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Summary-Inoculation of carrots with 40 types of bacteria, both aerobic and anaerobic, including 
clostridia isolated from cavity spots, failed to induce cavity spot in carrots. A combined stress of minimum 
6 h flooding and temperatures higher than 28°C clearly induced cavity formation. Sugars, amino acids, 
lipids and minerals leaked from the carrots after flooding and heating the roots. A longer growth period 
following stress markedly increased cavity spots. Soil types (sandy loam and loess) and several carrot 
cultivars tested had no marked effect on spot formation. Cavities were formed in stressed carrots grown 
in sterilized soil containing only one type of bacterium, a Gram-negative short rod. Scanning electron 
micrographs revealed that after carrots were subjected to combined stress, microscopic cavities nearly free 
of bacteria were formed under the epidermis. Proliferation of bacteria was concommitant with the 
appearance of visible cavities. Cell-free extracts of infected carrots showed higher protease and 
pectinase-specific activities, as well as significantly higher peroxidase and polyphenoloxidase activities and 
total phenol content as compared to healthy carrots. 

INTRODUCTION 

Cavity spot of carrots (Perry and Harrison, 1979a) is 
an important factor limiting production in all culti- 
vated areas of Israel. Crop losses have been reported 
from Scotland, England and U.S.A. So far, means for 
reducing crop damage in Israel have not been imple- 
mented. The main obstacle has been an absence of 
knowledge of the causal agent and the conditions 
affecting cavity spot formation. Attempts to induce 
the phenomenon regularly under controlled condi- 
tions have been unsuccessful. Nevertheless, the im- 
portance of some factors in the formation of cavity 
spots, such as climatic conditions (Grogan et al., 
1961; Scaife and Clarkson, 1978), insufficient drain- 
age (Guba et al., 1961), temporary anaerobic condi- 
tions (Perry and Harrison, 1979a,b), presence of 
anaerobic bacteria (Perry and Harrison, 1977), lack 
of calcium (Maynard et al., 1963), presence or ab- 
sence of ammonium ions (Scaife et al., 1980) and soil 
structure (Perry and Harrison, 1979b), have been 
suggested but not confirmed (Lund, 1982). Further- 
more, the partial contribution of each of the above 
factors has not been properly evaluated (Lund, 1982). 

We describe factors affecting the formation of 
cavity spots and physiological and microbial changes 
occurring during the process of cavity formation. An 
abstract of this paper has been presented by 
Finkelstein et al. (1983). 

MATERIALS AND METHODS 

Organisms and growth conditions 

Carrots (Caucus carota L. var. sativa) cv. Tip-top 
(Sluis and Groot Co., Holland) and cv. Tito (Elite- 

*Present address: Department of Plant Genetics, The 
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Zaden, Holland) were used in most experiments. The 
cultivars, Fanci (Ohlsens Enke, Denmark), Slender0 
(Royal Sluis, U.K.), and Scarlet (Keystone, U.S.A.) 
were used in one experiment. 

Seeds were disinfected by immersion first in 70% 
ethanol for 3Os, then in 1% NaOCl for 30 s, both 
under vacuum. They were then washed 5 times with 
sterile distilled water. 

Seeds were sown in plastic pots, 1Ocm 
high x 10 cm dia. The pots were filled with 600 g of 
Loess raw soils (camborthids, Xerollic camborthids) 
or brown-red degrading sandy soils (Haploxeralfs, 
Typic Haploxeralfs). Plants were fertilized every 2 
months with 0.5% 20 : 20: 20 N : P : K commercial fer- 
tilizer (Haifa Chemicals, Israel). The plants were 
grown in a glasshouse during the winter and under a 
shadow net in the summer. Plants were also grown 
under aseptic conditions in an inverted Leonard’s 
bottle assembly (Vincent, 1970) containing Hoagland 
solution and sterilized by gamma-irradiation 
(2.5 Mrad using a cobalt 60 source). Disinfected seeds 
were sown under aseptic conditions and the soil was 
covered with a layer of sterile waxed sand. Plants in 
Leonard’s jars were fertilized with 0.75 ml 
0.5% FeSO, solution under aseptic conditions, and 
grown under controlled environmental conditions in 
a growth chamber with a photoperiod of 16 h at a 
bench-level light intensity of 350 pErn-* s-’ at 
20” f 2°C. 

Bacteria were isolated from cavity spots of carrots, 
under aerobic or anaerobic conditions (in anaerobic 
cell, H, + CO* atmosphere, [BBL, U.S.A.) in yeast 
peptone medium (YP) (Bashan et al., 1978), nutrient 
agar (NA) (Difco), King-B medium (King et al., 
1954) and in yeast peptone sucrose medium (YPS) 
(Hobbs et al., 1971). 

Spore-forming-bacteria (Gram-positive rods, pos- 
sibly Bacillaceae) were isolated by slicing carrot seg- 
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ments containing cavity spots and shaking them 
vigourously in a saline solution (0.85xNaCl) for 
30min at 30°C. The solution was then filtered and 
boiled for 10 min. Bacteria were cultured either aero- 
bically or anaerobically as described above. Bacterial 
cultures were maintained on YP or YPS media. 

Inoculation of carrots 

Carrots were disinfected with 0.5% NaOCl for 30 s 
and washed 5 times with sterile distilled water. Yeast 
peptone sucrose liquid cultures (24 h old) containing 
10’ colony forming units (cfu) ml-’ of each bacterial 
isolate (18 aerobes, 12 anaerobes and 10 spore- 
forming anaerobes) were used to inoculate the carrots 
by: (a) soaking them in bacterial suspension (b) slow 
injection of 1 ml suspension into the tissue, or (c) 
injuring carrots with a sterile knife and placing 0.1 ml 
bacterial suspension on the wound. After inoculation, 
the carrots were incubated at room temperature in 
humid chamber for 2 weeks. In a further treatment 
(d) all aerobic and anaerobic isolates (100ml each), 
containing about 10’ cfu mll’ were mixed and added 
to the soil pots with mature carrots (50 ml per pot). 

Bacteria were counted by the dilution-plate 
method. Ten g of carrots or soil (in ten replicates) 
were shaken in 90 ml sterile saline for 120 min. Co- 
lonies were counted on plates with fewer than 200 
colonies after incubation at 25” + 3°C on YPS or on 
NA medium until colony forma<ion. 

Exposure of carrots to environmental stresses 

Pots containing 5-month-old carrot plants were 
immersed for 36 h in water baths, each at a different 
constant temperature (7”-40°C). Leaves and the up- 
per part of the hypocotyl were kept above water level. 
The pots were then held in the greenhouse for 4 
weeks. Alternatively, the pot soil surface was covered 
with a 0.5 cm layer of vermiculite and a 2-3 mm layer 
of wax (Perry and Harrison, 1977). The plants were 
then flooded from the bottom up by placing them in 
a container of water. 

Leonard’s jar assemblies containing 5-month-old 
plants were filled aseptically with sterile Hoagland 
solution until the root system was flooded but the 
upper waxy sand remained dry. They were then 
incubated at 30” f 1°C for 36 h. After incubation, 
100 ml of solution were removed aseptically from the 
jar, and the plants were held in a growth chamber for 
1 month at 20” + 2°C. 

The plants were exposed to various temperatures in 
ventilated incubators or consecutively to wilting and 
flooding stresses. 

Different potassium and nitrogen levels in soil were 
obtained as shown in Results, Table 2. 

“Disease” index 

After carefully washing the carrots, “disease” 
severity (Fig. 1) was determined according to the 
following scale: 0 = no visible cavities; 1 = up to three 
cavities, each smaller than 2 mm dia; 2 = more than 
three cavities smaller than 2 mm, or up to three 
cavities 2-10 mm dia; 3 = more than three cavities 
larger than 2 mm or at least one cavity larger than 
10 mm dia “disease” index was calculated as follows: 

3 

D.I. = 1 (Ni x i) N total-’ 
r=O 

Fig. 1. VDisease” index of cavity spot of carrots. 

where i = disease severity, N = total number of car- 
rots tested, Ni = number of carrots with disease level 

Enzyme extractions 

Mature carrots were separated into healthy carrots 
(D.I. = 0) and carrots with cavities (D.I. = 2 or 3). 
Segments of external tissue (1.5 x 0.5 cm area, 
0.5-I .5 mm cross section) were removed from mature 
healthy carrots and from “diseased” carrots either 
from a necrotic spot or from apparently healthy 
tissue near the cavity spot. The segments were ho- 
mogenized in an ice bath in 60 mM phosphate buffer 
(pH 6.5; 3 ml gg’ tissue) with an Ultra-turrax ho- 
mogenizer (Janke and Kunkel), then in an Omni- 
mixer (Sorvall), again with Ultra-turrax, and finally 
with a fine homogenizer (Elda). The homogenate 
obtained was centrifuged at 12,OOOg for 10 min, and 
the supernatant centrifuged twice at 30,OOOg for 
30 min. The supernatants obtained served as enzyme 
sources. 

Enzyme assays 

Polygalacturonase (Nasuno, 1975; Wang and 
Keen, 1970), pectin-lyase and pectin-methylesterase 
(Nasuno, 1975) and pectate lyase (Nasuno and Starr, 
1967) were tested. All the pectinases reactions were 
run for 4 h at 35°C. During incubation, a drop of 
toluene was placed on the surface of the reaction 
mixture to prevent bacterial contamination. Controls 
consisted of reaction mixtures without enzyme, with- 
out substrate, reaction mixtures that were autoclaved 
for 20 min, and reaction mixtures to which the en- 
zyme was added just before testing. 

Cellulase (Benefield, 1971) and protease (Rinder- 
knecht et al., 1968) were tested. Extracts for assaying 
peroxidase and polyphenoloxidase activities were 
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partially purified by mixing with 5% active charcoal 
and filtering through Whatman No. 42 filter paper. 
Peroxidase (Lee, 1973) and polyphenoloxidase 
(Leonard, 1971) were determined. 

Electrolyte leakage from carrots 

Ten healthy carrots were thoroughly washed with 
double distilled water and incubated at various tem- 
peratures with or without immersion in 250ml of 
double distilled water. After 36 h of incubation, the 
carrots were transferred to 250ml double distilled 
water, and electric conductivity of 1 ml of the above 
solution was measured using Radiometer CDM 2b 
conductivity bridge. The leakage of constituents was 
tested in the solution after lyophilization to dryness 
and storage at -20°C. 

Analytical procedures 

Proteins were measured by the Coomassie brilliant 
blue G-250 method (Sedmak and Grossberg, 1977) 
using bovin serum albumin and chymotrypsin (Sigma 
Chemical Co., U.S.A.) as standards, and by anthrone 
or glucostate (Sigma) methods (Johanson, 1954) for 
sugar analysis, using glucose as standard. Fatty acids 
were detected by gas chromatography (Ruben et al., 
1981), and amino acids in an amino acid analyser 
(Dionex D-502). Total carbon was measured by the 
sulphuric acid method (Johnson, 1949) using glucose 
as standard, and phosphorous was measured by the 
ascorbic acid method (Watanabe and Olsen, 1965) 
using KH,POI as standard. Sodium and potassium 
were detected by a flame photometer (Corning 420) 
using KC1 and NaCl as standards. Calcium and 
magnesium were detected by atomic absorption 
(Perkin-Elmer 2380) using CaC12 and MgCl, as 
standards. NO3 was measured with a nitrogen elec- 
trode (Orion) using KNO, as standard. Phenols were 
measured by FeC&--K,Fe(CN), method (Kritzman 
and Chet, 1980) using catechol as standard. 

Scanning electron microscopy (SE&f) 

Surface segments of carrots at various stages of 
cavity formation were sliced and prepared for obser- 
vation using 5 to 6 samples per treatment (Bashan et 
al., 1978). 

Fig. 2. Effect of flooding and temperature on cavity spot 
severity. 

Experimental planning and statistical analysis 

Experiments dealing with exposure of carrots to 
environmental stresses were conducted 2 or 3 times. 
Treatments consisted of 20 pots with two carrots per 
pot arranged in a randomized fashion. Experiments 
dealing with enzymatic analysis were conducted 3 
times. Samples for enzymatic analysis were taken in 
triplicate from different areas of the carrots, with two 
replicates per sample. Results presented are from 
representative experiment. Correlations for “disease” 
severity were done by calculating linear regression. 
Significance was determined at P < 0.05, or by stan- 
dard error. 

RESULTS 

Ind~etio~ of cavity spot by inoculation with various 
bacterial isolates 

The following bacterial isolates, all isolated from 
cavity spots of carrots, were used in this work: 

(1) Eighteen aerobic bacterial isolates 
-11 Gram-negative rods with cream, white, yeliow, 
orange or red coionies 
-3 Gram-positive coccus in pairs and tetrads for- 
ming white, yellow or cream colonies 
-4 Gram-positive rods forming white or cream 
colonies with smooth or rough edges. 

(2) Twelve anaerobic bacterial isolates 
-8 Gram-positive rods 
-4 Gram-negative rods 

(3) Ten anaerobic spore-forming Gram-positive 
rods 
---(possibly Bacillus sp. or Clostridium sp. slightly 
differing from each other in morphology and colony 
characteristics). 

These 40 isolates obtained from cavity spots were 
used separately or in mixtures to inoculate mature 
healthy carrots by the three inoculation methods. No 
typical cavity spots were formed in any of the inocu- 
lated carrots during 14 days at 28” It: 2°C in a humid 
chamber. After 14 days, most of the carrots started 
to rot. 

E@ect of various environmental stresses on cavity spat 
formation 

Carrot plants grown in sandy loam soil in pots for 
4 months were exposed to the following stresses for 
36 h: (a) wax layer on the soil surface and flooding; 
(b) flooding combined with incubation at different 
tem~ratures (c) incubation at different temperatures; 
and (d) three successive cycles of flooding (36 h) and 
drying (96 h) until plants wilted. Plants growing 
normally in the greenhouse were used as controls. 
After the plants had been stressed, two pots from 
each treatment were immediately checked for cavity 
spots. The remaining plants were further incubated 
for up to 5 weeks in the greenhouse. 

Cavity spots appeared mainly after 5 weeks in all 
the plants flooded at 30°C (Fig. 2). No apparent 
changes were observed in any carrots immediately 
after they had been stressed. Controls generally 
showed a D.I. of O-O.5 units. Application of stresses 
to plants at temperatures higher than 35°C or by 
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3- Y.1.053 + 0.026 x a- 
r.0.92 

Fig. 3. Effect of length of combined stress on cavity spot Fig. 4. 
severity. 

covering the soil surface with wax resulted in plant 
death after 36 h. Other stresses tested had no appar- 
ent effect on cavity spot formation. All experiments 
were repeated 3 times with similar results. 

in inoculated carrots that had not been stressed 
(Table 1). 

Effect of K and N fertilization on cavity spot 

In three experiments performed in sandy loam soil, 
cavity spot formation increased proportionally (re- 
gression coefficient r = 0.92-0.98) to the length of 
combined temperature and flooding stresses for up to 
60 h (Fig. 3). Stresses for longer periods resulted in 
plant death. 

Four-month-old plants were exposed to the com- 
bined stress of flooding and high temperature 
(30” + 2°C). They were then maintained under nor- 
mal growing conditions and the appearance of spots 
was followed for 7 weeks. Appearance of cavity spots 
increased with time following exposure to stress 
(regression coefficient r = 0.973 or r = 0.93 when the 
experiment was repeated (Fig. 4). In non-treated 
control plants, the D.I. remained low (D.I. = 
0.39-0.50) throughout the experiments. These experi- 
ments were repeated in loess soil with similar results. 

Carrots were grown in sandy loam soil with 
different levels of K and N (Table 2). Three levels of 
N were added separately to an intermediate K level, 
and two K levels were added to the intermediate N 
level. Pots were fertilized 4 days before and 2 days 
after the combined stress. Pots with or without 
additional fertilization, and with or without stress, 
served as controls. 

Exposure to combined stress was necessary for all 
treatments to obtain high “disease” incidence. Rela- 
tive increases in N fertilization increased cavity spot 
formation, whereas relative increases in K fertil- 
ization decreased “disease”. However, differences 
were not statistically significant because of high vari- 
ability. 

Cavity spot formation in partially aseptic soil 

All carrot cultivars tested were found to be equally 
susceptible to formation of cavity spot after com- 
bined flooding and temperature 30” + 2°C stresses. 
D.I. ranged from 2.4-2.6 units in treated carrots. 
Controls remained in the range of 0.46-0.57 units. 

Inoculation of soil with a mixture of bacteria 
isolated from cavity spots 1 day before exposure of 
plants to combined stress did not increase cavity spot 
severity above that obtained with the combined stress 
only. However, D.I. increased above controls 

Mature carrots grown in 20 gamma-sterilized 
Leonard jar assemblies and 20 non-sterilized jars, 
were exposed to combined stress 6 months after 
sowing. Four weeks later, plants were examined for 
cavities. Total bacteria at the time of sowing were 
1.5 x lo5 cfu g-’ soil in non-sterile jars and 0 in soil 
in sterile jars. At the end of the experiment, bacterial 
numbers were similar in sterile and non-sterile soil 
(2.4 x 10’ and 1.5 x 1O’cfu gg’ soil, respectively). 
While a heterogeneous bacterial population existed in 

0 - W&S OFZlmJ~*TIONLAFTERS S&S 
Effect of incubation time after combined stress 

cavity spot severity. 
on 

Table I. Effect of inoculation of soil with a mixture of bacteria isolated from cavity 
spots on cavity spot formation in carrots 

“Disease index”” Disease incidence 
Treatment to carrots (O-3) (%) 

Untreated 0.56 f 0.50’ 56 
Inoculatedb 
Combined flooding and 

30 * 2°C stress 
Combined stress and 

1.28 * 0.89 74 

2.48 f 0.56 100 

inoculation 2.49 f 0.76 100 

aD.I. was determined 5 weeks after stress. 
‘Soil was inoculated with 50ml mixture (equal concentrations) of 40 bacterial 

isolates from cavity spots one day before combined stress. 
CIn this, and in the following tables, SE of the means, 30 plants per treatment. 
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Table 2. Effect of different fertilization conditions on severity of cavity spots 

Addition of fertilizer 
“Disease” 

Potassium” Nitrogen’ Stres& “Disease” severity incidence 
per pOtb (mM) P’ P‘Jt (mM) condition (O-3) (%) -- ._.. ..~ 

0.05 0 + 1.53 rl: 0.92 87 
- 0.62 4 0.6 48 

0.05 0.05 l- 3.00 * 0.00 100 
- 0.59 rt 0.62 53 

0.05 0.1 + 2.58 rt 0.47 100 
- 0.77 & 0.91 50 

0 0.05’ + 3.00 f 0.00 100 
- 0.65 + 0.47 40 

O.IC 0.05 + 1.70+ 1.18 100 
- ND ND 

0 0 + 2.71 t 1.07 86 
- 0.57 + 0.78 43 
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“KH,PO,. 
k50 ml to each pot. 
‘NH,NO, 
d36 h flooding at 28°C. 
LKH2P0, + KC1 (1: 1, v/v). 
‘NH,H,PO, + NH,NO, (I : 7, v/v). 

a non-sterile soil (more than 50 different colonies 
were observed), only one bacterial contaminant could 
be isolated from the gamma-sterilized soil. The bacte- 
rium was partially characterized as a Gram-negative 
short rod, possibly Pseudomonas sp. In sterilized and 
non-sterilized soil D.I. following stress was similar 
(D.I. = 1.36 + 1.15 and 1.2 + 0.45, respectively). 
Three attempts to maintain a completely sterile jar 
during the 6-months cultivation of carrots were un- 
successful. 

Bacterial counts during cauity formation 

It was not possible to isolate any bacteria from the 
inner parts of “diseased” carrots after surface ster- 
ilization. Bacterial counts of aseptically cut non- 
sterilized segments revealed populations ranging 
from 1.2-1.5 x 106cfug-’ of carrot surface layer 
tissue (D.I. = 0). At D.I. = 1.0, the bacterial popu- 
lation was 3.5-4.0 x lo6 cfu gg’, whereas at D.I. = 2, 
and above, bacterial populations reached their maxi- 
mum at 4.5-8.5 x IO’cfug-‘. More than 50 colony 
types were isolated form cavity spots. 

SEM of cavity spot formation 

Scanning electron micrographs of healthy carrot 
surfaces revealed epidermal cork cells. Several cracks 
were observed, especially near sites of root 
emergence. Very few bacterial cells and no fungi were 
detected. Examination of a very small cavity 
(1-2 mm in length) showed few bacterial cells and 
colonies. The cavity looked as if it had collapsed 
inside the epidermis layer. A cross-section of the 
small cavity revealed an internal hole, 9-10 times 
larger than the outside opening of the cavity. The 
hole was connected by an opening to the outside 
cavity. No bacteria were detected in the internal hole. 
Observation of a full sized cavity (D.I. = 2.0) showed 
masses of bacteria covering the hole walls in a layer 
several cells thick. In addition, the observations indi- 
cated a wide variety of bacterial shapes. 

Leakage of substances from carrots after combined 
stresses and enzymatic activity in healthy carrots and 
in carrots with cavities 

The leakage of electrolytes was enhanced in 
flooded carrots at temperatures of 30°C and above 
(Fig. 5). Analysis of leaked materials revealed that 
sugars composed 70% of the leaking substances, but 
there were also proteins, amino acids, lipids and 
minerals. The experiment was repeated 8 times with 
similar results (Table 3). 

In the pectinase group there was a marked increase 
in the activity of pectin and pectate lyase enzymes in 
crude extracts from the cavity area, as compared to 
extracts from apparently healthy tissue from “dis- 
eased” carrots and from healthy carrots. Polyga- 
lacturonase and pectin methylesterase activity 
markedly decreased in the cavity area and near the 
cavity (Fig. 6a-d). 

Fig. 5. Electrolytes leakage from flooded 
0 carrots at different temperatures. Bars represent standard 

error. 
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Table 3. Leakage of organic and non-organic compounds 
from carrots subjected to combined stress 

Leakage 
Comoounds (mg/g leakage) 

to the “diseased” severity as measured by deter- 
mining “disease” index (Fig. 7~). 

Organic 
Proteins and amino acids 
Sugars 
Lipids 
Total C measured” 
Total C calculatedb 

13.35 
700.00 

1.75 
534.6 
470.5 

Minerals 
lZ+ 54.70 
&a+ 13.20 
NO; 10.54 
Mg2+ 1.30 
Ca2+ 1.60 
Po- 12.40 

“Using direct carbon analysis. 
“Calculated from the sum of organic compounds that leaked. 

In cavity tissue and surrounding areas, protease 
activity assayed under different pH values was high 
as compared to the very low activity that was found 
in tissue from healthy carrots (Fig. 6e). No cellu- 
lolytic activity was detected in healthy or “diseased” 
carrots. 

Peroxidase and polyphenoloxidase activity found 
in extracts of cavity sites was four-fold higher than in 
healthy tissue from healthy carrots (Fig. 7a, b). The 
phenol content of the tissue increased proportionally 

“DISEASE” INDEX 

Fig. 7. Specific activity of peroxidase (a) and poly- 
phenoloxidase (b). Symbols and location of tissue are as in 
Fig. 6. (c) Phenol content was extracted from fresh carrot 
tissue at different “disease” severity levels. Bars represent 

standard error. 

(b) 

(d) 

pH=6.5 pH=8.0 

Fig. 6. Specific activity of pectate lyase (a); pectin lyase (b); polygalacturonase (c); pectin methylesterase 
(d); proteases (e); in healthy carrot 0, the cavity spot area (5 mm around the spot) and from apparently 

healthy tissue near (1 cm distance) the cavity spot q . Bars represent standard error. 
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DISCUSSION 

Our results suggest that a combination of phys- 
iological and microbial factors are responsible for the 
formation of cavity spots in carrots. Under controlled 
conditions, the two major environmental factors 
causing cavity formation were short periods of 
flooding and temperatures above 28°C. These results 
support field observations in Israel, where severe 
cavity spot has appeared in flooded areas in irrigated 
fields during the hot season (Jacobson et al., 1973). 
Also Perry and Harrison (1979a, b) observed cavity 
spots to be more common in flat, imperfectly-drained 
fields with poor soil structure than on other soil types. 
Perry and Harrison (1979a, b) suggested that lack of 
oxygen in soil in an inductive factor. However, effects 
caused by flooding on carrot roots are not necessarily 
identical to the effects caused by lack of oxygen 
(Crawford, 1982). 

Soil conditions prevailing in Israel do not support 
the theory that lack of calcium is a key factor in 
formation of cavity spots (Maynard et al., 1963; 
Scaife and Clarkson, 1978). We found that cavities 
were formed in two types of soils in the greenhouse 
and in three types of soils in the field (E. Soroker, 
unpublished). These soils contain high levels of both 
available and unavailable calcium (Ravikovitch, 
1981). However, it is possible that a temporary lack 
of available calcium occurs as a result of flooding, 
disturbing the balance of ion absorption from the soil 
solution by the roots (Crawford, 1982). 

High temperatures may drastically affect root 
physiology and microbial activities in the rhizosphere 
and rhizoplane (Kappen, 1981, Stotzky, 1968). Our 
study showed that at relatively high temperatures, 
damage increased with duration of flooding. In addi- 
tion, damage increased with time following stress. 

The fact that the addition to the soil of bacteria 
that were isolated from cavity spot slightly enhanced 
cavity formation, and the observation of massive 
microbial colonization of developed cavities by SEM, 
indicated that microorganisms participated in the 
formation of cavities. 

Grogan et al. (1961) suggested that microbiological 
factors played a secondary role in cavity formation 
and the main factor was not parasitic. On the other 
hand, Perry and Harrison (1979b) suggested that a 
pectolytic anaerobic Clostridium was the main causal 
factor. Lund (1982) questioned those conclusions, 
noting that as pectolytic clostridia were isolated from 
only 22”4 of the natural cavity-spot lesions examined 
thus, the requirements of Koch’s postulates had not 
been met. In sterilized Leonard jar assemblies com- 
pletely lacking any bacteria belonging to the Bac- 
illaceae and containing only a Gram-negative short 
rod, we have obtained formation of cavity spots after 
exposing the carrots to the combined stresses of 
flooding and high temperatures. 

High temperatures may cause protein denaturation 
and especially loss of membrane permeability in roots 
(Kappen, 1981). Guba et al. (1961) claimed that 
cavity formation following stress was caused by 
self-degradation of the tissue situated below the cork 
cells. Perry and Harrison (1979a) found that cells of 
the outermost layers of the secondary phloem col- 
lapse progressively, leading eventually to rupture of 
the periderm. Suberin and lignin are deposited in the 

cell walls of the wounded periderm surrounding the 
lesion. After carrots were exposed to the combined 
stress, a sizeable leakage of cell components was 
observed. The leaking material was high in sugars, 
which can enrich soil microflora (Rovira, 1970). 
Observations under SEM indicated that the primary 
cavity that formed after cell collapse below the 
epidermal cells was almost completely free of con- 
taminating microorganisms. A marked increase in the 
number of bacteria counted by the plate method or 
as observed under SEM occurred only later. This 
microbial population possessed hydrolytic abilities 
(mainly protease and some pectinase activity) which 
probably caused an enlargement of the microscopic 
cavity. Enhancement of polyphenoloxidase and per- 
oxidase activities by the forming cavity may be a 
reaction of the carrot to microbial proliferation, 
resulting in the accumulation of polyphenols, a phe- 
nomenon observed in this work and by Perry and 
Harrison (1979a). 

Our results suggest the following mechanism for 
cavity spot formation. Environmental stress, the two 
major components of which are periods of at least 6 h 
flooding and temperatures above 28°C resulted in 
physiological injuries to carrots. These injuries 
caused leakage of mineral and organic compounds, 
cell collapse and formation of subepidermal cavities. 
Non-specific bacteria developed in large numbers and 
helped to degrade the tissue. The defense mechanisms 
of the plant are activated, arresting the infection. 
Large amounts of oxidized polyphenol compounds 
accumulate and cause the brown-black cavity spots 
of carrot. 

Our results and those from studies in the U.S.A. 
and the U.K., indicate that the phenomenon of cavity 
spot formation is extremely complex. It is not clear 
that cultivation of carrots on well-drained soils 
would, alone, reduce the spread of this “disease” and 
the damage it causes, as severe damage has been 
observed in well-drained sandy soils in the Negev 
area (E. Soroker, unpublished). Therefore, there is 
not much one can do but to develop resistant carrot 
cultivars. Improvements in agrotechnical procedures 
to avoid flooding, anaerobiosis or high temperatures 
are less likely to be applied successfully in the field. 
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