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Abstract 

We compared the binding of Agrobacterium tume- 
faciens by freshly isolated root cap cells with suscepti- 
bi l i ty of plants  to crown gall tumorigenesis .  A high 
binding reac t ion  was strongly cor re la ted  with suscept i -  
bil i ty to tumorigenes is  in a survey of the binding of 
s t ra in  B6 to cells  from #8 species in 17 famil ies .  In 
reciprocal  exper iments  with  nine v i ru len t  A. t ume lac i ens  
s t rains ,  tumors  developed in p l an t -bac t e r i a  combina t ions  
t ha t  gave a high binding response in the root  cap cell  
assay. Binding was quant i f ied by d i rec t  measu remen t  of 
the  number  of b a c t e r i a  bound to the periphery of indi- 
vidual cells.  Root cap cel ls  from six suscept ible  species 
bound signif icant ly more bac te r i a  than did cells  from 
five res i s tan t  species.  

Introduct ion 

Binding of A. t umefac iens  by host  cells  may be one 
of the  f i rs t  s teps in infect ion.  Lippincot t  and Lippincot t  
(1980) proposed tha t  v i ru lent  A. tumefac ieqs  cells  bind 
to specif ic  s i tes  in the cell w~ l s  of suscept ible  plants .  
Res i s tan t  plants  are bel ieved to lack such si tes,  so they 
cannot  bind bac t e r i a  and consequent ly  canno t  be i n fec t -  
ed. Virulent  ag robac te r i a  bind to cells and t issues of 
suscept ible  p lants  (reviewed by Pueppke 1984), and there  
is gene t ic  evidence cons i s ten t  with the hypothesis  t ha t  
binding is a necessary  componen t  of bac te r i a l  vi rulence 
(Douglas e._!t a l. 1985). However,  the hypothesis  tha t  
suscept ible  and res i s t an t  plants  vary in the i r  abi l i t ies  to 
bind A. t umefac iens  has been cont rovers ia l  (Nester  e t  al. 
198{~; Pueppke 198t0. 

The r ecen t  successful  infec t ion of asparagus and 
o ther  monocot  species previously thought  to be res i s t an t  
to c rown  gall underscores  the impor tance  of coordina ted  
studies of binding and disease reac t ion  in de te rmin ing  
the relat ionship be tween  binding and tumor fo rmat ion  
(DeCleene 1985; Herna l s teens  e t  al. 198zt; Hooykaas-Van 
Slogteren e t  al. 198tt). We developed a binding assay 
t ha t  uses root  cap ceils ,  which can be isolated nonde-  
s t ruc t ive ly  from many species (Hawes and Pueppke 
1986). We have used the assay to address  two questions:  
(I) Are there  d i f fe rences  in the abi l i t ies  of freshly 
isolated cel ls  from d i f fe ren t  plants  to bind A. t u m e f a -  
ciens? (2) If so, are  these  d i f fe rences  cor re la ted  with 
suscept ibi l i ty  and res i s tance  of the plants  to crown gall 
tumorigenesis?  

Mater ia ls  and Methods 

Bacter ia :  All Agrobac te r ium s t ra ins  except  Ag63:  
and R1000 were descr ibed by Pueppke and Benny (1981).,: 
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Ag63 isolates  were gif ts  from R. Goodman, of this  
depa r tmen t ,  and from M. Thomashow, Washington S ta te  
Universi ty ,  Pul lman.  A. rhizogenes  R1000 was a g i f t  
from H. Flores,  Louisiana S ta te  Univ., Baton Rouge. E. 
coil SM10/1011 was a g i f t  from K.T. Shanmugam, Univ. 
of Florida,  Gainesvil le.  All bac t e r i a  were recovered  
from glycerol stocks kep t  a t  -70oc ;  cells  were grown 
overnight  on solidified medium, and main ta ined  a t  5oc  
for up to 3 weeks. All cu l tures  excep t  E. coil and Ag63, 
which were mainta ined and grown in nu t r i en t  broth 
(Difco), were cul tured on g lucona te -manni to l  medium 
(Pueppke and Benny 1981). Strains  B6 and ACH5 were 
grown in nu t r i en t  bro th  in some exper iments  to de t e r -  
mine if growth condit ions influenced binding. Stra ins  
used for binding assays were cul tured overnight  a t  room 
t e m p e r a t u r e  in 25 rnl of liquid medium with cons t an t  
agi ta t ion  a t  125 rpm. Clumps of bac t e r i a  t h a t  formed 
occasionally were removed by f i l te r ing the cul tures  
through Whatman //1 paper.  The concen t ra t ion  of 
bac t e r i a  was e s t ima ted  turb id imet r ica l ly .  

Binding assays: All binding assays were conducted 
in a double blind manner .  Root cap cells  for the 
qual i ta t ive  binding assay were adjusted to a density of 2 
X 104/ml by dilution with water  or concen t ra t ion  on a 
10-]~m mesh f i l te r .  Root cap cel l  samples  (I00 ~1) 
were placed into wells of a 96-well  polystyrene micro-  
t i t e r  p la te .  Bac te r ia  (100 ~1 a t  2 X 107/ml) were 
added, and  the mixture  was incubated  a t  room t empera -  
ture .  Af te r  1 to 2 h, the suspension in each well was 
s t i r red with a mic rop ipe t t e  and 20-tal  samples were 
removed.  Each droplet  was placed into a cone made 
from a 10-t~m mesh nylon f i l te r ,  and the liquid was 
removed by touching the tip of the cone to a t issue. 
The liquid was replaced with 100 1~1 of water ,  and the 
procedure  was repea ted  twice.  Binding of bac t e r i a  to 
a t  leas t  200 cel ls  in each of dupl icate  samples was 
evaluated  microscopical ly,  and each species or cu l t ivar  
was t es ted  two or th ree  t imes.  Thus, each value is 
based on observat ion of 800 to 1200 plant  cells.  Reac-  
t ions were ra ted  "high" when 90% or more of the plant  
cells  had a t  leas t  a few bac t e r i a  a t t a ched  around the  
per iphery.  In "low" reac t ions ,  a t  l eas t  90% of the cells  
had no more than one bound bac te r ium visible.  

Binding was measured  direct ly by microscopic  ob- 
servat ion in a quan t i t a t ive  assay of b a c t e r i a  bound per 
unit  of root  cap cell  pe r ime te r  length.  Samples of root  
cap ceils  (100 ~1 a t  2 X 10~/ml) were placed into wells 
of a 96-well  mic ro t i t e r  p la te ,  and bac t e r i a  (100 1~1 a t  2 
X 107/ml)>were added. The mix tures  were incubated  a t  
room t empera tu re ,  and washed as described for the 
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qual i ta t ive  binding assay. A 20-}A sample from each 
rep l ica te  was examined microscopical ly.  Each cell was 
projec ted  o n t o  a video screen a t t a ched  to an Olympus 
microscope ou t f i t t ed  with 400X phase -con t ras t  optics,  
and the object ive  was adjusted so tha t  the cell wall was 
in focus around the en t i re  periphery of the cell  ( the 
wate r  mount  must  not  exceed 20 ]al to pe rmi t  such 
focusing). The number  of bac t e r i a  visible a t  the edge of 
the cell was counted,  and the pe r ime te r  of the cell was 
measured by t rac ing the cell  outl ine with a map reader  
(Minerva). At  leas t  35 randomly se lected cells from 
each of dupl icate  or t r ip l ica te  samples were compared,  
and exper iments  were repeated  a t  leas t  twice.  Thus, 
values are  means  from m e a s u r e m e n t s  of 120 to 180 plant  
cells .  

Host range surveys; Root cap ceils  from l0 to 200 
seedlings--depending on the yield per  root  from each 
species- -were  harves ted  as described previously (Hawes 
and Pueppke 1986), and were pooled for qual i ta t ive  
binding assays. At  leas t  l0 of the seedlings then were 
inoculated by s tabbing the root ,  crown,  and s tem With a 
dissect ing needle dipped into inoculum (108 to 109 bac -  
te r ia /ml) .  P lan t s  were grown in the greenhouse and 
disease reac t ions  were eva lua ted  within 6 weeks. Each 
exper imen t  was performed twice.  A disease reac t ion  
was considered negat ive  when all inoculat ion s i tes  did 
not  differ  from cont ro ls  inocula ted  with Ti plasmidless 
s t ra in  ACH5C3 or with IIBNV6. In several  exper iments )  
octopine  assays were conducted by the  method of Ot ten  
and Schi lperoort  (1978). 

Results  

Bindin~ is se lect ive:  At  leas t  90% of pea root  cap 
cel ls  accumula ted  a surface layer of A. tumefac iens  
within one h a f t e r  addit ion of the bac t e r i a  (Fig. 1A). 
Root cap cel ls  were aggregated  into massive clumps 
a f t e r  three  to four h (Fig. 1B). Vigorous agi ta t ion  caused 
the  aggrega tes  to dissociate)  but  bac t e r i a  remained  
a t t ached  to.. the plant  cells (Fig. 1C). in cont ras t ,  
v i r tua l ly  no bac t e r i a  a t t a ched  to the surfaces  of oat  r o o t  
cap  cells  or to the exudate  surrounding the cells  (Fig. 
1D). The halo-l ike exudate  did not  exclude E. coil  cells,  
wfiose response to oa t  roo t  cap cel ls  was ind i s t ingu i sh-  
able from t h a t  of pea cel ls  (Fig. IE). Fu r the rmore ,  
individual A. t umefac iens  cel ls  were f requent ly  observed 
swimming through the exudate .  Thus, A. t umefac iens  
cells  did not  fail  to bind to oat  root  cap cei ls  simply 
because they were mechanical ly  p reven ted  from doing 
so. E.. coil did not  accumula te  around root  cap cel ls  of 
e i the r  pea or oats  (Fig. IE), and no  bac te r i a l  cel ls  
remained a t t a ched  to the washed root cap cells.  

Bindinl~ co r re la t e s  with tumor format ion;  On the  
basis of exper iments  with pea and oa t  root  cap cells) we 
designated two easily dist inguishable ca tegor ies  for bind- 
ing. A high reac t ion  is one in which a t  leas t  90% of the  
cel ls  have a visible accumula t ion  of bac t e r i a  on the  
surface.  In a low reac t ion ,  a t  leas t  90% of the washed 
cel ls  have no more than one visible bound bac te r ium.  We 
used these c r i t e r i a  in screening assays designed to de t e r -  
mine if the observed d i f fe rences  be tween  pea and oat  
root  cap cel l  binding are  r ep resen ta t ive  of a more 
general  phenomenon among res i s t an t  and suscept ible  
species.  Strain B6 was t es ted  with 48 plant  species in 17 

f a m i l i e s ,  including monocots ,  dicots ,  and gymnosperms 
...... (Table 1). Of the  31 dicbts  tes ted ,  29 gave a high binding 

reac t ion ,  and all except  soybean developed tumors  on a t  
leas t  ~0% of the  inoculat ion si tes.  Soybean s tems  
developed tumors  only when the wound was kept  moist  
within a piece of rubber  tubing. Approximately  20% of 
soybean root inoculat ions (5[22) developed tumors.  
Amaran thus  t r icolor  and Celosia c r i s t a t a  ceils  exhibi ted 
a l o w  binding respons% and inoculated plants  did not 
form tumors .  The th ree  pine species:gave a high binding 

response and also developed tumors  following inocula-  
tion. Of the 14 tes ted  monocots ,  chives,  yucca,  and all 
the  gramineous Species exhibi ted a low binding 
response,  and they failed to develop tumors  or swell-  
ings. Root cap cells  from roots on bulbs of Muscari sp. 
and Narcissus sp. exhibi ted a strong binding response. 
Both species developed swellings on thei r  .stems within 
a week a f t e r  inoculat ion with B6, but  not  with IIBNV6. 
The swellings did not  increase  in size over a 6-week 
period, however ,  and octopine assays of the  t issue were 
negat ive  (data not  shown). Several cul t ivars  of ten 
species were compared  with one another  (Table 1)~ but  
large in t raspecies  d i f ferences  in binding reac t ion  and 
disease response were no t  apparent .  

J i/ 

Fig. 1. Binding of A. tume'faciens s t ra in  B6 to isolated 
root  cap cells  of pea (Pisum sat ivum L. cv. Li t t le  
Marvel) and oat  (Arena  sat iva L. cv. Victorgrain).  (A- 
B) Isolated pea ce l l s  a f t e r  incubat ion for 1 h (A) or 4 h 
(B). (C) Pea  root cap cells  from (B) a f t e r  ag i ta t ion  and 
washing over a i0 -  lain mesh screen.  (D} Oat  root  cap 
cel ls  a f t e r  incubation for 24 h with A. tumefac iens .  
The arrow denotes  halo-l ike exudate  surrounding cells,  
where bac te r ia l  density remained low. (E) Isolated pea 
root  cap cells  a f t e r  a 24-B incubation with E. coll. The 
ini t ia l  plant  and bac te r ia l  cell  concen t ra t ions  were 104 
ce l l s /ml  and 6 X 107 cel ls /ml ,  respect ively .  

The above survey with a single Agrobacterium 
strain and 65 plants indicated that there is a correla- 
tion between binding response of root cap cells and 
susceptibi l i ty of plants to tumorigenesis. We used nine 
virulent Al~robacterium strains in reciprocal experi- 
ments to compare root cap cell binding with suscepti- 
b i l i ty  of pea and sunflower) two species t ha t  are known 
to be capable  of developing large tumors  in response to 
some s t ra ins  (Table 2). Two s t ra ins  t ha t  lack a func-  
t ional  Ti plasmid were included as controls .  Both A. 
tumefac iens  IIBNV6 and A. rad iobac te r  s t ra in  47T8 
bound in high numbers  to root  cap cel ls  of both species,  
but  did not  induce tumors.  Seven of the  Ti plasmid-  
conta in ing s t ra ins  bound to root cap cells  of p e a  and 
sunflower) and also induced tumors  on the plants .  
Ag63, which Causes tumors  on grape and binds to grape 
suspension cul ture  cells  and to grape xylem vessels  (G. 
Cleveland and R. Goodman, personal communicat ion) ,  
did not  bind to root  cap cel ls  of pea or sunflowe G and 
did not  cause tumors.  The resul ts  with A. rubi were 
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F A M I L Y / S P E C I E S  BINDING RESPONSE SUSCEPTIBILITY 

M O N O C O T Y L E D O N S  
A r e n a  s a t i v a  L.  (3) a L - 
F e s t u c a  sp, (3) L - 
Hordeum vuli~are L. (2) L - 
O r y z a  s a t i v a  L, (2) L 
P a n i c u m  m i l e a c e u m  L. L 
P h a l a r i s  c a n a r i e n s i s  L,  L 
Seca l e  c e r e a l e  L,  L 
T r i t i c u m  a e s t i v u m  L. L 
T r i t i c a l e  L 
Zea  m a y s  L,  (3) L 
Al l ium s c h o e n o p r a s u m  L. L - 
Musca r i  sp. H b 

+b N a r c i s s u s  sp. H + 
Y u c c a  sp, L 

D I C O T Y L E D O N S  
A m a r a n t h u s  t r i co lo r  L, L 
C e l o s i a  c r i s t a t a  L.  L 
B e t u l a  pendu l a  R o t h  H + 
B e t a  v u l g a r i s  L,  H + 
C h e n o p o d i u m  a m a r a n t i c o l o r  C o s t e  and  R e y n i e r  H + 
H e l i a n t h u s  a n n u u s  L.  H + 
T i t h o n i a  r o t u n d i f o l i a  (Mill ,)  S,F.  Blake H + 
Calonyct ion aculeatum House H + 
Impomoea aquatica L. H + 
C i t r u l l u s  v u l g a r i s  S ch rad .  H + 
C u c u m i s  me lo  L.  (3) H + 
C.  s a t i v a  L.  (3) H + 
C u c u r b i t a  m a x i m a  D u c h e s n e  (2) H + 
C .  pepo  L.  H + 
C ,  pepo  va r .  m a l o p e p o  L.  (2) H + 
R ic in i s  c o m m u n i s  L.  H + 
C a n a v a l i a  e n s i f o r m i s  (L.) DC H + 
Glyc ine  m a x  (L.) Merr i l l  H + 
P h a s e o l u s  v u l g a r i s  L.  (3) H + 
Sesban i a  e x a l t a t a  (R a f . )  V.L. C o ry  H + 
Tr i fo l iurn  p r a t e n s e  L.  H + 
Vigna r a d i a t a  (L-'L'~. R,  Wilcz H + 
V. u n g u i c u l a t a  (L.) Walp.  H + 
E s c h s c h o l t z i a  c a l i f o r n i c a  C h a i n .  H + 
F r a g a r i a  v e s c a  L. H + 
C a p s i c u m  f r u t e s c e n s  L.  H + 
L y c o p e r s i c o n  e s c u l e n t u r n  L.  H + 
N i c o t i a n a  t a b a c u m  L.  H + 
N .  g l u t i n o s a  L.  H + 
P-e tunia  hybr ida  V i l m , - A n d r .  H + 
So lanum m e l o n g e n a  L, H + 
D a u c u s  c a r o t a  L, H + 

G Y M N O S P E R M S  
P i n u s  r a d i a t a  D. Don.  H + 
P .  s y l v e s t r i s  L.  H + 
P .  p i n a s t e r  Ai t ,  H + 

aNumbers in parentheses indicate the number of cul t ivars tested. 

bSwellings appeared, but obvious tumors did not. Octopine was not detected. 

d i f fe rent  f rom those of any ol  the A. tumefaciens or A. 
radiobacter strains. In the presence of pea root cap 
cells, A. rubi gave a high binding response; i t  also 
induced tumors on pea seedlings. But the bacter ia fa i led 
to induce observable tumors on sunflower seedlings, and 

exhibi ted a low binding response wi th sunflower root cap 
cells. Bacter ia grown in nutr ient  broth exhibi ted the 
same binding responses as those grown in the standard 
growth medium (data not shown). 
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Table 2 
A~robacter ium binding to root cap cells: 
s t ra in  X species specif ici ty  among dicots 

BACTERIA a 

SUNFLOWER b PEA b 

Binding Tumors Binding Tumors 

A. tumefac iens  
B6 H + H + 
C58 H + H + 
Chry 5 H + H + 
Chry 8 H + H + 
ATCC 15955 H + H + 
Ag63 L - L - 
IIBNV6 H - H - 

A.  rhizol~enes 
- - A T C C  1583$ H + H + 

R1000 H + H + 
A.  rubi 

ATCC 13335 L - H + 

A. radiobacter 

ATCC ~718 H - H 

aBac te r ia  are described in Pueppke and Benny (1981). 
Strains IIBNV6 and $718 lack a funct ional  Ti-plasmid, 
so are av i ru len t  on all plants .  

bThe sunflower cv. was Mammoth,  f rom W. At lee  
Burpee Co., Warminster)  PA. The pea cv. was L i t t l e  
Marvel from Royal Seeds, Kansas City,  MO. 

Binding d i f fe rences  can be quant i f ied:  Although all 
of the  t es ted  combinat ions  f i t  into the des ignated "high" 
and "low" binding ca tegor ies ,  the re  were var ia t ions  with-  
in these c lass i f icat ions .  Soybean cells in par t icu lar  
appeared to bind signif icant ly fewer  bac t e r i a  than those 
from pea and other  dicots and conifers .  Among the 
species with low binding reac t ions ,  C. c r i s t a t a  and maize 
root cap cell  populations had fewer bac t e r i a - f r ee  ceils  
than did oat  cell populations.  In order to de te rmine  if 
these apparen t  d i f fe rences  were s ignif icant ,  and to more 
accura te ly  define the high and low binding react ions ,  we 
measured binding direct ly using a microscopic assay 
based on counts  of bac t e r i a  visible a t  the periphery of 
each cell.  Af ter  a 1 h incubat ion with A. tumefac iens  
B6) root  cap ceils from suscept ible  dicots bound from 9 
to 17 bac te r i a  per cell  pe r ime te r ,  and the average  
pe r ime te r  length be tween  bound bac t e r i a  varied from 15 
to 27 lain (Table 3). Soybean cel ls  bound five bac te r i a  
per pe r imete r ,  with 30 p m  be tween  bac te r i a .  The 
number  of bac t e r i a  per pe r ime te r  varied from 0.01 to 1 
in species with low binding responses.  

Discussion 

Root cap cells  are viable,  developmental ly  similar 
cells t ha t  can be easily separa ted  from one o ther  for 
d i rec t  microscopic observa t ion .  Such cel ls  c an  be iso- 
la ted nondes t ruct ive ly)  so t ha t  the same plant  can be 
used to evalua te  binding and to de te rmine  susceptibi l i ty 
to crown gall. Our resul ts  conf i rm previous repor ts  
(Douglas e t  al.  1982; Neff and Binns 1985) t ha t  some Ti 
plasmidles 's "s'trains can bind to plant  cells.  However,  
binding of a given Ti p lasmid-conta ining A. tumefac iens  

s t ra in  by root  cap cells  of a given plant  was strongly 
co r re la t ed  with a posit ive tumor response. 

Table 3 
Direc t  measu remen t  of A. tumefac iens  s t ra in  B6 
binding to the periphery of isolated root  cap ceils  
f rom plants  res i s tan t  or suscept ible  to crown gall a 

SPECIES 

MEAN NO. BOUND 
PERIMETER BACTERIA/ 
/CELL (l~m) PERIMETER 

Suscept ible  
Sunflower (Mammoth) 19$ + 5 10 + 0.59 

Pea  (Li t t l e  Marvel) 250 + 6 17 + 0.30 
Tomato  (Rutgers)  217 + 8 10 ~ 0.06 
Cucumber  

(Stra ight  Eight) 215 + 7 9 + 0.$0 
Pea  (Laxton Progress  #9) 260 2_ 9 11 _+ 0.$5 
Soybean (McCall) 170 + $ 5 + 0.28 

Res i s tan t  
Celosia c r i s t a t a  

~ p a s  Plume) 16$ +_6 1 .00+0 .19  
Corn (W6O) 228 + $ 0.g0 + 0.11 
Wheat  (Ward) 206 + 8 0.02 + 0.03 
Sorghum (Colby) 155 + 3 0.10 +_ 0.01 
Oats  (Victorgrain)  175 + 6 0.01 +_ 0.01 

aAt  leas t  35 cells  were eva lua ted  for each combina-  
t ion, and exper iments  were conducted 2 or 3 t imes.  

Even if binding abil i ty expressed by root  cap cells  
is an impor t an t  d e t e r m i n a n t  of suscept ibi l i ty  to crown 
gal l ,  i t  is only one of many steps t ha t  could be blocked 
prior to tumor development .  Thus, i t  is to be expected  
t ha t  some plants  with posi t ive binding responses will 
not  develop tumors.  In no case,  however ,  did we ob- 
serve a binding def ic ien t  p lant  t ha t  developed c lea r -  
cu t  crown gall symptoms.  The nondes t ruc t ive  
na ture  of the root  cap cell  assay should make it  pos- 
sible to es tabl ish whether  there  is a genet ic  re la t ion-  
ship be tween  binding and suscept ibi l i ty .  
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