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Table 1. Classification of negative-strand RNA viruses

Virus family or

Virus order . Genome configuration Host Representative examples
unassigned genus
Mononegavirales Bornaviridae 1 negative-sense segment Vertebrates Borna disease virus
Filoviridae 1 negative-sense segment Vertebrates Ebola virus
Paramyxoviridae 1 negative-sense segment Vertebrates Measles virus
Rhabdoviridae 1 negative-sense segment Vertebrates Rabies virus,
Plants Sonchus yellow net virus
Invertebrates
Arenaviridae 2 negative-/positive-sense segments  Vertebrates Lassa virus
Bunyaviridae 3 negative-/positive-sense segments  Vertebrates Bunyamwera virus,
Plants Hantaan virus, Tomato
Invertebrates  spotted wilt virus
Ophioviridae 3~4 negative-/positive-sense segments Plants Citrus psorosis virus
Orthomyxoviridae 6~8 negative-sense segments Vertebrates Influenza A virus
Invertebrates
Delta virus 1 negative-sense circular Vertebrates Hepatitis delta virus
Varicosavirus 2 negative-sense segments Plants Lettuce big-vein
associated virus
Tenuivirus 4~6 negative-/positive-sense segments Plants Rice strip virus

Invertebrates
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Table 2. Negative-strand RNA viruses generated from cDNA clones

Family Genus Species Reference
Bornaviridae Bornavirus Borna disease virus (BDV) (68,88)
Filoviridae Ebola-like virus Ebola virus (75,101)
Rhabdoviridae Lyssavirus Rabies virus (RV) (47,48,97)
Vesiculovirus Vesicular stomatitis virus (VSV) (59,105)
Paramyxoviridae Metapneumovirus Human metapneumovirus (38)
Morbillivirus Canine distemper virus (34)
Measles virus (68,93,95,99)
Rinderpest virus 3)
Pneumovirus Avian pneumovirus (74)
Bovine respiratory syncytial virus (10)
Human respiratory syncytial virus (14)
Respirovirus Bovine parainfluenza virus type 3 35)
Human parainfluenza virus type 3 (21,39)
Sendai virus (33,50)
Rubulavirus Human parainfluenza virus type 2 (&2))
Mumps virus (13)
Newcastle disease virus (55,87,94)
Simian virus type 5 37)
Arenaviridae Arenavirus Juin virus 2)
Lassa fever virus (36)
Lymphocytic choriomeningitis virus (23,60)
Pichinde virus (58)
Tacaribe virus 67
Bunyaviridae Hantavirus Hantaan virus 24)
Nairovirus Crimean-Congo hemorrhagic fever virus (25)
Phlebovirus Rift Valley fever virus (46)
Uukuiemi virus (26,81)
Orthobunyavirus Akabane virus 79
Bunyamwera virus (BUNV) ©))
La Crosse virus ®)
Orthomyxoviridae Influenzavirus A Influenza A virus (FIuAV) (19,27,76)
Thogotovirus Thogoto virus (102)
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o kL DL RNA $2E 27 400 > 5L DNA f#2E
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RESRMASE S FluAV o 5% 7 5efilEE A > Hobom
HOBFFEEIRR N T LIRNA 25 1 (RNA polymerase 1)
FIZRBLAR AL ™ 7 - RNA BEHE T (EEZA VRSN ET]
rRNA EZf(7) t(RNA HJ#EER » Bl T7 RNAREEEEH{LZ
BRAERS » HPFT &R Z RNA EYIAEEA 5 InzalEik iR
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B rh & ol RS % e oA B FIHIIEL Hin iR RNA
R B ST ) % (18 7k TR 2R B » B At i
EAH ATE H BRGS0 FluAV fi#: 6L @7 « B
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7 IR mRNA » T2 D s B s iy o
{513 FluAV B MEERAATTAY 12 8 DNA HEERIR
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RELA 8 RNA > B E EEPRIRSHH AL IRk 91K 5 e
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[FIRE A 28 DR &l 2 55 FHIW S0 SR E 1 REE »
ILFEH RNA JBEEHE T EE) 1 2REGRHEN A [ 5
St R B T H At BRI RNA A0 o (B2
RNA JE&HE 1 EE) 7 AR H— s o mHvE
B » W5 FE(E FH D RIS TR - [ de Wit 552
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fifg 11 R E) 172 2K H DNA Ji s S R 20 @+ > Hol
W92 ZEMEAE RNA B EHe 1 E# 12 b > BB
B EE) - (BT Cytomegalovirus) Fralkd ~ BUG A
5y ~ WA S HARRE o B R T Ehu iR EAYEE
{H72 RNA &0 11 &2 RNA HASHE FRRiE > 5l
B A i KRG - DT RS T7 RNA B &l A
RNA &1 1 A& RNA B E: RNA BB - (R
ribozyme HY{# FHEATS 7] A AT » {H & RNA F2E10E 1T 7E
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Fig. 1. Schematic diagram of the reverse genetics system for the Bunyamwera virus. Host cells are co-transfected with
protein expression plasmids of the N and L proteins and with plasmids containing full-length viral cDNA, all under the
control of the T7 RNA polymerase promoter. Following infection with recombinant Vaccinia virus which enables the
expression of T7 RNA polymerase, VRNAs and mRNAs are synthesized. The N and L proteins initiate the virus replication

cycle.
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Fig. 2. Schematic diagram of the RNA polymerase I-RNA polymerase II bi-transcription system for expressing VRNA and
mRNA. The cDNA of an influenza virus genomic segment is constructed between the RNA polymerase I promoter (Pro I)
and RNA polymerase I terminator (Ter I). The Pro I expression cassette is flanked by the RNA polymerase II promoter
(Pro II) and terminator (Ter II). Transcription with the Pro I, negative-sense VRNA is synthesized by cellular RNA
synthesizes mRNA through Pro II, and the mRNA is translated into viral

polymerase I. Cellular RNA polymerase II
proteins.
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H o R EAMIEEEH S RNA JiRERI I o

U] SE A AR ST 0 B BERY B (e B
RNA JR#D) REVEEER B8 220005 » [RIES 0 ME R
HIENI TS LASE 2R o Hf® DNA REERAYEENT - GBS
AR o] DAE B2 A e R JE IR I ~ FEHE Rt 1T
gesd ~ gt ~ B BCE MHEHE AR VE o PR T T LA B2
TIREIR AL KR ThRE ~ FRol I WO (0 ~ At 1
TERBRIR » 7R a] T figds 2L IR B2y A ARl 32 AL 1
H o AT B2 rsH & > 18] LLFIET bunyaviruses
FLIKfE RNA 5' 38 3' Ui UTR F31 At ] T2 Atk
(panhandle structure) FfiitE » {H/& E M 8 F R
TN R FEH 288 B IE TREE] bunyavirus
RNAs SR I iS22 /87 (ERIRSHE - Widi UTR
Frol B —VE iR e —f55E Kl RNAs L RIZI %K
28O 5 i HE F A ECSEHER) S E R RS RS
SERFARS s HAAR I ST P SN B B 5 R
7 RNA ZwEM™ » BFpy|EHEREEL > N EOE
R =A% 2K H AN [F]JE bunyavirus SR AR EEGES &
B KR TR s B 1L R 1] 2 s i AR 411
i EE I ek ALY mRNA KA > B~ bunyavirus
fdigR At mRNA ElfdER[E] a4 » R VERIROEET THE
RIEERRETCRLERY o 8 LLThReM: ZE N BE 2R SE » 12
S ) SR SRR A N BT M AR SE R Y o S A
SN AT FTR 0 [E SN ~ A SGERL o

HR - R A B ] DIk A & E s e DA
PERVE AR A » RNA JREEM 207 #0500 [m) 8 (H
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(s AR S RIE il 22007 X e — T e e i

EHE RNA SR ARt 8 ER 207

WIFEFH TR s RV "9 ~ VSV 0 (RN [n] SE (SR 2 1%
B b kA 1 s e 28 BN R 9IF- > FluAV 7535
)38 {5 A N 2 AT > PRI B SRR RO 2 8) > {8
EL0 160 1 9 A Y A e O o (E B R BHEE - B
FHHY 228 i & i 7 > Webby %5 A DU 7 ) HINI
influenza virus FY3 ) 38 {8 R 48 RS AL RE » B AH 1 #61
H5N1 BRI TURA B GREERHEAY LR » LI 557
PEE AR o S B RO A A L HSN1 199%
B s S B R AN AT LALL B U5 B S i
s T DL e 885 R A I YRR A PR (attenuated
virus) BRI o

Hi R PERN AR 7353 e 3 (90RE & 38 I8

Jackson HINTZEEBRIE 2007 435 BREY) FHEE €
b B R R T B M 7 (Sonchus
vellow net virus, SYNV) Y] ERFFEREER @ - SYNV
J& Rhabdovirideae B} Cytorhabdovirus [&HINEYREE:
BAH -GAEMMEEZKNERNA  REBEHY
rhabdoviruses PR 5 H, » rthabdovirus FE&Ef#E B K £
REHFENP kL ZfREE AR 7%
Ganesan % A& #k (0 X | E K (enhanced green
fluorescent gene, eGFP) B £l {1 5 O & M A&
(recombinant red fluorescent gene, DsRed) » LUJiiaE N 4t
(KT £ P BE K] ] O L [T H5% 485 /791 (gene junction sequence)
R o SR AR 5~ 3' UTR Z[E >
HFIE B DL cRNA J7 a2 it 35S @)+ R iE » LUR
TRE (Agrobacterium tumefaciens) TEB|IZEFEEL (Nicotiana
benthamiana) 3E{THIEFEIH (transient expression) IKf
ZEHL » B virus-like RNA AURESREIRBI N ~P ~L &EH
ARSI Rl EEAEIRE » W] DUBIER S eGFP HYZRI » (HREHE
virus-like RNA HUHS SERES SYNV YL Y [EIHERS B
If » eGFP Bt @ RIIAIANSREZ A 51T (movement) *
5 et o 7E2009 4 Ganesan 221 SEBIHY) i A
TR RO SE R R TSR IREFE Y > eGFP JERISfEIR &2
R (B N iiERY) DsRed HRANR A 2] » 1M virus-
like RNA BRI A LR R > eGFP HYRIIH
A PERCEAR T I o S LLh FER R E DR SR Y
KIS LUBY virus-like RNA 7EREYHTIRR A BUSR T
{HZ AW A A WEEBEREA SYNV YU 15 B i
(minireplicon) Afft CL (A B 43 37 > MFEEfEESZ SYNV
30 B B AR — Lb R 2R -

T hn BEZ3 73 )8 2 WHE Bl
YY) E Rt RNA 75 TG 82 Rhabdoviridae
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BI#) Cytorhabdovirus F1 Nucleorhabdovirus & ~
Bunyaviridae ®lHJ Tospovirus [& ~ Ophioviridae Bl
Ophiovirus &L\ AR FARATAR BEHY Tenuivirus &
M Varicosavirus [&3: 758N 73 BHHR: 3 HbA~Z 50
MIEZ ~ & FLE AN S - Tospovirus JBIR H5E
Bunyaviridae FHHME—R] L MEYIRREE » LAIEAIBE
ELZE VR EE (Tomato spotted wilt virus, TSWV) FEEAFE
il > SR SORE LS A& A B 22 5 73/8 < tospoviruses {157
MPEENT ~ o0 2 BRI 39 H 3 ZEEFEIEY
FEARBX % > DL TSWV ffl » HElCAIHZ EHEE
84 £l 1090 FHEAEY) » Ak R EREERE - 2 Thus
FEHRRD o

Tospoviruses B2 HE bunyaviruses —EREH = {5 %
NS RNA » (KE AR/ N Alan#af5 L M ke S RNA ° L
RNA & E RNA (negative-sense RNA) » £ cRNA
Ji1a)_EiwaE 8N A B (L protein) 5 S RNA f5EE4H
T RNA (ambi-sense RNA) *» 1 vVRNA J7 [ _Fifmag 1
FEFEREMESE B S (non-structural protein, NSs protein) » 1F
cRNA Jjn F#mé% —{E N ZFEH : M RNA 2 B
RNA > £ vRNA J7 [ b #fwa% —{EFERiHEE B M (non-
structural protein M, NSm protein) » £ cRNA J5[A]_F#
25— {[E5E 25 AT B8 (glycoprotein precursor, GN/GC
protein) » Hr1t NSm FE[K/E tospoviruses i » MAEH:
‘EHY) bunyaviruses FIT{2HHY (Orthobunyavirus &R 7
B —AH [Flan R FE R > (B H BEIK] HRas S 28 BRI 35
8 Tospovirus [EIREAIE]) °

Tospovirus R FHIEE ARTIRERE FECAH T
FHIEEHT 1 fif - 1998 4 Moyer HUBFZEMIBRAERE i 1K
WS EE/TAC (reassortment) HYAAE > FH LA Seii ALK
HIDhRELL Ko 7Bl BF = IR 2C FLVE FH o BEK 48 S50 /Y
S S I FH e [5]4e22 e i 18 (5] A6 {ELAS [B] 1A ARTP 75 0 Bl Ak
JA— AR £ (I E R 55 b S BL R S A4 &
FrH & oy BRIk > AR BB 37 2 S0t S 1S40 %
ERCRRE R > MRPR SO R AR A R M IR B L - 2K
PR BLIEE — 1 R BT Adps 75 BRI B BRI 5 HAR S
rhEg I R EEC 72K TSWV GEH CUESE AN A
REELRAEPIHTIERIRES 0 ~ T TSWV B Sws HilE
RV EAR CLR182 M RNA R ~ B Tow Pk
FERIFR AR HIJEE NSs FE[KIA B+ bb— SRIE [R5
JER 178 ) SREE R E: (Watermelon silver mottle virus,
WSMoV) #HfF5¢ | » Okuda 2 A DL &5y ECSR I ZEEHAS
[5] WSMoV 7 EfRTER DY (Tetragonia expansa) &Rk
SR TR BRSNS S RNA £ © Tospovirus KT
RERY S — EAERERITTE R 7 > J& Adkins HIBFSEE] BRFRT
SN R S RPR A s Adkins AUNT FEEIRR LLGE

RSN EE (Tobacco mosaic virus, TMV) {EE S FEIR
TSWV NSm ZE[] » 8 NSm & (0] LUEHE A Z#Ehik
e TMV RIRZEIGE ) » {EMEEHA T NSm & I ELfR =0
HRE IR Bh T REATRR BRI 2 s Li 58 A& —PF] FHIL—
TMV i dEE R AR AR 288 /) NSm & >
FUE T NSm & [ 2Bl /ViE (tubule) JEAK ~ A%
BB s R A BRI D RE PRI Y -

TEIZ A 30 ) (R #En] R SR B2 T 0 BR T LA
L DRI 1) 2% B il A T DhRE AT 29t > Bt
(K] 25 77 e 5% 70 B s il 8 2R B R - &2 H i 5E
tospovirus i #:3E K DIREH B A XL 22NN FE R 2 — ©
SR > L KIS 0 Bl R T 22 AR 2o bk » IFSRsR g
e 75 IMBEASH Bl - A2 FlAE A se sk o RIS IR e
G2 T B o SR SRR R SR 1 S R
FIFH 93 75 il i 220 ARER AR 753 R 2 1o sk - Rl
ZIRMPFRIE R 0 LT 2 ST Re T
WrgE - BLISEI A6 SLEE 007 2] i 7 ikl 12 2o -
{REAE PR 1155 2K > AN s R HOS REGE A LB /T
IS tospoviruses Jz HE B P EAEY) RNA 7R
MR T T e

ST R R o 3 B4 5 33 1] S (S Tt 1) SR B
JE

TEK FRAE )R RR 2R R ffgsf [ i (SR A0t AT 5T
EhiE RNA JR R E 2 - 3125 i SRR AN T)
Vi ErAp o DIEMY) & b RNA SRR IR R
A JEE IR AMRNE - HIZIEREY) EflE RNA %
7 N AT LUERS 2277 AIAFe B A ja s ERAR
A5 2 DL A 1 S TR R — 7T ER B S 7
(WSMoV) 3555 » JREGA T tospoviruses HY3H
[F3E (R o 2% Y bunyaviruses HsH A EEARE »
ST tospoviruses HY3M ] SE R P s FHAG SR » AT
DIFEFERZAEY) RNA SBEEHERI R B4 Y) RNA
A WA 7 M RN T (8 =) ©

KEENY) bunyaviruses HYTFZE R » i BN AL & H
I TR B BB LR R H E S 0 (H 2
tospoviruses H—{EHH {thH)¥) bunyaviruses FiZ G
NSm ZEH > [FIERWT EH AT MRS 5 B & st
RNA JR 7Y U ME S R 958 DI 1 2
7 =06 B 4 MM R R R 1 A R M b A
REUIE S Mg s VEsE R BRAER > h b R R RE bt H
AT AHE R IRIEAE 27 A Ehi: RNA 55 2341 1)
EE RN > BR T LUR ARG YR B 2R iRy /7 R
AR R At 0 3 AT DIOZE R (R hEn /7= g e
KRR A BRI AE I Bbit 987 & o (BuileE 2
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Fig. 3. Expression systems for developing a reverse genetics system of tospoviruses. A transgenic or agro-infiltrated plant,
expressing the N and L proteins, is used as a platform for developing the reverse genetics system. In the T7 RNA
polymerase expression system, VRNAs are in vitro transcribed and co-inoculated to the plant expressing viral proteins. In
contrast, three VRNAs are in vivo transcribed with 35S promoter-driven full-length cDNA constructs that are agro-
infiltrated onto the platform plants. The viral proteins bind to VRNAs and initiate the virus replication cycle.

TESRAERIENL » AT T7 FEH) 1345 A e s 5L KAy
virus-like RNA 58 2 A4 8 Gk e Y Be i iR R W 5
AR ) | s B 35S EEE) a1 RNA
AN T R - FEH RAR R ST X 2R
7 B AR b s 457 RS FEL AR IR A7 AT > B
AT U B B R S R L T 1% » (R A
HOEEL KA virus-like RNA 8 ZEHT A 5 i 7 5 R
cDNA #8238 » (T —20H cDNA #EE LR AR
HEADER o [FRHN - Jpe7EEE [KIFERY cDNA #8255 DL T7 ¥
B e o RIfEAERE e T ER - — 15N = AL K
RNA ##ggkE YRR &% RIS RBUW 7 B HRREY)
b5 BOKF 35S EEE) 1A e A AL NS cDNA RS

78 AR B M R R BN R E BRI D) b AR R
HESE BB R EE A > DI E C R B B AR

tospovirus JR AR H AR cDNA FESRFTAEL: » 42
37 tospovirus HH [ EERA ©

EEEERRE RNA JRERIITZER S m) i R
FRIENT » 1FLUEHR SR RS TIS A ~ 2988 SHRE »
T 5 BT 52 e 1 B w8 FLE A - IR SE A B bt RNA
T 7 BT FE A 22 22 [R) bk th A5 SERE B B B AOBIT 28 R8I s
SR > 1994 55— (B S ks ME RNAJEE ~ 1996
TR — (I8 25 (o6 TR RS ED ) £ WP ER N A5 7 (19308 [ i
AR - ABE 13 EARE R - &
JE R~ ANE R B B LI B ~ R Gn e (R R
EMZA PR RNA REGRIR - B %) 32 M &
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T RNA Ji5 2R BB B R A (D) » Hhale
A —Fl S RO R B MiPE RNA K55 » BEANEY) B
T RNA JiREEAIITSE » B T A Mg R DAL > HfE e
HOSERE rTRE AR E S -

TERR N30 [FE ER ML BT > AR 2RI EE R 2
5T ZUEN > BR T 215800 mEEE AT i RNA /Y cDNA 1%
o BHE RN R EEEIREEE - ML E
AR s bR TS RIEAEE I THIIF 2R TAE - B ERE5E Ak
T ERY R AR RO REY) L [R5 (unpublished) » LLR AT
PSR 55 PR B o #5887 tospovirus [
SR SEE R 0 bR T RESEE B BLA RS T S A
[KIfE DORE - 155 T s A sl 27 - MR 32 BLF R thie
NE L > TESE R H 7 REE A TURME ) L 4L T 1T
JERIRIZS o HLHBREE GBI EREY) B IE RNA iRy
Wrge/E P R A L o

AEER=ERS TENT Honl DEZE i = J8 UG JIVER B 7=
S EE R ZAHBRNEZE > AT B IR EHEZE B
it (NSC94-2313-B-005-003 ; NSC98-2313-B-005-
026-MY3) #8Efifilly » HitbEHt o
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ABSTRACT

Chang, H.-H.', Ku, H.-M.’, and Jan, F.-J. "*. 2009. Current progress and prospect of the reverse
genetics of plant negative-strand RNA viruses. Plant Pathol. Bull. 18: 201-216. (' Department of Plant
Pathology, National Chung Hsing University, Taichung, Taiwan; > Department of Agronomy, National
Chung Hsing University, Taichung, Taiwan; *Corresponding author, E-mail: fjjan@nchu.edu.tw, Fax:
+886-4-2285-4145)

The term, reverse genetics, is used in molecular virology to describe the generation of viruses
owning its genome derived from cDNA clones. Since the first development of a negative-strand RNA
virus entirely from cDNA clones in 1994, the reverse genetics system becomes a popular, reliable and
powerful tool for the negative-strand RNA viruses to dissect the virus life cycle, the role of viral
proteins and the interaction between viruses and hosts. To date, there is still no efficient routine
reverse genetics system for detailed molecular investigation and functional genomics elucidation of
any member of the plant negative-strand RNA viruses. In this article, we reviewed the recent studies
related to generating reverse genetics systems for negative-strand RNA viruses, and discussed the
development and application of the reverse genetics. The implementation and experience of
developing the reverse genetics of the animal negative-strand RNA viruses will help us to develop

that of the plant negative-strand RNA viruses and contribute enormously for the profound study.

Key words: reverse genetics, negative-strand RNA virus, Tospovirus



