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Abstract: Reverse transcription P C R (RT-PCR) is a popular method for detecting R N A viruses in 

plants. R T - P C R is usually performed i n a classical two-step procedure: i n the first step, c D N A 

is synthesized b y reverse transcriptase (RT), fo l lowed b y P C R amplification b y a thermostable 

polymerase i n a separate tube i n the second step. However, one-step kits containing mult iple 

enzymes optimized for RT and P C R amplification in a single tube can also be used. Here, we describe 

an RT-PCR single-enzyme assay based on an RTX D N A polymerase that has both RT and polymerase 

activities. The expression plasmid pET_RTX_(exo-) was transferred to various E. coli genotypes that 

either compensated for codon bias (Rosetta-gami 2) or contained additional chaperones to promote 

solubility (BL21 (DE3) w i t h plasmids pKJE8 or pTf2). The RTX enzyme was then purif ied and used 

for the RT-PCR assay. Several purif ied plant viruses (TMV, P V X , and P V Y ) were used to determine 

the efficiency of the assay compared to a commercial one-step RT-PCR kit. The RT-PCR assay w i t h 

the R T X enzyme was validated for the detection of viruses from different genera using both total 

R N A and crude sap from infected plants. The detection endpoint of R T X - P C R for purified T M V was 

estimated to be approximately 0.01 pg of the whole virus per 25 \xL reaction, corresponding to 6 virus 

particles/ \xL. Interestingly, the endpoint for detection of T M V from crude sap was also 0.01 p g per 

reaction i n simulated crude plant extracts. The longest R N A fragment that could be amplif ied i n a 

one-tube arrangement was 2379 bp long. The longest D N A fragment that could be amplified during 

a 10s extension was 6899 bp long. In total, we were able to detect 13 viruses from 11 genera using 

RTX-PCR. For each virus, two to three specific fragments were amplif ied. The RT-PCR assay using 

the RTX enzyme described here is a very robust, inexpensive, rapid, easy to perform, and sensitive 

single-enzyme assay for the detection of plant viruses. 

Keywords: virus detection; Tobamovirus; Potyvirus; Polerovirus; Luteovirus; Potexvirus; Nepovirus; 

Tritimovirus; Foveavirus; Capil lovirus; Trichovirus; RTX-PCR; one-step RT-PCR 

1. I n t r o d u c t i o n 

V i r a l diseases are a m a j o r c o n c e r n to sus ta inab le a g r i c u l t u r e w o r l d w i d e , as they 
are u b i q u i t o u s a n d cause c r o p losses. I n m a n y cases, c l i m a t e c h a n g e is l e a d i n g to a n 
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increase i n disease inc idence , host range, a n d pathogenic i ty [1-3]. Therefore, it is cr i t ica l to 
m o n i t o r p l a n t h e a l t h a n d detect v i r a l p a t h o g e n s (pathogens as a w h o l e ) u s i n g l o w i n p u t , 
s u f f i c i e n t l y sens i t ive a n d target-speci f ic t echniques . A w i d e range of v i r u s d i a g n o s t i c 
tools are a v a i l a b l e , i n c l u d i n g the o b s e r v a t i o n of s y m p t o m s i n i n d i c a t o r p l a n t s , e lec t ron 
microscopy, a n d m e t h o d s based o n the detect ion of v i r a l proteins (e.g., serological methods) 
a n d v i r a l n u c l e i c a c i d s (based o n D N A a m p l i f i c a t i o n or R N A - s e q ) . T e c h n i q u e s b a s e d o n 
a m p l i f i c a t i o n of nuc le ic a c i d , especia l ly those based o n P C R ( R T - P C R ) or / a n d quant i tat ive 
assay ( R T - q P C R ) , h a v e b e c o m e s t a n d a r d tools for v i r a l d i a g n o s t i c s o v e r the y e a r s (for a 
r e v i e w , see [4-6]). 

O n e of the m a i n concerns of P C R , e s p e c i a l l y the m e t h o d s b a s e d o n R T - P C R , is to 
p e r f o r m the assay i n one step, i.e., b o t h reverse t ranscr ipt ion a n d D N A p o l y m e r i z a t i o n i n a 
single tube react ion, to a v o i d cross-contaminat ion between samples . A n o t h e r c ruc ia l aspect 
for R N A v i r u s d e t e c t i o n is the t h e r m o s t a b i l i t y a n d r e l i a b i l i t y of the reverse t ranscr iptase 
u s e d for c D N A synthesis , espec ia l ly i n a one-step assay [7]. A n e levated react ion tempera
ture for c D N A synthesis is advantageous to overcome the s t rong secondary structures that 
are o f ten present i n R N A v i r u s genomes ; h o w e v e r , at the same t i m e , m o s t n a t u r a l reverse 
transcriptases are not thermostable enzymes [7]. To overcome this p r o b l e m , A n d r e w E l l i n g 
ton 's g r o u p u s e d the s trategy of i n v i t r o e v o l u t i o n a n d d e v e l o p e d a n o v e l v a r i a n t of the 
thermostable D N A p o l y m e r a s e K O D , o r i g i n a l l y f o u n d i n the h y p e r t h e r m o p h i l i c archaeon 
Thermococcus kodakarensis. T h e n o v e l x e n o p o l y m e r a s e / r e v e r s e t ranscr iptase w a s n a m e d 
R T X [8]. T h e e n z y m e is stable at t e m p e r a t u r e s u p to 98 °C a n d has p r o o f r e a d i n g a c t i v i t y 
u n i q u e to reverse transcr iptase for b o t h D N A a n d R N A templates [8]. Therefore , the R T X 
e n z y m e is w e l l s u i t e d for the d i rec t a m p l i f i c a t i o n of D N A f r o m a n R N A t e m p l a t e i n a 
s i n g l e - e n z y m e reverse- t ranscr ipt ion p o l y m e r a s e c h a i n react ion ( s ing le -enzyme R T X - P C R ) , 
as w e l l as f r o m a D N A templa te . T h e t r a d i t i o n a l R T X - b a s e d one-step R T - P C R has b e e n 
s h o w n to be m o r e effect ive t h a n assays b a s e d o n r e t r o v i r a l R T a n d t h e r m o s t a b l e D N A 
polymerase [9]. R T X has a h i g h process iv i ty for R N A templates , a n d fragments larger than 
5 k b c a n be a m p l i f i e d d u r i n g R T - P C R [8]. 

In this w o r k , w e describe the p u r i f i c a t i o n pro toco l for the R T X e n z y m e a n d its a p p l i c a 
t i o n for the d e t e c t i o n of R N A p l a n t v i r u s e s f r o m di f ferent genera i n d i v e r s e c r o p p l a n t s , 
i n c l u d i n g b o t h m o n o c o t y l e d o n s a n d d i c o t y l e d o n s (both a n n u a l a n d p e r e n n i a l crops) . The 
detec t ion e f f i c iency a n d e n d p o i n t d e t e c t i o n l i m i t of the one-step (one e n z y m e ) R T X - P C R 
assay are a l so d e s c r i b e d a n d d i s c u s s e d . To o u r k n o w l e d g e , this is the f irst repor t of a n 
R T X - b a s e d assay for the detec t ion of p l a n t v i ruses . 

2. Materials and Methods 
2.1. Expression and Purification of Recombinant RTX 

The e x p r e s s i o n p l a s m i d p E T _ R T X _ ( e x o - ) w a s k i n d l y p r o v i d e d b y A n d r e w E l l i n g t o n 
( A d d g e n e P l a s m i d # 102786). T h e p l a s m i d w a s t rans fer red v i a the heat s h o c k m e t h o d 
to d i f fe rent E. coli g e n o t y p e s [10]: B L 2 1 ( D E 3 ) ; R o s e t t a - g a m i 2 (DE3) ( N o v a g e n ) , c a r r y i n g 
a d d i t i o n a l t R N A genes that compensate for the c o d o n bias of E. coli; a n d B L 2 1 (DE3) cells , 
c a r r y i n g the p l a s m i d s p G - K J E 8 a n d p G - T f 2 (Takara , Japan) , w h i c h p r o v i d e a d d i t i o n a l 
c h a p e r o n e s that m a y i m p r o v e the s o l u b l e p r o t e i n y i e l d . S i n g l e co lon ies w e r e u s e d to 
i n o c u l a t e 4 m L c u l t u r e s of L B m e d i a c o n t a i n i n g the a p p r o p r i a t e ant ib io t i cs a n d w e r e 
g r o w n o v e r n i g h t at 37 ° C a n d 200 R P M . T h e s a t u r a t e d c u l t u r e s w e r e u s e d to i n o c u l a t e 
200 m L of D y n a m i t e m e d i a [11] c o n t a i n i n g the a p p r o p r i a t e ant ib io t i cs a n d 0.05% A F 2 0 4 
a n t i f o a m (Sigma) i n 1 L w i d e - m o u t h P E T bottles. W h e n the O D 6 0 0 reached a p p r o x i m a t e l y 
0.4, c h a p e r o n e p r o d u c t i o n w a s i n d u c e d b y a d d i n g L - a r a b i n o s e ( B i o s y n t h , Sankt G a l l e n , 
S w i t z e r l a n d ) at a f i n a l c o n c e n t r a t i o n of 0 .1% ( p G - T f 2 ) or b y a d d i n g 0 .1% arab inose a n d 
5 n g / m L tetracycline (pG-Kje8) . A f t e r a n a d d i t i o n a l h o u r of i n c u b a t i o n at 37 ° C , a l l cultures 
were r e m o v e d a n d p l a c e d o n ice for 10 m i n to coo l . P r o t e i n express ion w a s i n d u c e d b y the 
a d d i t i o n of I P T G ( B i o s y n t h , Sankt G a l l e n , S w i t z e r l a n d ) at a f i n a l concentra t ion of 0.5 m M . 
The cul tures w e r e s h a k e n o v e r n i g h t at 200 R P M a n d m a i n t a i n e d at 22 ° C . F i n a l l y , the cells 
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w e r e h a r v e s t e d b y cent r i fugat ion at 4000 x g for 20 m i n i n 50 m L F a l c o n tubes. T h e pel lets 
w e r e w e i g h e d a n d f r o z e n for fur ther process ing . 

The e n z y m e w a s p u r i f i e d u s i n g a c o m b i n a t i o n of heat treatment, D N A p r e c i p i t a t i o n , 
a n d D N a s e treatment a n d ethanol prec ip i ta t ion , s i m i l a r to the p r e v i o u s l y descr ibed m e t h o d 
u s e d for Taq p o l y m e r a s e [12]. Brief ly, the ce l l pellets were r e s u s p e n d e d i n buffer A (50 m M 
T r i s - H C l , p H 7.9; 50 m M dextrose , 1 m M E D T A , 1 m M P M S F , 10 m L p e r 1 g). C e l l l y s i s 
w a s s u p p o r t e d b y the a d d i t i o n of 1 v o l u m e of lys is buffer (10 m M T r i s - H C l , p H 7.9; 50 m M 
K C l , 1 m M E D T A , 1 m M D T T , 1 m M P M S F , 0.5% T w e e n 20, 0.5% N o n i d e t P40) , 1:100 
of the v o l u m e of C e l l L y t i c B c e l l l y s i s reagent ( S i g m a . St. L o u i s , M O , U S A ) , 0.3 m g / m L 
hen ' s e g g l y s o z y m e (S igma) , a n d 3 f r e e z e - t h a w cycles . T h e lysates w e r e h e a t e d i n a 
w a t e r b a t h at 75 ° C for 20 m i n a n d the p r e c i p i t a t e d E. coli p r o t e i n s w e r e r e m o v e d b y 
centr i fugat ion (20 m i n at 15,000 x g). S t reptomyc in sulphate (Sigma) w a s a d d e d s l o w l y to a 
total concentrat ion of 0.5 g /100 m L lysate. D N a s e (Thermo Scientif ic , W a l t h a m , M A , U S A ) 
a n d 10 m M M n C 1 2 were a d d e d to the supernatant a n d the react ion w a s i n c u b a t e d at 37 °C 
for 30 m i n . The D N a s e w a s deac t iva ted b y heat treatment (75 °C for 20 m i n ) a n d r e m o v e d 
b y c e n t r i f u g a t i o n (20 m i n at 15,000 x g). F i n a l l y , R T X p o l y m e r a s e w a s p r e c i p i t a t e d b y the 
a d d i t i o n of e t h a n o l to a f i n a l c o n c e n t r a t i o n of 50%. T h e tubes w e r e i n c u b a t e d o n ice for 
1 h , a n d the p r e c i p i t a t e d p r o t e i n w a s r e s u s p e n d e d i n 10 m L of s torage buf fe r (50 m M 
T r i s - H C l , p H 7.9,50 m M K C l , 0.1 m M E D T A , 1 m M D T T , 0.1% N o n i d e t P40, 0.1% T w e e n 20, 
50% glycerol ) . 

2.2. Virus Sources 

Three p u r i f i e d v i r u s e s — T o b a c c o m o s a i c v i r u s ( T M V , U l s t r a i n , g e n u s T o b a m o v i r u s , 
accession n u m b e r NC_001367.1) , Potato v i r u s X ( P V X , genus P o t e x v i r u s , accession n u m b e r 
AY297843.1) , a n d Pota to v i r u s Y ( P V Y , N T N s t r a i n , g e n u s P o t y v i r u s , access ion n u m b e r 
A Y 1 6 6 8 6 6 . 1 ) — w e r e m a i n t a i n e d i n the L a b o r a t o r y of V i r o l o g y at the Inst i tute of E x p e r 
i m e n t a l B o t a n y ( I E B - C A S ) i n P r a g u e , C z e c h R e p u b l i c . O t h e r v i r u s e s , n a m e l y Tobacco 
r ingspot v i r u s (TRSV, genus N e p o v i r u s , accession n u m b e r KP144325), T u r n i p mosaic v i r u s 
( T u M V , g e n u s P o t y v i r u s , access ion n u m b e r s u b m i t t e d to N C B I ) , T u r n i p y e l l o w s v i r u s 
( T u Y V , g e n u s P o l e r o v i r u s , access ion n u m b e r s u b m i t t e d to N C B I ) , B a r l e y y e l l o w d w a r f 
v i r u s ( B Y D V - P A V , g e n u s L u t e o v i r u s , access ion n u m b e r FJ645745), W h e a t streak m o s a i c 
v i r u s ( W S M V , g e n u s T r i t i m o v i r u s , access ion n u m b e r FJ216408), A p p l e s t e m p i t t i n g v i r u s 
( A S P V , genus F o v e a v i r u s , accession n u m b e r FJ970958), A p p l e s tem g r o o v i n g v i r u s ( A S G V , 
g e n u s C a p i l l o v i r u s , access ion n u m b e r FJ952161), P l u m p o x v i r u s ( P P V , g e n u s P o t y v i r u s , 
access ion n u m b e r FJ842716), A p p l e c h l o r o t i c leaf spot v i r u s ( A C L S V , g e n u s T r i c h o v i r u s , 
accession n u m b e r FJ952168), a n d P r u n e d w a r f v i r u s ( P D V , genus I l a r v i r u s , accession n u m 
ber FJ842698I) w e r e o b t a i n e d f r o m the m i c r o o r g a n i s m s c o l l e c t i o n of the C r o p Research 
Institute, P r a g u e , C z e c h R e p u b l i c . 

2.3. Sample Preparation for Virus Detection (RNA Isolation, Virus Purification, and Crude 
Sap Preparation) 

2.3.1. V i r u s P u r i f i c a t i o n 

Three v i r u s e s ( T M V , P V X , a n d P V Y ) w e r e p u r i f i e d f r o m the i n f e c t e d leaves of Nico-
tiana benthamiana a c c o r d i n g to the p r o c e d u r e s o u t l i n e d b y B r u e n i n g et a l . [13] ( T M V ) a n d 
C e f o v s k ä et a l . [14] ( P V X a n d P V Y ) . T h e p l a n t s w e r e g r o w n u n d e r L E D i l l u m i n a t i o n w i t h 
16 h of d a y l i g h t , essent ia l ly as d e s c r i b e d b y J a n d a et a l . [15]. T h e concent ra t ions of the 
p u r i f i e d v i ruses were es t imated u s i n g a N a n o D r o p (Thermo Scientif ic W a l t h a m , M A , U S A ) 
spectrophotometer a n d ca lcula ted u s i n g the c o r r e s p o n d i n g m o l a r ext inc t ion coefficients at 
A 2 6 0 [16]. T h e concent ra t ions of p u r i f i e d T M V , P V X , a n d P V Y v i r u s e s w e r e a d j u s t e d to 
10 n g / | x L i n P B S a n d t h e n s e r i a l l y d i l u t e d f r o m 1 0 _ 1 n g / i x L to K T 1 0 n g / i x L i n P B S . 

2.3.2. R N A Isolat ion 

Total R N A w a s extracted u s i n g T R I z o l reagent (Thermo Scientif ic , W a l t h a m , M A , U S A ) 
according to the manufac turer ' s instruct ions . O n e m i l l i l i t r e of T R I z o l reagent w a s a d d e d to 
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100 m g of h o m o g e n i z e d p l a n t t issue a n d m i x e d b y p i p e t t i n g . T h e n , 200 IAL of c h l o r o f o r m 
w a s a d d e d to the tube, m i x e d b y s h a k i n g , a n d i n c u b a t e d for 2-3 m i n at r o o m temperature . 
The samples w e r e c e n t r i f u g e d at 12,000 x g for 15 m i n at 4 ° C to separate the supernatant . 
A f t e r c e n t r i f u g a t i o n , the u p p e r a q u e o u s phase w a s t ransferred to a f resh tube a n d 500 |xL 
of i s o p r o p a n o l w a s a d d e d a n d i n c u b a t e d for 10 m i n at 4 ° C to prec ip i ta te the R N A . A f t e r 
another cent r i fugat ion for 10 m i n at 12,000 x g at 4 ° C , the supernatant w a s d i s c a r d e d a n d 
the R N A pel let w a s r e s u s p e n d e d i n 1 m L of 75% e thanol b y br ie f v o r t e x i n g to r e m o v e the 
salts a n d organic res idues . The tube w a s then centr i fuged at 7500 x g for 5 m i n at 4 ° C , the 
supernatant w a s d i s c a r d e d , a n d the R N A pel le t w a s d r i e d for 10-15 m i n . T h e pe l le t w a s 
then r e - s u s p e n d e d i n 50 IAL of R N a s e - f r e e w a t e r b y i n c u b a t i o n at 55 °C for 10 m i n . 

T h e c o n c e n t r a t i o n a n d p u r i t y of the i so la ted R N A w a s t h e n m e a s u r e d spec t rophoto -
m e t r i c a l l y ( N a n o D r o p 2000; T h e r m o Scienti f ic , W a l t h a m , M A , U S A ) . 

2.3.3. C r u d e Sap P r e p a r a t i o n 

T w o types of s a m p l e p r e p a r a t i o n w e r e p e r f o r m e d . 
F i rs t , the p u r i f i e d v i r u s e s ( T M V , P V X , a n d P V Y ) w e r e m i x e d w i t h f r e s h l y h a r v e s t e d 

virus-free leaves of Nicotiana benthamiana that were c r u s h e d i n c rude extract ion buffer (1:40 
(w/v); 0.5 M Tris H C 1 p H 8.3 c o n t a i n i n g 0.15 M N a C l , 0.05% T w e e n 20, 2% P V P 4 0 , 1 % P E G 
6000, a n d 0.003 M N a N 3 ) . T h e c r u d e p l a n t sap i n the e x t r a c t i o n b u f f e r w a s d i v i d e d i n t o 
four a l iquots a n d the p u r i f i e d T M V , P V X , a n d P V Y were each a d d e d to a n a l iquot at a f i n a l 
c o n c e n t r a t i o n of 1 n g / |xL, w h i l e the r e m a i n i n g a l i q u o t s e r v e d as a n e g a t i v e c o n t r o l . A l l 
a l i q u o t s w e r e d i v i d e d i n t o t w o batches , a n d one b a t c h w a s c e n t r i f u g e d at 10,000 x g for 
10 m i n to r e m o v e p l a n t ce l l d e b r i s , w h i l e the s e c o n d b a t c h w a s left u n p r o c e s s e d . W e then 
p e r f o r m e d s i n g l e - e n z y m e R T X - P C R analys is w i t h the a p p r o p r i a t e p r i m e r s , u s i n g p u r i f i e d 
v i r u s i n P B S at a f i n a l c o n c e n t r a t i o n of 1 n g / i i L as a p o s i t i v e c o n t r o l . T h e s a m p l e s w i t h 
p u r i f i e d T M V were also processed u s i n g a c o m m e r c i a l one-step R T - P C R k i t for c o m p a r i s o n . 

S e c o n d , w e u s e d the c r u d e sap extrac ted f r o m T M V - i n f e c t e d N. benthamiana. O n e 
h u n d r e d m i l l i g r a m s of leaf tissue were h o m o g e n i z e d i n a 2 m L tube w i t h ceramic g r i n d i n g 
b e a d s u s i n g a M P B i o Fas tPrep-24 h o m o g e n i z e r . T h e tubes w e r e pre t rea ted i n l i q u i d 
n i t r o g e n . A l t e r n a t i v e l y , l a rger s a m p l e s w e r e h o m o g e n i z e d i n a p r e - c o o l e d m o r t a r w i t h 
a pest le . T h e h o m o g e n i z e d p l a n t m a t e r i a l s w e r e t h e n s u s p e n d e d i n 800 |xL of the c r u d e 
e x t r a c t i o n buf fe r m e n t i o n e d above . T h e s u s p e n s i o n s w e r e t h e n c e n t r i f u g e d at 10,000 x g 
for 10 m i n a n d the supernatants w e r e s e r i a l l y d i l u t e d f r o m 1 0 _ 1 to 1 0 ~ 5 w i t h the h e a l t h y 
c r u d e extracts f o r each v i r u s - i n f e c t e d s a m p l e . A 1 |xL s u s p e n s i o n of each d i l u t i o n w a s 
u s e d as a template for the o n e - e n z y m e R T X - P C R assay a n d for the one-step R T - P C R k i t as 
a c o m p a r i s o n . 

2.4. One-Step RT-PCR with RTX and Commercial Qiagen One-Step Kit 

2.4.1. O n e - E n z y m e R T X - P C R 

O n e - e n z y m e R T - P C R w i t h R T X w a s p e r f o r m e d as f o l l o w s : a n R T X reac t ion m i x t u r e 
c o n t a i n i n g 2.5 IAL of the R T b u f f e r (250 m M T r i s - H C l , 375 m M K C 1 , 15 m M M a C l 2 , a n d 
100 m M D T T p H 8.3; the p H of the R T buf fer is c r i t i c a l for a success fu l R T X - P C R reac t ion 
a n d s h o u l d be m e a s u r e d before a d d i n g D T T ) , 1 |xL of d N T P m i x t u r e (10 m M / L d N T P s ) , 
0.3 IJ.L of R T X e n z y m e , 2 |xL of 100 m M ( N F L ^ S O ^ 2 io.L of u p s t r e a m a n d d o w n s t r e a m 
p r i m e r m i x t u r e s (100 m M ; see S u p p l e m e n t a r y Table SI [17-38]), 1000 n g / | x L of tota l p l a n t 
R N A (or p u r i f i e d v i r a l R N A or c r u d e sap) w a s p r e p a r e d . T h e m i x t u r e w a s a d j u s t e d to 
25 |i.L w i t h RNase- f ree water . 

The react ion i n the c lass ica l (basic) setup w a s p e r f o r m e d i n a t h e r m o c y c l e r ( B i o - R a d , 
H e r c u l e s , C A , U S A ) as f o l l o w s : a n R T step at 68 ° C for 30 m i n a n d t h e n 33 cycles of 98 °C 
for 10 s (denatura t ion) , 55-60 ° C (based o n the p r i m e r p a i r , see S u p p l e m e n t a r y Table SI) 
for 20 s (anneal ing) , a n d 72 °C for 10-20 s (extension, based o n the l e n g t h of the a m p l i f i e d 
f ragment) . A f t e r the last cyc le , a f i n a l ex tens ion step w a s a d d e d at 72 ° C for 10 m i n . 

F o r the q u a n t i t a t i v e R T - q P C R s e t u p , the reac t ion c o n d i t i o n s w e r e as f o l l o w s : 2 |xL 
5 x buffer (300 m M T r i s - H C l , 12.5 m M ( N H 4 ) 2 S 0 4 , 50 m M K C 1 , 1 0 m M M g S Q 4 , 2.5 m M 
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betaine, p H 8.4), 0.4 i i L 10 m M d N T P m i x t u r e , 0.5 i i L 100 m M D T T , 0.25 i i L E v a G r e e n d y e 
( B i o t i u m , L a b m a r k , C z e c h R e p u b l i c ) , 0.5 I J L of each 10 m M p r i m e r , 30 n g of R T X exo-, a n d 
2.5 |i.L of t e m p l a t e (10 n g / | x L - 0 . 1 p g / I A L T M V ) , i n a to ta l v o l u m e of 10 I A L . T h e react ions 
w e r e p e r f o r m e d u s i n g a R o c h e L i g h t C y c l e r 480 II. 

2.4.2. One-S tep R T - P C R w i t h the K i t 

One-s tep R T - P C R w a s p e r f o r m e d u s i n g a one-step R T - P C R k i t (Qiagen) as f o l l o w s : A 
one-step m i x t u r e for R T - P C R c o n t a i n i n g 5 i i L of 5 x Q i a g e n one-step buf fer R T - P C R , 1 i i L 
of d N T P m i x t u r e (10 m m o l / 1 d N T P s ) , 1 |iL of Q i a g e n one-step e n z y m e m i x t u r e R T - P C R , 
1 |xL of Q s o l u t i o n , 2 |xL of u p s t r e a m a n d d o w n s t r e a m p r i m e r m i x t u r e s (100 m M ; see 
S u p p l e m e n t a r y Table SI ) , a n d 1000 n g of R N A (or p u r i f i e d v i r a l R N A or c r u d e juice) w a s 
p r e p a r e d . T h e m i x t u r e w a s a d j u s t e d to 25 |xL w i t h R N a s e - f r e e water . T h e reac t ion w a s 
p e r f o r m e d i n a t h e r m o c y c l e r ( B i o - R a d , H e r c u l e s , C A , U S A ) as f o l l o w s : a R T step at 50 °C 
for 30 m i n a n d a f irst P C R a c t i v a t i o n step at 95 °C for 15 m i n , t h e n 33 cycles of 94 °C for 
30 s (denaturat ion) , 55 ° C for 45 s (anneal ing) , a n d 72 ° C for 80 s (extension). A f t e r the last 
cyc le , a f i n a l ex tens ion step w a s a d d e d at 72 ° C for 10 m i n . 

3. Results and Discussion 

3.1. RTX Enzyme Purification 

D r . A n d r e w E l l i n g t o n ' s g r o u p has d e s c r i b e d severa l protocols for the e x p r e s s i o n a n d 
p u r i f i c a t i o n of the R T X e n z y m e f r o m E. coli [8,39]. W e a d a p t e d a n d m o d i f i e d the protocols 
s l i g h t l y to (a) o p t i m i z e the y i e l d of the s o l u b l e e n z y m e a n d (b) a l l o w for the p r o d u c t i o n 
of the p u r i f i e d e n z y m e i n laborator ies that l ack the necessary e q u i p m e n t a n d expert ise i n 
p r o t e i n c h r o m a t o g r a p h y . 

To th is e n d , w e u s e d r i c h D y n a m i t e m e d i a [11], w h i c h s u p p o r t s bac ter ia l g r o w t h 
at v e r y h i g h dens i t ies . T h e f l a t - b o t t o m e d glass E r l e n m e y e r f lasks w e p r e v i o u s l y u s e d 
p r o v i d e l i m i t e d aera t ion of the bacter ia l cu l ture , r e s u l t i n g i n p o o r g r o w t h a n d a l o w y i e l d 
of s o l u b l e R T X p r o t e i n . W e tested the s u i t a b i l i t y of a l te rnat ive f e r m e n t a t i o n vesse ls—1 L 
P E T d i s p o s a b l e w i d e - m o u t h bott les . These bott les are a p p r o x i m a t e l y the s a m e d i a m e t e r 
as 250 m L E r l e n m e y e r f lasks ; h o w e v e r , the b a f f l e d b o t t o m grea t ly i m p r o v e s aera t ion . I n 
a n i n i t i a l e x p e r i m e n t , w e c o m p a r e d the to ta l bac ter ia l b i o m a s s y i e l d i n glass E r l e n m e y e r 
f lasks w i t h the P E T p las t i c bott les . F i v e m i l l i l i t r e s of a sa tura ted o v e r n i g h t c u l t u r e of B L 
21 cel ls w i t h p E T R T X exo+ w a s u s e d to inocula te 11 of D y n a m i t e m e d i u m . T h e m e d i u m 
w a s t h e n d i v i d e d b e t w e e n 250 m L E r l e n m e y e r f lasks (50 a n d 100 m L cul tures) a n d P E T 
bott les (50 ,100 ,150 , a n d 200 m L cul tures) . A f t e r 3 h at 37 ° C , the cu l tures w e r e s h i f t e d to 
21 ° C to o b t a i n h i g h e r a m o u n t s of ac t ive p r o t e i n a n d i n d u c e d w i t h 0.5 m M I P T G . A f t e r 
18 h , the O D s w e r e m e a s u r e d . A s s h o w n i n F i g u r e 1 A , C , b i o m a s s p r o d u c t i o n p e r 1 m L 
w a s h i g h e r i n the p las t i c f lasks . E v e n a s m a l l c u l t u r e v o l u m e of 50 m L i n the glass f lasks 
p r o d u c e d a p p r o x i m a t e l y the same b i o m a s s p e r 1 m L as the largest (200 m L ) tota l v o l u m e 
i n p las t i c bott les . T h e S D S - P A G E a n a l y s i s s h o w e d a s i m i l a r y i e l d of s o l u b l e R T X p r o t e i n 
i n a l l s a m p l e s . F o r f u r t h e r w o r k , w e u s e d the p las t i c f lasks c o n t a i n i n g 150 or 200 m L of 
cu l ture m e d i u m . 

N e x t , w e h y p o t h e s i s e d that the y i e l d of s o l u b l e R T X p r o t e i n c o u l d be i m p r o v e d 
ei ther b y c o - e x p r e s s i o n w i t h m o l e c u l a r c h a p e r o n e s or b y e n h a n c i n g the c o d o n b ias . T h e 
p E T - R T X exo+ p l a s m i d w a s t r a n s f o r m e d i n t o B L 2 1 D E 3 cel ls , B L 21 R o s e t t a - g a m i 2 cells 
( N o v a g e n ) , a n d B L 2 1 cells w i t h the chaperone-express ing p l a s m i d s p G - K J E 8 ( d n a J / K a n d 
G r o E s / G r o E L c h a p e r o n e s , Takara) a n d p G - T f 2 ( G r o E s / G r o E L , t i g chaperones , Takara) . 
A f t e r 1 h of the i n d u c t i o n of chaperone express ion w i t h either arabinose alone or arabinose 
w i t h tetracycl ine , the cul tures w e r e c o o l e d to 21 °C a n d R T X e x p r e s s i o n w a s p r o m p t e d b y 
a d d i n g 0.5 m M I P T G . S a m p l e s co l l ec ted after 18 h at 21 ° C w e r e subjected to S D S - P A G E 
a n d densi tometr ic analys is . W h i l e the total y i e l d a n d the percentage of soluble R T X e n z y m e 
i n B L 21 a n d Roset ta-gami 2 cells were a lmost ident ica l (43 a n d 42%, respect ively) , the cells 
w i t h the p G - K J e 8 p l a s m i d s h o w e d a s l i g h t i m p r o v e m e n t i n b o t h the to ta l y i e l d a n d the 
percentage of so luble p r o t e i n (48%). H o w e v e r , for rout ine express ion, w e chose B L -21 cells 
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w i t h the p G - T f 2 helper p l a s m i d , w h i c h resul ted i n the highest total b iomass y i e l d . A l t h o u g h 
the ra t io of s o l u b l e R T X p r o t e i n w a s l o w e s t i n B L -21 p G - T f 2 , th is w a s c o m p e n s a t e d for 
b y the i m p r o v e d o v e r a l l p r o t e i n express ion . B a s e d o n the C h e m i D o c M P i m a g i n g s y s t e m 
sof tware a n a l y s i s ( B i o r a d , H e r c u l e s , C A , U S A ) , a p p r o x i m a t e l y 90% m o r e s o l u b l e R T X 
p r o t e i n w a s extracted f r o m the same v o l u m e of c u l t u r e t h a n f r o m n o r m a l B L 2 1 D E 3 cells 
(F igure 1B,C) . 

Cultivation vessel and biomass production 
A Erlenmeyer 0 PET 

Q 
o 

B pET RTX exo + 
+ pKje8 +Ro5ettagami2 +pG-Tf2 
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Figure 1. Characterization of the RTX exo- polymerase. (A) Biomass production measured as OD600 
i n either 250 m L Erlenmeyer flasks or 1 1 PET flasks. O D s were measured 18 h after induct ion at 
saturation. (B) Coomassie blue-stained SDS-PAGE gel showing RTX expression and soluble/insoluble 
fraction ratios for BL -21 pKJe8, Rosetta-gami 2, and pG-Tf2 cells. For comparison, 70 ng of purified 
R T X enzyme was loaded into the last lane. The calculated molecular weight of the R T X enzyme 
was 90 k D a . The band corresponding to the full-size R T X enzyme is indicated b y an asterisk. 
(C) Densitometric analysis of total RTX expression and partitioning between soluble and insoluble 
fractions. (D) Estimation of R T X enzyme concentration by densitometry. K n o w n concentrations of 
B S A were used to generate a calibration curve that was used to calculate the amount of RTX exo- i n 
the concentrated enzyme stock solution. 

A f t e r f i n d i n g the o p t i m a l g r o w t h c o n d i t i o n s f o r R T X e x p r e s s i o n , w e p r o c e e d e d to 
p r o t e i n p u r i f i c a t i o n . T h e e n z y m e w a s p u r i f i e d essent ia l ly as d e s c r i b e d i n C h e n et a l . [12]. 
The R T X p r o t e i n concentrat ion i n the f ina l extract w a s est imated u s i n g densi tometr ic analy
sis b y S D S - P A G E against a B S A s t a n d a r d c u r v e u s i n g the C h e m i D o c M P i m a g i n g s y s t e m 
sof tware ( F i g u r e I D ) . T h e f i n a l y i e l d of the e n z y m e w a s e s t i m a t e d to be 8.5 m g / 1 0 0 m L 
of m e d i u m . D N A p o l y m e r a s e a c t i v i t y w a s e s t i m a t e d b y t i t r a t i o n against D r e a m T a q a n d 
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P h u s i o n ™ H i g h - F i d e l i t y D N A P o l y m e r a s e ( T h e r m o Scienti f ic , W a l t h a m , M A , U S A ) u s i n g 
a p l a s m i d c o n t a i n i n g a n infect ious T M V clone a n d p r i m e r s a m p l i f y i n g a 943 b p l o n g a m p l i -
c o n ( S u p p l e m e n t a r y F i g u r e SI) . T h e es t imated a c t i v i t y w a s 40,000 U p e r 1 m g of p u r i f i e d 
e n z y m e . W e d i l u t e d the e n z y m e to 125 u g / m L w i t h the storage buffer . A l i q u o t s of 1 m L 
were stored at — 78 °C. W o r k i n g a l iquots were stored i n a s t a n d a r d — 20 °C freezer. W e d i d 
not observe a n y r e d u c t i o n i n a c t i v i t y after 1 y e a r of s torage i n the freezer o r after 2 d a y s 
at r o o m t e m p e r a t u r e . I n th is w o r k , w e u s e d 40 n g of the e n z y m e i n a s t a n d a r d R T - P C R 
react ion m i x t u r e of 25 u L . T h i s p r o t o c o l a v o i d s b o t h c h r o m a t o g r a p h y a n d d i a l y s i s a n d can 
be p e r f o r m e d i n a n y l a b o r a t o r y w i t h a s h a k e r i n c u b a t o r a n d cent r i fuge . P u r i f i c a t i o n i n 
one d a y y i e l d s e n o u g h e n z y m e to p e r f o r m a p p r o x i m a t e l y 500,000 R T - P C R reactions f r o m 
200 m L of cu l ture m e d i u m . 

3.2. Efficiency of Virus Detection with Purified Viruses 

W e u s e d three p u r i f i e d v i r u s e s ( P V X , P V Y , a n d T M V ) to d e t e r m i n e the d e t e c t i o n 
l i m i t s of b o t h R T X a n d the c o m m e r c i a l one-step R T - P C R k i t . T h e react ions w i t h the R T X 
e n z y m e p r o v i d e d suf f ic ient s e n s i t i v i t y to r e l i a b l y detect 1 p g of P V X a n d P V Y or 0.01 p g 
of T M V p e r reac t ion ( F i g u r e 2). T h e d e t e c t i o n l i m i t for T M V w a s i n the range of a b o u t 
s ix v i r u s par t i c l es p e r 1 u L of reac t ion m i x t u r e , 70 v i r u s par t i c les p e r 1 u L for P V X , a n d 
a p p r o x i m a t e l y 400 v i r u s par t i c les p e r 1 u L for P V Y . F o r T M V , the de tec t ion l i m i t s of R T X 
a n d the c o m m e r c i a l one-step R T - P C R k i t ( Q i a g e n , H i l d e n , G e r m a n y ) w e r e c o m p a r e d . I n 
this c o m p a r i s o n , the sens i t iv i ty of the R T X react ion w a s s l i g h t l y h i g h e r than the sens i t iv i ty 
of the one-step k i t ( a p p r o x i m a t e l y 1 p g p e r r e a c t i o n v s . 0.01 p g i n the R T X - b a s e d assay, 
see F i g u r e 2). T h e s e n s i t i v i t y of the R T X - b a s e d assay is at least a n o r d e r of m a g n i t u d e 
higher than the sensit ivit ies reported i n the l i terature for s i m i l a r protocols , s u c h as s tandard 
R T - P C R [40] (1 p g for P V Y ) , n o n - i s o t o p i c m o l e c u l a r h y b r i d i z a t i o n [41] (5 p g ) , o r one-step 
R T - P C R [42] (5 p g ) . A l t h o u g h w e d i d not achieve s u c h h i g h s e n s i t i v i t y i n the detec t ion of 
P V X a n d P V Y , these are s t i l l v e r y l o w thresholds that are consistent w i t h the va lues reported 
i n the l i terature a n d are u s e f u l for most prac t i ca l purposes . W e hypothes ise that the h i g h e r 
s e n s i t i v i t y of T M V d e t e c t i o n c o m p a r e d to P V X or P V Y m a y be the resul t of a c o m p l e x 
re la t ionship b e t w e e n the p r i m e r s a n d template sequences a n d the v i r a l par t ic le shape a n d 
stabi l i ty . T h e r o d - s h a p e d T M V par t i c les are a l so less p r o n e to aggregate f o r m a t i o n ; s u c h 
aggregates m i g h t interfere w i t h the genera t ion of accurate d i l u t i o n series. 

M TMV.RTXexo- M ™ V ' O S K 

10 1 10-' 10-2 10-3 10-410-5 10-8 10-710-3 0 10 1 10-1 10-2 10-3 10-" 10-£ 10-9 10M0 S 0 
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Figure 2. Determination of the detection l imit of R T X - P C R b y serial di lut ion. The marker i n the 
left lane is the GeneRuler 100 bp Plus D N A Ladder from Thermo Scientific (Waltham, M A , U S A ) , 
followed by a 10-fold serial dilution of T M V or P V X , respectively. P V Y GeneRuler 1 kb D N A marker 
was used. The starting concentration was 10 n g of virus per 25 nL reaction. The upper right panel 
shows the di lut ion series of T M V amplified using the one-step RT-PCR kit (Qiagen). The size of the 
expected P C R amplicons is indicated on the left. 
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N e x t , w e s o u g h t to est imate the m a x i m u m l e n g t h of R N A p r o d u c t that w e c o u l d 
a m p l i f y w i t h R T X po lymerase i n a single-tube reaction setup. For this exper iment , w e used 
1 (0.L of a p u r i f i e d T M V p r e p a r a t i o n c o n t a i n i n g 10 n g / u L as the s t a n d a r d templa te for a l l 
react ions . A l l react ions c o n t a i n e d a n i d e n t i c a l reverse p r i m e r that a n n e a l e d to the 3 ' N T R 
r e g i o n of the v i r a l R N A a n d a u n i q u e sense p r i m e r to y i e l d P C R a m p l i c o n s of i n c r e a s i n g 
size (425 b p , 624 b p , 787 b p , 1101 b p , 1447 b p , 2379 b p , 2779 b p , a n d 3304 bp). For the i n i t i a l 
e x p e r i m e n t s , w e u s e d a s t a n d a r d 30 m i n reverse t r a n s c r i p t i o n . T h e m a x i m u m s ize of the 
a m p l i c o n w a s 1101 b p . A f t e r e x t e n d i n g the R T step to 70 m i n , the l e n g t h of the longes t 
a m p l i c o n i n c r e a s e d to 2379 b p . F u r t h e r e x t e n s i o n of the R T step b e y o n d 70 m i n d i d not 
result i n a n increase i n the s ize of the longest a m p l i c o n . U n d e r c o m p a r a b l e c o n d i t i o n s , the 
longest P C R p r o d u c t a m p l i f i e d w i t h the one-step R T - P C R k i t w a s o n l y 1447 b p (F igure 3). 
Therefore, the one-enzyme R T X - P C R k i t w o u l d be preferable for the a m p l i f i c a t i o n of longer 
R N A fragments of v i r a l genomes . T h i s advantage m i g h t be related to the t h e r m a l s tabi l i ty 
of the reverse t ranscr iptase , w h i c h m i g h t be r e q u i r e d to o v e r c o m e the s t r o n g s e c o n d a r y 
structures c o m m o n l y f o u n d i n v i r a l genomes . Interestingly, E l l e f s o n et a l . [8] w e r e able to 
a m p l i f y P C R p r o d u c t s u p to 5 k b i n l e n g t h f r o m total R N A iso la ted f r o m b o t h p r o k a r y o t i c 
a n d e u k a r y o t i c cells. 

TMV, longest cDNA amplicon 

RTX exo- O S K 

425 787 1447 2799 425 787 1447 2799 
624 1101 2379 NTC ,„ 624 1101 2379 NTC 

M 

Figure 3. Determination of reverse transcription efficiency. Puri f ied T M V particles were used as a 
template. A l l amplicons had the same reverse primer. The forward primer was progressively further 
positioned to generate amplicons of different lengths, from 425 bp to 2799 bp. The left panel shows 
reactions w i t h RTXexo-, and the right panel shows reactions w i t h the commercial one-step RT-PCR 
kit. NTC—non-template control. The marker is the GeneRuler 100 bp D N A Ladder from Thermo 
Scientific (Waltham, M A , U S A ) . 

F o r s o m e arrangements of R T - P C R , i t is des i rable to m i n i m i s e the total reac t ion t ime . 
Therefore , w e i n v e s t i g a t e d i f w e c o u l d s h o r t e n the d u r a t i o n of the R T step for shorter 
a m p l i c o n s . I n this e x p e r i m e n t , w e selected a 198 b p a m p l i c o n f r o m P V X a n d r a n the 
R T X - P C R assay u s i n g a reverse t r a n s c r i p t i o n (RT) step of 30 ,15 ,10 , 8, 6, 5 ,4 , 2 ,1 m i n , 40 s, 
or 20 s, f o l l o w e d b y the s t a n d a r d P C R steps of 33 cycles . A s s h o w n i n F i g u r e 4, e v e n the 
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shortest R T step of 20 s s t i l l a m p l i f i e d the target f r a g m e n t ; h o w e v e r , 40 s is suf f ic ient to 
a m p l i f y a g o o d q u a l i t y R T X - P C R p r o d u c t . T h e p e r f o r m a n c e of the c o m m e r c i a l one-step 
R T - P C R k i t w a s s imilar . Therefore, the r e q u i r e d t ime for the detect ion of a v i r u s b y targeting 
short f ragments can be s ign i f i cant ly r e d u c e d b y o m i t t i n g or s h o r t e n i n g the RT step i n b o t h 
assays (F igure 4). 

Duration of RT step 

M RTX enzyme 
500 bp 

198 bp 

100 bp 

3 0 ' 1 5 ' 1 0 ' 8 ' 6 ' 5 ' 4 ' 3 ' 2 ' 1* 4 0 ' ' 2 0 " NTC 

• 
M OSK 

500 bp « j^^a^m^mm^mmma^^mmmmmm 
3 0 ' 1 5 ' 1 0 ' 8 ' 6 ' 5 ' 4 ' 3 ' 2 ' 1' 4 0 " 2 0 " N T C 

198 bp 

100 bp 

Figure 4. Estimation of the shortest reverse-transcription step. Purified P V X was used as a template 
to ampli fy a 198 bp specific amplicon. The standard reverse transcription step of 30 m i n was 
progressively shortened to only 20 s. NTC—non-template control. The marker is the GeneRuler 
100 bp Plus D N A Ladder from Thermo Scientific. The size of the expected P C R amplicons is indicated 
on the left. 

3.3. Virus Detection Based on One-Enzyme RTX-PCR Using Crude Plant Sap 

T h e a b i l i t y of the assay to w o r k r o b u s t l y w i t h u n p u r i f i e d or o n l y p a r t i a l l y p u r i f i e d 
p l a n t sap ins tead of p u r i f i e d tota l R N A samples w o u l d be h i g h l y des i rab le , espec ia l ly for 
r o u t i n e test ing w i t h a large n u m b e r of samples . Therefore , w e tested the R T X assay u s i n g 
r a w p lant sap, w i t h o u t a n y v i r u s p u r i f i c a t i o n or R N A iso la t ion , as a template. Al te rnat ive ly , 
a c o m m e r c i a l one-step R T - P C R k i t (Qiagen) w a s u s e d for c o m p a r i s o n . I n this exper iment , 
w e a d d e d 10 n g / u L of p u r i f i e d T M V , P V X , or P V Y viruses to the r a w p lant sap of Nicotiana 
benthamiana. B o t h R T X a n d the c o m m e r c i a l k i t s h o w e d s i m i l a r resul ts for the u n t r e a t e d 
p l a n t sap a n d its supernatant after 5 m i n at 14,000 r p m (Figure 5 A - D ) . 

N e x t , w e d e t e r m i n e d the s e n s i t i v i t y of the assay i n c r u d e extracts. W e u s e d 10- fo ld 
d i l u t i o n series of b o t h extracts f r o m N. benthamiana p l a n t s m e c h a n i c a l l y i n o c u l a t e d w i t h 
T M V a n d a s i m u l a t e d d i l u t i o n series w i t h a k n o w n a m o u n t of T M V v i r u s . I n in fec ted 
N. benthamiana s a p , T M V w a s detec ted u p to a d i l u t i o n factor of 1:10,000 u s i n g b o t h the 
s i n g l e - e n z y m e R T X - P C R a n d the c o m m e r c i a l one-step R T - P C R assay (F igure 5E,F) . B a s e d 
o n the s p i k e d d i l u t i o n series, w e c o n c l u d e d that the e n d p o i n t of T M V detect ion i n r a w plant 
ju ice c o u l d be e s t i m a t e d to be as l o w as 0.1 p g to 0.01 p g of v i r u s p e r reac t ion , s i m i l a r to 
the sens i t iv i ty to v i r u s i n buffer. These results i n d i c a t e d that the p l a n t contaminants i n the 
c r u d e extracts of N. benthamiana d i d not s i g n i f i c a n t l y affect the a b i l i t y of the R T X e n z y m e 
to a m p l i f y v i r a l R N A a n d d i d not alter the detec t ion l i m i t s . H o w e v e r , the c o m b i n a t i o n of 
host mater ia l s a n d detected v i r u s e s w i t h d i f ferent v i r i o n p r o p e r t i e s m a y l e a d to di f ferent 
de tec t ion sens i t iv i ty . S u c h s e n s i t i v i t y p r o v i d e s suf f ic ient r o o m for p o o l i n g s a m p l e s to 
f u r t h e r r e d u c e costs. T h u s , R T - P C R b a s e d o n the R T X e n z y m e c a n serve as a r o b u s t a n d 
eff ic ient t o o l for the r o u t i n e d e t e c t i o n a n d d i a g n o s i s of p l a n t v i r u s e s . T h e a b i l i t y of the 
R T X - b a s e d assay to r e l i a b l y detect R N A v i r u s e s d i r e c t l y i n c r u d e p o o l e d extracts, w i t h o u t 
the n e e d for R N A iso la t ion , i m m u n o c a p t u r e , a separate reverse t ranscr ip t ion step, or other 
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p r e - p r o c e s s i n g steps s i g n i f i c a n t l y reduces b o t h the t i m e a n d cost of v i r u s d e t e c t i o n a n d 
also h e l p s p r e v e n t p o t e n t i a l c r o s s - c o n t a m i n a t i o n b e t w e e n samples . B o t h the R T X e n z y m e 
a n d the c o m m e r c i a l k i t ( F i g u r e 5, S u p p l e m e n t a r y F i g u r e s S I a n d S2) c a n be u s e d w i t h 
c o m p a r a b l e sensit ivi ty . 

A M T M V RTX exo- g M TMV O S K 

C M PVX, T R X e x o - D M PVY, RTX e x o -

Dilution of raw plant extract 
RTX e X O - 10 ng 

T M V 

M 1x 10x 10 2x 10 3 x 10 4x 10 5 x 10«x 10 7x 10 8 x 10 9x 10 1 0 x H N T C 

100 bp 

M 1x 10x 10 2 x 10 3 x 10"x 

O S K 
10 5x 10 e x 10 7x 10 8 x 

10 ng 

10 9 x 10™ X T M V H N T C 

500 bp 
425 bp 

100 bp 

Figure 5. R T - P C R virus detection i n crude extracts of Nicotiana benthamiana. The assays were 
performed with (A,C-E) RTX exo- polymerase or (B,F) wi th a commercial one-step RT-PCR kit. Three 
viruses were used as templates: (A,B,E,F) T M V ; (C) P V X ; or (D) PVY. (A-D) We attempted to establish 
the possibility of performing P C R with crude plant extracts. The numbers indicate different templates: 
1—raw; unfiltered plant sap; 2—supernatant of raw extract; 3—purif ied virus i n buffer; 4—healthy 
plant extract; 5—buffer only. (E,F) Estimation of virus detection limits i n leaves of N. benthamiana 
naturally infected w i t h T M V . NTC—non-template control. The marker in (A-C,E,F) is the GeneRuler 
100 bp Plus D N A Ladder from Thermo Scientific, and i n (D) the GeneRuler 1 kb D N A Ladder was 
used. The size of the expected P C R amplicons is indicated on the left. 
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T h e d e t e c t i o n of v i r u s e s f r o m c r u d e sap has b e e n d e s c r i b e d e l s e w h e r e w i t h s i m i l a r 
eff ic iency, i n c l u d i n g the d e t e c t i o n of A S P V a n d A S G V i n a p p l e leaves [43], Beet y e l l o w s 
v i r u s ( B Y V ) i n sugar beet a n d Tetragonia expansa leaves [44], Let tuce necrotic y e l l o w s v i r u s 
( L N Y V ) i n lettuce leaves, Z u c c h i n i y e l l o w mosa ic v i r u s ( Z Y M V ) i n s q u a s h leaves [45], a n d 
B Y D V i n oat leaves [46]. T h e c r u d e sap-based one-step R T - P C R w a s a lso u s e d to detect 
16 v i r u s species f r o m 32 p l a n t species i n 15 f a m i l i e s [42]. I n a l l cases, a T r i s - H C l buf fer 
w i t h v a r i o u s salts a n d a d d i t i v e s w a s u s e d to release the v i r a l nuc le i c a c i d d i r e c t l y in to the 
supernatant , e i ther i n the one-step R T - P C R or the t r a d i t i o n a l R T - P C R a s s a y H o w e v e r , i n 
s o m e cases, d e t e c t i o n b a s e d o n c r u d e ju ice m a y h a v e a rather l o w s e n s i t i v i t y [47], w h i c h 
is d u e to the presence of i n h i b i t o r s [48] a n d d e p e n d s o n the p l a n t species a n d t issues 
tested [42]. I n contrast , the e x t r a c t i o n b u f f e r d e s c r i b e d here s h o w e d h i g h s e n s i t i v i t y for 
the detec t ion of T M V f r o m c r u d e sap. I n recent years , severa l other v i r u s detec t ion assays 
have been descr ibed u s i n g r a w p l a n t sap as a template . The most p o p u l a r of these is L A M P , 
w h i c h has b e e n d e v e l o p e d for a n u m b e r of v i r u s e s [49,50]; h o w e v e r , the c o m b i n a t i o n 
of p r i m e r a n d p r o b e is s t i l l a cha l l enge f o r s u c c e s s f u l v i r u s de tec t ion . T h e l a t e r a l f l o w 
assay ( L F A ) , based o n the b i n d i n g of v i r i o n s w i t h l a b e l l e d ant ibodies or v i r a l nuc le i c ac ids 
w i t h l a b e l l e d D N A or R N A p r o b e s [51,52], has a lso b e e n d e s c r i b e d for v i r u s d e t e c t i o n 
f r o m c r u d e ju ice . T h e L F A has b e e n u s e d for m u l t i p l e x v i r u s d e t e c t i o n [53] a n d for the 
q u a n t i f i c a t i o n of v i r a l t i tre [54]. A l t h o u g h L A M P a n d the L F A s e e m to be effect ive for 
v i r u s d e t e c t i o n w i t h o u t the n e e d f o r R N A e x t r a c t i o n or c o m p l e x l a b o r a t o r y e q u i p m e n t , 
the s i n g l e - e n z y m e m e t h o d d e s c r i b e d here ( R T X - P C R ) is q u i t e eff ic ient for the d e t e c t i o n 
of m u l t i p l e v i r u s e s . F u r t h e r m o r e , the R T X - P C R m e t h o d is b a s e d o n c o n v e n t i o n a l P C R 
w i t h the a d d e d a d v a n t a g e of a n easy-to-use s i n g l e - e n z y m e s y s t e m for the d e t e c t i o n of 
R N A v i ruses . 

3.4. Validation of the RTX-PCR Assay for the Detection of Virus Species from Different Genera 
and Crops 

W e selected s e v e r a l R N A v i r u s e s f r o m di f fe rent v i r u s g e n e r a that are the ma jor 
p a t h o g e n s of the m a i n arable (cereals, o i l s e e d r a p e , potatoes) a n d h o r t i c u l t u r a l ( p o m e 
a n d stone f ru i t trees, vegetables) crops (see F igure 6 a n d S u p p l e m e n t a r y Table SI) . Dif ferent 
p r i m e r p a i r s w e r e u s e d to a m p l i f y spec i f i c f r a g m e n t s of the v i r u s g e n o m e s f r o m tota l 
R N A i s o l a t e d f r o m in fec ted leaves (see S u p p l e m e n t a r y Table S I ) . T h e resul ts i n d i c a t e d 
that the R T - P C R assay u s i n g the R T X e n z y m e c o u l d r e l i a b l y a m p l i f y specif ic g e n o m e f rag
m e n t s of a l l tested v i r u s e s . A s w o u l d be e x p e c t e d , the s e n s i t i v i t y of v i r a l R N A detec t ion 
w a s d e p e n d e n t o n the di f ferent c o m b i n a t i o n s of v i r u s e s a n d p r i m e r p a i r s . B a s e d o n the 
R N A template concentrat ion a n d R N A d i l u t i o n series, the es t imated e n d p o i n t of detect ion 
r a n g e d f r o m 100 n g / u L to 0.1 n g / u L of to ta l R N A i n a reac t ion (F igure 6), d e p e n d i n g o n 
the v i r u s - p r i m e r c o m b i n a t i o n s , v i r u s species, a n d p l a n t mater ia l . A s i m i l a r detect ion l i m i t 
of 1 n g / u L to ta l R N A w a s r e p o r t e d for f o u r c u c u r b i t - i n f e c t i n g v i r u s e s u s i n g a one-step 
R T - P C R m e t h o d [55]. 
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Figure 6. R T X - P C R pro detection of viruses (showing representatives of the detected viruses). 
(A) W S M V (total R N A of wheat leaves): Lane M — G e n e R u l e r l k b and 100 bp Plus D N A 
Ladder (Thermofisher Scientific, U S A ) ; lanes 1-6—primer pair W S M V c o a t P R v / W S M V c o a t P F v , 
1014 bp; lanes 7-12—primer pair WSM8166/WSM8909 , 743 bp; lanes 13-18—primer pair WS-
M V s p e F v / W S M V s p e R v , 354 bp. (B) B Y D V (total R N A of barley leaves): lanes 1-6—primer pair 
BYcpF/BYcpR, 640 bp; lanes 7-12—primer pair BYDV-PVinterF/BYDV-Yan-Ra, 294 bp; lanes 13-18— 
primer pair BY5661R/BY4836F, 825 bp. (C) T u M V (total R N A of Chinese cabbage leaves): lanes 1-6— 
primer pair T u M V - f u l l - C P F / T u M V - f u l l - C P R , 896 bp; lanes 7-12—primer pair N i b f r g l F / N i b f r g l R , 
737 bp; lanes 13-18—primer pair T u M V - F l q P C R / T u M V - F 2 q P C R , 208 bp. (D) T u Y V (total R N A of 
oilseed rape leaves): lanes 1-6—primer pair T u Y V - f u l l - C P F / T u Y V R - K 2 , 966 bp; lanes 7-12—primer 
pair luteoviruses-F/luteoviruses-R, 610 bp; lanes 13-18—primer pair TuYV-ful l -CPF/TuYV-ful l -CPR, 
947 bp. (E) P D V (total R N A of p l u m leaves): lanes 1-6—primer pair P D V d p u F / P D V d p R , 220 bp; 
lanes 7-12—primer pair P D V c p F / P D V c p R , 687 bp; lanes 13-18—primer pair PDVrna2F/PDVrna2R, 
418 bp. (F) TRSV (total R N A of tomato leaves): lanes 1-6—primer pair MF05-21-R/MF05-22-F, 320 bp; 
lanes 7-12—primer pair TRSV-Pr -F /TRSV-R , 523 bp. The serial dilutions of total R N A were 1:1 in 
lanes 1, 7, and 13 in (A-E) and lanes 1 and 7 in (F); 1:10 in lanes 2, 8, and 14 in (A-E) and lanes 2 and 8 
in (F); 1:100 in lanes 3, 9, and 15 in (A-E) and lanes 3 and 9 in (F); 1:1000 in lanes 4,10, and 16 in (A-E) 
and lanes 4 and 10 in (F); 1:10000 in lanes 5,11, and 17 i n (A-E) and lanes 5 and 11 in (F); 1:100000 in 
lanes 6,12, and 18 i n (A-E) and lanes 6 and 12 i n (F). 
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4. C o n c l u s i o n s 

The R T X - P C R assay descr ibed here is based o n a D N A polymerase f r o m the hyperther-
m o p h i l i c archaeon Thermococcus kodakarensis that has b o t h R T a n d po lymerase activit ies a n d 
w h i c h w a s p u r i f i e d i n our laboratory. The R T X expression p l a s m i d is p r o v i d e d free of charge 
to academic a n d n o n - c o m m e r c i a l entities a n d c a n be s e l f - p r o d u c e d for scientif ic p u r p o s e s . 
C u r r e n t l y , there is n o c o m m e r c i a l source for the R T X p o l y m e r a s e ; h o w e v e r , the express ion 
p l a s m i d is avai lable for academic laboratories f r o m A d d g e n e . For commerc ia l , for-profit use, 
it m a y be necessary to obta in a licence f r o m the U n i v e r s i t y of Texas, A u s t i n , U S A . 

U s i n g the R T X e n z y m e , w e d e v e l o p e d a n eff ic ient a n d cost-effect ive R T - P C R assay 
for the d e t e c t i o n of d i f ferent species a n d g e n e r a of R N A v i r u s e s i n f e c t i n g v a r i o u s crops . 
T h e s e n s i t i v i t y of the s i n g l e - e n z y m e R T X - P C R assay p r o v e d to be as h i g h or h i g h e r t h a n 
that of a c o m m e r c i a l l y a v a i l a b l e one-s tep R T - P C R k i t . T h e R T X - b a s e d assay a lso o f fered 
a d v a n t a g e s i n a m p l i f y i n g l o n g e r R N A templa tes a n d s h o r t e n i n g or e l i m i n a t i n g the R T 
step. O n the other h a n d , the P C R p r o d u c t s o b t a i n e d w i t h the c o m m e r c i a l k i t w e r e gener
a l l y cleaner, w i t h n o v i s i b l e l o w m o l e c u l a r w e i g h t smear. W h i l e the presence of smears 
is n o t a s i g n i f i c a n t p r o b l e m i n e n d p o i n t P C R , it c o u l d cause p r o b l e m s i n q P C R assays 
( S u p p l e m e n t a r y F i g u r e S3). W e hypothes ise that the presence of s m e a r i n g c o u l d be related 
to i m p u r i t i e s left i n o u r R T X e n z y m e p r e p a r a t i o n . H o w e v e r , the s m e a r i n g effect c o u l d 
also be the result of s u b o p t i m a l buf fe r c o m p o s i t i o n or reac t ion c o n d i t i o n s . I n c o n c l u s i o n , 
the R T X - P C R assay is easy to p e r f o r m a n d is a t i m e - s a v i n g p r o c e d u r e , as n o i n i t i a l R T 
step is r e q u i r e d a n d the entire e x p e r i m e n t c a n be c o m p l e t e d w i t h i n 60 m i n . I n o u r l a b o r a 
tory, w e h a v e ent i re ly r e p l a c e d c o m m e r c i a l e n z y m e s a n d k i t s for v i r u s detec t ion w i t h the 
R T X - b a s e d assay. 
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