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Morphology and molecular phylogeny of a freshwater red algae

FANG Kunpeng, NAN Fangru, FENG Jia, LV Junping, LIU Qi & XIE Shulian ™
(School of Life Science, Shanxi University, Taiyuan 030006, P.R.China)

Abstract: The molecular analysis and morphological identification of a freshwater red alga JC1712001, collected from Jinci spring,
Shanxi Province, North China, were performed, and its biogeographic analysis was conducted using molecular biological evidence.
The results showed that the genetic distances between JC1712001 and Kumanoa mahlacensis Kumano strains from the United States
and Spanish were all 0 based on the rbcl., COI and UPA sequences, indicating that the three genes were highly conserved. Phylo-
genetic trees based on three sequences by three methods, including Bayesian method, maximum likelihood method and neighboring
method, were highly consistent. In the phylogenetic trees, JC1712001 were clustered with K. mahlensis from Spain and the United
States, and the support rates were all above 97% . According to molecular biological evidence, JC1712001 is also classified as K.
mahlensis. The geographical origin map constructed by RASP software showed that K. mahlensis was distributed in Europe, Asia,
and North America, and the origin of European group is more ancient. K. mahlensis is a rare species, and the results of this study
have enriched the distribution of freshwater red algae in China. Meanwhile, it also provided data for the phylogenetic analysis and
the geographical origin research.
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HIZ & I RIS Bk BN TT, B 1 1 Rt iV S A3 2R J e B BR 9 B. gelatinosum Linnaeus [1)5744.
1828 4E , Bonnemaison #3571 Torularia , 3. & Wi T. dillenii Bonnemaison H1 T. lenta Bonnemaison'” | [A]FE
B AR BN 5 RFH AT, BB PR ER L BAE A Setacea atra 34" . Harvey T 1858 4FJ& T ¥ A e
JRRE WERCRMIV R B AR KT 22 BRI T A A T R b R B 2R e B AL R AT
BEWT R A LR AR R 7= A — PR A A3k 1 B 20 L A5 AR AIE 227 T HE IR P8 Tuomeya, HRTIZJE & 1 FH .
Kylin F 1912 43 F 5L L5 R X FR ISR AL TR 8 T8 #5774 BR & Sirodotia, H BT %8 & 10 Fp1.
Skuja T+ 1934 AEME K SRR SRS 24 W1 0 1) — 00 25 il A B SE T 1 346 TR 57 T IR IR Notho-
cladus , FURTZJ8 & 17 F0°" . Entwisle T+ 1989 4R {E IR 7R R AR PR B T —BR 2T, S (AR, I A
T 25, BAT ATBCHES BBt 22 LA A 1 2 AR DL AR B A5 4 BRI ST T B 8 )8 Pilosiphon, &% 1 At
AR, 73 F YT Bl RERER T B MR G A B IR FZTF-BL. Saunders # Necchi 2002 4F
HENL T Balliopsis , EZ SR A TR SSU RIS LSU FP41 225, HATIZE & 2 Fht. 2007 4F 3T LSU Al
rbeL J#5 Petrohua ¥, HRNZE S 1 4 Entwisle T 2009 43 T FEE S T RETF S Kumanoa ,
HATIZJE & 46 P Z 5 3T 40 TR S J5 @7 V5 i 388 Sheathia ( HFT & 10 #1) 1 Setacea (B # A
9 Atrophycus HI54) " Nocturama( BRI 1 #) " Arophycus( BRTE 3 F1) 1 Lympha ( HAT& 1 #) 1
FRER PR Volatus ( HFTE 3 Fl) 1045
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PEF T 2017 48 11 A 75 L PG5 4 SRR 21— bk Bh BRECR AR ). S 7 % A S 58 | A BT 00 33 R A
AT T IR ASEE BIILER , 52 T rbel. COT il UPA LRI M T REE BN, 17 T RE LB 517,
TEMIEAL BT rbel P8R T B R G0 & & B, LU B 2 i MR As 0 14 43 A, 3T ) 1] 5 L o
ZHMWARGERERAR.
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1.1 LR
S AT FHBERR JC1712001 2% [ PS54 5 (37°42'N, 112°26'E) , A KAE K E R 5~6 m, G40 R i i
FRAb, 11 A AR 2 AR ARERR. JKIR 16.0°C , L 5R 1149 S/m, PV EI AR ST 1.023%0, pH 7.26.
BUARZ IO K I VE R BRZAR0T, WA N W EEIE 2 BB T I 2 305 e ) Bk, A P 5 ) AR 8 R Gl
TRIG-80°CIRAE, T 4> T4 5. BGRB8 24 Lg%, O 4% B9 RV S 18T 5 ). IR AF R AR AR T
WP KA MIFR A (SXU) |, $R A5 SXU-SAS17031.
12 HFEE
1.2.1 % DNA £ 5  {d FI P 4L DNA 132355 £ (Dzup (Plant) Genomic DNA Isolation Reagent, |4 T
Y TR RV HES T DNA $2HL
1.2.2 BH B R 7002 A SR B8 A G 10 PCR AR R K514, rbel. 3£ 519 160 CCT-
CAACCAGGAGTAGATCC 1 theLr: ACATTTGCTGTTGGAGTCTC, COI 2K B4 GazF1: TCAACAAATCATAAA-
GATATTGG Al GazR1: ACTTCTGGATGTCCAAAAAAYCA, UPA 3E [K 5| ¥ p23SrV-fl1; GGACAGAAAGAC-
CCTATGAA Fil p23SrV-rl : TCAGCCTGTTATCCCTAGAG ; SUWAR R 2 20 wl, £44% 0.5 wl DNA #iHx | 1E i Fl
545 2 wl .2 wl dANTPs. 2 wl 10xbuffer (Mg®™) &% 0.2 wl Taqg DNA A ( K% F YA 7 TaKaRa).
Y44 rbeL . COI A1 UPA ZERF4  PCR =4 1% BN BHEERE AL KA DU ( HL 120 VB[R] 20 min) , 7=
JEHTHE R A TR Sanger SUBEUEE LS 1 14T XU 3 (A R FRA T, JE5T) .
123 25 K& 0 BN rbcl COT Fl UPA &K 751 F NCBI( https : //www.ncbi. nlm. nih. gov/ ) 11§
blast T.H5 GenBank & & M AHN P54 T7E LR L X, AR 45 bb Xt 45 SR b BUM DG 3 PR 4 (38 1), X ik I
HIFIF Clustal X S4T30 0T, 4G IE M F A H TR R G KT 0. X 2805 51 F0 BT 00 FE 42 5 51
MEGA 6.0 Z3 87 H 5 0 RHE 4 07 50 BT A8 S 067 s RIS 20 007 i, 1B 45 30 R ) a8t A% B 28, O R AR 36k
(NI) e RAUSR L (ML) DLk (BA) 5 EE 3 IR R RS L T M.
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Tab.1 GenBank accession number of related rbcl,, COI and UPA gene sequences in this study

SrIHA FEA rbel, cot UPA EZ PN
Atrophycus puiggarianus BR09122001a FJ386462 — — [3]
RPD KP203886 — — [24]
Sp8 — KX703035 — [8]
PEVV4 — KT894751 — [8]
CAMB - KT894742 - A H R
Bangia atropurpurea sXqy KJ023703 — — [25]
JB328 — DQ191330 — A AR
G00033 — — EF426661 [23]
B. fuscopurpurea GWS001869 JN028931 JN028460 — [26]
ARS03783 — — HQ421200 [27]
Batrachospermum gelatinosum MA140_07 GU810833 — — [28]
MICH EF375888 — — [29]
12 — EU636743 EU628669 [30]
JR-10-1 - HQ412539 — [31]
FR2 — GU810827 — [30]
BHO : A-0096 - - KY225795 AR
- - - KJ143749 AR
B. guianense clone FG8 AY423396 — — [32]
5 — EU095968 — [30]
14 - EU636713 - [30]
15 - - EU628663 [33]
B. helminthosum Bhelst05 KJ825955 — — [34]
— AB114643 — — [35]
clone ct3rbel AF244113 — — [36]
0 — EU073847 — [30]
23 — EU636733 — [33]
haplotype 2 — — EU073850 [30]
haplotype 3 — — EU073851 [30]
haplotype 4 — — EU073852 [30]
B. macrosporum 11 clone BR3 EU106058 — — [37]
BHO :MR22 KF557567 — — [38]
9% - EU095975 - [30]
45 — EU636747 — [33]
37 — — EU628676 [33]
53 - - EU628675 [33]
43 - - EU628673 [33]
B. turfosum UTEX 1494 DQ523254 — — [39]
Bturst18 KJ825963 — — [39]
GDA-A 8134 — KM592950 - A iR
22 — EU095972 — [30]
BHO:A-0132 - - KY225796 AR
62 - - EU628651 [33]
61 - - EU628650 [33]
Kumanoa abilii C1 GQ368882 — — [24]

C7 GQ368883 — — [24]
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SrAR L FEA rbel, CoI UPA 27 3Lk
KabiliiC7 — JN604915 IN602670 [40]
K. ambigua Bambig AF209988 — — [41]
35 GQ368885 — — [24]
13 — EU095970 — [30]
3 — EU636723 — [33]
clone FG13 AY423391 — — [32]
MICH EF452238 - - [32]
2 — — EU628652 [33]
3 — — EU628653 [33]
Kambigua35 — — IN602672 [40]
K. americana KamerMS302 JN589996 — — [40]
KamBigCkLA — JN604910 JN602665 [40]
K. australica KausTJE3376 JN590000 — — [40]
TJE2699 FJ386463 — — [3]
4 — EU636719 EU628654 [33]
5 — EU636720 EU628655 [33]
K. breviarticulata AM2 GQ368886 — — [24]
7 — EU636718 EU628658 [33]
K. capensts SJRP.PNCV JX504697 JX504695 JX504699 [40]
SJRP ;CAN JX504698 JX504696 JX504700 [40]
K. cipoensis C11 GQ368887 — — [24]
C15 GQ368888 — — [24]
KcipensisC15 — JN604919 IN602674 [40]
KcipensisC11 — JIN604918 IN602673 [40]
K. curvata Kcurvatasp63 JN590012 IN604925 — [40]
SAS08041 KC511077 KC511073 — [42]
— — — KJ143745 [43]
K. deminuta Bdemin AF209981 — — [41]
37 — EU095973 — [30]
10 — — EU628660 [33]
K. equisetoidea AM1.2 G(Q368889 — — [24]
AM14 GQ368890 — — [24]
11 — EU636716 EU628659 [33]
K. faroensis Kfar_OH JN590001 — IN602662 [40]
KfaroSFO1 — JIN604907 — [40]
K. globospora BO14 GQ368891 — — [24]
BglobBO14 — JN604923 JN602678 [40]
K. gracillima clone FG10 AY423395 — — [32]
KgracillDEL JN590013 — — [40]
KgracFG10 — JN604913 IN602668 [40]
Kgracill_Del — JN604927 JN602683 [40]
K. gudjewga KgudjewTJE3370 JN590002 JN604908 IN602663 [40]
KgudjewTJE3374 JN590003 JN604909 IN602664 [40]
K. holtonii KholCrippleAL — — IN602676 [40]
KholCCAL JN590004 JN604921 — [40]
K. intorta clone FG17 AY423397 — — [32]
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SrIHA HA rbeL cot UPA 275 3CHk
SAS06218 JQ028695 — — [44]
11 — EU095969 — [30]
SAS06020 — KC511074 — [42]
— — — KJ143744 [43]
33 — EU636717 EU628657 [33]
K. iriomotensis KiriomotSAWC JN590011 — — [40]
KspSA — — JN602681 [40]
K. louisianae — AF029144 — — [21]
BlouisMS2 — IN604924 — [40]
BlouisMS2 JN590005 — IN602679 [40]
K. mahlacensis MUB-ALGAS JQ713334 — — [45]
JC1712001 MH220972 MH220973 MH220972 NI
Kmah_NM JN590006 IN604906 JIN602661 [40]
Kmah_TX JN590007 JN604905 JN602660 [40]
K. nodiflora clone FG8 AY423398 — — [32]
clone FG12 AY423399 — — [32]
57 — EU636714 EU628661 [33]
58 — EU636715 EU628662 [33]
K. procarpum BR13032007 FJ386464 — — [3]
Kprocarpa — JN604920 JN602675 [40]
- - - KY225798 Rt
K. skujana KskuSuckSC JN590008 IN604922 IN602677 [40]
K. spermatiophora 00508-00001 KC596190 — — [46]
— AY424882 - - A R
00508 — — EF426659 [23]
59 — EU636722 EU628656 [33]
K. tabagatenensis KtabPalau JN590009 JN604914 JN602669 [40]
K. vittata KvittTJE3371 JN590010 — IN602666 [40]
Sheathia arcuata Bulg2_06 GU457344 — — [47]
SAS090318 JN086522 — — [48]
04952-00001 — KC596305 — [46]
GDA-A 6432 - KM592947 - Rt
TW-10 — JX669681 — R R
07238-00001 — — KC596212 [46]
00878-00001 — — KC596192 [46]
— — — KJ143746 [42]

1.3 ML

1E62F B (OLYMPUS BX51 with DP 72, HA) F MBI 45 I R AR K4
1.4 HhIBEEES AT

XF GenBank HARAR I rbcl JTHIHEFT IR , £ B A3 i v A [ B SF Y 10 17 31, ) — 0 o o ot B3 B
AL ) SAN AR B — 2%, T P b BV B A-F 280N B-B 38 L C-R PRV D-RRWH L E-A0 9 | F-K S 7 5% [
G-AEMEAT (K 2). LA DI REWEE R, 12 FH RASP SR04 BT 2 4 Fh 4L S b 25347 /R
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%% 2 GenBank 1T # A HEHI rbel. 73 BB SRS

Tab.2 GenBank accession number of related rbcL gene sequences in this study

3L JE N S KA 27 30k
Atrophycus puiggarianus KP203886 AW [24]
FJ386462 A Py [3]
Bangia atropurpurea KJ023703 E fpE [25]
Batrachospermum gelatinosum GU810833 B %H [28]
EF375888 D 3 H [29]
B. guianense AY423396 AR ETIRCER) [32]
B. helminthosum KJ825955 DRZRES] [34]
AB114643 E H#A [35]
AF244113 B [ [36]
B. macrosporum EU106058 B EHE [37]
KF557567 E Dok poiE [38]
B. turfosum DQ523254 D ¥ [39]
Kumanoa ambigua AF209988 C KA [41]
AY423391 AR AR (L) [32]
Q368885 A P [24]
K. deminuta AF209981 C WA [41]
K. gracillima JN590013 A RJEEWIR () [40]
K. intorta AY423397 A BB () [32]
JQ028695 E [45]
K. louisianae JN590005 BXHE [40]
AF029144 B % [21]
K. nodiflorum AY423398 ABEEWIRCEE) [32]
K. spermatiophorum AY424882 FREEFHE(EHE) AR
KC596190 B % [H [46]
K. abilii GQ368882 A EPE [24]
K. americana JN589996 BEHE [40]
K. australica JN590000 C WA [40]
FJ386463 AP [3]
K. breviarticulata GQ368886 A EPE [24]
K. capensis JX504698 A B [40]
K. cipoensis GQ368888 AP [24]
K. curvata JN590012 A EPE [40]
KC511077 E [42]
K. equisetoidea GQ368890 A [24]
K. faroensis JN590001 B 3 [40]
K. globospora GQ368891 A BT [24]
K. gudjewga JN590003 C IR FNE [40]
K. holtonii JN590004 B 3 [40]
K. iriomotensis JN590011 G EkE [40]
K. mahlacensis JQ713334 D PP [44]
MH220972 E [ ABIFSE
JN590006 B 3 [40]
K. procarpum FJ386464 APy [3]
K. skujana JN590008 B 2H [40]
K. tabagatenensis JN590009 C a5 [40]
K. vittata JN590010 CIRAA I [40]
Sheathia arcuata GU457344 D A [47]
JN086522 E [48]
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2 ARER

21 RTFEESRELENW
2.1.1 FABRAEH BRI 3 2% A4S R GenBank FUdEE , 8 F 518 3554051 K rbel-MH220972 , COI-
MH220973 1 UPA-MH220974 , 4 FE43 5124 1203 ,686 1 357 bp. 3 ¥ 515 GenBank %54 B 78 4k H Xt 25 5 1
7R, JC1712001 5 RE T 8 s 2 BB B8 (9 M Al 91 U 3R 410 , i Clustal 3R 0033 745 J 50 147 b, 9
MEGA 6.0 A FFERE , 28 L XHEIE T rbel. COL F1 UPA LR AYF 51K BE 4404 1203 661 F1 319 bp, Hirp
AT ER AR S0 05,5304 496 335 T 107 A, T 245 B 1 4331 R 434 305 190 4,3 A3 KI4R -5 Th ik AE BT
¥ ( Kumanoa mahlacensis Kumano ) 1515 15 & it , ¥4 0.

FIF Modeltest 3.7 BA4%F 731 538 A B9 REACAFRIIEA T 404T , A543 RO U R4 B AH AR R 2 40
(3£3).

% 3 Modeltest 3.7 S3HT K451 rbeL .COL Al UPA JEPRIASR o A 56 240
Tab.3 Nucleotide substitution model parameter estimates of rbcL., COl and UPA gene for Modeltest 3.7 analyses

rbel. GTR+I1+G-1InL=10562.1104 freqA=0.3718 R(a)[A-C]=1.7976
K=10 freqC=0.1181 R(b)[A-G] =5.0097
(1)=0.4931 freqG=0.1370 R(c)[A-T]=0.4997
(G)=0.7465 freqT=0.3731 R(d)[C-G]=1.4924
R(e)[C-T]=9.9703
R(f)[ G-T] =1.0000
CoI TVM+1+G-InL=7759.7026 freqA =0.3052 R(a)[A-C]=1.5388
K=9 freqC=0.1119 R(b)[A-G]=12.2582
(I)=0.4116 freqG=0.0978 R(c)[A-T]=0.3658
(G)=0.6293 freqT=0.4851 R(d)[C-G]=2.8124
R(e)[ C-T]=12.2582
R(f) [ G-T] =1.0000
UPA TrN+I+G-InL = 1850.3889 freqA =0.2790 R(a)[ A-C]=1.0000
K=7 freqC =0.1685 R(b)[A-G]=5.4551
(1)=0.3999 freqG=0.2706 R(c) [ A-T]=1.0000
(G)=0.5816 freqT=0.2819 R(d)[C-G]=1.0000
R(e)[ C-T] =10.4471
R(f)[ G-T] =1.0000

2.1.2 #F rbcL,COL 1 UPA X &y & Gt b oA LIDFSEEERR JC1712001 55 GenBank H T 281 30 24~
PR R IR 4 LI B3 Bangia atropurpurea ( Mertens ex Roth) Agardh C Fll B. fuscopurpurea Holmes
& Batters HHMIHE, FLT rbel. COT A1 UPA JEBEFS, 435I R 48 E21% | I it ik i KRR R G &
B RS IRFI BT 3 MOk RN RGN B S S — IR NG, DL DU o S a1 40 Rk | U
I 92 A R AR R % A5 380 1) SR R A iR i T 43 ST AL (R 1.2 0 3) .

NFET rbel 3 P4 Hg A (9 R GE W AT H JC1712001 5 72 F 76 FE 5F (1Q713334) 13 [ ( IN590006
JN590007) Bk ARRTHE R —32,3 Ry Bk B ST RF 2RI 100% . LA COT 2[R A4) 8 () 3R G AR A0 S ke 1y
JC1712001 57 F3E E (IN604905 , IN604906 ) ) T i A i S — 3¢, HL 3 FhJy i 9 S R34 0 100% .
DL UPA LM RS TR T RAFEAYSE 5, 1C1712001 572 F 3£ [ (IN602660 , IN602661 ) 1 L) i 5E
PR —32,3 PR BT HER T 12 97% (97% Fil 100% .

i 3 I RSk B IT AR S JC1712001 A Hh il BT e
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100/1/1000, Kumanoa cipoensis GQ368887
Kumanoa cipoensis GQ368888
Kumanoa procarpum FJ386464

manoa gracillim IN590013

u
*
/17603 93/%%)6171051 gracillima AY423395

95/1/910 l(I)(()u/rfz/alr(t)%% americana IN589996
Kumanoa equisetoidea GQ368890
100{1/ Kumanoa equisetoidea GQ368889
86/*/939 167/0-49% Kyymanoa breviarticular GQ368886
gnoa intorta AY423397
Uinanoa capensis JX504698

98/1/97%, . is 1X504
69/0.6 551umanoacapenssz 504697

itmanoa louisianae IN590005

/1/994 Kumanoa louisianae AF029144
100/1/99 1; Kumanoa nodiflora AY423399

100/1 Kumanoa nodiflora AY423398
Batrachospermum guianense AY423396

71/0.96/646Kmanoq nodiﬁora AY423400
100/1/1000 | Kumanoa mahlacensis IN590007
83/0.96/744] Kumanoa mahlacensis JQ713334
52/0.83/552 Kumanoa mahlacensis IN590006
Kumanoa australic FI386463
—| 100/1/1000
Kumanoa australic IN590000
Kumanoa intorta JQ028695
Kumanoa curvata KC511077
Kumanoa globospor GQ368891
99/1/99% Kumanoa spermatiophora KC596190
Kumanoa spermatiophora AY424882
100/1/1000
Kumanoa faroensis IN590001

*/0.9/494

3]
=3
2
®
=
=
[ve)
—

65/1/792¢ 1.72/246 26777356 Kumanoa skujana IN590008
Kumanoa holtoni IN590004
anoa tabagatenensis IN590009
99/1/990 > 1/0'9%:%11;1051 deminuta AF209981

25/0.6

{ggganoa iriomotensis IN590011
umanoa curvat IN590012
95/1/807 - Kumanoa ambigua EF452238
98/1/982 100/1/998|_|——Kuman0a ambigua GQ368885
67/1)743 L— Kumanoa ambigua AY423391
Kumanoa abilii GQ368883
A8NBIS  kmanoa abilii GQ368882
89(1/930|  45/1/944— Kumanoa gudjewga INS90003
Kumanoa gudjewga IN590002
100/1/1000 - Kumanoa ambigua AF209988
Kumanoa vittata IN590010

100/1/1000 Batrachospermum helminthosum KJ825955
100/1/1000 EBatmchospermum helminthosum AF244113
Batrachospermum helminthosum AB114643

L 40/*/384
— Batrachospermum macrosporum EU106058

L Batrachospermum macrosporum KF557567
Batrachospermum turfosum DQ523254
Batrachospermum turfosum KJ825963
Sheathia arcuata GU457344
Sheathia arcuata IN0O86522
50/1/802 100/1/1000, Atrophycus puiggarianus KP203886
96/1/936 I Atrophycus puiggarianus F1386462

100/1/1000 - Batrachospermum gelatinosum EF375888
L Batrachospermum gelatinosum GU810833
—— Bangia atropurpurea KJ023703
L Bangia fuscopurpurea IN028931

15/0.36/463

100/1/997

100/1/1000

100/1/997

0.02

B 1 ST rbel SN P S B R GER (4573 SR 0 AR N kAP (e
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Fig.1 Bayesian analysis tree based on the rbcl. gene sequence ( Support values for all analyses are
shown as follows: NJ distance bootstrap/Bayesian posterior probabilities/ ML bootstrap ;
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# denotes no support for that analyses at that node)
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Fig.2 Bayesian analysis tree based on the COI gene sequence (Support values for all analyses are
shown as follows: NJ distance bootstrap/Bayesian posterior probabilities/ML bootstrap;
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%’ denotes no support for that analyses at that node)
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Fig.3 Bayesian analysis tree based on the UPA gene sequence ( Support values for all
analyses are shown as follows: NJ distance bootstrap/Bayesian posterior probabilities/ML bootstrap ;

“ %’ denotes no support for that analyses at that node)
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Fig.4 Habit and microphotographs of Kumanoa mahlacensis
(A the habit of frond; B: whorls; C: carposporophyte( arrows) ;

D carpogonia and trichogune(arrows) ; E: spermatangia( arrows) )
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Tab.4 Morphological comparison of Kumanoa mahlacensis in different regions
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