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Abstract 
Following a 2004-outbreak of Karnal bunt in an Arizona wheat field where 
infection had not been detected in recent years, the population and viability of 
Tilletia indica teliospores in surface and subsurface layers of soil were moni-
tored over a four-year period. The field was seeded with two parallel 1.8 m × 
190 m strips of wheat, 11 m apart and the remainder planted in non-host bar-
ley. Thirty-eight 1.22 m2 wheat plots were harvested and seed examined for 
infection. Several times throughout each season soil samples were taken from 
each of 25 points throughout the field. Teliospores extracted from subsamples 
of each soil sample were examined to estimate the number of teliospores per 
gram soil and germination percentage. The average (SD) infection observed 
for each of the four consecutive seasons was 7.05 (4.6), 2.89 (5.5), 0, and 
0.004% (0). The average number of teliospores recovered per gram of soil 
during the first sampling was 36 and 39 for the 0.5 cm deep (surface) and 5.5 
cm deep (subsurface), respectively, with an average teliospore germination of 
29%. By the last season, the average numbers of teliospores recovered were 5 
and 2.5 per gram of soil, respectively, with an average germination of 1.0%. 
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1. Introduction 

Karnal bunt of wheat, caused by the fungus Tilletia indica Mitra, was first de-
tected in the United States in wheat fields in the state of Arizona in 1996. It was 
subsequently found in Riverside County, CA and in isolated areas of Central and 
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Northern Texas [1] [2]. This soilborne, non-systemic pathogen infects wheat 
heads at flowering via secondary sporidia originating from basidiospores pro-
duced by germinating teliospores on the soil surface [1]. The geographic distri-
bution of the disease has been reported primarily in arid and semi-arid envi-
ronments on fall-sown wheat varieties grown on irrigated land. Prior to its in-
cursion into the U.S., it was reported in Mexico, Afghanistan, India, Pakistan, 
Iran, Iraq, Nepal [3], Brazil [4], and South Africa [5]. Agronomic losses attri-
buted to the disease are minimal; however, because of the quarantine status of 
the pathogen, the potential economic losses due to trade restrictions and subse-
quent disease management costs could be significant [1] [6] [7] [8] [9]. 

In the US, wheat determined to be positive for T. indica teliospores is not 
permitted to be used for seed or grain but may be converted to animal feed via 
steam flaking (to kill the pathogen) or it may be buried on the growers property 
or public landfill. The fields in which the wheat was grown are placed under qu-
arantine regulation as well as any wheat field within a 3-mile radius. A field can 
be deregulated if it has been permanently removed from crop production, or 
tilled once annually for a total of 5 years, and after tilling planted with a culti-
vated non-host crop or planted with a host crop that tests negative, through the 
absence of bunted kernels [10]. 

In support of this deregulation policy, a number of controlled studies have 
been referenced regarding the effects of temperature and soil moisture on the 
survival of teliospores in soil over time. Most showed a significant decline in vi-
able spores during the first year but a portion persisting for more than several 
years. In those studies, teliospores were added to soil in the laboratory and 
transferred to 20 μm-pore size mesh polypropylene bags or pots that were either 
buried directly in the quarantined field [11] [12] or placed in a secondary con-
tainment container that was then buried in non-T. indica infested fields [13] 
[14] [15]. The latter studies also examined the effect of soil type on teliospore 
survival. 

In 2004, heavy infection of wheat was detected in a Maricopa, AZ 
(N32˚59.1441, W112˚2.97966) research field planted to spring wheat and barley 
in the fall of 2003. The field had previously been planted in wheat and monitored 
for Karnal bunt since 2002, and currently under regulation due to detection of 
bunted kernels three years earlier. This presented an opportunity to compare 
results obtained in the four previous controlled soil studies with those of a natu-
ral field population of T. indica teliospores. A study was initiated to monitor the 
teliospore population in the soil over the next four seasons. 

2. Materials and Methods 
2.1. Experimental Field 

The two-hectare experimental field was established under Federal and State 
permit to pursue a number of research studies involving viability teliospores. 
The soil type was Sasco clay loam (pH 7.4, 28% sand, 40% silt, 32% clay, 2% 
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organic matter). In November, “Cavalier” spring wheat was seeded in two paral-
lel strips, 1.8 m wide, 11 m apart, 190 m long, 11 m from the road and 35 m from 
the adjacent field. Strips were planted with a commercial planter at a seeding 
rate of 3.3 g per meter of furrow, approximately 2.5 cm deep. Areas not planted 
in wheat were seeded with a non-host VNS spring barley in an attempt to limit 
the edge effect during the study. After planting, fields were initially irrigated at a 
rate of approximately 15 cm of water per m2. Subsequent fertilization and irriga-
tion followed local best management practices used on the farm. 

Beginning in November 2002, a total of 32 plots for disease monitoring were 
established within the two strips of wheat, each 1.22 m2, 9 m apart and sur-
rounded on four sides by a 12.7 mm plywood fence 33 cm high, trenched into 
the soil 5 cm deep and backfilled along the edges. Boxes were anchored with 
wooden stakes and the area within the box designated as a plot (Figure 1). 

2.2. Monitoring Field Infection 

Beginning in late May or June, depending on wheat maturity that season, the 32 
1.22 m2 plots were hand harvested and each plot threshed using a Vogel small 
plot thresher (ALMACO, Nevada, IA). The total number of seeds per collected 
per plot was estimated by sample weight. Seed samples were shipped to USDA, 
APHIS, Olney, TX, where each was processed through an optical sorter [16] that 
was used routinely to screen USDA National Karnal bunt Survey samples. This 
device separated bunted or discolored kernels from the original sample, reduc-
ing the amount of kernels for examination from several kilograms to a few 
grams. Bunted kernels were hand counted using a vibrating grain table with a 
 

 
Figure 1. Rows of box-plots planted in parallel strips of wheat and the remainder of the 
field plated to barley. 
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magnifier [17]. Data recorded were the percentage of bunted kernels per plot. 

2.3. Environmental Data 

Over the course of the study, hourly percent soil moisture (v/v) was measured at 
a depth of 5 cm with a ML2 ThetaProbe (Delta-T Devices, Ltd., Cambridge, UK) 
utilizing an Onset DL2 data logger (Onset Computer Corporation, Bourne, MA). 
Hourly soil temperatures at a depth of 5 cm were recorded using a HOBO Water 
Temperature Pro v2 Data Logger (Onset Computer Corporation, Bourne, MA). 
Air temperature and humidity were monitored hourly at 6 cm above the soil 
(sub-canopy) and one meter above the soil using a Hobo H08-032-IS (Onset 
Computer Corporation, Bourne, MA) or Watchdog A-Series (Spectrum Tech-
nologies, Aurora, IL) data loggers. Daily rainfall in millimeters was obtained 
from the University of Arizona AZMET weather station at the Maricopa Agri-
cultural Center located 12.8 km southwest of the research plot. Upper canopy 
temperature and humidity data were used to calculate the Humid Thermal Index 
(HTI) for each season [18] [19] [20]. In Ludiana, India, Jhorar showed this mod-
el to be fairly reliable for predicting years when disease incidence will be high. 
The model is based on the average relative humidity at 2:30 PM from the time of 
boot emergence through anthesis divided by the average daily maximum tem-
perature for the same time period. An HTI less than 2.2 would indicate dry, hot 
conditions whereas and HTI greater than 3.3 in indicated cold, moist conditions. 
An HTI between 2.2 and 3.3 is considered favorable for Karnal bunt develop-
ment. 

2.4. Soil Sampling 

In 2002, prior to planting, 30 soil samples were collected in a zigzag pattern 
down the length of the field, 6-cm deep, using a 0.92 m × 2.54 cm dia. Hoffer soil 
sampler and samples composited. After Karnal bunt was observed in the field in 
2004, sampling was conducted in a zig-zag pattern starting in the beginning of 
the first strip of wheat, crossing diagonally to the second parallel stripe of wheat, 
between the established 1.22 m2 plots, and then halfway between those two 
points in the barley. This pattern continued to the end of the field with a total of 
25 points sampled. At each sampling point, three soil samples were taken from 
within in a 30 cm diameter circle with a Hoffer soil sampler, as described. The 
samples were divided into two; the top 0.5 cm of the three samples was removed 
with a spatula and composited together and the remaining 5.5 cm portion of the 
samples was also composited together. This was done to gain data on the telios-
pore population on the surface that has the potential to germinate and infect that 
season verses those below the surface that would be turned up to the surface next 
season during soil cultivation. Sampling was repeated several times during each 
growing season. In 2006 a duplicate set of samples were taken from a fallow 
wheat field approximately 300 m east of the experimental field for comparison 
with the teliospore population in the plots. 
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2.5. Quantitation of Teliospores and Viability 

Extractions were conducted in the USDA ARS FDWSRU BioSafety Level-3 plant 
disease containment facility at Fort Detrick, MD [21] under Federal and State 
permits. The composited soil samples collected in 2002 were subsampled 20 
times, 25-cm3 of soil per subsample, and extracted by a modified method of Rat-
tan et al. [22] using a 25 cm3 sample volume. Each subsample was suspended in 
20 ml of Tween-20 water (0.12%) in a 500 ml beaker and mixed for 30 min with 
a 6 cm stir bar. The suspension was poured through a series of 600, 250, 100, 53 
and 20-μm pore size sieves and the debris trapped on a 20-μm sieve, rinsed into 
a 50-ml conical centrifuge tube, centrifuged at 1,104 × g for 5 minutes, superna-
tant removed and debris pellet suspended in 1.0 ml of Shear’s mounting me-
dium. Two hundred fifty μl of the suspension was transferred to a 1.5 ml Ep-
pendorf tube and the entire volume examined for the presence of teliospores us-
ing multiple microscope slides with 22 × 50-mm coverslips. Slides were ex-
amined at 200X magnification to determine the number of teliospores per 250 
μl. 

Beginning in 2004, the extraction method was modified as described by Ba-
badoost et al. [23]. Samples were air-dried in the lab and weighed. For each sam-
pling point a 4 to 7 g sample from the top 0.5 cm deep soil composite and a10.0 
g sample of the lower portion soil composite were extracted. Each composited 
0.5 cm deep and 5.5 cm deep soil sample was transferred to a separate 50-ml 
plastic screw-cap conical centrifuge tube and 35 ml of Tween-20 water added. 
Samples were shaken and laid horizontally on an orbital shaker (190 rpm) for 15 
min. Then, each sample suspension was passed through a 53-μm-mesh sieve over 
a 2-l beaker and the sieve contents washed with approximately 1.800 L of water 
delivered by a sprayer attached to a sink faucet. The filtrate was poured through 
a 20-μm-mesh sieve to trap the teliospores. The contents of each sieve was 
washed back into a 50-ml centrifuge tube and centrifuged for 3 min at 1,104 × g. 
The supernatant was discarded the pellet suspended in 35 ml of 1.6 M sucrose 
solution. The suspension was centrifuged for 40 sec at 206 × g, and the superna-
tant poured into a 20-μm pore size sieve and rinsed to remove the sugar. The 
centrifuge steps were also done three times with the soil pellet, each time pour-
ing and rinsing the supernatant onto the same 20-μm pore-size sieve. The sieve 
contents were rinsed into a new 50-ml tube, the volume brought up to 35 ml, 
mixed, centrifuged for 5 min at 1,104 × g, and the supernatant poured off. The 
pellet was suspended in 3.33 ml of water, mixed well using a vortex mixer; 166.5 
μl of suspension transferred to a 15-ml tube and incubated at 18˚C for 48 hrs to 
hydrate or initiate germination of contaminants on the teliospore surface. The 
procedure results in determining the number of teliospores present in 5% of the 
subsample from the original field sample. The remaining suspension was centri-
fuged, supernatant poured off and pellet suspended in 3.16 ml of Shears mount-
ing medium. Two 33.3-μl drops of this final dilution, representing 2% of the ex-
tracted sample, were transferred to two microscope slides and teliospores counted. 
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After the 166.5 μl sucrose fraction had been incubated for 48 hrs, it was sus-
pended in 10 ml of acidic electrolytic water and placed on a tube rocker for 30 
min at 13 cycles/min, centrifuged for 5 min at 913 × g, supernatant poured off, 
and pellet re-suspended in sterile water. Two additional centrifuge washes were 
performed. After pouring off the supernatant, the pellet was re-suspended in 300 
μl of sterile water. Twelve 10-μl drops were aseptically transferred to each of a 
number of standard Petri dishes containing 2% water agar amended with 100 
mg/L each of streptomycin sulfate and ampicillin. Dishes were incubated for 14 
days and then examined for the percentage of teliospores that germinated. 

3. Results 
3.1. Wheat Infection 

No bunted kernels were detected in the field for wheat harvested during 2003 
and 2004. The first Karnal bunt detection in this field was in wheat planted in 
the fall of 2004 and harvested in 2005. Results for percentage of infected kernels 
for all field plots by year are presented in Table 1. 

3.2. Environmental Data 

Soil moisture data for September through October 2005 and December 2006 are 
missing due to recorder malfunctions. The average monthly soil moisture and 
soil temperature data for each year are summarized in Figure 2 and Figure 3, 
respectively. Irrigation maintained the soil moisture in the range of 20 to 35% 
(v/v) during the wheat-growing season (December-May) in all years. There were 
no significant differences (p = 0.98) in monthly soil temperature averages be-
tween years. Total monthly rainfall is presented in Figure 4. 

The HTI calculated from upper canopy air temperature and humidity each 
season was 1.82, 2.34, 2.08, 1.57 and 0.52 for 2003, 2004, 2005, 2006 and 2007, 
respectively. The only season that the HTI indicated was conducive to disease 
development was 2004 (HTI 2.34), which was the first year of the study where 
Karnal bunt was detected in the plots. 

3.3. Quantitation of Teliospores and Viability 

Soil sampling for detecting teliospores was begun after the 2004 infection in 
 

Table 1. Average and range of Karnal bunt incidence detected in experimental plots by year. 

Harvest Year Average1 SD MIN MAX 

2003 0.00 0.00 0.00 0.00 

2004 7.05 4.56 0.04 21.21 

2005 2.89 5.46 0.00 22.92 

2006 0.00 0.00 0.00 0.00 

2007 0.004 0.00 0.00 0.19 

1Percent infection. 
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Figure 2. Average monthly percent soil moisture (SD) by year in the Tilletia indica research field at 
Maricopa, AZ. 

 

 
Figure 3. Average monthly soil temperature (SD) by year recorded 5 cm below the surface at the 
Tilletia indica research field at Maricopa, AZ. 

 

 
Figure 4. Accumulated monthly millimeters of rainfall for each year, 2004 though 2007 recorded at 
the nearby AZMET weather station in Maricopa, AZ. 

 
January 2005. Results showing the average number of teliospores per gram of 
soil recovered at each sampling time, for the 0.5 cm deep of surface soil and the 
remaining 5.5 cm deep subsurface (Table 2). Data further are divided between 
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soil samples taken in the areas of the field planted with wheat and those seeded 
in barley and the combined data of both. Analysis of variance found no signifi-
cant differences (p ≤ 0.5) in the number of teliospores recovered from the soil 
planted to barley verses that seeded with wheat for any sampling time for either 
surface or subsurface soil. There was an average of 91.9% reduction in the number 
of teliospores recovered from the last natural infection occurrence in 2005 com-
pared with the final sampling in 2007. No teliospores were recovered from soil 
collected in the field 300 m east of the experimental field (data not shown). 

Table 3 presents the average number of teliospores per gram of soil that ger-
minated by depth and crop for each sampling time. Analysis of variance found 
no significant differences (p ≤ 0.5) in the number of germinating teliospores 
from the different crop covers so data were combined for estimating the average 
number of germinating teliospores per gram of soil at the two depths for each 
sampling period and the estimated average percentage of the total population 
that germinated. From the July 2005 sampling in the infested field there was an 
average 90.2% decrease in germination of teliospores recovered in March of 
2007. Regression analysis of time/teliospore recovery, and time/teliospore viabil-
ity for each depth of sampling are shown in Figure 5. In all cases the coefficient 
of determination (R2) suggested as trend toward a decrease in teliospore recov-
ery and viability over time for each depth. 

 
Table 2. Average number of extracted teliospores per gram of field soil. 

Crop Depth Jan 2005 Jul 2005 Nov 2005 Jan 2006 Mar 2006 Jan 2007 Mar 2007 Control Field3 

Wheat Subsurface1 40 36 10 8 6 5 2.5 0 

 Surface2 32 88 21 6 13 4 6 0 

Barley Subsurface 37 17 12 3 7 6 2.5 0 

 Surface 41 21 15 8 16 5 4 0 

Field Average Subsurface 39 27 11 5 6 5.5 2.5 0 

 Surface 36 57 18 7 15 4.5 5 0 

10.5 - 6.0 cm; 20 - 0.5 cm; 3Soil samples collected from a field 300 m from the research field. 

 
Table 3. Average number of germinating teliospores per gram of field soil and percentage of total spores germinating. 

Crop Depth Jan 2005 July 2005 Nov 2005 Jan 2006 Mar 2006 Jan 2007 Mar 2007 Control Field3 

Wheat Subsurface1 8 11 2 2 5 0 0.2 0 

 Surface2 7 22 11 2 5 1 0.3 0 

Barley Subsurface 10 6 5 1 3 0 0.3 0 

 Surface 7 3 7 2 8 0 0 0 

          Field Average Subsurface 9 8 4 2 4 0 0 0 

 Surface 7 13 9 2 6 0 2 0 

          Avg % Germ. Subsurface 23 30 36 40 67 0 0 0 

 Surface 19 23 50 29 40 0 2 0 

10.5 - 6.0 cm; 20 - 0.5 cm; 3Soil samples collected from a field 300 m from the research field. 
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Figure 5. Regression analysis for time verses T. indica teliospores recovered from field soil at two depths (a, b) and time 
verses teliospore viability (c, d). 

4. Discussion 

Wheat was grown and sampled in this field from 2002 through 2007 with mea-
surable Karnal bunt occurring only in 2004 and 2005. No teliospores were de- 
tected in 2002 in composite soil samples processed by method of Rattan et al. 
[22] and no teliospores were detected by method of Peterson et al. [24] [25] [26] 
in three samples of remnant wheat seed planted in fall of 2003. The source of 
inoculum for the initial infection may have been an undetected residual that was 
not detected in earlier soil extraction of may have blown into the field from 
nearby infected fields. It is estimated in this region that an average of 0.08 
T/ha/yr of soil moves by wind erosion and 7.60 T/ha/yr by water runoff [27]. 

No significant differences were observed in soil temperature between 2002 
and 2007 that differentiated disease years from other non-disease years. Soil 
moisture during the growing season was fairly uniform across years because of 
controlled irrigation. In addition to data reported herein, hourly environmental 
data were collected for upper and lower canopy temperature and humidity 
throughout the study. When average maximum daily temperature recorded in 
the with the upper canopy and the mean daily relative humidity at 2:30 PM were 
used to calculate the Humid Thermal Index, model results for predicting favorable 
conditions for infection correctly identified 2004, our first and highest level in 
the study. 

In earlier contained experiments, Bonde et al. [14] reported a decline in teliospore 

https://doi.org/10.4236/ajps.2017.811177


G. L. Peterson, K. L. Kosta 
 

 

DOI: 10.4236/ajps.2017.811177 2631 American Journal of Plant Sciences 
 

germination after 48 months of 76 and 92.9% in non-irrigated and irrigated 
fields, with no significant depth effect. Similarly, Babadoost et al. [13] reported 
an 85.2% decrease in recovery and 67.8% decrease in germination after 36 
months with no depth effect. Rattan [12], working in Ludhiana, India, reported 
an 89.7% decrease in germination after 27 months with effect from soil-type or 
depth. In contrast, Inman et al. [15] reported no significant decrease in telios-
pore recovery or germination for samples buried in the UK and Italy for 36 
months and no depth effect, however results for analyzing samples buried in 
Norway for 36 months noted a significant difference in recovery between years 
and a lower overall recovery than Italy and UK. Germination was significantly 
lower for 12 months versus 24 and 36 months. No depth effect was reported for 
the 36-month study. Inman suggested the recovery difference could be attri-
buted to freezing and thawing of the soil and noted the soil type in both Norway 
and Italy were the same. 

5. Conclusions 

Results of this study conducted in a naturally infested field produced results 
most similar to those in the three controlled studies of Babadoost [13], Bonde 
[14] and Rattan [12]. In these studies there was a general trend of rapid decline 
in both the number of teliospores recovered and teliospore viability over the first 
24 months. A small fraction of the population did remain viable beyond to scope 
of this study. It is possible that changes in teliospore numbers and viability could 
differ between artificially infested soil and natural field populations, however 
this study suggests that valid conclusions can be drawn from both artificially in-
fected containerized soil and T. indica naturally infested soils. It is likely that the 
current disease management strategy of planting infested fields in a non-host 
crop or leaving them fallow while tilling the soil yearly for 60 months is an effec-
tive approach to disease management. In this study we planted wheat in the field 
each season, however not all years were conducive to disease development. T. 
indica was originally reported in limited locations in Southern California, Cen-
tral Texas and Arizona in 1996 and 1997. After 2004, no reports of Karnal bunt 
have been reported in surveys in Texas and California likely due to the infre-
quent occurrence of favorable environmental conditions in these locations. Kar-
nal bunt positive wheat fields in La Paz and Pinal County, Arizona continue to 
occur almost annually, with an additional 83 new fields in Pinal Co. noted in 
2017 surveys. This would suggest a frequent reoccurrence of conductive condi-
tions in some locations [28] [29]. Meanwhile, 1583 ha in Arizona have met the 
USDA criteria for deregulation and have been removed quarantine restrictions. 
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