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Seed Contamination Thresholds for Development of Carrot Bacterial Blight
Caused by Xanthomonas campestris pv. carotae

K. C. Umesh, R. M. Davis, and R. L. Gilbertson, Department of Plant Pathology, University of California, Davis
95616

Bacterial leaf blight of carrots (Daucus
carota subsp. sativus), caused by Xantho-
monas campestris pv. carotae, is a com-
mon problem wherever carrots are grown
and can reduce carrot yields and seed
quality (3,4,7,10,11,13–15). X. campestris
pv. carotae is commonly seedborne
(1,6,8,9), and contaminated seed is an
important inoculum source for develop-
ment of bacterial blight in the field. Bacte-
ria apparently penetrate the cotyledons
through stomata during seed germination
(2). However, little is known about the
level of seed contamination that is needed
to give rise to bacterial blight development
in the field (9). The objectives of this study
were (i) to determine the threshold of seed
contamination by X. campestris pv. carotae
needed to give rise to bacterial blight in
sprinkler-irrigated carrots, (ii) to monitor
populations of X. campestris pv. carotae on
plants in field plots established with seed
lots having different levels of X. cam-
pestris pv. carotae contamination, and (iii)
to determine the effect of bacterial blight
on carrot yield.

MATERIALS AND METHODS
Establishment of contaminated seed

lots. Commercial seed lots (cultivar Six-
Pack) naturally contaminated with X. cam-
pestris pv. carotae were obtained, and
levels of contamination in these lots were
determined by the seed wash and dilution
plating method described by Kuan et al.
(8,9) with slight modifications. Ten grams
of seed from each lot was added to 100 ml
of 0.85% NaCl in a 250-ml Erlenmeyer
flask, and flasks were kept at 4°C for 16 to
18 h. Two drops of Tween 20 were added
to the seed wash solution, and the flasks
were placed on a rotary shaker at 250 RPM
for 2 to 3 min. The seed wash solution was
filtered through cheesecloth into sterile 50-
ml polystyrene centrifuge tubes, and the
tubes were centrifuged at 10,000 × g for 10
min. The supernatant was decanted, and
the pellet was resuspended in 10 ml of
0.85% NaCl. Serial dilutions of this sus-
pension (to 10–5) were prepared in 0.85%
NaCl, and 100-µl aliquots of each dilution
were spread onto each of three plates of
XCS medium, a semi-selective medium
for X. campestris pv. carotae (8,9). After
incubation at 28°C for 5 days, X.
campestris pv. carotae colonies were
counted. Each seed lot was assayed at
least three times.

Seed lots having different levels of X.
campestris pv. carotae contamination were
prepared by mixing X. campestris pv.
carotae–contaminated seed with clean seed
in different proportions. The level of con-
tamination in these seed lots was deter-
mined using the seed wash assay.

Pathogenicity tests. Selected strains of
X. campestris pv. carotae from seed and
plants were tested for pathogenicity in a
greenhouse. Single colonies of the strain to
be tested were inoculated into 100 ml of
nutrient broth in 250-ml flasks, and the
flasks were placed on a shaker and incu-
bated at 28°C for 24 h. X. campestris pv.
carotae cells were harvested from liquid
cultures by centrifugation in 300-ml poly-
styrene centrifuge tubes at 10,000 × g for
10 min. The pellet was resuspended in 0.01
M potassium phosphate buffer, pH 7.0, and
the suspension was adjusted to approxi-
mately 108 bacterial cells per ml. Carrot
seedlings (30 to 35 days old) were sprayed
with bacterial suspensions until runoff with
a hand-held air pump sprayer (Airspray,
Tech Spray Inc., Peachtree City, GA). The
plants were placed in a greenhouse main-
tained at approximately 32°C and high
humidity. At least four plants were inocu-
lated with each X. campestris pv. carotae
strain. The symptoms of bacterial blight
developed on the leaves approximately 3 to
4 weeks after inoculation. X. campestris
pv. carotae was reisolated from the symp-
tomatic leaf tissues on 523 medium (5).
Disease symptoms did not develop on
control plants inoculated with phosphate
buffer, nor was X. campestris pv. carotae
isolated from these plants.

Establishment of experimental plots.
Field plots were established at the Univer-
sity of California, Davis, Plant Pathology
Experimental Farm on 28 June 1995 and
20 May 1996. For each year, a different
site on the farm was used to establish the
plots. Treatments consisted of four seed
lots (A, B, C, and D), each with a different
level of X. campestris pv. carotae contami-
nation. In 1995, the A, B, C, and D lots
had 0, 1.5 × 101, 1.5 × 103, and 1.5 × 105

CFU of X. campestris pv. carotae per g,
respectively. In 1996, the A, B, C, and D
lots had 0, 2.7 × 104, 1.4 × 105, and 1.5 ×
107 CFU/g, respectively. The four
treatments (seed lots A, B, C, and D) were
replicated four times and planted in a
randomized complete block design. Each
replicate plot consisted of eight 80-cm-
wide beds, 6 m long. Each bed was planted
with two rows of carrots at a rate of 16 to
20 seeds per 30 cm. The plots were
sprinkler irrigated for about 1 h three times
a week or every other day when the
daytime temperature exceeded 38°C. To
prevent spread of the bacteria between
plots during irrigation or by wind, eight
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rows of field corn were planted between
plots, and 6 m of fallow ground was left on
both sides of the corn.

Monitoring of X. campestris pv. caro-
tae population on carrot leaves. Carrot
seedlings emerged about 10 to 12 days
after planting. Carrot plants were observed
for development of bacterial blight symp-
toms beginning with emergence of true
leaves and at 7-day intervals thereafter.
Beginning 40 days after planting (DAP)
and at 3-week intervals thereafter, leaves
were sampled from each replicate plot to
determine populations of X. campestris pv.
carotae. Twenty leaves were collected at
random from plants selected from a W
pattern in the inner six beds of each repli-
cate plot. Sampling was initiated in plot A
and proceeded to plots B, C, and D, re-
spectively, to avoid spreading X. campes-
tris pv. carotae among treatments. The
fresh weight of the 20 leaves from each
plot was determined, the leaves were cut
into smaller pieces, and leaf tissue was
placed in a 500-ml flask containing 250 ml
of 0.01 M phosphate buffer. The flasks
were sonicated for 20 min in a sonicator
(Ultrasonic FS-28, Fisher Scientific, Pitts-
burgh, PA). The leaf wash solution was
then filtered through cheesecloth into 300-
ml polystyrene centrifuge tubes, and the
tubes were centrifuged at 10,000 × g for 10
min. The supernatant was decanted, and

the pellet was resuspended in 10 ml of 0.01
M phosphate buffer. Serial dilutions to 10–5

(early in the growing season) or to 10–12

(later in the growing season) were prepared
in 0.01 M phosphate buffer, and 100-µl
aliquots were plated on XCS medium as
described above for the seed wash assay. X.
campestris pv. carotae colonies were
counted after the plates were incubated at
28°C for 5 days.

Disease incidence and severity. Carrot
plants were observed for development of
bacterial blight symptoms beginning with
emergence of true leaves, and at 7-day
intervals thereafter, until harvest. Carrot
bacterial blight incidence (percentage of
plants showing disease symptoms) was
determined by visually estimating the per-
centage of plants showing symptoms in
each of the inner six rows of each replicate
plot and calculating a mean disease inci-
dence for each plot. Disease incidence was
fitted to a logistic model, Y = K/1 + Be–rt,
where Y is the disease incidence, K is the
maximum value of Y observed in the field
during that season, B is the control pa-
rameter for value of Y on day 0, r is the
disease rate (Y/2 at the inflection point of
the curve), and t is the time (days after
planting minus 41). Forty-one days were
subtracted from DAP because this was the
time at which populations of X. campestris
pv. carotae were first detected on leaves of

carrots. The relationship of bacterial blight
incidence to X. campestris pv. carotae leaf
populations, determined at 125 DAP, was
also fitted to a logistic model, Y = K/1 +
Be–rp, where p is the common log of the
CFU/g of leaf tissue.

Disease severity (percentage of leaf sur-
face with bacterial blight symptoms) was
determined using a rating scale of 1 to 6,
where 1 = no symptoms, 2 = 1 to 10%, 3 =
11 to 20%, 4 = 21 to 40%, 5 = 41 to 60%,
and 6 = >60% of the leaf with blight
symptoms. On a 7-day interval from 104
DAP until harvest, disease severity was
determined on each of 20 leaves randomly
collected from the inner six beds of each
replicate plot. A mean severity rating for
each plot was determined from the ratings
of the 20 leaves.

Determination of carrot yields. Carrots
were harvested from a 2-m section of the
two inner beds of each replicate plot at 135
and 128 DAP in 1995 and 1996, respec-
tively. The leaves were removed from the
roots, and the root fresh weight was deter-
mined for each replicate plot. The effect of
the level of X. campestris pv. carotae seed
contamination on carrot yield was analyzed
by linear regression (12).

RESULTS
X. campestris pv. carotae populations.

In the 1995 field experiment, populations
of X. campestris pv. carotae were first
recovered from carrot leaves in plots es-
tablished with the most heavily contami-
nated seed lot (lot D, 1.5 × 105 CFU/g of
seed) at 84 DAP (Fig. 1A). Populations on
leaves in plots established with seed lot D
increased from 2.0 × 106 CFU/g of leaf
tissue at 84 DAP to 4.7 × 108 CFU/g at 126
DAP. Populations of X. campestris pv.
carotae were not recovered from leaves of
carrots in plots established with seed lots A
(0 CFU/g), B (1.5 × 101 CFU/g), or C (1.5
× 103 CFU/g), except for one of the repli-
cate plots of seed lot B, in which a popula-
tion of 4.7 × 103 CFU/g was detected at 84
DAP. However, X. campestris pv. carotae
was not subsequently recovered from this
plot.

In the 1996 field experiment, popula-
tions of X. campestris pv. carotae were
first recovered from carrot leaves in plots
established with seed lot D (1.4 × 107

CFU/g of seed) at 40 DAP (Fig. 1B). In
plots established with seed lots B (2.7 ×
104 CFU/g of seed) and C (1.4 × 105

CFU/g of seed), X. campestris pv. carotae
populations were recovered from carrot
leaves at 61 DAP and at all samplings
thereafter. X. campestris pv. carotae was
not recovered from leaves of carrots in
plots established with seed lot A (0
CFU/g), except for one of the replicate
plots, in which 6.1 × 104 CFU/g of leaf
tissue was detected at 125 DAP. In plots
established with lot D, populations on
leaves increased from approximately 106

CFU/g at 40 DAP to approximately 1012

Fig. 1. Populations of Xanthomonas campestris pv. carotae recovered from carrot leaves in plots
established with seed lots having different levels of X. campestris pv. carotae contamination. (A)
Populations from the 1995 field experiment, and (B) populations from the 1996 field experiment.
Each data point represents the mean of four replicate plots per seed lot. The levels of contamination
of seed lots planted in 1995 were A = 0, B = 1.5 × 101, C = 1.5 × 103, and D = 1.5 × 105 X. campes-
tris pv. carotae CFU/g. In 1996, the A, B, C, and D seed lots had 0, 2.7 × 104, 1.4 × 105, and 1.5 ×
107 CFU/g, respectively.
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CFU/g of leaf tissue at 125 DAP. In plots
established with lots B and C, populations
reached approximately 105 CFU/g and
approximately 1010 CFU/g, respectively, at
125 DAP (Fig. 1B).

In both 1995 and 1996, a number of rep-
resentative X. campestris pv. carotae colo-
nies recovered from leaves were tested for
pathogenicity on carrot plants. In all cases,
these strains induced carrot bacterial blight
symptoms that were indistinguishable from
those induced by a known X. campestris
pv. carotae strain (Xcc 12). In addition, the
identity of these and other X. campestris pv.
carotae strains recovered from leaves was
confirmed using polymerase chain reaction
(PCR) with X. campestris pv. carotae–

specific primers (13). For all putative X.
campestris pv. carotae strains from leaves
that were tested, these primers directed
amplification of the expected DNA fragment
(about 350 bp; data not shown).

Bacterial blight incidence and sever-
ity. In 1995, bacterial blight symptoms
were first observed on plants in plots es-
tablished with seed lot D at 95 DAP (Fig.
2A). Disease incidence in these plots was
approximately 2% on day 95 and increased
to approximately 11% by 131 DAP. No
disease symptoms were observed on plants
in plots established with seed lots A, B,
and C. Due to the low level of disease that
developed in 1995, disease severity was
not recorded.

In 1996, bacterial blight symptoms were
first observed on plants in plots established
with seed lot D at 55 DAP and on plants in
plots established with seed lots B and C at
76 DAP and 90 DAP, respectively (Fig.
2B). In plots established with seed lot D,
the incidence of blight increased from <1%
at 55 DAP to approximately 59% by 125
DAP (Fig. 2B). In plots established with
seed lots B and C, the disease incidence
increased to 1.5 and 13.5%, respectively,
by 125 DAP. No disease symptoms were
observed on plants in plots established
with seed lot A. Bacterial blight incidence
at different times during the growing sea-
son was fitted to a logistic model, Y = K/1
+ Be–rt, which accounted for >95% of the
variability in disease incidence. The pre-
dicted values of these parameters for the
different treatments in 1996 were K =
59.17 for all four treatments and B =
234,802, 1,166, 117, and 156 for plots
established with seed lots A, B, C, and D,
respectively. The predicted values for dis-
ease rate, r, were –2.01, 0.043, 0.044, and
0.100 for plots established with seed lots
A, B, C, and D, respectively. The incidence
of bacterial blight and its relationship to
the population of X. campestris pv. carotae
on leaves was explained by the logistic
model Y = K/1 + Be–rp; the predicted values
for the parameters in the model were r =
0.97, B = 114,007, K = 100, and R2 = 0.95
(Fig. 2C).

Bacterial blight severity ranged from a
mean of 1.0 (no disease) in plots estab-
lished with seed lot A, to 3.8 in plots es-
tablished with seed lot D. In plots estab-
lished with lot D, disease severity
increased from 3.4 at 104 DAP to 3.8 at
125 DAP (Fig. 3). In plots established
with seed lot B, disease severity was only
1.1 at 125 DAP; whereas in plots estab-
lished with seed lot C, disease severity

Fig. 2. Incidence of carrot bacterial blight in plots established with seed lots having different levels
of Xanthomonas campestris pv. carotae contamination. (A) Disease incidence in the 1995 growing
season, and (B) disease incidence in the 1996 growing season. The symbols represent means of four
replicate plots per seed lot, and the lines are predicted disease progress curves according to the logis-
tic model Y = K/1 + Be–rt, where Y is the disease incidence, K is the maximum value of Y as observed
in the field during that season, B is the control parameter for value of Y on day 0, r is the disease rate
(equals Y/2 at the inflection point of the curve), and t is the time (days after planting minus 41). (C)
The relationship between bacterial blight incidence in 1996 and populations of X. campestris pv.
carotae recovered from leaves in plots planted with seed lot D at 125 DAP. The logistic model Y =
K/1+Be–rp, with the predicted values r = 0.97, B = 114007, and K = 100 for the parameters in the
model, accounted for 95% of the variation in blight incidence.

Fig. 3. Severity of carrot bacterial blight in
plots established with seed lots having Xan-
thomonas campestris pv. carotae contamination
levels of 0 (A), 2.7 × 104 (B), 1.4 × 105 (C), and
1.5 × 107 (D) CFU/g. Disease severity was
determined based on a rating scale of 1 to 6,
with 1 = no symptoms, 2 = 1 to 10%, 3 = 11 to
20%, 4 = 21 to 40%, 5 = 41 to 60%, and 6 =
>60% of the leaf having blight symptoms. The
data presented are for the 1996 field experiment
and are the mean ratings of 20 leaf samples
from each of four replicate plots per seed lot.
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increased from 1.6 at 104 DAP to 1.8 at
125 DAP.

Effect of seed contamination on carrot
yield. In 1995, carrot yields from plots
established with the four seed lots were not
significantly different (Fig. 4A). In 1996,
carrot yields were reduced in plots estab-
lished with seed infested with 2.7 × 104,
1.4 × 105, and 1.5 × 107 CFU of X. cam-
pestris pv. carotae per g (Fig. 4B). The
1996 yield data were fitted to the model Y
= 65.2 – 1.23[Log10(CFU/g of seed)], (R2 =
0.95).

DISCUSSION
X. campestris pv. carotae is a ubiquitous

seedborne pathogen of carrot, and bacterial
blight can be found worldwide wherever
carrots are grown (3,4,7,10,11,13–15).
Disease development is highly dependent
on environmental factors, and once estab-
lished, it is difficult to manage. Thus, the
use of pathogen-free seed is an important
management strategy. Although hot water
treatment can greatly reduce contamination
of carrot seed by X. campestris pv. carotae
(6), this method may not eradicate the
pathogen entirely and may reduce seed
germination. Furthermore, the sensitivity
of seed wash assays used for detection of
X. campestris pv. carotae is approximately
102 CFU/g of seed. Thus, there is consider-
able interest in determining the threshold

of seed contamination needed to give rise
to bacterial blight epidemics in the field as
well as the actual effect of the disease on
carrot yield.

In this study, these questions were ad-
dressed through the establishment of field
plots with carrot seed lots having different
levels of seed contamination. X. campestris
pv. carotae populations on leaves, bacterial
blight development, and carrot yields were
then determined for these plots. The seed
contamination levels used in 1995 ranged
from 0 CFU/g to what was considered a
heavily contaminated seed lot (1.5 × 105

CFU/g). However, because relatively little
bacterial blight developed in 1995, even in
plots established with the heavily contami-
nated seed lot, two changes were made in
1996. First, the field plots were established
5 weeks earlier (28 June 1995 versus 20
May 1996), and second, a seed lot having a
higher level of contamination (1.5 × 107

CFU/g) was used. More disease developed
in 1996, but only in plots established with
the seed lot having the highest level of
contamination. Similar disease incidences
(11% in 1995 and 13.5% in 1996) devel-
oped in the plots established with seed lots
having approximately 105 CFU/g of seed.
Thus, the increased disease incidence ob-
served in 1996 appeared to relate more to
the higher level of seed contamination than
to the difference in planting date. Under
the conditions of this study, the threshold
of seed contamination needed to give rise
to bacterial blight disease was 104 to 105

CFU/g of seed, which was unexpectedly
high. This probably can be attributed, at
least in part, to the fact that there is little
rainfall and low humidity in this region
(the Central Valley of California) during
this time of the year.

X. campestris pv. carotae populations on
carrot leaves were monitored to provide
insight into the relationship between seed
contamination levels and bacterial coloni-
zation of carrot leaves, and to assess
whether this information could be used as a
predictor of disease development. The seed
contamination threshold for the establish-
ment of populations on carrot leaves was
also relatively high, in the range of 104 to
105 CFU/g. X. campestris pv. carotae
populations on leaves generally reflected
levels of seed contamination because
populations (i) were first detected in plots
established with the most heavily contami-
nated seed lots and (ii) were positively
correlated with seed contamination levels
and the incidence of bacterial blight. The
conditions for development of the bacterial
populations on leaves appeared to be more
favorable in 1996 than in 1995, because
populations were detected on leaves 40 to
60 DAP in 1996 versus 84 DAP in 1995.
The more conducive conditions in 1996
may have been due to environmental fac-
tors. In 1996, plots were established in the
beginning of May, when the day tempera-
tures were about 28°C, and subsequent

temperatures ranged from 25 to 35°C for
most of the growing season. In 1995, plots
were established in late June, when the
daytime temperatures were >40°C. Pfleger
et al. (10) and Saad and Wade (11) reported
that the optimum temperature for bacterial
blight development was between 25 and
30°C. In 1996, it is possible that the level
of seed contamination needed for estab-
lishment of X. campestris pv. carotae popu-
lations on leaves might have been lower than
104 CFU/g (the lot having the lowest con-
tamination rate), but this still would have
been below the threshold for development of
a significant level of disease.

In 1996, bacterial blight significantly re-
duced the fresh weight of carrot roots,
which was probably due to a reduction in
leaf area available for photosynthesis in
diseased plants. These results establish that
this disease can cause yield losses and
suggest that the development of effective
disease management strategies is war-
ranted. Moreover, the extent of yield losses
estimated in this study may have been
underestimated because carrot roots were
dug instead of being pulled by their leaf
petioles as is done commercially by me-
chanical harvesters.

Thus, under the conditions of this study,
the threshold of seed contamination for
development of carrot bacterial blight was
approximately 104 CFU/g of seed; whereas
the threshold for development of a disease
epidemic (i.e., levels at which yield reduc-
tions occurred) was approximately 105

CFU/g of seed. Here, it is important to
emphasize that these relatively high
threshold levels may not be applicable to
carrot growing regions having high rainfall
and humidity (e.g., the eastern United
States) or where different agronomic prac-
tices are used (e.g., higher seeding rates).
In such situations, lower levels of seed
contamination may give rise to populations
of X. campestris pv. carotae on leaves that,
under favorable conditions, could increase
rapidly and cause significant levels of dis-
ease. However, our results do suggest that
seed wash assays currently used to index
carrot seeds for X. campestris pv. carotae,
which detect ≥102 CFU/g of seed, are
probably sufficiently sensitive to indicate
that a given seed lot is below the contami-
nation threshold for development of a bac-
terial blight epidemic. Thus, growers
should use seed lots that have been indexed
and/or treated for X. campestris pv. carotae
contamination in order to avoid risks of
disease development under conducive con-
ditions.
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Fig. 4. Carrot yields from plots established with
seed lots having different levels of Xantho-
monas campestris pv. carotae contamination.
(A) 1995 field experiment, and (B) 1996 field
experiment. For the 1996 experiment, the linear
model Y = 65.2 – 1.23[Log10(CFU/g of seed)]
accounted for 95% of the variability in yield
with increasing levels of X. campestris pv.
carotae seed contamination. In 1995, there was
no relationship between levels of seed con-
tamination and carrot yields.
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