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Chloroplast genome characteristics and molecular marker
development of Pennisetum
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Abstract: [Objective] The objective is to analyze the chloroplast genome characteristics of 4 published plants
in the genus Pennisetum, and to develop corresponding molecular markers. This will provide new insights into
the evolutionary and phylogenetic relationships of Pennisetum. [Method] Bioinformatics methods were used
to analyze the complete chloroplast genome sequences of 4 species of Pennisetum published in the NCBI
database. The analysis included repeat sequences, codon preferences, polymorphisms, collinearity, and
development of simple sequence repeat (SSR) molecular markers. [Result] The chloroplast genome length and
GC content of the 4 species of Pennisetum were relatively similar, with a low degree of codon shift. Boundary
expansion analysis indicated no significant contraction between different regions. Collinearity analysis showed
strong inter-species collinearity among the 4 species of Pennisetum. Phylogenetic analysis based on chloroplast

genome sequences revealed that P. flaccidum had the closest phylogenetic relationship with P. glaucum, P.
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purpureum, and P. alopecuroides. 5 pairs of SSR molecular markers had high practicality in plant species
within the genus Pennisetum. Specifically, primer SSR2 was expressed in both P. flaccidium and P.
alopecuroides; while primer SSR5 was specifically expressed in P. flaccidum. Additionally, SSR1, SSR3, and
SSR4 showed high conservatism among all four species in this genus. [Conclusion] This study concludes that
the chloroplast genomes of these 4 species are relatively conserved; furthermore, it confirms that genetic
relationship between P. flaccidium is closest to those found in P. flaccidum, P. purpureum as well as P.
alopecuroides. SSR2 molecular markers are specifically expressed in both P. flaccidium and P. alopecuroides,
while SSR5 molecular markers are specifically expressed in P. flaccidum. [Ch, 7 fig. 2 tab. 28 ref.]

Key words: Pennisetum; chloroplast genome; molecular marker; simple sequence repeat (SSR)

IREEHE Pennisetum JERAF} Poaceae 1 —REE MR, HMYILSZHE, W 1 FES 244
s, oA TR R HLIX, 2Bk 140 F, 28057 TR, RERREY A E POl
BATEZMA, HAFafE g, BB ENLME. HE R Z R GRS 2 a2
AR E P purpureum BV 1 1 4R SE R B EE P. americanum VA FCE T FRE] 3258 FpE0 0 S T B G- b I
RIXECAEY IR, ENARZ S E X7 T —RIIBE5E, H M AR A0 00 73 22518

5 A S AR DR 2R R /NA 72~217 kb IRUEERR DNA, A 24 130 AP S A D 21 2
IR DU AR S5, 8 RIS AL & 1 K HHE DL IX (large single copy, LSC). 14~/NHi$s Il [X
(small single copy, SSC) VA K 1 X}z [n] F & J¥51 (inverted repeat region, IR FHEE TAZFIER AL, 4
TRIERA B R st Al RTINS | Z5H0 T B DA RO SR SF T, R R SE DR 45 91 R A 5 %48
TN 5 2R L ) G 3R DA S AR P BT TR S AT AR TR R R EOR A AR I L
MR AED B M A G AR T B, FHFE R MY HE X (sequence characterized amplified regions,
SCAR)!™! | BEALY 1 £ &5 DNA (random amplified polymorphic DNA, RAPD)!'S, fiij Mo & [A] 5 51 ki
(inter simple sequence repeat, ISSR)!' ZEARICEF Y 9% 1Ziz . Hi, 2R P 42 ¥ 51 (simple
sequence repeat, SSR) Fric e H FH ARG PRIC L, BIEEPRICH2RARFY], SEATHRR AN Rl 56 R
BraEiss, CarevrZ s b s s Hee,

ARWFFEIAEI 4 B JEAEY IR G, R R A 2051, R R i S R B R 4 1Y
SR SRR T REMEDT S, JFE N RER T e HoOE% R, BT aa RIT R 3 Fhrid,
AR FE R B AR RN H] ¢ FR A S M R S8 B 53 I B e BB A

1 AR5 77

1.1

FAREK A T 56 04 R AR ) 2 REPEDT ST 5 A A IR 2 R B R S R B ) 4 PR B R R AR,
SN HEL P. flaccidum . 4% P. glaucum . B5 . JREW P. alopecuroides .
12 Ak
12,1 e R a2 TAG i AR 58 [ B A W AR (5 2 ot (NCBI) £ (www.nebinlm.
nih.gov/genome) HR & B AE Y SR AR A (5 2, I 4 PR 5@ A ) & A 56 3% i i SRR L K]
A5, BIEE (NC 057588.1), fHI4F (NC_057571.1), 4# (NC_036384.1), JREH (MN180104.1), fii
JHl CPGAVAS2 (http://47.96.249.172:16019/analyzer/home) Xif A< HIF 55 Y HL 1) 4 Ff A 4y - 4 A R DX 20 A0
B, it OGDRAW (https:/chlorobox.mpimp golm.mpg.de/OGDraw.html) 7] #i4k
122 AR ARATELSKRETH A5 454 iz Misa (https://webblast.ipk-gatersleben.de/misa/index.php)
Kl SSR, 145 4% 4R SSR (mono-nucleotide SSR), XA% 1R SSR(di-nucleotide SSR), — 4% Mg SSR
(tri-nucleotide SSR). iz F] Reputer (https:/bibiserv.cebitec.uni-bielefeld.de/reputer)!'” 43 #7142 )5 51| (long
sequence repeat, LSR), =% 40§ & [n] # & (reverse repeats), 1E [1] # & (forward repeats). [0 3 &
(palindromic repeats), & &iafT S5 KEE H 1000, H/NEEZ N 30, Hamming H525H 3,
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123 =t ARUAERAF RG5> iz H CodonW Fil EMBOSS Explorer®” (http://emboss.toulouse.
inra.fr/cgi-bin/emboss/cusp) 1T % i F i far P 20 M1, THE H [R] L% 1S i F A% (relative synonymous
codon usage, RSCU), #4511 v 1438 %X (codon adaption index, CAI), %151 &P 45 %X (codon bias
index, CBI), %% F % (effective number of codon, Enc), A% F{# 4K (frequency of optical
codons, FOP) FI%f =i [a] L+ GC i (GC3s)s

124 REFZEBAYFF£55H 18 HHAF Launch Dnasp 6.02", 3 i 3 8l 4 72 20 B 4 FholR 2 o A
Pyt A A BRI 2, 93 B I SR BE DR 4H 22 [) 1 A% 1 1R 722 57 B2 (nucleotide diversity, Pi), #E K h 200
bp, T HKJER 600 bp, FFIH VISTA (https://genome.lbl.gov/vista/index.shtml) FE4T 751 LX), i ok H A8
S FER LR AR

12,5 vk A B 48 LSC. SSC A= IR L F-47 7k 547 FIJH Rstudio 575 £ #2 ¥ IRscope™ 7 i1k ) ffi
F, il 4 F0R R R A SR AR SE 4 1Y LSC. SSC A IR X3l S MiAk, 5 /s S [l A 4 1) 45 DX Sl
W 595K

126 "t A ARAEERBES>HE 2L KX F MG ME 12 A Circoletto?™ (http:/tools.batinfspire.
org/cirroletto) 43 M7 4 FR B @ ALY M SR AR L R 4 S 2R MO R, LA R SRR SR HAE RS % Ty
§) . fifi FH7E 2k T B Mulan (https://mulan.dcode.org) Xf 4 F R B 50 & ¥ 51, LA S N NCBI U405 i 3Kk A5 1Y
12 Fp R A B HL 9y nb 2% K 3 A 4 [ K & Hordeum vulgare (MWO017635.1), 5 3% Sorghum bicolor
(NC_008602.1). % Secale cereale (NC_021761.1), %% Setaria italica (KJ001642.1), M ¥i#& Panicum
virgatum (NC_015990.1), 1% ¥ Miscanthus transmorrisonensis (NC_035752.1), 3& % Milium effusum
(NC_058911.1), F. 1915 Miscanthus floridulus (NC_035750.1), /N Triticum aestivum (KC912694.1), e
Avena sativa (MG687313.1), £ K Zea mays (NC_001666.2). EIAT Yushania brevipaniculata (NC_043894.1)]
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1.2.7 éj\%;i:i:ia élj 9{—& %?tﬁﬁﬁﬁg?ﬁuﬁ Table 1  Primer used in this study

BrACMH OSSR, SEX 4 MR TR IR A )Y masme—) S —3)
SSR {37 #5 F1] Ff| Primer 3.0 (https:/primer3.ut.ee/) % i1 GAATGCAAGTCCTCCC AATCATTTTGGCTGGC
19, A5 SSR GLAANTA LA, RS, gl DT CTTAAa TGTTTT

WIE . DL Tm (R 60 C. BIMKFER 2025 sspo TS%T(T:EiATCGAGATC cg;i/:\iAAGTGGCGA
bp TE R E 5544, #EH 5 Fl SSR 514 (3£ 1), ACACCGCTGCTTAATC  AAGGAAAGACACTTCA
1.2.8 DNA#EE5 3| 4n69 4 3 4m  FIH CTABEE: 5% corrac CGAGAA

PRHL 4 FlR BB R DNA, TR S0 pL i1 (p, AACTCOAATCGTGAGC  GGAGCCTTGGAATGGT
PR AR HEAT PCR L, DNABUHR 2 L, Tag DNA 2 AEZAC;F/I:ZTTCTTCTGG CEZZQ?}ECTATTCGAG
BRI 25 uL, M4k 18 uL, RIS SRS atccaa AAC
25puL, f£ 100 VAEHLET, ¥ 3 pL PCR ¥ H it
R 0.8% MITEAEWHEERS LUK 40 min, KI5 A RREER BUSA AT, Befmik 2 BRI Y
BHEAT FRA BT .
2 HERGH
2.1 MREEFRBRARSHIE

4 PSR B S AR 1) I S (A RE DR A 12k L Y 4 DU O3 (AR 2, KBSl 138 119~138336 bp, GC 7 1
H 38.6%., Hif, SSC X#:M, A 12384~12421bp, IR XA 44 576~44 676 bp, LSC [X A 81 034~81 329
bp, 4 FAEY M-SR 2 (145 XK B 22 AN K, (BAAS B i X2 4 R ek, M 129 176 bp, H
A iy X 5 HAh, 3 PR A ARCR 225, i/ IME (9 160 bp, 3% 2).
22 MEEERANEERIISH

SSR A Hr s F W] (K] 1A Tl 1B): 4 MY RAEATE R R EL . WA, AR, REFEME




368 LA 3 Nl N =+ 20254E 4 F 20 H

x2 AMIREEREYMHFEEREASE
Table 2 Chloroplast genome characteristics of 4 species of Pennisetum

o FH U GCH& LSCKJE/ SSCRKJE/ IRK S/ B TR RNA il e 3] ||

£ /bp /% bp bp bp B~ B~ K JE/bp £ /op
SE 138 294 38.6 81299 12 419 44 576 86 52 126 240 12 054
(il 138 336 38.6 81329 12 421 44 586 85 45 129 176 9160
EE 138 199 38.6 81 149 12 384 44 666 88 49 125 881 12318
REH 138 119 38.6 81034 12 409 44 676 84 47 126 031 12 088

TR SSR AV 25430 36, 34, 34 1 324, FHIASH SSR % . LSC JFHI4r#r4s R (K 1C A1 1D) &
N HESA Q2 NIERERM 2 AN CEE; META 44 EREEM 40 NPCER; 2REPA
48 AN IE [ A RN 42 AN I SCHE A 5 i A6 7R R B v DUDAG I 1) 50 AN 1E [m) S 34 AN RISCE R . 4 AR
HA ARAR B AR EE BEE R 6 4>, ¥R EAHES .
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Figure 1 Number and length of simple sequence repeats and long repeats of the chloroplast genome sequence in 4 species of Pennisetum
23 EBTFRIFES T
I 2A BRS80S F18 AR BON 0.157~0.160, 2505 F R P8 50N 0.363~0.368, & I fy T A
L, AR THCN 55.77~56.18 4>, BEAGFAmAF A &, BRI 9 [R) SRS - FTBUR KT 15K
/D, I AGA, UCU, GGA., CAA (& 2B). WL 4 Ry s 7t i m i tE AN e, JER L3 M IRST .
24 SIS
BRI a3 (B 3) KW . 7746 6 DL F A AR 5 09 48 X8k (Pi>0.016), 43514 rps16.
trnT-GUU ., rps4., ndh). petA/pbs] UL ndhF .
2.5 MERGEERABRT K
HE 4 ZFL: IR KA B AR 2280/ . 4 0% 9 LSC-TRa i 82 54000 T psbA I rps19 K 2
[E), P rps19 BHES LSC-IRa & 4% 5 U FE B M 36~42 bp, 1Mij pshbA fii T LSC-IRa 3¢ At |, XF T B f7 i iF
FEYI, rps15 AT IRa-SSC HYAE AL, T IRa-SSC AU T ndhH i1 5t
2.6 HEUSMERZEZERWWE
LM (K SA) 13 HHREB R S5 A i LR AU e fe iy, 3K 99.94%, RHIRZ, 4 99.02%, 1H)
B, 4 98.91%. RIGHELM AZE R (K SB) AT AL BL: HE MBS RS KRR, MREBEMS
FOCREGE, RFAILTFIRAEILRA PR R ST HYIE S0 5 25—,
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Figure 2 Statistics of codon usage bias (A) and relative synonymous codon usage (B) in chloroplast genomes sequence of 4 species of Pennisetum
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Figure 3 Nucleotide variability values (Pi) and the number of site discrepancy of the 4 species of Pennisetum
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Figure 4 Boundary analysis of chloroplast genome in 4 species of Pennisetum
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Figure 5 Collinearity analysis of 4 species of Pennisetum(A) and the phylogenetic tree of 16 plant species (B)
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Figure 6 Amplification results of primers in 4 species of Pennisetum
A . * C * * *
}j% TGGGATTACATCCCGAGTTATTGTGAAAAAAAAAANTAAAGAGGTTATGGA [SE-MA CCRTATAGAAGGGGCCATAAACT[§GAGAGTCTTGACCAAT TIGAAAGAT,
ﬁﬂﬁ' TGGGATTACATCCCGAGTTATTGTGAAAAAAAAAANTAAAGAGGTTATGGA ﬁu»/ﬁ:' ACCEATATAGAAGGGGCCATAAACTHGAGAGTCTTGACCAATT[MGAAAGAT
P T CCGATTACATCCCGAGTTATTGTGAAAAAAAAAAINTARAGAGGTTATGGA FE A CClTATAGAAGGGGCCATAAACTIGAGAGTCTTGACCAAT TIGAAAGAT
[Vl T GGGATTACATCCCGAGTTATTGTGAAAAAAAAAANTAAAGAGGTTATGGCANMY A CCldTATAGAAGGGGCCATAAACT/EGAGAGTCTTGACCAAT THGAAAGAT|
10 20 Y 40 50 . 10 0, 430 0, 50
%'I%? AGTCAATATTCTCGCATTTATTGCTACHGCATTGTTCATTCTAGTTCC] JEEMlCleT TTGGTGTAGT TGAAATAACEGAATT[§GAACTTGTTTGGTC[EAGT AR
2“% AGTCAATATTCTCGCATTTATTGCTACHGCATTGTTCATTCTAGTTCC (€T TTGGTGTAGTTGAAATAACKGAATTIGAACTTGTTTGGTClEAGTAAN]
P JAGTCAATATTCTCGCATTTATTGCTACE\GCATTGTTCATTCTAGTTCC] %ﬁ Cl§ TTTGGTGTAGTTGAAATAACEGAATTEGAACTTGTTTGGTC[HAGT|/AANN
= JAGTCAATATTCTCGCATTTATTGCTACMGCATTGTTCATTCTAGTTCC] YA CE\ T TTGGTGTAGT TGAAATAACE\GAAT T/§GAACTTGTTTGGTCE\AG T/AA[d]
0 0 80 90 0, e 0 80 90 160
B * et * *x x S MlCGAAACTCAAMCAAAMECATAAWTGTCTCAATGGAATCTTTTCCTTCTTT
fﬂﬁ ATTCCTAAATTTTGENCCCATATINETGGEATAANNAAGCAGTTTTTTT T [V lccaanCcTCAARCAAARICATAANTGTCTCAATGGAATCTTTTCCTTCTTT|
(i EAll A T TCCTAAATTTTGEICCCATAT[]ETGGIATAANEAAGCAGTTTTTTT TN |
i %ﬁ GGAAACTCAAMCAAAMGMICATAANMTGTCTCAATGGAATCTTTTCCTTCTTT)
LA T TCCTAAATTTTGECCCATATHOT GCRATAAREAAGCAGTTTT T T T LSO - cAaaCT CAALCAAAISMCATAATGTCTCAATGGAATCTTTTCCTTCTTT
Yl A rrccraaaTTTTGlcccATATTGGldATAANAAGCAGTTTT T T T Thi : = - : o
p . p p - 110 120 130 140 150
10 % 20 30 40 4 50 *hk kK kk * _ kkk _k *k ok kKK *
IEE MG TTGTATCGACCCAGT[MGCTCACTAATTGATCTTTACGGTGTTTCTCTA) [SEIT TTTTT TR T T(e T[EledAA A TRIT T[EEWT)NAA A A C CliY p\eGGCleC|
G TTGTATCGACCCAGTMGCTCACTAATTGATCTTTACGGTGTTTCTCTA (AP QT TTTTT TN T T[ekden A TET T[N TIHAAAA CClY I\GGcpic|
L4 G TTGTATCGACCCAGT[@GCTCACTAATTGATCTTTACGGTGTTTCTCTA ST TTTTT TN T TR Thle A A TENT TR TINA AA A CCLY dccclgc
PG T TG TATCGACCCAGTINGCTCACTAATTGATCTTTACGGTGETTTCTCTARMENEY=RCHT 71T T T TN T T(€ T[S A 2 TE T T[SEVE Thia A2 A c child clEVNc G cléic
o L 00, wx 80 90, 100 160 170 180 190
=L CAAT TRISIAGIENC TT TATCCATAGARMAGTAGTATAGGC@TACTTTCTT|
(il caATTiEAGIMC TTTATCCATAGAINMAGTAGTATAGGCYSTACT TTCTT|
%{—H‘— TCAATTENSAGMCTTTATCCATAG. MAGTAGTATAGGCHNSMTACTTTCTT|
ﬁﬁﬁﬁ TCAATT[HEAGLSNCTTTATCCATAG. WAGTAGTATAGGC[ENTACTTTCTT|
. 110 120 130 140
[SEMCCTRITT TTGATTCTCGTGAAGGTCTTTCCT]
[EllccTRlT TTTGATTCTCGTGAAGHGTCTTTCCT
%E CCTINTTTTGATTCTCGTGAAG[EGTCTTTCCT)
Y CCTIT T T TGATTCTCGTGAAGIGTCTTTCCT
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B7 SSRAFIAILEER
Figure 7 Comparative results of SSR sequence in 4 species of Pennisetum
SNP {ii &5 , 1 SSR3 Fl SSR4 7E 4 > ¥y Fj v ¥y 47 78 2 A~ B 4% 17 R £ 25 1 £ &5 (single nucleotide
polymorphism, SNP),

3 3t

ABRFCAERAI : FTHEIIAG 4 FIARFE SR HEPIA NGRS LB R IR DU SR, b SSC X
IR SR RIS, TR R PRI SSC KT, PRI A1 M A 2 5 0 e
M6, BB R IR AP 17 AT U G A SE DR L5 R R — B0, A0 IR DT B
MRS 22 BT AT kPRSI AL B, T LA S DR L TEAL 0 A R
IR X (RS A AR, ELER RO T, IR DS IUR A S 2o MO PR B & T,
HAASA . T PEORFE RURALY TR X1 LSC R SSC DX i1 8 2 R ISR 2 —
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T 1, XULH] 4 P 6% 5 R et A s Besh, 4 P 28R, WERE el REfeiR
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TR N A R R, XS A2 SR 4 R R — 2

SSR ARIC IR i) 2 S A ORI 2, TEMI I IA] A8 A5 AR PEDF T Oy T S0 BB, X—mi 58
AWFEGRC B & o TR b 2 P TR E R AL, FTRIARHETERY SSR ARic #2451 it%
HIRERE A AT A&, Hp5H) SSRS R T B9 XM RE ), (VAR e S5, 519 SSR2 1k
A AR s SRk, PRI TR T TR (RS2 R BOR AR, H Ak
ANBERT I 72 AN [R) AR 18] B 22 591

4 i

ABIFGERT 4 FifR R R @ A SRR S R B T g SSR T FNIHEAT43HT, AFE S ATIRE Z ; LSR 75
SRR IE [ A ISCEE M EE, HREIR EAE R . R RR YA E A E GC A
FEAR, WERIATEIN A B85 7R AFPE Ao . 2P T8 R R IR B v R AR S 2 5 PRk, 2
A AT RE B A B RSP M o SR T i SRR N A Lk . IRERPE T 5 RS B W R LI K
SSR 7> FHRICHIIT A, Bk Tix—4518, HIRERRZM ARG CRBE Y.
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