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Sclerotinia rot of carrot (SRC), caused 
by Sclerotinia sclerotiorum (Lib.) de Bary, 
is among the most economically important 
diseases that threaten carrot production in 
many regions of the world (84). For over 
four decades, research on the management 
of this disease has been directed at various 
approaches, and yet currently available 
methods have not provided effective con-
trol in commercial crops. An important 
constraint in the development of practices 
to manage SRC has been the limited 
knowledge of the etiology and epidemiol-
ogy of the disease. Epidemiological studies 
of diseases caused by S. sclerotiorum have 
been conducted for several hosts, including 
beans (Phaseolus vulgaris) (16), soybeans 
(Glycine max) (18), and rapeseed (Brassica 
campestris, B. rapa) (102). However, the 
epidemiology of SRC is not as well char-
acterized and has at least two unique fea-
tures associated with the biology of carrot 
and the adaptation of S. sclerotiorum to 
carrot development. 

First, carrot is a biennial plant, and in 
carrot crops grown for root production, 
flowers are absent. The presence of senesc-
ing flower tissue such as petals is a prereq-
uisite for infection in many crops because 
ascospores of S. sclerotiorum require a 
period of saprophytic growth before being 
able to infect healthy plant tissues. In car-
rots, the nutrient source during this critical 
period for S. sclerotiorum appears to be 
provided by senescing leaves and petioles. 
Thus, the presence of senescing leaves in 
the canopy would represent a susceptible 
stage in carrot phenology, and production 
of primary inoculum to coincide with this 
stage may constitute an important adapta-
tion of S. sclerotiorum to carrots. 

Secondly, SRC can develop in two dis-
tinct and interconnected epidemics during 
the course of one crop, the preharvest epi-
demic occurring in the field and the post-

harvest epidemic occurring in storage. This 
is the result of successive preharvest and 
postharvest cycles of S. sclerotiorum de-
velopment in carrot crops. Depending on 
the cultivation practices used, this bicyclic 
nature of SRC is of great economic signifi-
cance; however, the etiological and epide-
miological factors that determine the quan-
titative relationships between these two 
epidemics are poorly understood. Focusing 
future research on the investigation of 
these unique features of SRC may reveal 
important epidemiological characteristics 
that will facilitate disease prediction and 
improved management practices. 

Carrot Production 
Carrot (Daucus carota L., subsp. sativus 

(Hoffm.) Arcang.) has been cultivated for 
human use since the tenth century and is 
valued for its medicinal and health bene-
fits, sweetness, flavor, and versatility. Pres-
ently, carrots are a commercially important 
crop that represents 1.4% of the total world 
root, tuber, and other vegetable production 
(10). The annual world production of car-
rots has increased by 133% during the past 
three decades, amounting to 19.4 million 
metric tons in 2000 (10). Carrots are pro-
duced in at least 108 countries throughout 
six continents (Table 1), and the five larg-
est producers in the world are China 
(26%), the United States (10%), Russia 
(8%), Poland (5%), and the United King-
dom (4%) (10). In Canada, carrot is the 
second most important vegetable crop (Fig. 
1), and with an annual production of 0.28 
million metric tons in 2000, it contributed 
1.4% to the global carrot production (10). 

Originating in central Asia (91), carrot is 
a cool-season vegetable that is cultivated 
primarily in temperate latitudes. However, 
the availability of cultivars adapted for 
cultivation in subtropical regions gives this 
crop a near worldwide distribution (118). 
Year-round availability of quality carrots is 
important for the continuous supply of 
fresh and processing markets. Therefore, 
effective extension of carrot availability 
beyond the normal harvest seasons through 
storage remains one of the primary chal-
lenges to producers, especially in temper-
ate regions. 

Storage methods and the period between 
harvest and marketing vary among regions 
(84). Primary long-term storage practices 
include indoor common storage that util-
izes ventilated ambient air, and controlled 
temperature refrigeration. Carrots in these 
facilities are usually stored in piles or in 
wooden pallet boxes. Optimum indoor 
storage conditions consist of constant air 
temperatures 0 to 1°C and relative humid-
ity (RH) 95 to 100% (120). These condi-
tions are essential for minimizing moisture 
loss, preventing early senescence, and 
reducing microbial decay on stored carrots 
for up to 9 months (145). Superior storage 
conditions can be provided by ice-bank 
cooling systems that can deliver saturated 
air at a temperature near 0°C by supplying 
air–water counterflows through positive 
ventilation (46,81).� In regions where 
weather permits, in situ storage of carrots 
has been employed with varied success. In 
the UK and France for instance, carrots can 
overwinter in the ground covered with 
earth or polyethylene sheeting and straw, 
and harvested throughout the winter 
months (46,118). A less practiced method 
is the placement of harvested roots in field 
clamps or trenches alternated with layers 
of sand or light textured earth (35).�

Sclerotinia Rot of Carrot 
Sclerotinia rot of carrot, also referred to 

as watery soft rot or cottony rot (5), was 
first reported on field carrots in Belgium 
by M. E. Coemans in 1860, while on 
stored carrots it was first described by E. 
Rostrup in 1871 (103). Both authors 
claimed S. sclerotiorum as the parasite 
responsible for the rotting carrots, but it 
was Anton de Bary (1886) who finally 
confirmed the pathogenicity of this fungus 
to carrots. Since then, SRC has been re-
ported in at least 20 carrot producing coun-
tries (Table 1) and has become important 
because of the sporadic and devastating 
nature of epidemics and the lack of effec-
tive control measures. 

The disease affects both above- and 
belowground portions of the carrot plant. 
Carrots are particularly susceptible to S. 
sclerotiorum late in the growing season 
and during storage. Early� in the growing 
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season, the disease can occasionally cause 
damping-off of young seedlings. Later 
infections of the foliage can reduce yield 
by weakening the tops and rendering me-
chanical harvest inefficient. Disease occur-
rence has been associated with poorly 
drained areas, high plant densities, and 
vigorous crop canopies covering the 
ground (45). Symptoms on diseased roots 
are rarely evident at harvest��Occasionally, 
when conditions are favorable for rapid 
disease development, the entire foliar sys-
tem may collapse and decay symptoms 
may be detectable on the crown. In Can-
ada, 75 and 90% of crop damage attributed 
to SRC was recorded in individual fields in 
1931 and 1934, respectively (6,7). 

The most extensive development of SRC 
occurs postharvest, and under these condi-
tions disease can substantially affect mar-
ketable yield and shelf-life of carrot in 
storage, transit, and market.� Estimates of 
yield losses in storage are scarce and often 
incomplete because they do not account for 
economic losses associated with premature 
sale of produce. In Canada, direct crop 
losses attributed to SRC in storage ranged 
from 30% in Manitoba (42) to 50% in 
Nova Scotia (9)��In the United States, seri-
ous losses have also been� recorded during 
carrot transportation (115) and storage (55). 

Symptoms of SRC 
Symptoms on foliage first appear as 

water-soaked, dark olive-green lesions 
associated with collapsed tissues (Fig. 2). 
Lesions expand rapidly over the entire leaf, 
petiole, and rosette with infected tissues 
soon becoming covered by abundant cot-
tony, white mycelium (Fig. 3). Aerial hy-
phae usually appear about 10 mm behind 
the advancing discolored lesion (45). At an 
advanced stage of disease progress, af-
fected tissues exhibit a bleached appear-
ance, and occasionally an entire plant may 
collapse (Fig. 4). Eventually, large black 
sclerotia (2 to 20 mm) form externally 
(Fig. 5), embedded in the mycelium or 
internally, within the pith of the petiole. 

Typically, lesions on stored roots that are 
infected from the field develop in the 

crown region as localized softened tissue 
and white mycelial tufts erupting through 
the cuticle (Fig. 6). Mycelium from a sin-
gle infected carrot can spread rapidly to 
adjacent roots, forming radiating pockets 
of infection (Fig. 7) with ramifying hyphae 
reaching up to 25 cm from the source (45). 
Lesions caused by this secondary spread of 
the pathogen can occur anywhere on the 
root and initially appear as water-soaked 
circular spots characterized by a slight 
discoloration of the infected tissue. At a 
later stage, the expanding lesions develop 
into a soft, watery, odorless rot, character-
ized by darkening of the invaded tissue and 
the presence of a rapidly spreading white 
mycelium. Colonized carrots are usually 
held together in large clumps by the exten-
sive mycelial growth. The formation of 
individual large sclerotia on infected areas 
(Fig. 6) is a distinctive feature that differ-
entiates SRC from other storage rots such 
as gray mold rot (Botrytis cinerea 
Pers.:Fr.), crater rot (Rhizoctonia carotae 

Rader), and bacterial soft rot (Erwinia 
spp.). In addition, secondary organisms 
may gain entrance into infected areas and 
contribute to further disintegration of mac-
erated tissue and the complete collapse of 
infected roots. 

Sclerotinia sclerotiorum 
S. sclerotiorum, the causal agent of 

SRC, is an ubiquitous� necrotrophic soil-
borne fungus that is among the most non-
specific of plant pathogens (114). S. scle-
rotiorum has a wide host range consisting 
of 408 species of herbaceous plants of 
diverse phylogenetic backgrounds, includ-
ing 278 genera and 75 families (19). In 
addition to losses of yield and reduction of 
quality in a range of economically impor-
tant crops, epidemics caused by this patho-
gen can lead to elimination of viable crop 
production and abandonment of fields to 
less profitable nonhost crops (24,114). S. 
sclerotiorum is distributed worldwide, but 
it is more common in temperate and sub-

  
Table 1. World production of carrots in 2000 and regional distribution of some countries where carrot crop losses attributed to Sclerotinia rot, 
caused by Sclerotinia sclerotiorum, have been reported 

 

  
Geographic region 

Harvested areaa  

(ha × 103) 
Yielda  

(kg/ha × 103) 
Productiona  

(tb × 103) 
 
Countries and reference 

 

 World 899 21.55 19,374   
 Africa 72 12.49 893 Egypt (39)  
 North and Central America 79 33.25 2,627 USA (115), Canada (48), Bermuda (147)  
 South America 46 22.65 1,034 Brazil (90)  
 Asia 407 18.42 7,509 India (117); Israel (107)  
 Europe 286 24.34 6,974 Austria (13); Finland (103); France (81); 

Italy (24); Netherlands (33); Norway (12); 
Poland (78); Romania (123); Russia (35); 
Sweden (105); UK (46) 

 

 Oceania 9 39.45 337 Australia (8); New Zealand (134)  
 

a Source: 2000 FAO Production Yearbook, Vol. 54, FAO, Rome, 2001.   
b Metric tons. 

 
 

Fig. 1. A typical carrot field in organic soils of Bradford Marsh in Ontario, Canada.  
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tropical regions possessing cool and wet 
seasons (114,150). 

Establishment and spread of S. sclero-
tiorum among fields and geographic areas 
is achieved by several mechanisms and 
disseminative propagules. Wind dispersal 
of airborne ascospores and transportation 
of sclerotia through farming operations 
including tillage, irrigation, and manure 
fertilization are important means for long-
distance distribution of the pathogen. Scle-
rotia formed on diseased plant tissue may 
be dislodged and persist in soil for several 
years (3,29). Sclerotia-contaminated seeds 
and seeds infected with mycelium are also 
potential forms of pathogen introduction 
(3,121). 

S. sclerotiorum is classified within the 
genus Sclerotinia of the Sclerotiniaceae, an 
important family of Discomycetes of the 
Class Ascomycetes. The nomenclature of S. 
sclerotiorum has undergone several revi-
sions since the species was first described 
by M. A. Libert as Peziza sclerotiorum in 
1837. The taxonomy of the Sclerotiniaceae 
has been a source of controversy for years 
and continues to be under investigation. 
However, the taxonomic position of the 
genus Sclerotinia in Sclerotiniaceae and 
characterization of S. sclerotiorum as a 
distinct species of genus Sclerotinia are 
substantiated by several lines of evidence, 
including genetic markers and nucleotide 
sequence homologies (58,74,76). 

World populations of S. sclerotiorum are 
composed of genetically heterogeneous 
subpopulations (23,75,77) that may be 
associated with phenotypic variability such 
as fecundity (31) and aggressiveness (79). 
Mycelial compatibility grouping and DNA 
fingerprinting have indicated that field 
populations of the fungus are characterized 
by a predominantly clonal structure with 
many unique genotypes geographically 
distributed over long distances (32,73). As 
a homothallic organism, S. sclerotiorum 
reproduces sexually by self-fertilization, 
resulting in the formation of apothecia and 
airborne ascospores, and asexually by 
formation of sclerotia. These reproductive 
modes contribute to the preservation of 
successful genotypes, but provide limited 
genetic variability. Most intraspecific 
genetic variations in S. sclerotiorum arise 
from mutation. However, genetic exchange 
and recombinations also account for some 
new genotypes (32,72), presumably with 
individual clonal genotypes becoming 
epidemiologically prevalent within each 
population. 

Etiology of SRC 
During its life cycle, S. sclerotiorum 

progresses through three stages of develop-
ment that include dormancy, saprophytism,�
and parasitism. From a management per-
spective, during sclerotial dormancy the 
pathogen is least accessible to most control 
methods. In contrast, the pathogen is more 
vulnerable during mycelial and carpogenic 
germination because of poor competitive 
saprophytic ability and high dependence on 
environmental factors, respectively. How-
ever,� there are two key adaptation strate-
gies during this saprophytic stage that con-
tribute to the success of S. sclerotiorum in 
establishing a parasitic relationship with 
carrots. First is the ability of the fungus to 
continue producing sclerotia on diseased 
foliar debris after being detached from the 
living carrot plant, thus increasing the 
amount of inoculum in soil. Second is its 
ability to attune to carrot crop phenology, 
i.e., to develop apothecia and ascospores in 
synchrony with the susceptible stage of 
carrot. The pathogen may become less 
vulnerable to environmental stresses or 
control methods during parasitism, when it 
is established in the carrot plant. Adverse 
conditions occurring during these growth 
stages may affect the overall development 
of the fungus. Therefore, knowledge of 
variations in the biological characteristics 
of S. sclerotiorum in relation to carrot de-
velopment and the physical environment 
within carrot crops is important in design-
ing management practices that aim at inter-
rupting the life cycle of the pathogen. 

Dormancy 
S. sclerotiorum spends about 90% of its 

life cycle in soil as dormant sclerotia 
which develop primarily from mycelia on 
diseased tissues (3).� Mature sclerotia can Fig. 3. Lesions of Sclerotinia rot advancing on carrot petioles and the rosette.  

Fig. 2. Carrot leaves and petioles showing symptoms of Sclerotinia rot.  
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survive in soil for 1 to 5 years, depending 
on the interaction of various physical and 
biological factors (3,29). Physical factors 
in the soil environment, including pro-
longed periods of high temperatures, flood-
ing, sequential drying and wetting (127), 
deep burial below the soil surface, and 
exposure to solar radiation, can reduce the 
viability of sclerotia (3). However, micro-
bial degradation remains the most signifi-
cant factor affecting populations of scle-
rotia in natural ecosystems (3). More than 
30 species of fungi and bacteria have been 
identified as antagonists or mycoparasites 
of Sclerotinia species, but Coniothyrium 
minitans Campbell, Trichoderma spp., and 
Sporidesmium sclerotivorum Uecker, Ayers, 
& Adams are likely responsible for the 
destruction of the majority of sclerotia in 
soil (3). Structural malformations or 
fractures in the melanized rind may also 
contribute to reduced longevity of sclerotia 
by increasing susceptibility to microbial 
degradation (28). In addition, soil myco-
phagous animals such as fungus gnats 
(Bradysia coprophila; Diptera: Sciaridae) 
and springtails (Folsomia candida; Col-
lembola: Entomobryidae) can reduce popu-
lations by direct consumption of sclerotia, 
mycoparasite transmission, or predisposing 
damaged sclerotia to infection by myco-
parasites (11,52,149). 

Saprophytism 
Germination. During suitable environ-

mental conditions, mature sclerotia can 
germinate myceliogenically to form myce-
lium or carpogenically to form apothecia 
(3). During myceliogenic germination, 
sclerotia produce masses of mycelia, which 
are capable of direct penetration of the host 
cuticle but require an exogenous nutrient 
source to be infective� (1,89). Mycelia 
originating from sclerotia of S. sclero-
tiorum possess limited competitive sapro-
phytic ability and, in nonsterile soil, were 
unable to infect plants located more than 2 
cm from the source (104,151). 

Carpogenic germination requires func-
tionally mature and preconditioned scle-
rotia located in the upper 2- to 3-cm layer 
of soil (2). The dormancy period required 
before sclerotia can germinate carpogeni-
cally varies from 13 to 208 days depending 
on environmental and physiological factors 
(150). Conditioning requirements for car-
pogenic germination may depend on the 
geographic origin of isolates as this relates 
to the temperature at which sclerotia are 
formed (64). Typically, constitutive dor-
mancy can be relieved by conditioning 
sclerotia for prolonged periods in cool, 
moist conditions, or by overwintering in 
soil (2). Carpogenic germination of scle-
rotia occurs at soil matric potentials rang-
ing from 0 to –7.5 bars (16,101,135). How-
ever, moisture levels –0.1 to –0.4 bars were 
most favorable for apothecial production 
(135), and saturated soils (0 bars) may 
suppress germination due to lack of aera-

tion or rotting of sclerotia (101). Sclerotia 
can imbibe moisture up to amounts equiva-
lent to their dry weight (30). In the labora-
tory, full hydration of sclerotia occurred 
within 4 h of immersion in water, while 
release of moisture from fully hydrated to 
fully desiccated sclerotia required up to 25 
h. Moisture content of soil-buried sclerotia 
follows changes in the matric potential of 
the soil and can reach an equilibrium 
within 6 h, but sclerotia can remain par-
tially hydrated in extremely dry soils (30). 
Typically, in field conditions, development 
of apothecia is stimulated by extended 

periods (e.g., >10 days) of high soil mois-
ture potentials (0 to –0.3 bars), cool (4 to 
20°C) soil temperatures, and a dense plant 
canopy over the soil (2,53,102,121). Simi-
larly, emergence of apothecia in carrot 
crops was associated with an enclosed 
canopy and prolonged rain or irrigation 
events (30). 

Carpogenic germination leading to for-
mation of phototropic stipes and develop-
ment of mature apothecia is optimal in soil 
temperatures of 11 to 15°C (1). However, 
differentiation and full expansion of the 
apothecial disk and ascospore production 

Fig. 4. Collapsed leaves and petioles of a carrot plant in the field due to severe infection by Scle-
rotinia sclerotiorum.  

Fig. 5. Newly produced sclerotia of Sclerotinia sclerotiorum on diseased carrot leaves and soil sur-
face.  
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occur only in light and require wavelengths 
below 390 nm� and temperatures 15 to 
20°C (28,82,150). Mature ascospores are 
forcibly discharged to a distance of more 
than 1 cm above the upper surface of the 
apothecium when subjected to a decrease 
in moisture tension in the surrounding air 
(2). Apothecia can remain functional for 5 
to 10 days in field conditions and can pro-
duce up to 3 × 107 ascospores (121,129).�

Aerobiology. Aerobiological studies of 
S. sclerotiorum in carrot crops are not 
available. Studies in other crops have re-
vealed a diurnal distribution of ascospores 
characterized by consistent peaks of spore 
deposition occurring between 900 to 1300 
h in several geographic regions (14,56,66). 
Conversely, seasonal patterns of ascospore 
distribution vary among geographic re-
gions because of differences in climates 
and cropping seasons. Peaks of ascospore 
deposition have been recorded during Janu-
ary and February in Israel (14), March in 
New Zealand (56), July and August in 
Canada (153), or October and November in 
North Carolina, USA (66). Daily peaks in 
abundance of ascospores occurred after 
sunrise, perhaps in response to increased 
light intensity and decreased RH, whereas 
seasonal peaks followed periods of high 
soil moisture (56). Aerial dispersal of asco-
spores can reach up to several kilometers 
(2), but most ascospores are deposited 
within 100 (14,129) or 150 m (130) from 
the source. Ungerminated ascospores can 
survive for up to 12 days in the crop de-
pending on their position in the canopy and 
environmental conditions. Ascospore mor-
tality increases with increasing tempera-
tures above 21°C and exposure to ultravio-
let radiation (22). 

Adaptation. Ascospores of S. sclero-
tiorum are not able to infect until an exter-

nal source of nutrition, such as senescing 
plant tissues or dead blossoms, and free 
water are available (89). However, unlike 
initial petal infestation in flowering plants 
such as bean (2) and canola (95), in carrots, 
the exogenous food base for germinating 
ascospores is restricted to aged foliage. 
Carrot plants were not susceptible to foliar-
applied ascospores of S. sclerotiorum 
unless older senescing leaf tissue was pre-
sent in the canopy (45). Increased suscepti-
bility of senescing leaves was associated 
with higher incidence of appressoria for-
mation and failure to react hypersensitively 
to the penetration of S. sclerotiorum. In the 
field, carrot crops were particularly suscep-
tible to S. sclerotiorum when senescing 
foliage was lodged on the soil surface (45). 
This probably occurs because upright se-
nescing leaves are subjected to continuous 
fluctuations and interruptions of leaf wet-
ness periods due to wind and sunlight. 
Lodged senescing leaves can have longer 
wetness periods due to their contact with 
moist soil and humid conditions under the 
dense canopy cover, thus providing more 
favorable conditions for infection to occur. 
Therefore, the onset of lodged senescing 
leaves appears to be an important event in 
determining the susceptible stage of carrot 
crops to infection by S. sclerotiorum. Once 
started, foliar senescence of carrots pro-
gresses concurrently with the development 
of new leaves, and accumulation of senesc-
ing foliage on soil continues until harvest. 

The pattern of foliar senescence, differ-
ential susceptibility of carrot leaves in 
relation to their age, and position of older 
leaves within the canopy appear to be im-
portant for the development of SRC. How-
ever, little information is available regard-
ing the phenological development of carrot 
that describes the timing, rate, and patterns 

of foliar senescence or canopy lodging. For 
example, initial appearance of senescing 
leaves in carrots crops in UK occurred after 
84 days of plant growth (45). In carrot crops 
grown in organic soils of Bradford Marsh, 
Ontario, the onset of lodged senescing 
leaves ranged from 54 to 89 days after 
planting when carrots were between sixth 
and tenth leaf stage (C. Kora, unpublished). 
Patterns of foliar senescence may vary with 
carrot age, cultivar, plant density, nutrient 
and irrigation regime, soil type, or weather. 
In addition, stresses imposed by other 
foliar diseases of carrot such as leaf blights 
(Alternaria dauci (Kühn) Groves & Skolko 
and Cercospora carotae (Pass.) Solheim) 
may encourage senescence and lodging. 

The presence of apothecia and asco-
spores during this susceptible stage of car-
rot development has been observed (30,45) 
and is probably the most critical factor in 
the initiation of SRC epidemics. Emer-
gence of apothecia has been associated 
with the development of a full canopy 
cover in carrot (30) and several other crops 
(16,18,102,121). An enclosed canopy can 
buffer the effect of fluctuating soil mois-
ture and temperature at the soil–plant 
interface and create conditions that are 
conducive for the development of apothecia 
and survival of ascospores (2,22,121,148). 
The appearance of lodged, senescing 
leaves in carrot crops usually occurs close 
to or after full canopy enclosure. There-
fore, extended periods of concurrent pro-
duction of inoculum and accumulation of 
susceptible tissue can cause widespread 
epidemics of SRC, particularly when 
favorable weather conditions prevail. 

Parasitism 
Histopathology. Germinating asco-

spores of S. sclerotiorum initiate infection 

Fig. 6. Mycelium of Sclerotinia sclerotiorum
erupting from the crown of a stored carrot 
originally infected in the field and a sclerotium 
formed on top of the root.  Fig. 7. Secondary spread of Sclerotinia rot among carrot roots in storage.  
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through the production of simple, single 
appressoria that penetrate directly through 
the host cuticle. Infection can also occur 
through direct cuticle penetration by myce-
lia, which is achieved by complex, multi-
celled appressorial masses. Penetration is 
mainly attained by mechanical pressure 
aided by the activity of fungal enzymes 
involved in the modification of the cuticle 
(89,133). After penetration, an inflated, 
granular vesicle develops that gives rise to 
infection hyphae. Mycelial growth pro-
gresses from these infective hyphae and 
rapidly colonizes host tissues by inter- and 
intracellular penetration. After extensive 
colonization of the interior tissues, ramify-
ing hyphae emerge through the cuticle, 
forming mycelial tufts on the surface. 
Eventually, mature sclerotia form on dis-
eased tissues and are released onto the soil 
along with plant debris (89). 

Pathogenesis. S. sclerotiorum possesses 
a nonselective mechanism of attack that 
can successfully invade a host plant before 
it can respond. Pathogenesis by S. scle-
rotiorum is attributed to the secretion of 
oxalic acid (25,49,92)�and a series of cell-
wall-degrading and cell-membrane-modi-
fying enzymes, including pectolases 
(89,116), cellulases (87), hemicellulases 
(54), and phosphatidases (88) that degrade 
and kill carrot cells in advance of invading 
hyphae (89). Oxalic acid has been con-
firmed as an essential pathogenicity deter-

minant in S. sclerotiorum (49) and appears 
to be involved in several modes of action 
that are activated upon successful entry of 
the pathogen into the host. Oxalate en-
hances the activity of lytic enzymes by 
reducing the pH of the infected tissue, 
weakens the plant cell by sequestering cell 
wall Ca2+, and suppresses host defense 
mechanisms by inhibiting polyphenol oxi-
dases (92,93). Cessna et al. (25) proposed 
that oxalate may also suppress the oxida-
tive burst of the host plant, which is the 
earliest resistance response of invaded 
tissue. 

Epidemiology 
The preharvest epidemic. Early work-

ers postulated that primary infection of 
carrot was initiated by mycelium arising 
from myceliogenically germinating scle-
rotia in soil (80,103) or by airborne asco-
spores of S. sclerotiorum (115). However, 
there was insufficient evidence on the epi-
demiological significance of these forms of 
inoculum in the field. 

A study in Manitoba, Canada, demon-
strated that infection of carrots was initi-
ated primarily through mycelial coloniza-
tion of leaf and stem tissues close to, or in 
direct contact with, germinating sclerotia 
located on or near the soil surface (42). In 
controlled experiments, foliar infection 
occurred more readily and disease in stor-
age was greater when mycelial inoculum 

was placed near carrot foliage that was in 
contact with soil than when mycelium was 
placed near roots. Mycelium of S. 
sclerotiorum was capable of infecting 
carrot leaves even after advancing a dis-
tance of 0.5 to 1 cm through soilless 
growing medium. In contrast, foliar-
applied ascospores required at least 11 
days of continuous leaf wetness to produce 
disease in foliage and stored roots. In field 
conditions, inoculation with an ascospore 
suspension did not cause disease on foliage 
or stored roots, as leaf wetness duration 
was never sufficient for infection to occur 
(42). However, there was no indication in 
these studies of the role of differential 
susceptibility of leaf tissues to ascospores 
with respect to their developmental stage 
or position within the canopy. 

Studies in the UK indicated that airborne 
ascospores produced in autumn were the 
most important inoculum in initiating epi-
demics of SRC in the field (45). The pres-
ence of apothecia within carrot crops has 
been consistently associated with the initial 
appearance of symptoms of SRC (30,45). 
However, the absence of apothecia in some 
infected carrot crops (45) suggests the 
presence and relative importance of extrin-
sic sources of ascospores, as reported for 
epidemics of white mold in bean (1,16), 
lettuce drop (109), and Sclerotinia stem rot 
in rapeseed (102). In optimum controlled 
conditions, treatment with airborne asco-

Fig. 8. Preharvest and postharvest disease cycles of Sclerotinia rot of carrot caused by Sclerotinia sclerotiorum in a cropping system typical for temperate 
regions.  
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spores initiated foliar infection only when 
carrot plants were at the seven- to eight-
leaf stage or later and had at least one 
senescing leaf at the time of inoculation. 
Symptoms developed only on senescing 
leaves and appeared 3 to 4 days after 
inoculation. Infection spread to the crown 
and new sclerotia formed on the foliage 
about 14 days after inoculation (45). 

These studies suggest that airborne asco-
spores and soilborne hyphae are important 
primary inocula for the epidemiology of 
SRC in the field (Fig. 8), and their preva-
lence may depend on the region, environ-
mental conditions, and cropping systems. 
Although S. sclerotiorum is capable of 
infecting by hyphae or ascospores, it ap-
pears to function primarily by producing 
apothecia, and mycelial germination from 
sclerotia contributes minimally, if at all, to 
the development of epidemics (2). In other 
crops, S. sclerotiorum infects senescing 
plant tissues by means of ascospores 
(1,27,62,102,109), and direct infection by 
sclerotia is not considered important except 
for the basal infection of sunflower (Heli-
anthus annuus) (61) and tomato (Lycoper-
sicon esculentum) (83), and infection of 
bean leaves in contact with the soil surface 
(140). Airborne ascospores are considered 
more effective in initiating widespread 
epidemics because of their long-range 
dispersal, higher inoculum potential, and 
relative persistence within the canopy. The 
widespread and sporadic nature of SRC 
epidemics also suggests that, in carrot 
crops, ascospores are more likely to be the 
most significant primary inoculum. How-
ever, there are several common attributes 
that characterize both modes of disease 
initiation regardless of the primary inocu-
lum: (i) sclerotia located near the soil sur-
face are the most important source of 

inoculum for both infections; (ii) both 
inocula need free moisture and an exoge-
nous nutrient source to be infective; (iii) 
both modes require the presence of older or 
senescing leaves lodged on the soil surface; 
and (iv) disease progress in both modes is 
encouraged by humid microclimate condi-
tions within the enclosed canopy of mature 
carrot crops. These attributes are important 
considerations to address when attempting 
to design strategies for the management of 
SRC. 

Regardless of the type of primary inocu-
lum, root infection results from infected 
foliage and occurs via the crown 
(42,45,84). Direct infection of carrot roots 
by mycelium arising from sclerotia in soil 
has not been observed, and root infection 
always occurs after the foliage and crown 
become infected. Mycelium arising from 
lesions on foliage can progress through the 
petiole toward the crown, from which it 
enters the root (42). Infection of carrot roots 
via petioles wounded by S. sclerotiorum–
contaminated machinery during mechani-
cal harvest may be an additional source of 
disease in storage (132). Following the 
crown pathway, mycelium can circumvent 
the periderm, which may be a structural 
barrier to penetration from the exterior of 
the root (44). 

Optimum conditions for infection of car-
rots are prolonged periods of high moisture 
and temperatures of 13 to 18°C (118). 
Once infection is established, invaded tis-
sue usually provides sufficient moisture for 
fungal growth and lesion expansion; how-
ever, prolonged dry conditions can sup-
press disease progress (45). Mycelium 
originating from diseased leaves can read-
ily colonize adjacent senescing leaves, 
foliar debris lying on the soil surface, and 
healthy foliage of neighboring plants (Fig. 

9). This is encouraged by the high plant 
density that is typical in current carrot 
cultivation practices (Fig. 1). Therefore, 
secondary infection due to plant-to-plant 
contact may be an important means of 
local spread of the pathogen that increases 
disease incidence in carrot crops. The pre-
harvest cycle of S. sclerotiorum develop-
ment is completed with the return to soil of 
new sclerotia produced on diseased leaves. 
These sclerotia will eventually germinate 
to form apothecia (Fig. 10) or mycelium 
during subsequent seasons and initiate new 
epidemics of SRC. 

The postharvest epidemic. Disease of 
carrots in storage or in transit is a direct 
consequence of foliar and crown infection 
in the field (42,45,84), and every infected 
root has the potential to develop into a 
source of inoculum for new infections 
during storage (Fig. 8). However, incidence 
of foliar disease in the field may not qualify 
as a good indicator of initial root disease 
incidence or potential crop loss in storage, as 
no quantitative correlations between these 
cycles have been observed (45). The 
development of this secondary epidemic is a 
unique feature that characterizes SRC from 
many other Sclerotinia diseases, but it 
becomes important when harvested carrots 
are designated for storage or long-distance 
transportation. Infections in storage are 
initiated mainly by mycelium arising from 
the crowns of diseased roots introduced 
from the field (45). The colonized root can 
provide sufficient nutrient reserves for the 
fungus to spread rapidly toward adjacent 
roots (45,103). The presence of wounded 
tissue caused by mechanical harvesting or 
handling can increase susceptibility of 
carrots and encourage secondary infection in 
storage, but is not essential (45). Mycelium 
of S. sclerotiorum persisting on the surface 
of infested wooden containers (103,115,131) 
or in foliar debris adhering to the roots (45) 
may represent an additional source of con-
tamination for carrots in storage. 

Preharvest and postharvest epidemics of 
SRC differ in several biological and envi-
ronmental characteristics. Compared to 
foliar substrates, carrot roots are storage 
organs with higher nutrient content that 
encourage more extensive fungal growth 
and abundant sclerotia production. Humid-
ity within storage is usually sufficient to 
favor fungal growth, but low temperatures 
can substantially limit the development of 
SRC in storage. S. sclerotiorum can infect 
carrot roots in temperatures ranging from 0 
to 28°C, with maximum decay occurring at 
23°C (80,103). Finally, excluding sclerotia 
returned to the field through manure fertili-
zation, most new sclerotia produced on 
diseased roots in storage do not contribute 
to the increase of inoculum in soil and do 
not sustain the initiation of new epidemics. 
Thus, although economically important, 
this postharvest cycle in the development 
of S. sclerotiorum is epidemiologically 
incomplete. Fig. 9. Secondary spread of foliar Sclerotinia rot among carrot plants in the field.  
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Disease Management 

Consistent and economical management 
of most diseases caused by S. sclerotiorum, 
including SRC, has been difficult to 
achieve because of their widespread distri-
bution, sporadic occurrence, and the long-
term persistence of sclerotia in soil. In the 
past, most management strategies for these 
diseases have relied on cultural practices 
that reduce the frequency of sclerotia in 
soil and protective strategies that prevent 
infection of the crop, such as the use of 
fungicides and tolerant or resistant culti-
vars. However, chemical control is consid-
ered cost-effective only on selected high-
value crops, and cultural practices have 
had variable results (128). The lack of 
effective disease management practices 
and the potential risk of developing fungi-
cide-resistant strains of the pathogen have 
stimulated further investigation of biologi-
cal alternatives, host resistance, disease 
prediction, and microclimate modification. 

Cultural control. Several cultural prac-
tices such as burial of crop refuse through 
deep (15 to 20 cm) plowing (98), flooding 
(100), soil solarization (111), grass mulch-
ing (40), reduced irrigation frequencies 
(129), and weed management (34) can 
effectively reduce populations of sclerotia 
in soil, prevent their germination, or de-
crease disease in several crops. Crop rota-
tion has also been advocated as a method 
to control diseases caused by S. scle-
rotiorum (128), but 3- and 4-year rotations 
with nonhost crops have not been effective 
in decreasing the frequency of sclerotia in 
soil (121,152) or reducing Sclerotinia stem 
rot in rapeseed crops (102), respectively. 
Sanitation methods such as steam steriliza-
tion of soil for at least 10 min resulted in 
up to 85% mortality of sclerotia buried at 2 
cm in the field (30). The efficacy of steam 
sterilization in these studies was positively 
related to the moisture content of the soil 
and sclerotia, and inversely related to the 
depth at which sclerotia were buried. Con-
sequently, moistening the soil prior to 
steaming is critical because only fully and 
partially hydrated sclerotia are susceptible 
to steam sterilization, and dry sclerotia are 
more resistant to high temperatures (30). 
These cultural methods are often ineffec-
tive, especially when extrinsic sources of 
ascospores are important for initiating 
infections (129); therefore, integration with 
other management tools is needed for 
enhancing their efficacy. 

Any product or cultural practice that af-
fects the canopy architecture and phenol-
ogy of a carrot crop could indirectly influ-
ence germination of sclerotia and subse-
quent SRC development. Adequate plant 
spacing and cultivation in raised beds can 
reduce soil moisture and enhance aeration 
within the canopy, thus providing some 
cultural modifications that improve disease 
control (118). Application of low rates of 
nitrogen, such as 6 kg a.i. (active ingredi-

ent) ha–1, was associated with significant 
reduction of canopy size and density, less 
lodging, and lower levels of SRC com-
pared with 60 kg a.i. ha–1, with negligible 
effect on yield (30). Excessive nitrogen 
inputs may delay foliar senescence in car-
rots; however, excess foliage growth en-
couraged by high rates of nitrogen can 
increase shading of lower leaves and accel-
erate their senescence. Therefore, balanced 
nitrogen applications that meet the crop 
needs based on soil type and fertility 
should be encouraged especially for fields 
with high disease risk. Modification of 
standard cultural practices that prevent 
infection by minimizing physical contact 
between foliage and soil (42) or by pre-
venting the development of a full canopy 
and the accumulation of susceptible senes-
cent foliage between the rows (45) have 
been suggested, but viable commercial 
systems to achieve these were not identi-
fied. 

Preharvest cultural practices that influ-
ence postharvest quality of carrot are im-
portant for reducing the susceptibility of 
carrot to SRC during long-term storage. A 
balanced fertilization program that pro-
vides adequate potassium and avoids ex-
cess nitrogen can reduce postharvest mois-
ture loss by maintaining root tissue 
integrity (125). Prevention of preharvest 
water stress may also increase membrane 
integrity of carrot roots and reduce mois-
ture loss during storage (124). Supplemen-
tal foliar applications of calcium-contain-
ing products such as calcium nitrate, 
Calcimax, and Nova Cal were tested in the 
field from 1997 to 1999, but did not reduce 
the incidence of SRC in storage. Calcium 
nitrate was phytotoxic at concentrations 
higher than 0.1% and caused leaf burn (M. 
R. McDonald, unpublished). Timing of 
harvest may also affect the susceptibility of 
carrot to most storage rot diseases through 
the effect of carrot age, physiological state, 
and weather conditions before and during 
harvest. In Finland, for instance, reduced 
losses from SRC in storage were associ-
ated with relatively longer carrot growing 
periods, higher sucrose-glucose ratios in 
roots at harvest, and dry weather condi-
tions during harvest (103). 

Minimizing mechanical injuries during 
harvest or handling and wound healing by 
exposing carrot roots to prestorage high 
temperature treatments can decrease pre-
disposition of carrots to subsequent infec-
tions in storage. Treatment of carrots for 6 
h at 25°C or 7 days at 15 or 25°C and 98% 
RH effectively reduced subsequent infec-
tion by S. sclerotiorum, but an inverse 
effect resulted when inoculum was present 
during the treatments (45). Periods of high 
temperature that provided effective wound 
healing on carrots in these experiments 
increased the level of infections by S. scle-
rotiorum, suggesting that this method may 
not be effective for suppressing SRC in 
storage. Prestorage exposure of carrot roots 

to 3 s of steam at 90°C suppressed disease 
caused by S. sclerotiorum, Alternaria alter-
nata (Fr.:Fr.) Keissler, and Alternaria 
radicina Meier, Drechs., & E.D. Eddy by 
up to 92% during 60 days in cold storage 
(4). The effect of steam treatments was 
attributed to the killing of pathogens on the 
carrot surface, removal of spores and de-
bris, and stimulation of antifungal com-
pounds in carrot roots (4). 

Washing carrots before storage has had 
inconsistent effects on the suppression of 
various postharvest fungal diseases, includ-
ing SRC. For instance, removal of soil by 
washing and culling unmarketable carrots 
prior to storage reduced disease by 71 to 
82% and allowed for more efficient use of 
cold storage facilities (86). Conversely, in 
a similar study, prestorage washing of car-
rots had no consistent effect on infection 
by S. sclerotiorum (46). 

Although S. sclerotiorum is capable of 
growing and causing disease at tempera-
tures as low as 0°C, its activity is substan-
tially reduced below 6°C (41). Both S. 
sclerotiorum and B. cinerea produced 
higher levels of extracellular pectolytic 
enzymes and decay on the surface of car-
rots incubated at 20 or 1°C, when exposed 
to 94 to 96% RH, than to 98 to 100% RH 
(146). Moreover, SRC was reduced by up 
to 36% when carrots were stored in ice-
bank cooled storage at 0.5 to 1°C and 97 to 
98% RH, compared with conventional 
storage at 2 to 2.5°C and 85 to 95% RH 
(46). Therefore, maintaining adequate tem-
perature and RH conditions is important 
for reducing losses caused by SCR and 
sustaining long-term quality of carrots in 
storage. 

Rapid cooling of harvested carrots is as 
important in disease suppression as the 
maintenance of optimum temperatures 
during storage. In commercial storage us-
ing a refrigeration coil or a Filacell cooling 
system, or a combination of both, cooling 
of bulk carrots from 6 to 1°C can take up 
to 75 days (113), whereas ice-bank cooling 
systems require less than 6 h (46). An in-
crease of cooling time from 6 to 72 h in-
creased SRC level by 300% after 15 weeks 
in storage at 6°C (113). An increase of 
storage temperature from 2 to 20°C also 
led to progressive increases in electrolyte 
leakage from carrot roots as a result of the 
rapid disruption and increase in permeabil-
ity of cell membranes induced by S. scle-
rotiorum (41). 

Chemical control. Preharvest and 
prestorage fungicide applications can ef-
fectively decrease the viability of sclerotia 
in soil or reduce levels of SRC in the field 
and storage, respectively. A significant 
decrease in carpogenic germination of 
sclerotia was obtained by preplant soil 
application of methyl bromide, formalde-
hyde, pentachloronitrobenzene (128), or 
metham-sodium (15). Several herbicides, 
including chlorsulfuron, cyanazine, metri-
buzin, triallate, and trifluralin, have also 
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been shown to inhibit carpogenic germina-
tion in controlled environment studies 
(136). Foliar sprays with 0.3% Compass 
(167 g each of iprodione and thiophanate-
methyl per liter; Rhône-Poulenc Agricul-
ture) 13 and 17 weeks after seeding were 
effective in decreasing the level of SRC in 
the field and increasing marketable yield of 
carrots in Scotland (30). Reduction of dis-
ease development on stored carrots has 
been obtained by either two foliar applica-
tions of vinclozolin (Ronilan FL, 500 g 
liter–1; BASF) at 0.42 liter a.i. ha–1, one 
before canopy enclosure and another in 
midseason, or by a single foliar application 
of vinclozolin at 0.84 liter a.i. ha–1 or beno-
myl (Benlate 50% WP; DuPont) at 1.0 kg 
ha–1, 10 days prior to harvest (113). Dis-
ease suppression in these studies was im-
proved when field applications of fungi-
cides were combined with rapid cooling of 
harvested carrots. Similarly, one foliar 
application of thiophanate-methyl (Topsin 
M 70 WP) the day before harvest com-
pletely controlled infection by SRC in 
storage (132). However, proper timing of 
fungicidal sprays and adequate coverage of 
susceptible tissues of the host are crucial 
for obtaining effective control of Scle-
rotinia diseases with foliar applications 
(67,128). In general, adequate chemical 
coverage of susceptible tissue is achieved 
in lower canopy densities and hosts with 
open growth habits; however, these charac-
ters are seldom compatible with high-yield 
requirements in commercial crops. The 
proper management of other foliar diseases 
of carrots is also important for minimizing 
the accumulation of additional senescent 
and damaged foliage that may be a suitable 
substrate for infection by S. sclerotiorum. 

Effective control of SRC and subsequent 
reduction in crop losses during long-term 

storage also have been achieved by prestor-
age dip treatments of carrots in 0.1% aque-
ous solution of sodium orthophenylphenate 
(57), 0.05 or 0.025% a.i. suspension of 
benomyl, or 0.05% a.i. suspension of 
iprodione (Rovral 50% WP; May & Baker 
Ltd.) (26,46). Optimum storage conditions 
(46) and proper washing and grading of 
harvested carrots (86) can substantially 
enhance the efficacy of prestorage fungi-
cide-dip treatments. However, although 
selected fungicide dips can provide addi-
tional protection and adequately suppress 
disease development in storage, current 
approved registration for postharvest fungi-
cides is limited. 

Development of fungicide resistance 
among pathogen populations attributed to 
widespread and repetitive use of fungicides 
is an important factor that limits the suc-
cess of chemical control of most diseases. 
Systemic fungicides in particular, such as 
benomyl and other members of the ben-
zimidazole group, are generally at high risk 
for development of resistance. Strains of S. 
sclerotiorum resistant to carbendazim and 
benomyl have been reported in rapeseed 
crops in France (110) and the Canadian 
prairies (50), respectively. Another con-
straint associated with chemical control is 
the availability of registered fungicides in 
different countries. In Canada for instance, 
the only fungicide currently registered for 
the control of SRC in the field is Benlate, 
which was recently removed from the mar-
ket by the manufacturer. 

Host resistance. There are no reports of 
carrot genotypes that possess qualitative 
germ plasm resistance to S. sclerotiorum; 
however, differences in the level of disease 
among field-grown carrot cultivars during 
long-term storage have been observed (41). 
A conductivity assay measuring electrolyte 

leakage of carrot roots in response to infec-
tion by S. sclerotiorum indicated the pres-
ence of a differential susceptibility among 
several carrot cultivars. Variations in the 
integrity and permeability of root cell 
membranes induced by S. sclerotiorum in 
vitro were consistent with the response of 
the carrot cultivars to field infection and 
storage decay (41). These results suggested 
the presence of potential quantitative resis-
tance of root tissues to cellular disruption 
by S. sclerotiorum as responsible for vary-
ing degrees of susceptibility of carrot culti-
vars to SRC. 

Studies were conducted on several com-
mercial carrot cultivars to evaluate the 
effect of differential accumulations of pre-
formed polyacetylenes falcarindiol and 
falcarinol in roots on resistance to SRC 
(105). These polyacetylenic compounds 
possess strong antifungal properties and 
are associated with physiological resis-
tance of carrots to other pathogens during 
early storage phases (44). The concentra-
tion of falcarindiol in the root periderm 
was negatively correlated with the suscep-
tibility of cultivars to S. sclerotiorum, sug-
gesting that falcarindiol may contribute to 
the resistance of carrots to SRC in storage 
(105). Production of falcarindiol is concen-
trated in root periderm and pericyclic pa-
renchyma; it is intensively accumulated in 
young active roots and declines with age 
(84). 

Qualitative resistance to S. sclerotiorum 
is absent in most cultivated host crops. 
However, direct associations between cul-
tivars with an open canopy architecture and 
lower apothecial production, lower inci-
dence of white mold in bean (121,122) or 
Sclerotinia stem rot in soybean (17) crops, 
have been observed. Hence, management 
of white mold of beans has been improved 
by breeding for disease avoidance mech-
anisms such as an upright growth habit, 
lodging resistance, and partial physiologi-
cal resistance (43,108,119). Recently, 
several quantitative genetic traits were 
identified in association with resistance to 
S. sclerotiorum in various crops, including 
partial physiological resistance and arch-
itectural avoidance features such as canopy 
porosity, plant height, and lodging in beans 
(99) and soybeans (70). Related genetic 
information for interactions between carrot 
and S. sclerotiorum are not yet available. 

In general, ontogenic (age-related) resis-
tance to S. sclerotiorum appears to play an 
important role in the pattern of differential 
susceptibility of leaves and roots of carrot 
in relation to their developmental stage. In 
growing plants, ontogenic resistance is 
expressed in young and active leaves that 
are shown to react hypersensitively to the 
penetration of S. sclerotiorum (45). This 
reaction was attributed to the rapid re-
sponse of the young leaf to infection by the 
induction of antifungal compounds. Onto-
genic resistance decreases with leaf age, 
with older leaves becoming more suscepti-Fig. 10. Apothecia of Sclerotinia sclerotiorum in a carrot crop.  
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ble to infection. Variable proportions of 
resistant and susceptible tissues are con-
tinuously present within the carrot canopy 
from the onset of the first senescing leaf to 
harvest. However, the amount of senescent 
tissue usually increases progressively with 
the aging carrot. Similarly, the decreased 
resistance to pathogens observed in aging 
roots in storage is largely attributable to 
their reduced ability to accumulate antifun-
gal compounds and the decline of their po-
tential of wound healing (84). These resis-
tance mechanisms need further attention 
since they may be important tools for im-
proving management strategies of SRC. 

Biological management. A wide range 
of microorganisms with antagonistic or 
mycoparasitic properties has been evalu-
ated for potential to suppress diseases 
caused by S. sclerotiorum. However, at-
tempts to investigate biological control of 
SRC in the field or in storage are limited to 
the study of various formulations of the 
hyperparasites C. minitans and Tricho-
derma spp. 

The coelomycete C. minitans is hyper-
parasitic on a number of sclerotium-form-
ing fungi, including S. sclerotiorum (143). 
C. minitans can penetrate, parasitize, and 
completely destroy sclerotia and mycelia 
of S. sclerotiorum by means of physical 
pressure and enzymatic lysis (112,138,139). 
Soil application of solid-substrate prep-
arations of C. minitans at seeding com-
pletely reduced apothecial production 
under canopies of artificially inoculated 
host and nonhost crops (94). Foliar 
applications of spore suspensions of C. 
minitans on Sclerotinia-infected crops re-
duced apothecial production by up to 90% 
during a 4-year rotation of crops sus-
ceptible to S. sclerotiorum, including car-
rots (47). 

Foliar applications of carrot crops with 
the commercial bio-fungicide Contans (C. 
minitans; Prophyta Biologischer Pflanzen-
schutz GmBH) 6 and 12 weeks after seed-
ing in the field also reduced apothecial 
production within the crop by 35 to 100% 
(30). Similar treatment resulted in 18 to 
35% reduction in the number of disease 
foci caused by S. sclerotiorum on carrot 
foliage and a 36% reduction in the propor-
tion of infected carrot roots after 11 
months in the field including in situ over-
wintering (30). However, better results in 
reducing the survival of sclerotia in rape-
seed crops were obtained when C. minitans 
was applied as a soil-incorporated solid-
substrate inoculum at seeding in autumn 
(96). A postharvest spore suspension spray 
on crop residues, in addition to the preplant 
application of solid-substrate inoculum of 
C. minitans, further enhanced the efficacy 
of the hyperparasite in reducing the viabil-
ity of sclerotia and infection by S. scle-
rotiorum in sequential lettuce crops (21). 
Additional properties that characterize C. 
minitans as a promising biological control 
agent for SRC include its ability to effec-

tively colonize senescent tissues (59,138), 
to persist and spread in soil (96), and to 
colonize (94) and reduce the viability (60) 
of new sclerotia produced on diseased 
plants. Contans is registered for commer-
cial use in several European countries, 
Australia, and the United States as Inter-
cept, and it is likely to become the product 
of choice for many conventional and or-
ganic growers. 

Several Trichoderma spp. have demon-
strated potent biocontrol activity on numer-
ous soilborne plant-pathogenic fungi, in-
cluding S. sclerotiorum. Hyphal and scle-
rotial parasitism by means of coiling, pene-
tration, and lytic degradation is probably 
the dominant mechanism by which T. har-
zianum controls S. sclerotiorum (69,126). It 
has been suggested that T. harzianum may 
also induce local and systemic resistance in 
the host plant (38). In soil infested with 
one isolate of T. koningii, the number of 
viable sclerotia was reduced by 100% 
within 60 days (36). Addition to soil of 
alginate pellets containing mycelial frag-
ments of T. harzianum strain ThzID1 in-
creased the proportion of sclerotia colo-
nized in field plots (71). 

Prestorage dip treatment for 5 min in a 
conidial suspension (1 × 107 conidia per 
ml) of a cold-tolerant mutant of T. har-
zianum (P1) reduced SRC severity during 
long-term storage at 0°C (137). This treat-
ment increased the overall carrot market-
able yield by 75% after 8.5 months in stor-
age due to effective suppression of a range 
of storage pathogens. Since Trichoderma 
spp. and C. minitans appear to suppress 
SRC through different mechanisms, a com-
bination of both may enhance the efficacy 
of these hyperparasites. However, future 
research is needed to explore this possibil-
ity with particular emphasis on the degree 
of compatibility between these hyperpara-
sites. 

Mycorrhizal (Glomus intraradices and 
Glomus etunicatum) inoculations of carrots 
at seeding can also provide some protec-
tion against subsequent infections by S. 
sclerotiorum in storage (51). In mycor-
rhizal-colonized carrots inoculated with S. 
sclerotiorum 3 months after harvest, lesions 
were reduced by 8% with G. intraradices 
and by 20% with G. etunicatum during 3 
weeks in cold storage. Disease suppression 
by these mycorrhizal inoculants was attrib-
uted to the ability of mycorrhiza to induce 
defense mechanisms against S. sclero-
tiorum in carrot roots. 

Soil amendments. The suppressive ef-
fect of several soil amendments on scle-
rotia populations has been evaluated. 
Amendment of field soil with an organic 
formulation of fermented agricultural 
wastes (CF-5) or allyl alcohol suppressed 
carpogenic germination of sclerotia and 
enhanced their colonization by Tricho-
derma spp. (63). Complete control of scle-
rotia 3 weeks after burial was also obtained 
in soil amended with an inorganic formula-

tion of calcium cyanamide (Perlka; SKW 
Trostberg Aktiengesellschaft, Germany) in 
controlled environment (65). 

Alternative methods. Chitosan, a natu-
rally derived polysaccharide, has antifun-
gal properties to S. sclerotiorum and has 
been suggested as a postharvest treatment 
for the control of SRC in storage (26). 
Coating carrot roots with solutions of 
chitosan reduced the size of the lesions 
caused by subsequent S. sclerotiorum in-
fections by up to 53% and decreased inci-
dence of SRC by up to 68%. Exposure of 
S. sclerotiorum to chitosan induced hyphal 
deformation and death, explaining some 
aspects of the inhibitory mechanisms of 
this compound (26). Chitosan is believed to 
possess a dual mechanism of action that 
interferes with fungal growth and acts as an 
elicitor by activating defense mechanisms in 
plant tissues (37). The use of chitosan as a 
prestorage treatment for disease control 
appears promising, but the effect of this 
treatment on storage duration and quality of 
stored carrots needs further research. 

Nonionizing ultraviolet (UV-C) radia-
tion can effectively elicit the accumulation 
of the antifungal phytoalexin 6-meth-
oxymellein (6-MM) in carrot roots and, 
hence, induce systemic resistance to subse-
quent infections by S. sclerotiorum (97). 
Treatment with UV-C radiation at a dose of 
2.20 × 105 erg cm–2 induced accumulation 
of 6-MM to maximal inhibitory levels 
(e.g., 60 µg g–1) and reduced the growth of 
S. sclerotiorum on carrot slices incubated 
at 1 or 4°C. However, integration of UV 
treatments with other control strategies is 
recommended for a prolonged protective 
effect (37). 

Ozone has demonstrated fungistatic ef-
fects on S. sclerotiorum and was proposed 
as an alternative disinfectant for stored 
carrots (85). Treatments with gaseous flow 
of ozone reduced the daily growth rate of 
S. sclerotiorum on inoculated carrots by ca. 
50%. However, concentrations of 60 µl of 
ozone per liter in air caused significant phy-
siological disruptions, including increased 
respiration rate, electrolyte leakage, and 
discoloration of carrots. Therefore, an 
ozone supply of 15 µl liter–1 for 8 h daily at 
2°C was suggested for providing adequate 
disease control while preserving carrot 
quality. 

Disease modeling and forecasting. 
Modeling or forecasting of epidemics of 
SRC in the field has not been reported. 
However, several forecasting systems have 
been proposed for predicting diseases 
caused by S. sclerotiorum in other crops 
(20,68,142,144). The occurrence of asco-
spores and incidence of white mold in snap 
bean crops were best predicted using soil 
matric potential thresholds (68). Models 
that best predicted the risk of stem rot of 
rapeseed and the need for fungicide appli-
cation included combinations of selected 
environmental and crop variables such as 
rainfall, soil moisture, canopy density, 
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petal infestation by S. sclerotiorum, bloom-
ing patterns, and cropping history 
(20,141,144). These models may offer a 
promising avenue to pursue for the man-
agement of SRC. 

In storage, monitoring headspace vola-
tile metabolites may be a useful method for 
early detection and quantification of SRC. 
Comparative analyses of volatile profiles 
of infected and healthy roots identified at 
least one compound, dichlorobenzene, that 
was specific to carrots infected by S. scle-
rotiorum and may qualify as a disease indi-
cator (106). Incorporating the monitoring 
of volatiles as an integral component of an 
automated logging system of storage envi-
ronment may contribute to rapid interven-
tion and prevention of SRC outbreaks. 

In summary, only a few of the methods 
and products tested for the management of 
SRC have obtained large-scale application 
in commercial carrot crops. Moreover, 
several of the tested products may not be 
commercially available in all countries. 
Therefore, the control practices currently 
applied by growers in different countries to 
manage SRC in the field and storage de-
pend on the availability of products and 
technology. In Israel, for instance, foliar 
spray applications of winter carrot crops 
with benomyl, carbendazim, or iprodione 
at 14-day intervals starting immediately 
after canopy enclosure, and prestorage 
hydrocooling, are widespread practices (E. 
Shlevin, Kibbutz Saad, Plant Protection 
R&D Group, Israel, personal communi-
cation). In the UK, Compass (Aventis 

CropScience UK Ltd.) has been granted 
off-label approval for use to control SRC 
in commercial carrots because of good 
results obtained in other crops (30). In the 
western United States, satisfactory control 
of SRC is achieved by multiple lateral 
trimmings of the carrot canopy (T. Crosby, 
Mercer Ranch, WA, personal com-
munication). Prevailing dry winds and low 
humidity in this farming area are particu-
larly beneficial to the effect of trimming; 
however, this technique also may be suit-
able in areas with different weather pat-
terns. Lateral trimming is a cultural 
method that removes portions of the carrot 
canopy to improve ventilation and reduce 
free moisture within the crop, to reduce 
senescent foliage, and to avoid plant-to-
soil contact (131). In Canada, the absence 
of available preharvest and postharvest 
fungicides and extended periods of storage 
have encouraged growers to focus on 
methods that suppress disease development 
in storage such as proper grading, rapid 
cooling of harvested crop using hydro- or 
forced cold air-cooling systems, and main-
tenance of optimum storage conditions. 

The primary approach to managing SRC 
is perhaps the integration of methods that 
disrupt various stages of the life cycle of S. 
sclerotiorum and manipulation of the at-
tributes of carrot crops that contribute to 
disease development, i.e., canopy enclo-
sure, foliar senescence, and lodging. A 
diagram summarizing an emerging inte-
grated disease management model for SRC 
that accounts for the decreasing availability 

of some disease management products, 
such as fumigants and prestorage fungi-
cides, and the increasing availability of 
new products, such as biological controls, 
is presented in Figure 11. Sanitation of soil 
prior to seeding (e.g., steam sterilization) 
and treatment of crop residues remained in 
the field after harvest (e.g., Contans, deep 
plowing) aim at reducing the reservoir of 
viable sclerotia in soil. Modification of 
crop canopy (e.g., wide row spacing, bal-
anced nitrogen inputs, or lateral trimming) 
aim at rendering the microclimate and the 
crop less conducive for the development of 
S. sclerotiorum and avoidance of SRC. 
Further, timed and need-based applications 
of fungicides or biological controls aim at 
protecting the crop from infection. An open 
canopy achieved by modification would be 
beneficial in improving the accessibility of 
materials to reach potential infection sites 
at the plant base. Sanitation of containers, 
storage facilities, and handling equipment 
(e.g., using disinfectants), rapid cooling of 
the roots, along with maintenance of opti-
mum storage conditions aim at reducing 
the inoculum and suppressing the develop-
ment of SRC in storage. The proper coor-
dination of these methods is likely to pro-
vide economically acceptable results for 
the management of SRC in commercial 
production systems. 

Summary and Future Research 
The epidemiology of SRC is distinct 

from several other Sclerotinia diseases 
because it is characterized by two intercon-
nected epidemics involving preharvest 
foliar infection in the field and postharvest 
root infection in storage. The sporadic 
nature of SRC, the asymptomatic charac-
teristic of diseased roots at harvest, and the 
lack of correlation between infection levels 
in both epidemics have restricted current 
attempts to establish disease thresholds and 
prediction of yield loss in storage. Investi-
gation of etiological aspects of disease 
progress from leaves to the root and the 
influence of preharvest environmental and 
physiological factors on postharvest devel-
opment of disease would contribute toward 
a better understanding of qualitative and 
quantitative attributes of SRC epidemics.�

Several architectural and� phenological 
attributes of carrot crops appear to be sig-
nificant for the epidemiology of SRC. The 
development of the canopy may affect the 
production of inoculum within the crop, 
and older senescing leaves in the lower 
canopy provide a continuum of substrate 
favorable for infection by S. sclerotiorum. 
Therefore, knowledge of relationships 
between the growth stages of S. scle-
rotiorum and carrot phenology is essential 
in integrating management tactics that 
target the most vulnerable stages of the 
pathogen and the crop attributes that con-
tribute to disease development in the field. 
Development of carrot growth models that 
incorporate canopy closure, foliar senes-

 

Fig. 11. An integrated model for managing Sclerotinia rot of carrot that incorporates three disease 
management principles and selected disease control strategies (outer circle) that target particular 
stages in the life cycle of Sclerotinia sclerotiorum (middle circle) or development of the carrot crop 
(inner circle). Control strategies corresponding to respective stages are indicated by positional overlap.  
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cence, and canopy lodging would be a 
useful tool for the prediction of SRC epi-
demics and improved management of this 
disease. 

The main limiting factors for the man-
agement of SRC are related to the attrib-
utes of S. sclerotiorum such as the long-
term persistence of sclerotia in soil, the 
wide host range and ubiquitous distribu-
tion, the ability to produce infective 
propagules in synchrony with the suscepti-
ble stage of the host, and the ability to 
infect in temperatures as low as 0 to 1°C. 
Current intensive carrot cultivation prac-
tices characterized by large cropping areas, 
high plant densities, high inputs, short-term 
rotations, and the use of high-yielding 
carrot cultivars with extensive canopy 
growth can be particularly conducive to the 
development of S. sclerotiorum and SRC 
epidemics. Moreover, optimal combina-
tions of weather conditions favorable for 
the development of S. sclerotiorum and 
carrot can incite widespread epidemics. 

Most research on the resistance of car-
rots to SRC has been related to partial and 
physiological resistance of roots during 
storage.�Experience with other crops indi-
cates that it may be promising� to investi-
gate potential disease avoidance mecha-
nisms such as open and upright plant 
architecture as a source for selecting new 
carrot cultivars. Perhaps further research 
needs to focus on breeding carrot cultivars 
selected for a combination of compact, 
lodging-resistant canopy growth traits and 
the ability to accumulate effective levels of 
antifungal compounds in roots for im-
proved resistance to infection by S. scle-
rotiorum in storage. 
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