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Abstract — Genetic relationships of black-fruit hawthorns dfet Carpathian basin have been
investigated based on intergenic cpDNA sequendest; df all of the endemi€rataegus nigraand
related species. Considerable infraspecific vamatiwas detected in the East Asian taxon
C. chlorosarcaand some divergence in the EurastanpentagynaBased on the genetic analysis of
investigated and reference psbA-trnH sequencessifitation of section€rataegusand Sanguineae

is highly supported. From the studied taga, pentagynaand C. monogynavas ordered to Sectio
Crataegus while C. nigraand.C. chlorosarcato SectioSanguineaeBased on our dat&. nigracan

be considered as maternal parent of the investgate degeniihybrids.

molecular taxonomy / classification / intergenic cPNA sequences

Kivonat — Harom kivalasztott “fekete termési” galagonyafaj genetikai vizsgalata:Crataegus
nigra WALDST. et KIT ., C. pentagyna WALDST. et KIT. és C. chlorosarca MAXIM. Jelen
tanulmanyban karpat-medencei “fekete terifiégalagonyak, elésorban aCrataegusnigra és
kozeli rokonainak genetikai kapcsolatait vizsgaltutergénikus cpDNS szekvenciak alapjan.
Jelents infraspecifikus variabilitdst a kelet-a4zsi@i chlorosarcafajnal tapasztaltunk, mig az
eurazsiaiC. pentagynaesetében korlatozott szamu nukleotid polimorfiziramonositottunk. Az
altalunk vizsgalt és az adatbazis eréde¢ferencia psbA-trnH szekvencidk alapjan a Sect.
Crataegus és Sect. Sanguineae osztalyozasok tamogatast kapnak. A vizsgalt takona
C. pentagynaés aC. monogynaa Sect.Crataeguba, mig aC. nigra és aC. chlorosarcaa Sect.
Sanguineaekladokra keriltek besorolasra. Vizsgalataink adlapaC. nigraa C. x degeniihibrid
anyai szibje.

molekularis taxondmia / osztalyozas / intergénikuspDNS szakaszok
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1 INTRODUCTION

The Hungarian (Danubian) hawthor@rataegus nigraWALDST. et KiT.) is an endemic
species of the Carpathian Basin, occuring in thedplains of Danube in Hungary and across
the Serbian-Croatian border (for recent changédseimrea see @&THA — KERENYI-NAGY, 2010).

It is a mesophytic species: grows in the floodpkairests Galici-Populetum nigrae
PARABUCSKI, Fraxino pannonicae-UlmetumSo0, Leucojo aestivi-Crataegetum nigrae
KEVEY, FERENC et TOTH). Morphologically, it can be identified easily,etitaxon differs
strongly from other taxa: it has 7-9-11-13 leafelgbthe leaves on the upper surface are
villose and the lower surface is downy, the stipudee serrate, the fruit is black with 5 seeds.
C. nigrahas 8 forms and 1 hybrid with. monogynalAcq., this hybrid,C. x degeniiZsAK is
also endemic in the Carpathian BasinagBHA — KERENYI-NAGY, 2010). The Degen-
hawthorn and its relationship to other native Huiragahawthorn taxa were not yet studied by
genetic methods. This is the first attempt to asmlhe proposed origin @f. x degenii(syn.

C. x lambertianaLANGE) genetically.

The more xerophytic speci€s chlorosarcaVAxiM. in the Far East is vicariant 6f nigra
Both species belong to SectianguineaeZABEL ex C. K. SHNEID. SeriesNigrae (LOUDON)
RussaNov C. chlorosarcais morphologically similar taC. nigra It differs however fronC.
nigra with its black-purple fruit and the sepal edgesgshsome teeths (ovskis, 1971). Genetic
relation of C. nigraandC. chlorosarcahas been proved earlier by let al (2009). The same
study has shown, that East Asian and Europeanstaow@ clear divergence based on combined
nuclear and chloroplast DNA data with only few gtmns — includingC. nigra

Small-flowered black hawthor@€( pentagyndVALDST. et KiT.) has been described from the
Carpathian Basin as well, but its distribution asgages from the southern part of Banat, onto the
Balkan Peninsula and to Asia Minor. It differs fr&@n nigrain morphology (3-5 leaf lobes, the
leaves are leathery, the upper surface is brigttgdabrous, sometimes pubescent too; the lower
surface is often lanate-tomentose only in the agifs, the stipule is entire, the fruit is blackhwi
5 seeds) (BRTHA — KERENYI-NAGY, 2010, Table 1) and belongs to SectiGrataegus C.
pentagynas ordered to the outer basal position of SeCtetaegugLo et al., 2009). Althougk.
pentagynaand C. nigra show different morphological and ecological cheastics, reviewing
herbarium specimens reveals that they are confusguakently in the literature.

Based on our earlier morphological studieakB1A — KERENYI-NAGY, 2010), we would
like to answer the following questions with molearuimarkers: (1) is there any infraspecific
divergence in cpDNA sequences of black-fruit hangor(2) is the genetic relatednessCof
nigra andC. chlorosarca and the classification of these taxa into theesaettion supported
despite the geographic distance between the distyib areas; (3) ar€. pentagynaandC.
nigra different on the genetic level; and (4) whether garent species &@. x degenii(C.
nigra andC. monogynpwere identified correctly.

2 MATERIALS AND METHODS

2.1 Plant samples

We collected the samples in Hungary from naturabitats (4 samples ofC. nigra
Szigetujfalu, 5K, compartment 6AB; 2 samples @f x degenii Szigetujfalu, the road
between the compartments 4A-5B; 2 sampleS.ahonogynaSzigetujfalu, the border of 5K
— 6AB compartments) or from the live collectiontb& Institute of Botany of the Hungarian
Academy of Sciences, Vacrat6t; the origin of thegled shrubs were Vladivostok (Russia)
for C. chlorosarchg4 samples) and Bucarest (Romania)@opentagynd6 samples).
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It should be noted, th&. x degeniiandC. nigrasamples originated physically from the
same population, whef@. nigrawas dominant with ~99% frequency.

Table 1. Differential morphological characters been the hawthorn taxa included in the
current study

Character C.chlorosarca C. nigra C. x degenii  C. monogyna C. pentagyna

Branch rambling rigid, straight
Shoot-hair permanently downy soarsely hairless rare,
downy and small hairy
balding

Bracteas dentated less dentated integral

Leaves shape triangular deltoid

Number of 7-11 5-7-9 3-5

lobes

Fragmentation poor deep

of leaves

Upper surface hairy thairless hairless rare hairy

of leaves

Lower surface downy full of very

of leaves small and rare
hair

Hairs between even non tuft

the veins

Basis of leaves round straight orwide round  wedge wide wedge

wide round
Edge of leaves trough densely 4-6 dentated integral or 2-8-10 dentated
dentated dentated

Sepals reflexed erected or V-
shaped

Sepal edge some teeths integral

Peduncle full of hair thairless hairless rare hairy

Hypanthium rare hairy

Fruit-colour purple-black black purple red black

Fruit-hair hairless thairless

.>eed” number 5 2-4 1 5

~Seed” position free whole or inpart
linked with

Habitat xerotermic floodplain xerotermic

2.2 DNA amplification and sequencing

DNA was extracted from young leaves stored at -Q0u8ing a modified CTAB method
(MSZ EN ISO 21571, 2005) originally introduced by¥E and DoyLE (1987). Standard
polymerase chain reactions were carried out inlZhhal volume from ~30 ng template DNA
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under following conditions: 2 minutes denaturatetn94 °C was followed by 30 cycles of
30 secs denaturation at 94 °C, 30 secs primer angesdt 56 °C and 1 minute elongation at
72 °C. The reaction was closed by 5 minutes chaimgation at 72 °C.

For amplification of trnL-trnF H-AAAATCGTGAGGGTTCAAGTC-3' and 5'-
GATTTGAACTGGTGACACGAGG-3) and psbA-trnH §-GTTATGCATGAACGTAATGCTC-3'
and 5-CGCGCATGGTGGATTCACAATCC-3'chloroplast intergenic regions, primers used by
ALBAROUKI and RTERSON(2007) for hawthorns taxa were applied. Following% agarose
gel-electrophoresis, single band PCR products vgetated using the Wizard PCR Clean-Up
System (Promega) according to the manufacturessuations. Eluted PCR products were
direct sequenced using traditional Sanger sequgrainthe ABI 3100 (Applied Biosystems)
platform using both forward and reverse primerdisaccessing two times coverage.

Manually curated sequences have been uploadedet&uhopean Nucleotide Archive
(accession numbers HG937792-HG937796for psbA-trmd BG937797-HG937801 for
trnL-trnF).

2.3 Sequence and phylogenetic analysis

Reference sequences of taxa belonging to secBanguineaeand Crataeguspublished by
ALBAROUKI and FEETERSON (2007) and b et al. (2009) were fetched from GenBank for
C. nigra(AJ853470.1)C. wilsonii SARG. (EF127141.1)C. russanoVvilCIN. (EU500281.1)C.
sanguinearLL. ex BeB. (EF127143.1)C. chlorosarca(EU682698.1)C. nevadensi&. 1.
CHR. (EU500289.1),C. orientalis PaLL. (EU500290.1),C. monogynalacQ. (AJ853465),
C. laevigata(Poir.) DC (AJ853468)C. heldreichiiBoiss (EU500295.1) an€. pentagyna
WALDST. et KIT. ex WLLD. (EF127131.1). Multiple alignments of reference aaw sequences
were carried out using the ClustalW2 toohgkIN et al. 2007). The raw sequences were then
manually curated based on the electrophoretorgeardshe alignment. Completely identical
sequences were joined under one sample name. Rngtig analysis was carried out with
1.000 bootstrap replicates and the neighbor-joififig) method (STou and Nei, 1987).

3 RESULTS

From the two investigated chloroplast intergenigioas, trnL-trnF was less variable with a
total alignment length of 453 bases, only two pbegleetically informative character and 8
further nucleotide substitutions or insertions, athwere monotypic to one species. The 6 bp
indel identified earlier between positions 99-104LHAROUKI and RETERSON 2007)
remained monotypic fo€. azarolusL. var.aronia L. New polymorphic sites were identified
at position 62 of the alignment, where a 1 bp dabetvas recognized exclusively in the two
C. x degeniispecimens; and at position 134, where a G/T singtdeotide polymorphism
(SNP) was identified, T being monotypic f0r pentagyna

The psbA-trnH intergenic region, although only 28&ses long, proved to be more
polymorphic with 3 phylogenetically informative afaater, 2 monotypic SNP and a
hypervariable region. A new T/A SNP was identifiad position 259 of the alignment
(alignment positions are based on positions publibly ALBAROUKI and FETERSON
2007), where A is monotypic t€. pentagynaBased on the sample set investigated by
ALBAROUKI and FETERSON (2007), the authors proposed four indel regionsvbeen
positions 130 and 190 of the alignment. In our danget, this region of the alignment
proved to be highly variabl@=igure 1) which makes clear interpretation challenging.
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domain domain domain|| domain
1 2 3 4

C. x degenii QL - - - - - - -------- AU CNNLLUEUTTTTTT- AEG- - AAADVR 32
C. nigra JULM- - - - - - - - - - - - - - - RSN TTTTTT- AET- - - AALVVY 31
C. wilsonii Ref UL~ - = - = = = = = = = - - - - AU NN TTTT- - - AET- - - - - AAARY
C. russanovii Ref ULILL- - - - - - ATTTGTTTTRUUECUUULLUULUTTTT- - - AEK- AAAARDD 40
C. sanguinea Ref guil- - - - - - ATTTGTTTTRUUCUULLLULDUTTTT- - - AldG- AAAAI 40
C. chlorosarca Ref LU~ - - - - - ATTTGTTTTRUUCUUUULUULUTTTT- - - AlEG- - AAAINDA 39
C. chlorosarca LU - - - - - - ATTTGTTTTRUUCUULLILLT- - - - - GCEGTAAAALYIY 39
C. heldreichii Ref HUUUTGTTTTATTTGTTT T UuEUUUULLLLLT- - - - - - AlET- - AAAIYD 42
C. nevadensis Ref HUUUTGTTTTATTTGTTTTRUuCUUUULUULL- - - - - - - AleT- - - - AINA 39
C. orientalis Ref HUUUTGTTTTATTTGT TTTUUSUULLLLLLL- - - - - - - AET- - - - ALYV 39
C. monogyna U TGTTTTATTTGTTT TR UUEOULLULLLG- - - - - - - AET- - - - AR 39
C. laevigata Ref QU TGTTTTATTTGTTTTUUEUUULLOODL- - - - - - - AET- - - - AR 39
C. pentagyna Ref HUUUTGTTTTATTTGTTTTRUUEUUUUUDDUL- - - - - - - AleT- - - AR 40
C. pentagyna HUUUTGTTTTATTTGTTT TR UuCUUDLLDLG- - - - - - - AleG- - - AAINDR 40

Figure 1. Alignment of the hyper-variable (HV) @giof the psbA-trnH chloroplast intergenic

region. Shaded background denotes conserved positibthe alignment. Boxes above the

sequences identify polymorphic domains 1-4 disclsstne text. The HV region starts with
position 134 based on the positions published uBaARoOukiand FETERSON2007).

First domain of the hyper-variable (HV) is monotypn sectionCrataegus while it is
variable inSanguineagshowing infraspecific variability in the case ©f chlorosarca This
first domain is missing fror@. nigra, C. x degeniiandC. wilsoniicompletely.

Second domain of the HV region is a T mononucleot&peat, which is less informative
and in this case the opportunity of sequencing rerie high. We didn't observe any
infraspecific variation in this domain.

The third domain has two main characteristics. @hsra GCGGT motif monotypic for
all investigatedC. chlorosarcabut not for the referend@. chlorosarcasamples nor any other
taxa. The second motif is a G/T SNP, which seenimethighly variable (data not showg).
russanoviiand C. dahuricasequences submitted by let al. (2009) having an ambiguous
characters at this position, the reference andhtrestigated Hungaria@. pentagynaamples
have different states at this position. This isoalee one and only of the investigated
nucleotide postition, where sequences flomrmigraandC. x degeniisamples are differing.
Domain four of the HV region is built up from amAononucleotide repeat. Similar to domain
two, it is less informative and error-prone. Be@o$ possible ambiguities, domain two and
four, further the G/T SNP motif of domain three weixcluded from further analysis.

Infraspecific variation wasn't reported earlier fptastid intergenic sequences of
hawthorns except for ambiguous bases in the GenBatrles (domain 3 oRigure 1), while
the present study has shown two cases of suchtieacidnvolvedC. pentagynaspecimens
didn't differ in the investigated DNA sequenceg, they showed the same T/G polymorphism
compared to the reference sequences. The only kablarinfraspecific polymorphism was
detected in the case @&. chlorosarca In the HV region the psbA-trnH alignmeg.
chlorosarcaspecimens from Vladivostok and the reference serpgeare differing on two
different domains (domain 1 andR”gure 1).

Neighbor-joining tree of the sequenced and referermcessions show a clear distionction
between the two included sectiorGrataegusand Sanguineaeln sectionSanguineaeC.
nigra andC. x degeniiare located on the same clade, while the sequeaédeference C.
chlorosarca samples have been ordered to diffefedés. The clade of secti@nataegushas
a high bootstrap support, but taxa on this cladenat structured any further.
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4 DISCUSSION

Based on the neighbor-joining (NJ) tree of the stigated and reference psbA-trnH
sequencefFigure 2)classification of sectionSrataegusandSanguineaés highly supported.

529| C. nevadensis Ref
363| C, orientalis Ref
6311 C. monogyna

728 | ¢. laevigata Ref

C. heldreichii Ref
C. pentagyna

500 F chlorosarca Ref

sect
Crataegus

v/ 1000 7971— C. russanovii Ref o
: i [
_— C. sanguinea Ref . ) o 2
902 I_ C. wilsonii Ref |8 3
777 9991 C. x degenii " c
C. nigra 0
——— C. chlorosarca
1000 P. persica
/a |

P. laurocerasus
0,070 ,

Figure 2. Neighbor joining tree of the psbA-trnHaroplast intergenic sequences.

'Ref' denotes reference sequences fetched for@ahBank. In the case of C. nigra,

C. monogyna and C. pentagyna no differences weralfbetween our results and the

reference sequences. Prunus persica and P. lauagcsrwere used as outgroup.
Numbers indicate bootstrap support from 1000 repés.

C. pentagynas correctly ordered to sectidBrataegus in accordance to the position
proposed by b et al. (2009). The position &. pentagynas also supported byHPPset al.
(2003), who ordered this taxon in an own SeResitagynagC.K. SCHNEIDER) RUSSANOV.
Our results confirmed the genetic differences betw€. pentagynaand C. nigra The
misidentification ofC. pentagynan herbarium specimens can be most probably exqualny
the simple fact, that both hawthorns have blacksmith five seeds.

C. chlorosarcaandC. nigrawere ordered to the clade of Se@ianguineaelnfraspecific
sequence diversity df. chlorosarcacan be detected also on the tree, where the igaesd
and reference specimens are located on differeadesl The sample from Vladivostok
analysed in this study shows a more distinct pmsitcompared to thé€. chlorosarca
specimen investigated byolLet al. (2009). Diversity o€. chlorosarcasequences could be
possibly related to taxonomic differences or mistdieation of the investigated specimens,
such the infraspecific variability of. chlorosarcapsbA-trnH intergenic sequences need
further confirmation. AlthouglIC. nigrais endemic to the Carpathian basin, it is ordeced
section Sanguineaewith species of mostly Asian origin. This is sugpdr also by the
literature (GIRISTENSEN 1992; RuPPs et al., 2003; b et al., 2009). This genetic pattern —
namely the similarities of an endemic from the @#n@an basin and taxa from East Asia —
isn't unique. Similar phenomenon can be observeddenSyringa josikaeaAcQ. (LENDVAY
et al., 2012), which is endemic in the Carpathiasif and the East Asian taxa of Byinga
genus. SectiocSanguineaemight have had earlier an Eurasian distributiorictv later
retreated to AsieC. nigracould be considered as a relic of this formerritistion.
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Based on our dat&;. nigracould possibly be the maternal parent of the imgatedC. x
degeniihybrids. The other pare@. monogynaould not be proved, as both hybrid samples
were of same hybridization direction.

One of the main goals of this study was to claniether genetic relationships of the
East AsianC. chlorosarca the Carpathian Basin enden@c nigra and one hybrid taxon of
the latter,C. x degeniiare coherent with the high morphological similastof these species.
On the neighbor-joining tree of the investigatexatand sequences from GenBdRigure 2)
high similarity can be observed betwe€n nigra and its hybrid,C. x degeniiwith 100%
bootstrap support.
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