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Summary. Cultured cell lines from carrot (Daueus  carota 

L.) with little or no embryogenic potential were examined 
for the auxin-binding capacity of their membranes. The 
lines belonged to different classes: (a) wild-type lines kept 
in culture for different periods (the longer the period, the 
lower being their embryogenic potential); (b) variants, 
isolated after mutagenesis, showing normal growth but a 
lack of embryogenic response; (c) auxin-resistant lines, 
isolated as colonies on solid media containing 45 ~tM 
2,4-D; (d) a previously described tumorous line (E9) iso- 
lated because of its resistance to hypomethylating drugs. 
All of these lines showed alterations in auxin-induced, 
auxin-binding capacity (modulation), i.e. in the non-em- 
bryogenic lines the addition of auxin increased the auxin- 
binding capacity to a very small degree, or removal of the 
hormone did not produce the proper decrease in that 
capacity, or both defects could be simultaneously pres- 
ent. Both types of defects were shown to be correctable: 
after treatments designed to increase the amplitude of 
modulation, embryogenic capacity was restored in a 
number of lines. 
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binding proteins (ABP) (we call this response ABP mod- 
ulation) and proembryogenic masses (PEM), i.e., small 
clusters of cells, that are generated from proliferating 
cells capable of modulating their level of ABP. PEM once 
generated, lose the ABP-modulating capacity, and under 
appropriate conditions they will develop into embryos 
and regenerated plantlets. 

In the study presented here we examined numerous 
lines with a much reduced, or even absent, embryogenic 
potential and found all of them to be limited in their 
capacity to modulate their ABP levels in response to 
auxin. Hence, the capacity to modulate ABP levels - 
from high to low levels, and ,vice versa, in a cyclical way 

seems to be a pre-requisite of embryogenic capacity. 
Cells having either a high or a low level of ABP, but with 
the inability to change it in response to variations in 
exogenous auxin, show severe reductions in regeneration 
efficiency. 

We will show that if treatments can be found that 
cause an increase in the amplitude of modulation, either 
by raising the level of response to auxin or by decreasing 
the constitutive level of ABP, embryogenesis will also 
result in lines that would be considered, under standard 
conditions, as being without embryogenic potential. This 
phenomenon may have interesting practical applications. 

Introduction 

Lo Schiavo et al. (1991) have shown that, in carrot, em- 
bryogenic cell cultures consist of two types of cells: vege- 
tatively proliferating cells that respond to increased levels 
of auxin in the medium by increasing their level of auxin- 
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Materials and methods 

Plant material and culture conditions 

Our wild-type line A + derives from germinating seedlings of 
Daueus carota cv 'S. Valery'. The line and its derivatives de- 
scribed in the present work were cultivated in B5 medium (Flow) 
supplemented with 0.5rag/1 (2.3 p,M) 2,4-D and 0.25rag/1 
(1.1 ~tM) 6-benzylaminopurine (BAP). When the embryogenic 
potential showed signs of decline, the line was rejuvenated by 
isolating a few somatic embryos and treating them individually 
with auxin to induce de-differentiation. Each callus so obtained 



gave rise to a sub-line; one of which was chosen for continuous 
cultivation. When this sub-line, in turn, showed signs of decline 
of the embryogenic potential, it also was rejuvenated in a similar 
manner. Under these conditions, the embryogenic potential is 
stable only for about t year. In this study line A § had been 
rejuvenated twice (hence designated A § T2). 

Embryogenesis 

Seven-day-old cell cultures consisting of isolated cells and 
clumps were filtered and resuspended at a low density in basal 
B5 medium in order to start the embryogenic process (time 
zero). Further details can be found in Giuliano et al. (1984). 
When the embryogenic efficiency had to be calculated, filtration 
was omitted and the number of embryos in the whole culture 
was scored 20 days after time zero. 

Isolation of variants 

Auxin-resistant lines 

Carrot cell cultures were plated on solidified B5 medium (sup- 
plemented with 45 gM 2,4-0 and 1.1 gM BAP) at 50,000 cell 
units/dish and scored for growth 2 months later. The frequency 
of the resistant colonies thus obtained was 6 x 10-5. 

emb lines 

A culture was mutagenized with ethyl methanesulfonate (Giu- 
llano et al. 1984), and set to embryogenize at 31 ~ according to 
the protocol of Breton and Sung (1982). After the embryos 
developed at 31 ~ had been discarded, the culture was plated and 
the colonies capable of growing but, upon subsequent testing, 
not capable of giving embryos even at the temperature of 25 ~ 
were isolated and designated M F I - M F 7 .  

Membrane preparation 

Cells were collected on the 4th day of  sub-culture, washed and 
homogenized in a mortar with liquid nitrogen. The microsomal 
fraction was separated by centrifugation and resuspended in 
extraction buffer without detergents. The protein concentration 
was determined with the BioRad assay. For  more details see 
Lo Schiavo et al. (1991). 

IAA binding assay 

This in vitro assay was conducted as described in Lo Schiavo 
et al. (1991) by incubating 50 gg proteins of a membrane pre- 
paration suspended in 500 gl binding buffer (7 m M  Na z citrate, 
5 raM MgCI2, brought to pH 5.5 with citric acid) with 
55.5 kBq[aH]-IAA (1 TBq/mmole, Amersham) at 0~ in the 
dark for 15 rain, which is the time required for reaching equilib- 
rium. At least three replicates were performed. The amount of 
binding was not affected by the addition of lipophilic sub- 
stances, such as benzoic acid, nor of sucrose; similarly omission 
of sucrose from the extration buffer had no effect, which indi- 
cates that our results cannot be due to incorporation of IAA into 
artificial vesicles formed during membrane purification. The 
data on non-specific binding were not given as this was always 
negligible: with a 200 x excess cold IAA, non-specific binding 
was less than or equal to zero. 

R e s u l t s  

Embryogenesis and auxin-binding capacity 

A n  embryogen i c  cell line tends to lose its embryogen ic  

po ten t ia l  u p o n  con t inuous  cul t ivat ion.  Unless  the cul ture  
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Table 1. IAA binding assay in vitro (pmoles of IAA bound to 
50 gg of membrane protein extracted from cells kept for 4 days 
in the presence or absence of 2.3 gM 2,4-D) 

Cell line 2,4-D Embryogenic 
potential" 

+ 

A 

A § T2 6.0 39.6 + + 
A+T1 7.1 36.2 + 
A + 14.6 24.5 - 

B 

MFI 3.0 6.6 - 
MF2 2.8 7.2 - 
MF4 3.2 6.4 -- 
MF7 2.7 3.1 -- 
E9 17.7 26.6 _+ 
wl 3.9 10.1 - 
w2 4.0 17.0 - 
w3 3.7 21.7 - 
w4 4.3 14.4 - 

a Embryogenic potential was grouped as follows: + + corre- 
sponds to an embryogenic efficiency greater than 0.5 embryos 
formed per celt unit; + means efficiency comprised between 0.05 
and 0.4 embryos/cell unit; _+ means efficiency on the order 0.001 
to 0.04; - means an efficiency always lower than 0.0001 (i.e. 
embryos never seen under the conditions used) 

is per iodica l ly  res tar ted f r o m  a c lone (i.e. a de-different i -  

a ted  embryo) ,  its embryogen ic  po ten t ia l  tends to be lost  

in a ma t t e r  o f  months ,  or  a few years (Smith  and  Street  
1974). 

Wi th  our  wi ld- type  (WT) embryogen ic  line A § we 

sequent ia l ly  isolated subclones;  the first one  was desig- 

na ted  A § TI .  W h e n  the embryOgenic  efficiency o f A  + T1 

began  to decrease,  we isolated a second subclone,  de- " 

s ignated A § T2. E m b r y o g e n i c  po ten t ia l  has been shown 

to be cor re la ted  wi th  the capaci ty  to m o d u l a t e  A B P  

(Lo Schiavo et al. 1991); in o ther  words ,  the capaci ty  to 

respond  to auxin  (auxin-b inding  capaci ty,  A B C )  by m a k -  

ing m o r e  A B P  when  the auxin  concen t r a t ion  in the medi-  

u m  is increased or  to decrease A B P  fo l lowing  auxin  re- 

m o v a l  seems to be typical  o f  good  embryogen ic  lines. 

Table 1 shows such a cor re la t ion  be tween  embryogen ic  

po ten t ia l  and capaci ty  to m o d u l a t e  ABP,  expressed as 

pmoles  o f  I A A  b o u n d  to 50 gg o f  m e m b r a n e  proteins ,  in 

an  in v i t ro  b inding  assay. 

In  o rder  to bet ter  define this corre la t ion ,  we decided 

to measure  A B C  in a series o f  poo r ly  embryogen ic  o r  

non -embryogen i c  ca r ro t  cell var ian ts  recent ly isolated in 

our  l abora tory .  

emb- lines 

In  ou r  l abo ra to ry  we rout ine ly  seek mutan t s  that  are 

t empera tu re  sensitive for  embryogenes is .  W h e n  we en- 

counte r  colonies  that  show instead the abso lu te  defect 
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Fig. 1. IAA bound by ABP of cells of wild type (A + T2) and two 
variant lines (E9 and MF2) grown for 4 days in different concen- 
trations (gM) of 2,4-D. The bioassay of ABP was performed as 
described in Materials and methods 
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Fig. 3. Plating efficiency of our carrot cell lines in agarized B5 
medium supplemented with TIBA at the concentrations indicat- 
ed on the abscissa 
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Fig. 2. Plating efficiency of our carrot cell lines at different con- 
centrations of 2,4-D (micromolar). Plating efficiency at stan- 
dard 2,4-D concentration (2.3 gM) was made equal to 100% 

[emb-  according to the terminology of  Breton and Sung 
(1982)], these are isolated and designated M F  plus serial 
number.  Four  of  the M F  lines were considered in the 
present study. 

Auxin-resistant variants 

They were obtained by plating a cell culture on solidified 
B5 medium containing 45 ~tM 2,4-D. Of the 25 colonies 
that  grew, 4 were isolated, purified and designated 
w l - w 4 .  

To these two sets of  variants we added E9, a semi- 
habi tuated tumorous  line that  is poor ly  embryogenic 
(Lo Schiavo et al. 1989). We measured ABP on all these 
lines, and the results, presented in Table 1, show that  the 
M F  and w series are characterized by low ABC after 
growth in the presence of  2,4-D, whereas the E9 line 
shows a relatively high ABC that  is minimally reduced 
after removal  of  2,4-D. All lines examined showed poor  
modulat ion,  either because of  a poor  induction of  ABP 
by 2,4-D (as in the M F  and w series) or a poor  reduction 
after 2,4-D removal,  as in the case of  A + and E9 lines. 

Can the amplitude of modulation be increased? 

We know from previous work  (Lo Schiavo et al. 1991) 
that  the amount  of  ABP correlates with the amount  of  
2,4-D in the medium over a certain range. I t  is thus pos- 
sible to have an ABC higher than the one observed in 
s tandard  B5 medium (see Fig. 1). But in order  to choose 
the proper  concentrat ion,  one has to know at what  con- 
ducted with A + T2, E9 (as a poor  reducer) and M F 2  (as 
a poor  responder).  The results, presented in Fig. 2 show 
that  (a) E9 is less resistant and (b) MF2,  unexpectedly, is 
more resistant to auxin than WT. 

The reason for the greater sensitivity of  E9 could be 
that  this line is semi-habi tuated and shows alterations in 
I A A  metabol ism (Lo Schiavo et al. 1989). Assuming that  
a high endogenous level of  auxin is what  characterizes 
E9, we tried to reduce this level with 7-azaindole, an 
inhibitor  of  I A A  synthesis (Kochba and Spiegel-Roy 
1977). The presence of  100 g M  azaindole in basal  B5 
reduced ABC from 17.7 to 12.7 pmoles and, concomi- 
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Fig. 4. IAA bound by ABP of A + T2 or MF2 
cells grown for 4 days (closed symbols) or 7 days 
(open symbols) in the presence of different concen- 
trations of 2,4-D 
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Table 2. Effect of senescence on ABP 

Cell line Age (days) IAA bound a 
(% added) 

A + T2 4 76 
12 22 

E9 4 50 
12 27 

MF2 4 11 
12 12 

a Auxin-binding capacity can be inferred from the ratio of the 
amount of IAA bound over the amount of IAA added into the 
incubation mixture (reported in the last column) 

Table 3. Correlation between ABC and embryogenicity mea- 
sured at different 2,4-D concentrations 

Lines 2,4-D concentrations (gM) 

2.3 45 90 

ABC EE" ABC EE ABC EE 

A + T2 39.3 + + 
MF2 7.2 - 16.4 -- 
wl 10.1 -- 22.8 + 
w2 17.0 -- 30.5 + 
w3 21.7 -- 29.5 + 
w4 14.4 -- 26.1 + 

26.6 + 

a ABC reported as pmoles bound by 50 gg membrane prepara- 
tions; EE stands for embryogenic efficiency, measured as in 
Table 1 

tantly, improved fivefold embryogenic efficiency (from 
0.13% to 0.63%). 

Line M F 2  showed resistance to exogenous auxin, 
which might  result from a lowered uptake of  2,4-D. That  
this occurs is indicated by the fact that  t r i iodobenzoic 
acid (TIBA), which is known to block auxin efflux from 
the cells (Hertel and Leopold  1963), is less toxic to M F 2  
cells than the WT cells (see Fig. 3). We hypothesized that  
increasing the auxin concentrat ion in the media up to 
90 ~tM might p romote  embryogenesis.  This concentra-  
t ion of  2,4-D increased the level of  ABP, but  did not  
st imulate embryogenesis.  If, however, the cells were ex- 
posed to this high concentrat ion of  2,4-D for 7 days (in- 
stead of  4, the time used in the s tandard  pro tocol  for 
measuring ABP) the ABP level went even higher (Fig. 4), 
and embryogenesis was finally obtained.  Figure 4 shows 
that  7 days are needed for M F 2  to express ABC at the 
highest level; W T  cells (which reach full induction in 2 h 
see Lo Schiavo et al. 1991) show higher levels o f  ABP 

induction at 4 days. This decrease with time might be an 
effect of  senescence (Libbenga 1978) and is also shown by 
E9, but  not  by M F 2  (Table 2). 

The effect of  treatments with high auxin was also 
examined using variants of  the w series, and an increase 
in embryogenic efficiency was obtained in all cases 
(Table 3). 

Discussion 

Vegetatively proliferat ing carrot  cell cultures respond to 
quanti tat ive variat ions in exogenous auxin by varying 
their auxin-binding capacity. This capacity to modulate,  
which is a pre-requisite for embryogenesis,  is lost by the 
embryos at their earliest stage (PEM). 

We isolated lines incapable of  embryogenizing: one of  
them was characterized and proven to be auxin resistant. 
We also isolated auxin-resistant lines, and they proved to 
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be incapable of  embryogenesis. In all these cases, an 
increase in the concentration of  auxin or in exposure 
time, or both, increases embryogenic efficiency to a re- 
markable extent, which, under standard conditions, was 
virtually nil. 

Conversely, alterations were obtained in the embryo- 
genic efficiency of  E9, a line that, possibly because of  a 
high endogenous concentration of  auxin, was incapable 
of  reducing the ABP level below a certain physiological 
threshold following removal of  exogenous auxin. This 
result (a fivefold increase in embryogenic efficiency) was 
obtained with azaindole, an inhibitor of  IAA biosynthe- 
sis. The possibility of  determining the highest amplitude 
of  modulation and of  using those conditions for obtain- 
ing regeneration of  recalcitrant lines may have important 
practical applications. This is especially true if modula- 
tion capacity proves to be of  importance in the regenera- 
tion of  other species as well. 

We may ask, together with Guern (1987), if the ABP 
function as auxin receptors. We think they do since one 
of  the effects of  auxin that can be measured inside the 
cells, i.e. D N A  methylation, correlates with the ABP level 
rather than the amount  of  auxin in the medium. This is 
true for E9 (Lo Schiavo et al. 1989), which is recalcitrant 
to hypomethylation and also cannot reduce the ABP 
level, and is also true for MF2, which has a very low level 
of  ABP at auxin concentrations as high as 23 g M  and 
also has low levels of  methylation (unpublished data). 
More important  perhaps is the correlation between 
auxin-binding capacity and embryogenic potential, 
which has been discussed throughout this paper and 
which seems to indicate a morphogenie receptor role for 
the ABP. 

Our data do not provide evidence on whether there is 
just one auxin receptor or whether there are more recep- 
tors with diverse physiological roles. The fact that MF2 
with low levels of  ABP requires high auxin levels for 
embryogenesis but normal levels of  the hormone for 
growth might favour the hypothesis of  diverse receptors. 
The fact that in Arabidopsis auxin-resistant mutants have 

different genes (Lincoln etal.  1990 and references 
therein) points in the same direction. Extending the anal- 
ysis we performed in MF2 to the other carrot cell vari- 
ants we have isolated (and others we may obtain) could 
provide useful indications to that end. 
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