QLEQTOHW  ShPbbedy 6L by €6EPhedy ‘e 19 OSUolY W' siwaesody ‘9194) ‘939310 23 p4ojfiaind xiupwip | YDJg1 piojfiaipd °|
LoLPr0SOOW “ydiAou ueyyensy pue
- €GT9T9HW  §OT9TOHW T9L9T9HW -esny °| @ Asejedes A eisl[d usamiaq ‘epjAwey ‘eissny a8ung bIpupIdO XLIPWD] LO-OW b4pup3do ‘|
990T66700W
LIE9T9HIN - - - *AO3ISIOAYS “M'Y e}si[3 03 peod ‘epjAwey ‘eissny a8ung bIpup3d0 XLIPWD] 681D bipupI0 |
uapJen [edjue}
91£9T9HW  TST9T9HIW  LOT9TOHW L9LOTOHIN ‘us QW “AJJA] “A -0g uedzeyzayz Jeau ‘uejsydezey a8ung pipupIdO XLIDWD ] |Al PIpUDP3Id0 |
- LST9T9HW  9O0T9T9HW 09L9T9HW 9TLST-LOOTM "J2) M 1eup Ipepn ‘qeyeq ‘euls 9dA83  s8ung ("quauy3) po1IofIu XIDWIP]  9T-LOAA DI1IOJIU ]
- 09T9T9HIN  SOT9T9HW 6SL9T9HIN S08ST-LOOTM "193epA °f 1eUD IPEAA ‘qeyeq ‘reuls 9dAS3  a8ung (*qualy3) pbonzofiu XUpwib]  SO-LOM DI13OJIU °L
LIEYSHAY
SLE9T9HIN  6YT9T9HIN  YOT9T9HIN 8SL9T9HIN "QIUIDIA Y @ JB[JIA T 0JON OBy ‘931D ‘92924 98ung (*quaiy3) poJ30[Iu XIIPWD] SYD1 ponioJIu L
o0cErSHaY
V1E9TOHW gYT9T9HW  £0T9TOHW LSL9T9HIN *DIUDDIA 'V R JE|IA “T'( BJ0Yd03|ed ‘9194) ‘939940 28ung (*quaay3) ponojIu X1IPWD | Y1yl ponoju °g
S6LYSHaV
€LEQTOHIN  SEbbPTdN  6obbbegy egetbedy ‘[e 32 OSUOlY V' jjodnoi8i0an ‘@3a1) ‘@924 ‘[ 3 Je|lIA "1 boulw XIIpwb] oyl poulw |
Y61YSHAVY
TLEQTOHI  bEVPhTay govvedy [4:1344%) ‘e 39 osuoly ‘v’ jjodnoi8i0an ‘931> ‘@39a4n ‘|e 19 Je|lIA 7' boulw XLIpwp | WDzl poulw °|
Sll z€|di-qypu  9isdu-pua
ERlIEYCIEY IR IEYEYEY ERIIEIEIEY DUI3-SUI} 9DOUD Jaquinu uoned
sjueguan sueguan syueguan -19431 juBgUID  -I{I3USPI PUB SI03I3||0D uoped0| pue A1unod uoxe] saandly uo |aqeT

panupuod 1 3jqeL

www.jse.ac.cn

J. Syst. Evol. 9999 (9999): 1-20, 2019



Phylogenetic insights in Tamarix 7

o] o O
j‘% § [>§ SN bracteata Royle and Myrtama elegans (Royle) Ovcz. & Linzik.,
A R R all of which belong to Tamaricaceae.
cC o O O O
T % T T I
o Z = = s . ipe . .
2.2 DNA extraction, amplification and sequencing
x oo Q@ o Total genomic DNA was extracted from silica-gel-dried or
S é s %\ 3 % % herbarium material using the modified method of 2x CTAB
% 5Ly & I3 protocol (Doyle & Doyle, 1987) and purified using Ultraclean”
NS
RN % oo PCR Clean-Up Kit (MOBIO, Carlsbad, CA, USA) minicolumns,
according to the manufacturer’s protocol.
x Q| o Three plastid intergenic spacer regions were amplified for 68
§Sd|T I3 Tamari i i blished primers: trnQ("Y*-5’rps16
823 I3 amadrix specimens using published primers: trnQ"”~"’-5’rps1
L | NI (Shaw et al., 2007), trnS-trnG (Hamilton, 1999), and ndhF-rpl32
OLs|¥ ¥ 7 (Shaw et al, 2007). The nuclear ITS (Internal Transcribed

Spacer) region was amplified for 69 Tamarix specimens using

52 the primers ITS4 and ITS5 (White et al., 1990). Due to
o O O ~ . . .
I = % PR amplification problems, the samples used for plastid and
= g 3 I3 nuclear DNA are not always identical. In addition, two
n'é v § § § complementary trees, based on single plastid regions, were
N created to gain insight into two specific topics that could not be
resolved in the main phylogenetic trees due to amplification
o . roblems with some samples. The first tree, based on trnS-trngG,
- ® & probl ith ples. The first tree, based on trnS-trnG
E <3 g 2 included 14 Tamarix specimens, increasing the number of
ﬁ 2 Z.\ g %\ individuals belonging to the group of species showing broadly
e § Q V< amplexicaul leaves and double the number of stamens than
© E 2 ‘i <N sepals. Single specimens of the species T. aucheriana (Decne. ex
s S 5 £ v E Walp.) B.R. Baum, T. pycnocarpa DC. and T. komarovii Gorschk.
L
g3 = 0 g were successfully sequenced for this plastid region. The second
§ = 8 ) tree, based on ndhF-rpl32, included 11 Tamarix specimens and
= =

aimed to clarify the relationship between T. parviflora DC. and
T. tetrandra Pall. ex M. Bieb., whose taxonomic identities have
been considered either as synonyms or independent taxa, (e.g.,
Baum, 1978; Zielinski, 1994; Dimopoulos et al., 2013; Villar et al.,
2014b). Other than T. tetrandra and T. parviflora, T. aphylla and
T. africana Poir. would represent external groups as reflected in
the large ptDNA phylogeny, plus some morphologically similar
tetramerous species (T. androssowii Litv. and T. octandra
Bunge), as well as the tetra-pentamerous species T. hampeana
Boiss. & Heldr., whose distribution is to some extent sympatric
with T. parviflora.

For all DNA regions, PCR amplifications were performedina
reaction volume of 25pul, containing 22.5uL ABGene 1.1x
Master Mix, 2.5 mmol/L MgCl, (Thermo Scientific Waltham,
MA, USA), 0.5 pL of bovine serum albumin (BSA), 0.5 uL of
each primer (10 pmol/pl) and 1wl of template DNA. The PCR
programme used for all three plastid regions included an initial
denaturation at 94 °C (2’), followed by 35 cycles of 94 °C (115”),
55°C(1’30”), and 72 °C (2’), with a final elongation at 72 °C (10”).
The profile used for ITS was an initial denaturation of 94 °C (2”)
followed by 30 cycles of 94 °C(1"), 53 °C(1") and 72°C(1’), with a
final elongation at 72 °C (5”). PCR products were purified using
Ultraclean®™ PCR Clean-Up Kit (MOBIO, Carlsbad, CA, USA)
mini-columns, following the manufacturer’s instructions. Both
strands were sequenced with the same primers for each
region, and for all samples, at the Macrogen Europe
Laboratory (www.macrogen.com) or at the USDA NPARL
(Sidney MT, USA).

Country and location
Egypt, Dakhleh Oasis, South of
el Qasr
Ukraine, Crimea, Sudak
Namibia, Swakopmund
South Africa, between Lainsburg M. Martinez. ABH58683
and Beaufort

Taxon
Tamarix tetragyna Ehrenb.
Tamarix tetrandra Pall. ex M.
Bieb.
Tamarix usheoides E. Mey.
Tamarix usneoides E. Mey.

2.3 Phylogenetic analyses

Some specimens that had clear double signals in multiple key
positions pointing to a possible hybrid origin were removed
from the nDNA sequence matrix.

Garden, St. Louis, USA; NPARL, USDA ARS Northern Plains Agricultural Research Laboratory, Sidney, MT, USA; P, Herbarium of the National museum of Natural History, Paris,

Herbaria: ABH, University of Alicante, Spain; G, Conservatory and Botanic gardens of Geneva, Switzerland; K, Royal Botanic Gardens, Kew, United Kingdom; MO, Missouri Botanical
France; W, Natural History Museum of Viena, Austria.

Table 1 Continued

Label on figures

T. tetragyna
Wo07-48

T. tetrandra G-Beli

T. usneoides TINMB

T. usneoides TSA7
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Map Legend
© leaves amplexicaul leaves amplexicaul at base
T A T hispida
3 % ; am;;/exlcau//s A T. senegalensis
° : " aucheriana A T nilotica
) T. macrocarpa AT, arborea
A T. karelinii
leaves vaginate and pseudo-vaginate
M T. kermanensis
W T. aphylla
B T. usneoides
W 7. taklamakanensis
W T. indica
leaves sessiile with narrow base
: Westen and  Eastern
Isl
Canary Islands T. tetragyna
@ T. canariensis O T. hampeana
T. gallica @ T. dalmatica
@ T, africana @ T. smyrnensis
1 . T. minoa
T. boveana
3 — it ® T. parviflora
1 Middle East +Central Asia
i @ T. pycnocarpa ® T laxa
: @ T. komarovii @ 7. octandra
T. arceuthoides T. leptostachya
@ T. hohenackeri O LEEED
® 7 and s @ T. austromongolica
: 2 anaroscowl] @ T. gansuensis
O T. tetrandra O T. elongata

T. arabica @ T. chinensis

Fig. 1. Map of the locations of the material used in molecular analyses.

Sequencher 4.1 (Gene Codes Corp., Ann Arbor, MI, USA)
was used to assemble the complementary strands. Each
matrix was aligned using ClustalW, conducted in MEGA 7
(Kumar et al., 2016). Minor manual corrections were made for
the final alignments. Maximum parsimony analyses (MP) and
Bayesian analyses were performed on the combined plastid
and nuclear matrices, as well as on the smaller single ptDNA
region matrices. In the case of the large nDNA and ptDNA
matrices, parsimony analyses were conducted in PAUP
v.4.0b10 (Swofford, 2002), using heuristic search options.
Searches included 1000 random addition replicates and
tree-bisection-reconnection (TBR) branch swapping, with
MULTREES in effect (keeping multiple most-parsimonious
trees). All characters were treated as having equal weight. The
shortest trees held in the heuristic search were used as initial
trees for a final heuristic analysis, with the previously
mentioned options. In order to reduce the number of trees
retained, a second heuristic search was conducted on the
trees stored in PAUP memory, keeping the same analysis
parameters. MP support was assessed by 5000 bootstrap
replicates, TBR branch swapping, simple addition sequence
and with MULTREES in effect, keeping 10 trees per replicate
(Salamin et al., 2003). In all MP analyses, gaps were treated as
missing, thus avoiding long-branch attraction artefacts that
were especially notable in the ptDNA phylogeny.

In the case of the two complementary plastid phylogenies,
the MP analyses were also carried out in PAUP v.4.0b10
(Swofford, 2002), using Branch and Bound search options.
Searches included 1000 random addition replicates with
MULTREES in effect. All characters were treated as having
equal weight. MP support was assessed using 1000 bootstrap
replicates and the same settings as described for the main
trees.

For the MP analyses, the consistency index (Cl) and
retention index (RI) were calculated excluding uninformative

J. Syst. Evol. 9999 (9999): 1-20, 2019

characters. Clades showing bootstrap (BS) values between
50-74% were considered as weakly supported, 75-89%:
moderately supported, and 90-100%: strongly supported.

Bayesian Inference (BI) analyses were carried out using
MrBayes v.3.2.5 (Ronquist et al., 2012). The most accurate
evolutionary models required for Bayesian estimation
were selected for every plastid and nuclear DNA matrix.
In the case of the plastid combined matrix, models were
selected individually for each of the three regions included.
Model selection was undertaken using AlCc (Akaike
Information Criterion) (Posada & Crandall, 1998, Posada &
Buckley, 2004), in JMODELTEST 2.1.5 (Darriba et al., 2012).
Model parameters were included in MrBayes presets before
running each of the analyses. In the case of the combined
plastid DNA matrix, different model parameters were
included for the matrix fragments corresponding to each
ptDNA region. Default settings were used for MrBayes and
two simultaneous independent analyses, each with four
Markov Chain Monte Carlo (MCMC) were run for 10 x 10°
generations and sampled every 1000 generations. The paired
runs were checked for convergence and effective sample
sizes in MrBayes output and Tracer 1.7.1 (Rambaut &
Drummond, 2014). The first 25% of the trees were excluded
(“burn-in”) and the remaining trees were used to compile a
posterior probability (PP) distribution using a 50% majority-
rule consensus. Clades between 0.7 and 0.85 PP were
considered weakly supported, 0.86-0.95 PP moderately
supported and 0.96-1.0 PP strongly supported.

A single gap coding approach (Simmons & Ochotorena,
2000) was tested for both MP and Bayesian analyses. A
presence-absence matrix was added to the alignments with
FastGap 1.2 (Borchsenius, 2009). The partitions were then
treated as “gaps” in PAUP and “restriction sites” in MrBayes.
However, the results displayed (not shown) were nearly
identical.

www.jse.ac.cn
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2.4 Topological incongruence

Topological incongruence between ptDNA and nDNA data-
sets was checked by two methods: ILD and visually. ILD has
long been disregarded as an appropriate tool (Yoder et al.,
2001; Pirie, 2015), but some authors have used it recently in
Tamarix phylogenetic studies (Sun et al., 2016), so we
performed ILD for comparison with their conclusions. ILD
tests were performed in PAUP v. 4.0b10 (Swofford, 2002)
using heuristic search options. Searches included 100 random
addition replicates and tree-bisection-reconnection (TBR)
branch swapping, with MULTREES in effect, keeping 10 trees
per replicate. The sum of tree lengths for the original partition
was 3002. Trees resulting from both datasets were also
visually compared and a number of strongly supported
incongruencies were found. Therefore, independent phyloge-
netic analyses were performed for ITS and combined plastid
datasets.

3 Results

The ILD test comparing nuclear and plastid datasets indicates
significant incongruence (p=0.01). This result is similar to
Gaskin & Schaal (2003) but differs with regard to the results
obtained by Sun et al. (2016). Strong incongruence between
ptDNA and nDNA branching in several clades, plus known
existence of hybridization (Gaskin & Schaal, 2003; Gaskin &
Kazmer, 2009; Mayonde et al., 2015), suggests that we do not
concatenate the datasets (Pirie, 2015). Despite incongruence,
Tamarix is robustly monophyletic in all trees, and the
previously proposed (Baum, 1978) sections and series (based
on morphology) are shown to be polyphyletic. Indeed, key
identification morphological features such as floral part size
and shape, insertion of the staminal filaments on the
nectariferous disc, raceme size, bract size and shape and
even leaf shape appear scattered across the phylogenetic
trees (Figs. 2, 3). Detailed alignment and sequence informa-
tion for the analysed regions and tree statistics from the
phylogenetic analyses are described in Table 2.

3.1 nDNA phylogeny
MP and Bayesian analyses produced trees with similar
topologies (Fig. 2). The Tamarix accessions are arranged in
three strongly supported clades (A, B and C) and a moderately
to weakly supported clade (D). The phylogenetic relationships
within those cades are not fully resolved, and their
phylogenetic positions appear to be collapsed or weakly
supported by MP or BI.

Clade Aincludes two vaginate-leaved species, T. aphylla and
T. usneoides E. Mey., which are strongly supported (BS 100/PP
1.00). Clade B groups the species T. minoa J.L. Villar et al. and
T. dalmatica B.R. Baum (BS 100/PP 1.00), although their
phylogenetic relationships appear collapsed. Similarly, Clade C
is strongly supported (BS 98/PP 1.00), including T. canariensis
Willd. and T. dafricana. These species do not form two
independent clades, since T. candriensis appears totally
embedded among T. dfricana accessions. The remaining
Tamarix species are grouped in Clade D (BS 81/PP 0.83),
whose basal phylogenetic relationships appear mostly unre-
solved. The species T. hispida Willd. forms a clade (BS 93/PP
0.99; subgroup D1) and the position of T. karelinii Bunge is not

www.jse.ac.cn

resolved (D2). The subgroup D3 comprises all of the
accessions of T. amplexicaulis Ehrenb. (BS 64/PP 0.98), plus
T. macrocarpa Ehrenb. ex Bunge (BS 84/PP 0.99) and
T. aucheriana (BS 61/PP 0.96) as successive sister branches.
The largest subgroup D4 is strongly supported by BS (PP 0.97),
but not by MP (BS 52). Most of the internal phylogenetic
relationships also appear unresolved. The most strongly
supported cluster by both phylogenetic analyses corresponds
to the T. boveana Bunge - T. gallica L. - T. tetragyna Ehrenb.
clade (BS 98/PP 1.00), but their phylogenetic positions are
collapsed. Another moderately to strongly supported clade
(BS 89/PP 1.00) includes all of the studied accessions of
T. smyrnesis Bunge as a clear monophyletic group (BS 87/PP
1.00), together with T. chinensis Lour., T. austromongolica
Nakai, T. ramossisima and T. taklamakanensis M.T. Liu, whose
phylogenetic position appears unresolved.

The Bayesian analysis gives strong support to a large clade
(PP 0.99), where the accessions of T. arceuthoides Bunge,
T. nilotica (Ehrenb.) Bunge and T. senegalensis DC. group in
separate clades, whereas the accessions of T. arborea (Sieber
ex Ehrenb.) Bunge appear related to T. indica Willd. (BS 90/PP
1.00) or to T. senegalensis and T. arabica Bunge (PP 0.87). The
species T. leptostachya Bunge groups in a weakly to strongly
supported clade (BS 67/PP 0.97). The species T. androssowii,
T. hampeana, and T. parviflora group in another clade (BS 55/PP
0.98). The phylogenetic relationships between T. hampeana
and T. parviflora are unresolved (BS 70/PP 1.00), whereas
T. androssowii remains as an external sister group. Finally, the
species T. elongata Ledeb., T. gracilis Willd., T. octandra, and
T. laxa Willd. cluster together (BS 58/PP 0.95), although their
phylogenetic relationships are not resolved.

3.2 ptDNA phylogeny

Bayesian and MP analyses display similar topologies (Fig. 3). In
this case, the Tamarix accessions are arranged in five strongly
supported clades (1, 2, 3, 4 and 5).

Clade 1 includes T. aphylla and T. usneoides, both strongly
supported as independent branches (BS 99/PP 1.00). This
clade is equivalent to nDNA Clade A. In addition, Clade 1 is
sister to the remaining Tamarix specimens, all of which form a
strongly supported clade (BS 98/PP 0.99). Within that large
clade, Clade 2 includes only the T. dalmatica accessions
(BS 100/PP 1.00), giving strong support to its independence to
any other analysed species, which appear grouped (BS 99/PP
1.00). Clades 3 and 4 are sister groups. Clade 3 includes all
T. africana accessions as a strongly supported group (BS 100/
PP 1.00).

Clade 4 includes all of the remaining Tamarix species (BS 96/
PP 1.00), whose basal phylogenetic relationships appear
unresolved, though several inner clades show strong support.
Tamarix hispida and T. karelinii group together in subclade 4a
(BS 65/PP 0.88), in which T. karelinii accessions form a strongly
supported clade (BS 98/PP 1.00), and the accessions of
T. hispida are sister branches. Subclade 4b groups the
accessions belonging to T. austromongolica, T. chinensis,
T. hohenackeri Bunge, and T. ramosissima (BS 96/PP 1.00); their
relationships are not resolved. Subclade 4c gives strong
support (BS 97/PP 1.00) to T. candriensis accessions, as is the
case for T. octandra in subclade 4d (BS 95/PP 1.00). Finally,
subclade 4e (BS 93/PP 1.00) clusters three groups: the first
includes T. macrocarpa and two of the four studied accessions

J. Syst. Evol. 9999 (9999): 1-20, 2019
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Fig. 2. One of the 10 most parsimonious trees obtained from the second MP heuristic search, based on the ITS matrix. Branch
length is given above branches. Maximum parsimony bootstrap support (BS) and Bayesian posterior probability (PP) are shown
below branches (BS/PP). Coloured branch tips refer to Baum’s sections (1978): green terminal branches, Tamarix section
Tamarix; blue terminal branches, T. section Oligadenia; red terminal branches, T. section Polyadenia; black terminal branches, no
section assigned. Vertical bars refer to leaf shape: red vertical bar, sessile with narrow base; green vertical bar, triangular-
lanceolate with amplexicaul base; yellow vertical bar, fully amplexicaul; grey vertical bar, pseudo-vaginate; black vertical bar,

vaginate.

of T. amplexicaulis (BS 99/PP 1.00); the second is composed of
T. minoa and T. indica (BS 100/PP 1.00), whose phylogenetic
relations are not resolved; and finally, T. gansuensis H.Z. Zhang
ex P.Y. Zhang & M.T. Liu appears as an independent branch.
The phylogenetic relationships among these three groups are
collapsed.
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Despite its inclusion within Clade 4, the large and strongly
supported Clade 5 (BS 90/PP 1.00) is noted given the
considerable number of accessions included in it. Within
Clade 5, the phylogenetic relationships among the groups and
branches are not resolved. A clade with moderate to strong
support contains T. hampeana and T. gracilis (BS 86/PP 1.00),
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Fig. 3. Strict consensus tree obtained from the 10 MP trees obtained from the second heuristic search, based on the combined
plastid matrix. Maximum parsimony bootstrap support (BS) and Bayesian posterior probability (PP) are shown above branches
(BS/PP). Coloured branch tips refer to Baum’s sections (1978): green terminal branches, Tamarix section Tamarix; blue terminal
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whose relationships are not resolved. Three more clades
showing strong PP support for their phylogenetic indepen-
dence are those formed by T. androssowii (BS 61/PP 1.00);
T. parviflora (BS 64/PP 1.00), which are clustered alongside a
T. smyrnensis accession (BS 62/PP 0.96); and finally, two of the
four studied accessions of T. amplexicaulis (BS 64/PP 1.00). All
of the accessions of T. nilotica and one of the two T. smyrnensis
accessions group in a weakly supported clade (BS 62/PP 0.68).
The single accessions of T. arceuthoides, T. senegalensis, and
T. arborea appear as independent branches, respectively.
Finally, the largest group in clade 5 is only weakly supported by
PP (0.85), and includes all T. boveana, T. elongata, T. gallica, and
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T. tetragyna. It is remarkable that none of these species form
independent clades, and that their relationships are not
resolved.

3.3 Complementary ptDNA phylogenies

The tree shown in Fig. 4, expands the group of species
characterized by wide amplexicaul leaves and twice
the number of stamens as sepals, through the addition
of T. aucheriana, T. komarovii and T. pycnocarpa. All three
added species group in a clade with T. amplexicaulis and
T. macrocarpa (BS 73/PP 0.97). Moreover, inside this clade,
T. aucheriana, T. pycnocarpa, T. komarowii, and T. macrocarpa
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Table 2 Phylogenetic analyses and tree data

ITS trnQ-rps16  ndhF-rpl32 trnS-trnG  trnQ-rps16 + trnS-trnG  ndhF-rpl32
ndhF-rpl32 + (Fig.3) (Fig. 4)
trnS-trnG
Number of acces- 72 (36) 71 (36) 71 (36) 71 (36) 71 (36) 16 (10) 13 (8)
sions (Taxa)
Aligned characters 705 1142 926 998 3066 990 923
Parsimony  Parsimony informa- 162 (22.9%) 91 (8%) 108 (11.7%) 97 (9.7%) 296 (9.6%) 48 (4.85%) 33 (3.6%)
analyses tive characters (%)
Trees retained 7971 (10) 820 750 800 7530 (10) 3 19
(after second heur-
istic search)
cl 0.7990 0.905 0.912 0.896 0.8969 0.9689 0.965
RI 0.8977 0.914 0.919 0.896 0.9103 0.9231 0.7917
Tree lengths 423 232 375 251 864 193 286
Bayesian in- Model of Molecular  TIM2+G TVM+G GTR+G  TIM1+G model for each TPM1uf+G  GTR+G
ference Evolution region
analyses

Cl, Consistency inde; RI, Retention index.

are clustered together (BS 62/PP 0.96) and T. aucheriana and
T. pycnocarpa form a monophyletic group (BS 62/PP 0.99). As
in Fig. 3, the same two T. amplexicaulis samples behave
similarly in this tree and group in a strongly supported clade
(BS 98/PP 1.00) alongside T. gallica samples.

The tree shown in Fig. 5 includes the unique sequence
obtained from T. tetrandra. Once T. aphylla (BS 100/PP 0.85)

and T. africana (BS 72/PP 0.78) show their separation in outer
branches, the remaining Tamarix accessions, including
T. parviflora and T. tetrandra, group in a moderately supported
clade (BS 86/PP 0.92). Tamarix tetrandra appears as a sister
branch to the remaining accessions, although this separation
is weakly supported (BS not supported/PP 0.70). However,
T. parviflora accessions form an independent clade with strong
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Fig. 4. One of the three most parsimonious trees obtained from the MP heuristic search, based on the trnS-trnG plastid region.
Amplexicaully leaved species are included inside the yellow rectangle. Branch length is shown above branches. Maximum
parsimony bootstrap support (BS) and Bayesian posterior probability (PP) are shown below branches (BS/PP).
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length is given above branches. Maximum parsimony bootstrap support (BS) and Bayesian posterior probability (PP) are shown

below branches (BS/PP).

PP support (0.99), although weakly supported by MP (BS 63).
Therefore, T. parviflora and T. tetrandra do not cluster
together.

4 Discussion

This work represents the most complete molecular phyloge-
netic study of the genus Tamarix so far, based on a
combination of nuclear and plastid DNA sequences obtained
from species and accessions sampled across the entire
geographic range of the genus. The monophyly of Tamarix
within Tamaricaceae is clear and strongly supported for both
nuclear and plastid data, as previously reported by Gaskin &
Schaal (2003), Villar et al. (2015a) and Sun et al. (2016) based
on partial molecular phylogenies.

Neither older infrageneric Tamarix arrangements (Bunge,
1852; Niedenzu, 1895; Gorschkova, 1949), nor the most recent
taxonomical classification of sections and series (Baum, 1978),
have proven to be natural according to the nuclear and plastid
data presented here (Figs. 2, 3). Incongruence between
molecular studies and the sections and series recognised by
Baum (1978) had been previously highlighted (Gaskin &
Schaal, 2003; Villar et al., 20153; Sun et al., 2016). There are also
many examples in which those sections and series remained
open to discussion from a morphological point of view. Inside
Tamarix L. section Tamarix B.R. Baum, Tamarix series Gallicae
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B.R. Baum and Tamarix series Leptostachyae B.R. Baum,
mainly differentiated by the presence or absence of papillae,
species whose synonymy is currently under question (Samadi
et al., 2013; Villar et al., 2014¢, 2015b) are now separated (T.
arceuthoides and T. korolkowi Regel & Schmalah. from T.
karakalensis Freyn and T. aralensis Bunge). Moreover, this
character variation can change within a single plant within a
year. Inside Tamarix L. section Oligadenia (Ehernb.) Endl. sensu
Baum (1978) there are also species placements open to
discussion. For instance, it is remarkable in section Oligadenia
that T. chinensis is separated from morphologically similar
relatives, T. ramosissima and T. smyrnensis, which were placed
in section Tamarix. It is also worth mentioning the inclusion of
T. africana into series Anisandrae Bunge sensu Baum (1978),
among mainly tetramerous species such as T. boveanag,
T. tetragyna and T. elongata. The species included in Tamarix
L. section Polyadenia (Ehrenb.) B.R Baum also need a
thorough revision. Moreover, Tamarix L. series Arabicae
B.R. Baum would seem unnecessary. It is based on stamen
number greater than 10 for T. aucheriana and T. pycnocarpa.
However, our study of type material would point to these
species having 10 stamens and higher numbers just being
sporadic. Moreover, the Identity of these taxa in relation to
T. passerinoides Delile is currently under question, and will be
discussed below. Therefore, considering these morphological
and molecular phylogenetic conflicts, we have opted to
avoiding the use of infrageneric groups in further discussion.
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Our phylogenetic data reveal many examples in which
morphological features do not always correspond to clades
and even closely-related groups. Among others, the sections
that are characterised by vaginate leaves, or even quite similar
species such as T. canariensis or T. gallica do not group
together, as we will explain later in detail. Indeed, no
infrageneric taxa were previously included in some large
taxonomic works dealing with Tamarix (cf. Qaiser, 1981; Yang
& Gaskin, 2007). Some of the key morphological features that
are used to identify sections and species (e.g., vaginate or
amplexicaul leaves, tetramery versus pentamery, stamen
number, etc.) appear in Tamarix at different stages of its
evolution, or are just transferred to different clades via
hybridization events. This hypothesis is supported by, for
example, the clear separation of T. kermanensis B.R. Baum
from T. aphylla and T. usneoides, as well as the phylogenetic
distance between species that have twice the number of
stamens than sepals, such as T. octandra and the external
“amplexicaules” group.

In addition, incongruence has been observed between gene
trees in most of the phylogenetic studies that investigated
multiple markers (e.g., Doyle et al, 2003). Gene tree
incongruence is mainly caused by evolutionary processes
such as hybridization or ILS (incomplete lineage sorting).
Several studies have investigated both processes as a major
cause of gene tree incongruence and non-monophyly in
Mediterranean plants (Blanco-Pastor et al., 2012). Although
detailed analyses are necessary, Whitfield & Lockhart (2007)
suggested that when different molecular markers indicate
that the same branches are short or have low support, this
could be used as an indication of rapid radiation. This might
have been caused by reticulate evolution via introgression
processes that may still happen through hybridization.
Current hybridization processes in Tamarix have frequently
been reported (Gaskin & Schaal, 2003; Gaskin & Kazmer,
2009), even between extremely different species (Gaskin &
Shafroth, 2005; Samadi et al., 2013; Mayonde et al., 2015).
These findings are supported by incongruencies found
between nDNA and ptDNA phylogenies. Some of the
incongruent positions of certain species in this study might
also be explained by this process.

Due to the differences between the plastid and nuclear
trees, the lack of a strong correspondence between some key
morphological features and the phylogenetic groups and the
likely importance of hybridization processes we have
discussed, the position of the different species based on
either morphological or biogeographical features. Therefore,
we have used one or another approach depending on the
clustering of each group of species into the different
phylogenetic trees.

4.1 Vaginate-leaved species

As previously confirmed by Gaskin & Schaal (2003), both
ptDNA and nDNA phylogenies show a strong relationship
between T. aphylla and T. usneoides, which are placed in
external clades. This is expected due to similarities in their
morphology, e.g., vaginate leaves, five petals, sepals and
stamens, and similar flower size (Baum, 1978). In fact,
T. kermanensis B.R. Baum is morphologically the closest
species to T. aphylla, as pointed out in its description (Baum,
1968). Although T. kermanensis shares these morphological
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features, it is not placed phylogenetically close to T. aphylla
and T. usneoides in either the nDNA or ptDNA analyses, so
series Vaginantes (sensu Baum) is not monophyletic. There-
fore, although being a clearly distinguishable morphological
feature, vaginate leaves cannot be considered as a character
good enough to describe an infrageneric taxon. Samadi et al.
(2013) experienced some difficulties in the morphological
identification of T. kermanensis, as they reported morphologi-
cal variability based on two studied accessions, which also
showed different chromosome counts (triploid and tetra-
ploid). It would useful to study the phylogenetic relationships
of T. aphylla and T. usneoides with the other fully vaginate-
leaved species T. dioica. The latter is mainly distributed in Iran,
Afghanistan, Pakistan and India (Baum, 1978; Qaiser, 1981)
and is the only dioecious species alongside T.
usneoides. T. usneoides can behave as both monoecious or
dioecious and monoecious specimens have sometimes been
treated as a different species (e.g., Tamarix angolensis Nied.
(Baum, 1978)).

4.2 The amplexicaully-leaved and duplicated stamens group
According to our results, we find a monophyletic group of
species characterized by broad amplexicaul leaves and twice
the number of stamens as sepals, though some species
can show a few less (T. macrocarpa) or more stamens
(T. pycnocarpa) (Baum, 1978). The studied species also show a
similar phylogenetic pattern based on plastid data, with the
exception of two samples of T. amplexicaulis (Figs. 3, 4). These
two accessions are in a different clade in the ptDNA phylogeny
(see Clade 5, Fig. 3), and appear more closely related to other
species of the genus that have very different leaf and
androecium characters (e.g., T. nilotica, T. gallica, T. hampeana,
among others). This unexpected placement is also observed in
other Tamarix groups. However, in this case, these specimens
group together with strong support, and do not show
evidence of introgression with any other particular species.
The morphological separation between T. pycnocarpa and
T. aucheriana is quite doubtful, as the morphological differ-
ences reported by Baum (1978) regarding the androecium,
sepal and petal features might be considered as phenotypic
variation. Recently, Samadi et al. (2013) suggested them to be
conspecific, with T. pycnocarpa the priority name. This
taxonomic suggestion is supported by our morphological
observations of type materials as well as our phylogenetic
plastid results (Fig. 4). Other authors (Gorschkova, 1949;
Assadi, 1989; Zielinski, 1994) even regarded T. aucheriang,
T. pycnocarpa and T. macrocarpa as synonyms of T. passer-
inoides (not included in our study). These taxonomic
hypotheses reflect a broad morphological interpretation of
this group. However, local treatments have never dealt with
the full geographic range of this group that extends at
least from Pakistan to the Middle East and from the
southeastern Mediterranean, through the Sahara, to Morocco
and Mauritania (Baum, 1978; Qaiser, 1981; Zohary, 1987).
Therefore, new nuclear and plastid molecular data, along with
morphological data, should be analysed for the aforemen-
tioned taxa, plus some suggested synonyms (Tamarix
balansae J.Gay ex Munby, Tamarix pauciovulata J.Gay ex
Munby and their numerous varieties). In addition, the
presence of hybrid specimens has been reported within this
group, (T. pycnocarpa x T. androssowii by Samadi et al. (2013))
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and Gorschkova (1949) wrote about the possible hybrid
origin of the species T. komarovii from T. passerinoides and
T. ramosissima.

4.3 Mediterranean Tamarix species and related groups
We find a strong relationship between the Eastern Mediterra-
nean species T. dalmatica and T. minoa in the nDNA phylogeny
(Clade B, Fig. 2), both forming monophyletic groups. These
species show a general resemblance when observed in the
wild, as they are trees of the same height and their racemes
are similar in colour and size. Moreover, both species show a
tendency to produce tetramerous and pentamerous flowers
intermixed (Baum, 1978; Villar et al., 2012, 2015a). However,
T. dalmatica is generally tetramerous, sometimes developing
some pentamerous flowers (Villar et al., 2012), whereas
T. minoa is primarily pentamerous and sometimes develops
tetramerous flowers (Villar et al., 2015a). Conversely, the
ptDNA phylogeny splits both species into distinct, strongly
supported clades. Hence, T. dalmatica is a monophyletic group
with an external phylogenetic position (Clade 2, Fig. 3) similar
to the nuclear phylogeny. However, T. minoa appears as an
independent monophyletic group together with the unex-
pected species T. indica inside subclade 4e (Fig. 3). This
topological incongruence between biparental (nuclear) and
uniparental (plastid) genomes has often been considered
evidence of plastid capture via interspecific hybridization (see
examples in Albadalejo et al., 2005; Kim et al., 2008, Soltis &
Soltis, 2009; Cires et al., 2013). Our current phylogenetic
evidence suggests that T. minoa might have a hybrid origin,
with T. dalmatica, as a likely paternal contributor, supported
also by independent evidence from geography and morphol-
ogy. According to the plastid DNA, the close relationships with
T. indica would suggest this taxon as the likely maternal donor.
However, this aspect must be confirmed by further DNA
studies, since this unexpected relationship is not supported by
geographical or morphological data. According to our own
observations, T. indica is characterised by pseudo-vaginate
leaves that are strongly amplexicaul with coherent margins
along most of their length. Nevertheless, Baum (1966, 1978)
reported a higher plasticity in leaf shape. According to Samadi
et al. (2013), a critical revision is needed for T. indica and its
close relatives, some of them described by Qaiser (1981), such
as T. pakistanica Qaiser. If closely related species described by
Qaiser (1981) are considered as synonyms of T. indica (Samadi
et al., 2013), the natural distribution of T. indica would extend
from India, Bangladesh, Sri-Lanka, Pakistan and Afghanistan
(Baum, 1966, 1978) to Southwestern Iran (Samadi et al., 2013).
A monophyletic group composed of the three Mediterra-
nean species (T. boveana, T. gallica and T. tetragyna) is clearly
recognized by both the nuclear and plastid data, although the
Asian T. elongata is also included based on the plastid analysis
(see Fig. 3). Tamarix boveana, T. tetragyna and also T. elongata
share long and wide racemes, long oblong bracts, large
tetramerous flowers, and stamens that are generally equal in
number to sepals (see Ehrenberg, 1827; Bunge, 1852; Baum,
1978). These features are also shared with T. brachystachys
Bunge and T. meyeri Boiss. (sometimes considered as a variety
or as a synonym of T. tetragyna) (Villar et al., 2015b), which
were not included in this study. Tamarix boveana is widely
distributed across the Southwestern Mediterranean Basin,
especially in Algeria and Morocco, and is also present in the
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Iberian Peninsula and Tunisia (Baum, 1978; Villar et al., 2012).
On the other hand, T. tetragyna is widespread in the
southeastern Mediterranean basin, especially in Egypt
(Ehrenberg, 1827; Bunge, 1852; Baum, 1978), so both species
show vicariance in the western and eastern Mediterranean.
The distribution of T. elongata extends from the eastern
shores of the Caspian Sea to the northeast, reaching Mongolia
(Gorschkova, 1949; Baum, 1978). Conversely, the type species
of the genus, T. gallica, is well characterised by small racemes
with small pentamerous flowers. The natural distribution of
T. gallica is restricted to western Mediterranean countries and
the southern coast of Great Britain. The unexpected
phylogenetic relationship between T. gallica and the other
three mentioned species is not resolved according to our
present DNA data, although their identification is clearly
supported by independent morphological and geographical
data. The lack of phylogenetic resolution supports the use of
other types of molecular markers or techniques which might
clarify their genetic relationships and their taxonomic
identification, as has been reported recently for other
taxonomically difficult genera (e.g., Duminil et al., 2012;
Prebble et al., 2012; Andrés-Sanchez et al., 2015).

In the case of T. parviflora, this species has been considered
as a possible synonym of T. tetrandra (Zielinski, 1994;
Dimopoulos et al., 2013), although they were also commonly
treated as distinct taxa (Baum, 1966, 1978; Qaiser, 1981;
Zohary, 1987; Cirujano, 1993; Salazar & Quesada, 2011; Villar
et al, 2014b; Villar & Alonso, 2017). However, their well-
separated phylogenetic position based on our plastid
phylogeny supports their taxonomic independence. Accord-
ing to our observations, there are certain morphological
features that can be used to segregate both species. Petals
tend to be longer and wider in T. tetrandra (up to
2.75 X 1.25 mm), when compared with those of T. parviflora
(up to 2.5 x1.1mm). Sepals have the same tendency,
extending up to 1.5x1.2mm in T. tetrandra and up to
1.25 X 0.9 mm in T. parviflora. Therefore, according to the data
shown here, these two taxa might be considered taxonomi-
cally independent, supporting the interpretation of Baum
(1966, 1978), among others.

In addition, the phylogenetic position of T. parviflora within
the genus is somehow different based on nuclear and plastid
phylogenies. In the nuclear phylogeny, this taxon clusters
together with the Mediterranean species T. hampeana, which
is widely distributed along the northwestern Mediterranean
coast, from Montenegro in the west to Turkey in the east
(Baum, 1978; Villar et al., 2015a). These two species appear as a
sister clade to T. androssowii, the latter being distributed in
central Asia with its westernmost localities in the Caucasus
(Baum, 1978). This close relationship is not recovered by
plastid data (Fig. 3). Conversely, T. parviflora and T. hampeana
appear in different clades and are related to other species in
the ptDNA phylogeny. On one hand, the phylogenetic identity
of T. parviflora is strongly supported by PP in a clade that
includes one of the T. smyrnensis accessions as an external
branch. The placement of T. smyrnensis is discussed below,
alongside morphologically similar species (T. ramosissima,
T. hohenackeri, T. chinensis and T. austromongolica). On the
other hand, T. hampeana groups together with T. gracilis
(Fig. 3), whose known distribution extends from Russian
shores of the Caspian Sea to Northern China and Mongolia,
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with a westernmost locality in central Anatolia (Baum, 1978;
Yang & Gaskin, 2007). Certain morphological features, as
defined in Baum (1978) or Yang & Gaskin (2007) for T. gracilis,
such as long pedicels and variability in number of petals and
sepals, connect it to the concept of T. hampeana (Villar et al.,
2014b, 20153). Hence, a close relationship between T. gracilis
and T. hampeana would seem natural.

The morphological relationships between T. arabica,
T. arborea and T. nilotica remain unclear. These three species
are notably similar in morphology, and also similar to the
Atlantic African species, T. senegalensis. In fact, Baum (1966,
1978) suggested a close relationship between T. arabica and
T. senegalensis. According to our observations, all of these
species share small racemes (usually less than 5cm long x
5 mm wide) with pentamerous flowers and leaves with their
lower half amplexicaul or subamplexicaul (also see Candolle,
1828; Bunge, 1852; Zohary, 1987). Other than this, the
taxonomic treatment of this group is still unclear. The type
collection of T. arborea is quite heterogeneous, and
some specimens are found to have a morphotype closer to
T. nilotica (Bunge, 1852; Villar et al, 2015b). The main
morphological feature to distinguish between both species
is the staminal disc, with the stamens inserted between the
lobes in T. nilotica and above them in T. arborea (Baum, 1978).
However, as can be deduced by the reported existence of
heterogeneous collections from certain localities (Bunge,
1852; Villar et al., 2015b), it seems clear that there has been
introgression and that intermediate forms exist between the
morphotypes represented by T. arborea and T. nilotica in the
southeastern Mediterranean. The morphology of T. nilotica is
more stable in the populations recently reported from some
Greek islands (cf. Dimopoulos et al., 2013; Villar et al., 2014b).
Moreover, Zohary (1987) included T. arabica and T. arborea in
the synonymy of T. nilotica and other authors such as Marlin
etal. (2017) have accepted the later three species as synonyms
of T. senegalensis. Our phylogenetic results support the
existence of these complex relationships. Although nuclear
data groups them in an unresolved clade, together with other
Tamarix species (e.g., T. arceuthoides, T. indica), only the
accessions of T. senegalensis and T. nilotica form monophyletic
groups. Despite the scarce number of sequenced accessions,
T. nilotica, T. senegalensis and T. arborea correspond to
independent monophyletic branches, and similar to nuclear
data, none of their phylogenetic relationships is fully resolved.
Our nuclear and plastid phylogenetic data unfortunately
do not provide clear resolution about the relationships
among them.

The case of T. canariensis and T. gallica

The phylogenetic separation between T. canariensis and
T. gallica, as shown in both ptDNA and nDNA phylogenies, is
a remarkable result. These two species have been commonly
reported to be morphologically very similar to one another,
with a widely overlapping distribution (Baum, 1966, 1968,
1978; Pignatti, 1982; Cirujano, 1993; Salazar & Quesada, 2011).
Indeed, T. canariensis had either been treated as a variety of
T. gallica, or not been included into the list of species by
different Tamarix monographers back in the 19™ century
(Bunge, 1852; Niedenzu, 1895). The main morphological
differences listed by Baum (1966, 1978) were: (i) a glabrous
inflorescence rachis in T. gallica compared with the
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usually papillate rachis in T. canariensis; (ii) bracts narrowly
triangular, acuminate, not exceeding the calyx vs. bracts
linear-triangular, long acuminate to subulate, almost equalling
to somewhat exceeding the calyx; (iii) entire sepals vs. sepals
densely denticulate; and (iv) petals elliptic to elliptic-ovate,
1.5-1.75mm long, vs. petals obovate, 1.25-1.5mm long.
Nevertheless, these species character states have been found
to be rather variably mixed on a large number of European
and North African specimens that we studied. In fact, we have
observed all degrees of variation within single specimens
throughout the flowering period in the Iberian Peninsula. In
the first bloom (early May in the southeast of the Iberian
Peninsula), specimens show a morphology closer to that
assumed to represent T. gallica, with a glabrous rachis,
triangular bracts not exceeding the calyx and sepals with
entire or subentire margins. However, they can produce
several secondary blooms until October, and those late
racemes show a morphology similar to T. canariensis, with a
strongly papillate rachis, triangular-linear subulate bracts,
frequently exceeding the calyx, and denticulate margined
sepals. A number of vouchers from individuals collected at
different times and reflecting this seasonal morphological
plasticity are kept at ABH. In light of these facts, the above
mentioned differences are not useful enough to separate
T. canariensis and T. gallica. In advance of deeper molecular
and morphological studies to deal with this taxonomically
complicated issue, our results initially suggest that
T. canariensis is probably restricted to the Canary Islands,
whereas T. gallica shows a wider geographical distribution
along the Mediterranean and Atlantic territories, including
samples corresponding to “T. canariensis auct.”. In fact, more
Mediterranean and Atlantic accessions of T. gallica were
initially added to the nuclear and plastid phylogenies, and
these specimens always clustered together (data not shown).
Recently, Terzoli et al. (2014) stated that no genetic differ-
ences were found between the Italian T. canariensis and
T. gallica, and considering our assumptions, they would have
only analysed T. gallica samples. This would mean that all
European and North African records of T. canariensis might
belong to T. gallica, including a large number of synonyms
usually assigned to T. canariensis (Baum, 1966, 1978). This
approach has already been used in the Euro + Med treatment
of Tamaricaceae (Villar & Alonso, 2017). In addition, and
similarly to T. minoag, the different phylogenetic relationships
of T. canariensis accessions within the genus might be due to a
hybrid origin, with T. africana samples as the likely paternal
donor. However, the results shown in the plastid tree prevent
us from identifying any possible maternal donor for
T. canariensis. More detailed studies are required, because
the studied T. candriensis materials (from the Canary Islands)
show no clear morphological differences with the widespread
T. gallica. If no distinguishing morphological features are
found, we would have to deal with the concept of cryptic
species (Bickford et al., 2007), which would add another
degree of complication to an already difficult genus.

4.4 Asian species

According to our plastid data, T. hispida and T. karelinii are a
monophyletic group and the accessions of T. karelinii form a
strongly supported clade. However, their positions based on
the nuclear data were not resolved. In fact, T. karelinii has
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been considered a variety of T. hispida (Baum, 1966, 1978; Villar
et al., 2015b), as both species share several morphological
features such as lanceolate leaves with a broadly auriculate
sub-amplexicaul base, pentamerous flowers with deep purple
petals (2 x 1mm) and medium to long and thin racemes (up to
15cm x 5mm). However, they differ in the dense hairy
indumentum found in T. hispida, which is not present in
T. karelinii, although the latter can show some sparse hairs or
papillae (Baum, 1978; Yang & Gaskin, 2007). Both share a
central Asian distribution, from Iran in the southwest to
Mongolia in the northeast, and T. karelinii has been also
reported from Pakistan (Schiman-Czeika, 1964; Baum, 1978;
Qaiser, 1981; Yang & Gaskin, 2007). The combined results of
both nDNA and ptDNA phylogenies are mostly congruent with
Sun et al. (2016), and provide some support to those authors
who interpreted T. karelinii as independent from T. hispida
(Schiman-Czeika, 1964; Qaiser, 1981, Yang & Gaskin, 2007).
Nevertheless, a close relationship between these two species
is here confirmed, and the existing intermediate forms
reported by Baum (1966, 1978) point to the existence of
introgression between the two species.

Tamarix leptostachya is an independent clade or branch for
both phylogenies. From a morphological point of view, this
taxon is characterised by long and thin racemes (up to 15cm
and 3-4 mm, respectively) and generally herbaceous bracts,
with a distribution from the northwestof Iran to Mongolia,
China and the north of India (see Baum, 1978; Qaiser, 1981;
Yang & Gaskin, 2007). Nonetheless, the collapsed phyloge-
netic position does not provide any clues about the
evolutionary relationships with other Tamarix species.

The clade of T. arceuthoides shows weak support in the
nDNA phylogeny, and its relationships with other species
remains unresolved in both the nDNA and ptDNA phylogenies.
This species is mainly characterised by its sessile, narrow-
based leaves (sometimes slightly auriculate), small pentamer-
ous flowered racemes (usually less than 5 cm x 5 mm) and its
staminal filaments inserted between the disc lobes (cf. Bunge,
1852; Gorschkova, 1949; Baum, 1966, 1978; Yang & Gaskin,
2007). It is widely distributed in central Asia, similar to
T. karelinii, though reaching at least to Iraq in the west and
Pakistan in the southeast (Baum, 1978; Qaiser, 1981). However,
species showing strong morphological similarities with
T. arceuthoides, such as T. korolkowi, T. aralensis or
T. karakalensis, were not included in this study. Recently,
the three latter species were treated as part of a broad
concept of T. arceuthoides by Samadi et al. (2013).

Tamarix octandra is characterised by long and wide racemes
(up to 12 x 1.4 cm), long and oblong bracts (4-6 (9) mm), large
tetramerous flowers (petals 4-6 mmlong), and its status as the
only tetramerous species with twice the number of stamens
assepals (Bunge, 1852; Gorschkova, 1949; Baum, 1966, 1978;
Zielinski, 1993). Its distribution is restricted to the Caucasus and
nearby areas between the Black and Caspian Seas, with known
localities in Iran, Azerbaijan, Armenia Turkey and Russia, and a
westernmost collection in Crimea (Gorschkova, 1949; Schiman-
Czeika, 1964; Baum, 1966, 1978; Zielinski, 1993). This species
forms a strongly supported clade in the ptDNA phylogeny, and
its nDNA and plastid phylogenetic relationships are not
resolved in relation to most of the other Tamarix species.

Finally, some species with morphological similarity to
T. androssowii (see comments on T. hampeana and
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T. parviflora), such as T. polystachya Ledeb., T. litwinowii
Gorschk. and T. laxa are needed for better clarification of the
“small-flowered tetramerous species” growing in the Middle
East and central Asia. Only a single specimen of T. laxa was
included in the nDNA phylogeny but it does not group
together with T. androssowii. Moreover, Samadi et al. (2013)
suggested that the species T. szowitsiana Bunge may be an
autopolyploid of T. androssowii. Further studies will be needed
to resolve the relationships among these species, and to test
whether the proposed hypothesis of Samadi et al. (2013)
would be confirmed.

4.5 Asian and Mediterranean species with petals persistent
after anthesis

The following group of species includes the sessile-leaved taxa
with five stamens inserted between the nectariferous disc
lobes, and petals persistent after anthesis: T. austromongolica,
T. chinensis, T. hohenackeri, T. ramosissima and T. smyrnensis;
the latter being distributed in the northeastern Mediterranean
region, from the Greek and Turkish coasts to the east through
the Anatolian Peninsula. In the nDNA phylogeny, they form a
clade, that includes T. taklamakanensis, whose morphology is
notably different (Yang & Gaskin, 2007). Close relations
between this group of species were already pointed out by
Bunge (1852), who placed them into Tamarix L. series
Xeropetalae Bunge. All the studied specimens of T. smyrnensis
are resolved in a small clade sister to the other species.
However, the phylogenetic relationships are not resolved
within this particular group. Similarly, most of the other
species of this group, T. austromongolica, T. chinensis,
T. hohenackeri and T. ramosissima, cluster together in the
ptDNA phylogeny, in accordance with Sun et al. (2016), but
T. smyrnensis is placed outside the group. In general, this
monophyletic group is nearly coincident between the
morphological and phylogenetic data, except for T. smyrnen-
sis. Nevertheless, the morphological differences among the
group studied here are rather complex. Although Baum (1966,
1978) placed T. chinensis and T. ramosissima in different
sections (T. sect. Tamarix and T. sect. Oligadenia, respectively),
their morphological distinction has been highly problematic,
especially in North America, where their hybrids have been
widely reported (Gaskin & Schaal, 2003; Gaskin & Kazmer,
2009). Moreover, the natural distributions of this group of
species form a continuous geographical area, from the
Mediterranean coasts of Greece and Turkey towards the
Middle East and the Caucasus, to the Pacific coast of Asia and
north to its Central Steppes (see Gorschkova, 1949; Baum,
1978; Yang & Gaskin, 2007). The morphological limits within
the species of this group may therefore be quite diffuse
(Baum, 1978; Yang & Gaskin, 2007). In addition, the
phylogenetic position of T. hohenackeri should be further
studied, as samples of this species were excluded from our
nDNA phylogeny because they showed clear double signals in
the key nucleotide positions in which T. smyrnensis shows
differences with T. austromongolica, T. ramosissima and
T. chinensis. This result might be interpreted as a possible
hybrid origin of T. hohenackeri. In addition, the different
phylogenetic positions of the two specimens of T. smyrnensis
in the plastid phylogeny should be studied in detail. One of the
T. smyrnensis specimens groups into a weakly supported clade
alongside T. nilotica accessions, while the other specimen
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groups in a clade as a sister branch to T. parviflora. More
samples of T. smyrnensis from other geographical areas should
be included in the ptDNA phylogeny to check if that species
would show the observed tendency, or conversely would
reveal a close relationship to morphologically related taxa.

Finally, we can conclude that there are still many issues to
be clarified in the phylogenetic and taxonomic relations inside
Tamarix. We hope our study helps resolve some issues and
also highlight some species groups in need of further
investigation. Hopefully, with modern molecular high-
throughput approaches to DNA sequencing, we will be able
to solve some of those problems, but in such a complicated
genus, a precise morphological characterization of the studied
specimens will also be essential to robustly interpret
taxonomic hypotheses.
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