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Abstract: We describe here a very sensitive and reproducible method to detect 
the efficiency of Agrobacterium-mediated T-DNA transfer. This method is based 
on a quantitative assay of ]3-glucuronidase activity produced in the plant cell 
upon transfer of T-DNA carrying a special uidA gene construct. Analysis of the 
transfer efficiency of a transfer-proficient bacterium compared with that of the 
same bacterium diluted at different ratios with a transfer-defective bacterium 
shows a high sensitivity of the ]3-glucuronidase activity in the plant. Five orders 
of magnitude in T-DNA transfer efficiency can be covered when the activity is 
measured combining the fluorimetric MUG assay (for high activity) and the 
histochemical X-Gluc assay (very sensitive for low activity). 

A 
grobacterium tumefaciens is a plant  pa thogen  that can induce  
tumors on d ico ty ledonous  plants. The d e v e l o p m e n t  of the tu- 
mor  is caused by  the expression of oncogenes ,  which are trans- 

mit ted f rom the bacter ium to the plant cell on a wel l -def ined piece of 
D N A  called t ransferred DNA (T-DNA). The T-DNA is del imited by  two 
imperfect  25-bp direct  repeats,  the right and left borders ,  and is located 
on the Ti-plasmid ( tumor- induc ing  plasmid).  The Ti-plasmid also con- 
tains the so-called virulence region, which encodes  the prote ins  (Vir 

Abbreviations: T-DNA, transferred DNA; MUG, 4-methyl-umbelliferyl-glucu- 
ronide; Ti-plasmid, tumor-ind ucing plasmid ; X-Gluc,5-bromo-4-chloro-3-indolyl- 
glucuronide; uidA, gene encoding ]3-glucuronidase; GUS, [3-glucuronidase. Other 
abbreviations are defined under Materials, Solutions. 
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proteins) necessary for the T-DN A transfer process. The practical interest 
in Agrobacterium as a vector for plant transformation and the interest in 
the mechanism of T-DNA transfer itself has led to a series of studies 
aimed at defining and characterizing the steps of Agrobacterium-medi- 
ated plant transformation (for reviews see Ream, 1989; Kado, 1991; 
Zambryski, 1992; Hooykaas and Schilperoort, 1992). Determination and 
quantification of the transfer was done using transient assay systems in 
which the expression of the marker genes does not require stable integra- 
tion in the plant genome (histochemical ~-glucuronidase staining (Jansen 
and Gardner, 1989), agroinfection (Grimsley et al., 1986)). 

We describe here a transient assay in which we allow A. tumefaeiens to 
transfer the T-DNA carrying an improved uidA gene to the cells of young 
tobacco seedlings. We precisely quantify the amount of ~-glucuronidase 
activity produced in the plant cell using fluorimetric (MUG) and his- 
tochemical (X-Gluc) enzyme assays (Jefferson, 1987). These assays repre- 
sent the most sensitive method to quantify the T-DNA transfer to plant 
cells and can be used for a wide range of purposes. 

Mater ia l s  
Solutions 

MS medium: (Murashige and Skoog, 1962) 
YEB: (Sambrook et al., 1989) 

The following solutions are described by Jefferson (1987): 
GUS extraction buffer: 50 mM sodium phosphate buffer, pH 7.0; 10 mM 

DTT; I mM Na2EDTA; 0.1% sodium lauryl sarcosinate; 0.1% Triton 
X-100 

MUG solution: 1 mM MUG in GUS extraction buffer 
MUG stop solution: 0.2 M Na2CO 3 
GUS staining buffer: 100 mM sodium phosphate buffer pH 7.0 with 

0.05% X-Gluc dissolved in dimethyl formamide, in the presence of 
0.1% sodium azide 

Construction of the transfer-defective A. tumefaciens strain. Strain 
GV3101(pPM6000) (a cured C58 nopatine strain containing the pTiAch5 
derivative pPM6000, which is deleted in the T-DNA) (Bonnard et al., 
1989), was modified in the virD2 gene of the Ti-plasmid, yielding strain 
GV3101(pPM6000K). This latter strain lacks 70% of the coding sequence 
of the VirD2 protein, which is essential for T-DNA transfer. This strain 
was shown to be T-DNA transfer-defective (Rossi et al., 1993). The 
transfer-proficient strain GV3101(pPM6000) contained an intact virD2 
gene. 
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Description of the uidA gene construct, 
We used the binary vector pLRG (Rossi et al., 1993) containing an 
improved uidA gene from pGUS23 (Schultze et al., 1990; Puchta and 
Hohn, 1991) in the T-DNA. 

The uidA gene is under control of the 35S promoter and the transla- 
tional start site is derived from gene V of cauliflower mosaic virus 
(Schultze et al., 1990). 

P r o c e d u r e s  

Cocultivation of tobacco seedlings with A. tumefaciens (see Fig. 1) 
�9 3 mL fresh overnight culture of A. tumefaciens grown in YEB 

medium containing the antibiotics rifampicin (100 mg/mL)  and 
gentamycin (40 mg/mL)  was washed twice with 3 mL 10 mM 
MgSO, and resuspended in 10 mL MS medium to a final Am= 0.6. 

�9 100 Nicotiana tabacum SR1 plantlets were added to the bacterial 
suspension. The plantlets had been grown for one to two weeks on 
sterile, wet Whatman paper in a growth chamber at 25~ with 16 h 
l ight/day.  

�9 The mixture was exposed to reduced pressure (0.15 atm) in a sterile 
vacuum chamber for 5 minutes. 

�9 The seedlings were placed on MS plates (1% agar) and further 
cocultivated for three days in a growth chamber (25~ 16 h l ight/  
day). 

�9 The plantlets were washed in sterile 10 mM MgSO. and blotted dry 
on sterile Whatman paper. 

�9 Part of the plantlets of each single cocultivation was analyzed with 
the fluorimetric MUG assay, another part with the histochemical 
GUS assay. 

Fluorimetric MUG assay. 
�9 30 plantlets were added to 400 mL of GUS extraction buffer and 

homogenized in a 1.5-mL Eppendorf tube. 
�9 The mixture was centrifuged for 10 minutes at 18,000 g at 4~ The 

supernatant was considered as protein extract. 
�9 The protein concentration of the extract was determined according 

to Bradford (1976). 
�9 10 BL of the extract was added to 200 BL of MUG solution in the first 

row of a multiwell plate (Dynatec Microfluor). 
�9 Immediately afterwards, 20/.~L of the reaction mixture in the first 

row was transferred to 200/.LL of stop solution added in the second 
row. This became the zero time-point for the enzymatic assay. 

�9 The plate was incubated at 37~ 
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3 ml overnight culture 
of ,4. lumefaciens ~J~_vN. le~acum 

seedlings 

\ ) 
infiltration by vacuum 

cocultivation for three days 

30 intact seedlings - ~ ~  protein extraction of 30 seedlings 

�9 �9 �9 ! 0 0 0 
0 0 0 0 0 0 0 0 
0 0 0 0 0 0 
@ @ �9 �9 0 0 0 
�9 �9 @ �9 0 0 0 

�9 �9 0 0 0 

Histochernical X-Gluc assay Fluorimetric MUG assay 

Fig. 1. S c h e m a t i c  r e p r e s e n t a t i o n  of the  e x p e r i m e n t a l  se t -up.  
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�9 Subsequent ly  eve ry  hour  20 ~tL of the react ion mix tu re  in the first 
row was  t ransferred to 200 ~tL of s top solut ion in the subsequen t  
rows.  

�9 The f luorimetr ic  signal of each s am p l e  was  d e t e r m i n e d  wi th  a 
Titer tek F luoroskan  II f luor imeter  (excitation at 365 nm,  emiss ion  at 
455 nm).  

�9 F rom the initial s lope of the curve  ob ta ined  by  p lo t t ing  the fluori- 
metr ic  va lue  against  the time, we calculated the va lue  of the 
enzymat i c  act ivi ty  in each sample .  

�9 These va lues  were  normal ized  to the prote in  concentra t ion  of each 
extract  and  the relat ive values  ( compared  to the wi ld- type)  of 
enzymat i c  act ivi ty of the different  extracts  were  de te rmined .  

H i s t o e h e m i e a l  X-Glue  assay.  
�9 After  cocult ivat ion,  30 plant lets  were  added  to 5 m L  of GUS 

staining solut ion and  soft v a c u u m  (0.15 a tm)  was  app l ied  for 5 
minu te s  in order  to s t andard ize  the d is t r ibut ion of the subs t ra te  
into the cells of  different  t issues in the plantlets.  The react ion was  
a l lowed  to proceed  at 37~ for 24 hours.  

�9 The plant le ts  were  was hed  in sterile wa te r  and  b leached  with  
ethanol .  

�9 The blue spots  present  on the plant le ts  were  coun ted  u n d e r  the 
binocular .  

Table I. Detection of ~-glucuronidase activity upon T-DNA transfer to 
tobacco cells. The transfer-proficient Agrobacterium strain was diluted in 
different ratios with a transfer-defective strain. 

Dilution Enzymatic Activity Blue spots 
proficient/defective normalized I No? normalized 3 

proficient strain 1000 2100 1000 
10 1 120 + 43 1530 730 
10 .2 14 + 4.0 631 300 
10 .3 1.7 +0.25 267 130 
10 4 0.64 +0.20 20 10 
10 s 0.52 +0.10 1 0.5 

defective strain 0.37 +0.025 0 0 

1MUG assay; activity of proficient strain normalized to 1000. 
2X-Gluc assay; number of blue spots in 30 plantlets. 
3Number of spots of proficient strain normalized to 1000. 



An Assay for T-DN A-Dependent Gene Expression 225 

Results 

In order to assess the sensitivity of the assay, the transfer-proficient A. 
tumefaciens strain GV3101(pPM6000, pLRG) was diluted in different 
ratios with the transfer-defective strain GV3101(pPM6000K, pLRG) and 
the transfer efficiency was measured with the MUG assay (see Proce- 
dures). In Fig. 2 the results obtained in three separate experiments are 
plotted on a logarithmic scale. We can observe a difference in the [~- 
glucuronidase activity of three orders of magnitude between the trans- 
fer-proficient strain and a 1-to-1000 dilution of this strain. Furthermore, 
even the value for the dilution 10 .3 is clearly above the background (see 
Table I), whereas further dilutions showed a non-linear response, prob- 
ably indicating the limit of detection of the assay. The values of the 
standard deviation given in Table I and represented in Fig. 2 are very low. 
Thus, the values of the normalized enzymatic activity measured with the 
MUG assay can be considered reliable and precise. 

In parallel with the MUG assay we performed the histochemical X- 
Gluc assay. In Table I we present the number of blue spots counted in one 
experiment after staining 30 plants per dilution. We found that an 
accurate counting of the number of spots was very difficult when the 
plantlets exhibited a large number of blue spots throughout the whole 
plant tissue. Spots of different color intensity could also be found. A 
comparison of the results obtained by the MUG assay with those ob- 
tained by the histochemical assay indicates that the histochemicai assay 
underestimates the number of T-DN A transfer events when high concen- 
trations of the transfer-proficient bacterial strain were involved. At low 
concentrations of the transfer-proficient bacteria (dilutions 1:103 to 1:10s), 
where the number of blue spots can be determined more precisely, the 
slope of the plot of the histochemical X-Gluc assay is similar to the slope 
of the curve representing the enzymatic MUG assay in the region that is 
considered to be reliable. Thus the histochemical staining seems to be 
very adequate to detect rare T-DNA transfer events. For this reason the 
Y-axis for the two measurement in Fig. 2 is shifted by two orders of 
magnitude. 

Discussion 

In the assay described here we measured the enzymatic activity of ~- 
glucuronidase, an enzyme produced upon transfer of T-DNA containing 
the gene for it. The assay is sensitive, with a low background activity; 
reproducible; and quantitative over a wide range of concentrations. 
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Log normalized fluorimetrically determined enzymatic activity 
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The high sensitivity of the assay is most probably due to the improved 
uidA gene construct used. The sequence surrounding the start codon is 
derived from gene V of CaMV (Schultze et al., 1990). This allows efficient 
translation, with negligible background activity stemming from A. tume- 
faciens. A similar construct was described earlier (Jansen and Gardner, 
1989). The remarkable sensitivity of the assay most probably also reflects 
the quality and competence of the tobacco seedlings to act as recipient for 
Agrobacterium-mediated DNA transfer. 

We attribute the reproducibility of the assay to the fact that each 
measured value stems from a large number of seedlings. Thus a statisti- 
cally significant sampling is possible, avoiding plant to plant differences. 
The assay is quantitative over a wide range of concentrations of transfer 
competent Agrobacterium cells. This applies to the fluorimetric assay, for 
which extracts of many seedlings guarantee standardized measure- 
ments. The background inherent to the system does not allow monitor- 
ing of T-DNA transfer efficiencies comparable to a ten-thousand-fold 
dilution of our standard strain. The histological staining is not accurate 
in the higher ranges of concentration (activity), due to many cotransfer 
events and to confluence of blue spots (the first product of the reaction 
catalyzed by ~-glucuronidase is known to diffuse out from the plant cell 
of origin (De Block and Debrower, 1992)), but allows for a fairly precise 
measurement in the lower concentration (activity) ranges due to the non- 
existent background of a blue spot. A combination of the two methods of 
detection thus covers almost five orders of magnitude. 

Both detection methods most probably assay transient expression of 
T-DNA not (yet) integrated in the plant genome (Jansen and Gardner, 
1989; Machida et al., 1992). Thus the gene activity of the T-DNA units that 
entered into the plant cell nucleus is measured, irrespective of integra- 
tion. Therefore problems in the interpretation of the results linked to 
position effect on gene expression can be avoided. We interpret [~- 

Fig. 2. Logarithmic plot of the normalized [~-glucuronidase activity (opposite). 
Gus activity was measured with the MUG assay (triangles) and the X-Gluc assay 
(circles). The measured activity represents the efficiency of T-DNA transfer of 
various concentration of the transfer-proficient Agrobacterium strain 
GV3101(pPM6000, pLRG). Dilutions were done against the transfer defective 
Agrobacterium strain GV3101(pPM6000K, pLRG). The dotted part of the respec- 
tive curves represents the region of the assays where an accurate measurement 
is difficult. The background activity (squares) in the MUG assay was measured 
after cocultivation of the transfer deficient strain GV3101(pPM6000K, pLRG) 
with tobacco seedlings. 



228 Rossi et al. 

g l u c u r o n i d a s e  a c t i v i t y  a s  m e a s u r e d  b y  the  f l u o r i m e t r i c  a s s a y  as  b e i n g  
s t r i c t ly  d e p e n d e n t  on  the  n u m b e r  of  T - D N A  u n i t s  e n t e r i n g  a p l a n t  cell  
n u c l e u s .  The  m e a s u r e d  v a l u e s  t h e r e f o r e  a r e  l i ke ly  to be  p r o p o r t i o n a l  to 
t he  n u m b e r  o f  T - D N A  u n i t s  e n t e r i n g  the  nuc l e i  (no  m a t t e r  h o w  m a n y  
nucle i ) .  In con t r a s t ,  d a t a  f r o m  the  h i s t o c h e m i c a l  s t a i n i n g  a r e  l i k e l y  to be  
p r o p o r t i o n a l  to the  n u m b e r  of  nuc le i  tha t  h a v e  r e c e i v e d  at  l eas t  o n e  
e x p r e s s i n g  T - D N A  uni t .  

T h e  d e s c r i b e d  a s s a y  can  b e  u s e d  to a n a l y z e  a n y  p a r a m e t e r  i m p o r t a n t  
for  T - D N A  t rans fe r ,  such  as  a n a l y s i s  of  v i r u l e n c e  g e n e  a c t i v i t y  (Rossi  e t  
al. ,  1993), of  cis a c t i n g  s e q u e n c e s  or  o t h e r  fac to rs  s u c h  as  v i r u l e n c e  g e n e  
i n d u c e r s  tha t  c o n t r i b u t e  to e f f i c i ency  of  T - D N A  t rans fe r .  
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