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Abstract

This study was conducted to identify resistance sources against the newly
documented pathotypes (P5 and P6) of Sporisorium reilianum, causing
sorghum head smut. A subset of 67 sorghum association panel (SAP) acces-
sions, 29 in 2017 and 38 in 2018 along with checks BTx635 (resistant) and
BTx643 (susceptible) were screened in the greenhouse against P5 and P6 pa-
thotypes in two separate experiments in both years. At 18 to 20 days after
planting, accessions were inoculated by injecting the seedlings below the
apical meristem with sporidial suspensions following an established inocula-
tion procedure. Three accessions (P1656091, PI533919, and PI533821) in 2017
and 17 accessions (P1597961, P1656071, P1656048, P1576435, P1534075, P1534145,
P1656057, PI576437, P1651492, P1656014, PI1656025, P1655999, PI1656010,
P1656082, P1534123, P1533927, P1656100) in 2018 were identified as potential
resistant sources to both P5 and P6 pathotypes of S. reilianum. These SAP
accessions are new sources that can be further used to develop new breeding
parental lines and hybrids and mapping populations for quantitative trait loci
markers closely linked to head smut resistance.
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1. Introduction

Climatic and other associated changes due to abiotic stresses such as drought
and cold will likely increase plant diseases caused by fungal pathogens, adding to

the challenge of increasing food production to meet the demands of an increas-
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ing world population, which is expected to reach around 9.1 billion by 2050 [1].
Host plant resistance is one of the top research priorities to rapidly screen the
available genetic resources using established inoculation procedures in sorghum.
Sorghum is the fifth most important cereal crop in global commerce and is used
primarily as food and fodder in diverse growing regions, especially in the drier
tropics [2] [3] [4] [5]. The disease, head smut, incited by Sporisorium reilianum
(Kiithn) Langdon and Fullerton (syns. Sphacelotheca reiliana (Kithn) G. P. Clin-
ton, and Sorosporium reilianum (Kithn) McAlpine), hampers the productivity
and quality of the crop and therefore, poses a potential threat to food security in
many countries [3] [4] [6] [7] [8]. The head smut pathogen infects at the seedl-
ing stage, but symptoms are not expressed until panicle initiation. Infected
plants do not produce grain. S. reilianum is one of the few smut pathogens not
controlled by seed treatment, leaving host resistance as the only practical way to
control this disease [8].

Sorghum mono-cropping, planting susceptible hybrids, and the appearance
of new virulent pathotypes in the United States (Table 1), China, and other
sorghum growing regions have increased the incidence of head smut [3] [4]
[6] [7] [8] [9] [10] [11]. In the 1990s, a head smut epiphytotic in China cov-
ered about 58 thousand hectares with an average incidence ranging from 18 to
over 80% [4] [12]. Ngugi et al. [13] noted that 73% to 75% of farmers’ fields
surveyed in Western Kenya were affected by head smut. Head smut is consi-
dered as an important disease in Cameroon, Guinea, and Mali, West and Cen-
tral Africa [14]. Esele [3] also noted three common sorghum smut diseases
(covered, loose, and head smut) that are of economic importance in the horn
of Africa, causing yield losses of 5% - 80%. In the United States, head smut
yield losses ranging from 4% to 80% have been recorded in commercial hybrid
fields [6] [11] [13]. Recently, a number of sorghum fields in south Texas, USA;
as well as Tamaulipas and Ocotlan, Mexico were observed with significant in-
festation and yield losses [10].

Once the teliospores enter the soil, head smut will persist in the field for a
decade even with proper disease management strategies such as crop rotation
and the use of fungicide seed treatment [15] [16]. The disease cycle is initiated
when germinating sorghum seeds stimulate the teliospores in the soil to start
growing in response and the pathogen develops dikaryotic hyphae that penetrate
the meristematic tissue of the seedling [6] [12] [17]. The colonization and sorus
development which follows infection in the primary shoot are the result of inva-
sion of the apical meristem at the beginning of the infection process [18]. Cha-
racteristic symptoms of head smut include smutted panicles, sterile or phyllo-
died panicles, and stunting (Figure 1), due to the lack of peduncle elongation [8]
[18]. Previously, four pathotypes (1 - 4) were known to exist in the USA [9] [19].
In 2011, two new pathotypes (P5 and P6) were identified among head smut iso-
lates collected from south Texas, an area with high density of grain sorghum

production [9]. The impact of the new pathotypes P5 and P6 [9] and other fac-
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tors, including unpredictable weather changes will warrant deployment of host
resistance and identification of new sources from the unexplored diversified
sorghum germplasm.

Hence, this research was conducted with an objective to identify new sources
of resistance against two new pathotypes (P5 and P6) of head smut pathogen, S.
reifianum from the sorghum association panel accessions following a modified

inoculation procedure in the greenhouse.

Table 1. Pathotype classifications based on resistant (R) and susceptible (S) response by
the sorghum differentials.

Pathotype
Differential Frederiksen and Reyes (1980) Prom et al. (2011)
P1* p2* p3* P4 P4A P5 P6
Tx7078 S S S S S S R
SA 281 (Early Hageri) R S S R S R R
Tx414 (SC414) R R S S R R S
SC170-6-17 (TAM2571) R R R S S S S
BTx643 (Universal susceptible) S S S S S S S
BTx635 (Universal resistant) R R R R R R R

Reaction type: S = susceptible; R = resistant (no head smut infection, Ze, immune). * pathotypes 1 and 3
have been documented on cultivars/hybrids grown in Queensland, Australia by Dodman et al. (1985).

Figure 1. Manifestation of head smut infection. (a) Sorus of Sporisorium reilianum cov-
ered with a thick white-membrane; (b) Sterile panicles some of the infected panicles with
smut galls; (c) Panicle with witches-broom symptom; and (d) Stunted plant infected with
head smut.
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2. Materials and Methods

The sorghum association panel (SAP) comprised of approximately 400 acces-
sions representing all major cultivated races (tropical lines from diverse geo-
graphic and climatic regions), and important United States breeding lines and
their progenitors [20] [21]. A subset of 67 SAP accessions were obtained by the
USDA-ARS, Plant Genetic Resources Conservation Unit, Griffin, Georgia. Of
the 67 accessions, 29 in 2017 and 38 in 2018 along with checks BTx635 (resis-
tant) and BTx643 (susceptible) were screened against two pathotypes P5 and P6
of the head smut pathogen in two separate experiments. Each accession in each
experiment was planted in 3-gallon pots filled with Metro Mix 200 (Sun Gro
Horticulture, Agawam, MA) and thinned to five plants after germination. Plants
were grown in the greenhouse at 25°C = 2°C under a 12-hour photoperiod pro-
vided by fluorescent. A complete randomized block design with three replica-
tions was used in both years. In each experiment, we used a mixture of two S.
reilianum isolates for each pathotype. Isolates 03 HSC from Corpus Christi, TX
and 16 HSW from Weslaco, TX was used for pathotype 5, and isolates 08 HSW
and 14 HSW from Weslaco, TX was used for pathotype 6, because of their ag-
gressive virulence and common presence in Texas [9].

The inoculum preparation and inoculation method were as previously de-
scribed by Perumal et al [22]. Briefly, sporidial colonies of pathotypes 5 and 6
were placed in separate flasks containing potato dextrose broth. The flasks were
placed on a rotary shaker set at 150 rpm for 4 d under 25°C room temperature to
allow for multiplication of the yeast-like spores. The sporidial suspension was
filtered into a sterile flask through layers of cheesecloth and adjusted to a con-
centration of 1 x 10° spores ml™. The sporidial suspensions were used to inocu-
late five plants in each replicate. All 5 plants in each replication were inoculated
by injection below the apical meristem of 18 to 20 days-old seedlings. Each plant
was injected with 0.5 to 1.0 ml of sporidial suspension using a Precision Glide
Needle # 22 G x 1 in. (Becton, Dickinson and Co., Franklin Lakes, NJ) attached
to a 30-ml hypodermic syringe. Plants were evaluated at heading. Plants without
symptoms (Fully-developed-grains in the main tiller and no sori) were classified
as resistant. However, such plants were further evaluated by cutting the main
tiller and allowing the side tillers in the ratoon crop to grow to flowering stage. If
the disease symptoms were expressed in the side tillers, then the line was classi-
fied as susceptible. Tillers without disease were classified as resistant. So, the
disease rating of this host pathosystem was always binary (present or absent).
Percent incidence was based on the number of infected plants per pot divided by

the total number of plants inoculated and multiplied by 100.

3. Statistical Analysis

The arcsine-transformed proportions variable was analyzed for differences using
PROC GLIMMIX (SAS version 9.4, SAS Institute, Cary, NC). The experiment
was a randomized complete block, where accessions were fixed effects and the
replicate is a random block effect. The LSMEANS statement with LINES option
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was used to provide Tukey-Kramer multiple comparisons between accessions at

the 5% probability level. The means were back transformed after the analysis.

4. Results and Discussion

Sorghum Association Panel accessions, representing wide genetic and geograph-
ical diversity available in the core sorghum germplasm collections, are being
widely used to identify the chromosomal regions associated with complex traits
of biotic and abiotic stresses to plant breeders, including grain yield and quality
[23] [24]. The pathotype classification clearly established the resistance and sus-
ceptible performances of the breeding lines BTx635 and BTx643 respectively
(Table 1). In this study, 29 accessions in 2017 and 38 accessions in 2018 were
evaluated in the greenhouse along with susceptible (BTx643) and resistant
(BTx635) for P5 and P6 pathotypes. The main effect of accession in both expe-
riments screened for P5 and P6 pathotypes separately in 2017 and 2018 years
were highly significant (P < 0.0001), indicating that the accessions responded
differently when inoculated with either P5 or P6 (Table 2 and Table 3). In 2017,
out of 29 accessions inoculated with P5, 18 accessions, including PI656091,
PI533919, P1533839, P1651496 and resistant check BTx635 exhibited no infec-
tion (Table 2). Eleven accessions were infected when inoculated with P5 and
PI533750 (100% incidence) was the most susceptible. When the same accessions
were inoculated with P6, three accessions PI656091, PI533919, and PI533821
along with BTx635, had no infection, whereas other accessions exhibited various
levels of infection (Table 2). Accessions P1656099, P1651496, and P1329435 had
100% incidence when challenged with P6 and except for PI533750, P1656018,
and PI656101 this level was markedly higher than the levels of other infected ac-
cessions. P1656091, PI533919, and PI533821 were resistant to both pathotypes.
Fifteen accessions that exhibited a resistance response to P5 were susceptible
when challenged with P6 pathotype.

In 2018, out of the 38 accessions along with two checks inoculated with P5,
50% of the accessions, including P1656071, P1656048, P1534145, P1576437, and
PI656015 exhibited no infection, while PI533980, PI1597968, PI1655989, and
PI655996 recorded 100% incidence (Table 3). This level of infection was signifi-
cantly different from the other infected accessions whose incidences ranged from
20% to 66%. When the accessions were inoculated with P6, only 25% were suscepti-
ble along with susceptible check BTx643 (Table 3). Accessions PI533863, P1655986,
and PI656015 recorded 100% incidence. Twenty-nine of accessions, including
PI597961, P1576435, P1534145, P1656082, and P1656100 recorded zero percent
infection when inoculated with P6 pathotype. P1656033 and P1656015 showed
resistance to P5 and susceptible reaction to P6 pathotype. On the other hand, 12
accessions were susceptible to P5 and resistant to P6 pathotypes. Including the
resistant check BTx635, seventeen accessions (PI1597961, PI656071, P1656048,
PI1576435, PI534075, PI534145, PI1656057, PI576437, PI1651492, PI1656014,
P1656025, P1655999, P1656010, P1656082, P1534123, P1533927, P1656100) were
resistant to both P5 and P6 pathotypes.
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Table 2. Head smut greenhouse screening in 2017: Reaction of 29 SAP accessions to pa-
thotypes 5 and 6 of Sporisorium reilianum both in the main and side tillers in the ratoon

crop.
Pathotype 5° Pathotype 6°
PI Accession SC number Origin Reaction® Incidence % Reaction Incidence %
PI1533750 SC214 India + 100a* + 80abc
PI533961 SC121 South Africa + 75b + 60bcde
PI534114 SC574 Pakistan + 70bc + 40cde
PI533789 SC57 Sudan + 70bc + 60bcde
PI1533871 SC566 Nigeria + 50bcd + 25def
P1656078 SC1424 USDA, ARS + 50bcd + 50bcde
PI533788 SC53 Sudan + 40cde + 60bcde
P1655980 Tx2785 Texas, US + 30de + 20def
PI533833 SC319 Uganda + 25de + 30de
PI1656099 SC498 USDA, ARS + 25de + 100a
P1655995 Deer United States + 15e + 60bcde
PI1533755 SC55 Sudan - of + 60bcde
PI533754 SC309 Sudan - of + 40cde
PI533839 SC303 Nigeria - of + 50bcde
PI533766 SC265 Burkino Faso - of + 20def
PI1533792 SC108 Ethiopia - of + 60bcde
PI17548 Red Amber Australia - of + 65bcd
P1656091 SC22 USDA, ARS - of - of
PI533913 SC66 Sudan - of + 50bcde
P1651496 Rio USDA, ARS - of + 100a
PI533869 SC283 Tanzania - of + 50bcded
PI1533919 SC124 Ethiopia - of - of
PI1533855 SC317 India - of + 15ef
PI656018 BTx2752 Texas, USA - of + 90ab
PI1656055 P-721 Indiana, USA - of + 35cde
PI329435 Mashila Ethiopia - of + 100a
PI533821 SC322 Tanzania - of - of
PI35038 Sumac Texas, USA - of + 45cde
PI1656101 SC525 USDA, ARS - of + 80abc
BTx635 Resistant check ~ Texas, USA - of - of
BTx643 Susceptible check  Texas, USA + 100a + 80abc

“Plants inoculated using a modified syringe technique (Perumal et a/ 2007; Prom et al. 2011). PReaction
type += head smut infection (susceptible); - = no infection (resistant). “Mean within a column followed by
the same letter(s) are not significant based on Tukey-Kramer multiple comparisons between accessions at
the 5% probability level.
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Table 3. Head smut greenhouse screening in 2018: Reaction of 38 SAP accessions to patho-

types 5 and 6 of Sporisorium reilianumboth in the main and side tillers in the ratoon crop.

Pathotype 5° Pathotype 6°
PI Accession  SC number Origin Reaction® Incidence % Reaction Incidence %
PI1533980 SC572 China + 100a - Oe
P1597968 SC1321 Texas, USA + 100a + 50c
P1655989 Redbine-60 Texas, USA + 100a - Oe
P1655996 Not known - + 100a - Oe
PI656019 BTx3042 Texas, USA + 66b - Oe
PI1533976 SC655 South Africa + 66b - Oe
P1655978 Tx2737 Texas, USA + 66b + 50c
PI1656090 SC1494 USDA, ARS + 60bc - Oe
PI564165 RTx434 Texas, USA + 60bc - Oe
P1642998 Black Spanish USDA, ARS + 50bcd - Oe
P1656074 SC1218 USDA, ARS + 50bcd - Oe
P1656022 BTx615 Texas, USA + 50bcd - Oe
PI1533863 SC320 Chad + 50bcd + 100a
P1655986 Caprock Texas, USA + 40cde + 100a
PI533965 SC115 Uganda + 33de - Oe
PI1534163 SC599 USDA, ARS + 25e + 50c
PI1534009 SC441 INDIA + 25e + 25d
P1656002 BOK11 Oklahoma, USA + 25e + 25d
PI1598069 RTx2909 Texas, USA + 20e - Oe
P1597961 SC1077 Texas, USA - of - Oe
P1656071 SC1019 USDA, ARS - of - Oe
P1656048 Malisor84-1 Mali - of - Oe
PI576435 SC1104 Uganda - of - 0Oe
PI534075 SC348 Nigeria - of - Oe
PI534145 SCo1 Rhodesia - of - Oe
PI1656033 60M USda, ARS - of + 25d
PI656057 Not known - - of - Oe
P1576437 SC1203 Brazil - of - Oe
P1651492 Cowley Texas, USA - of - Oe
PI656014 Acme Broomcorn USDA, ARS - of - Oe
P1656025 Shan Qui Red China - of - Oe
PI1655999 Tx2784 Texas, USA - of - Oe
PI656015 Ajabsido Sudan - of - 100a
P1656010 RTx2536 Texas, USA - of - Oe
P1656082 SC145 USDA, ARS - of - Oe
PI534123 SC13 Ethiopia - of - Oe
PI1533927 SC224 Ethiopia - of - Oe
P1656100 SC50 SC500 USDA, ARS - of - Oe
BTx635 Resistant check Texas, USA - of - Oe
BTx643  Susceptible check  Texas, USA + 100a + 75b

“Plants inoculated using a modified syringe technique (Perumal et a/. 2007; Prom et al. 2011). PReaction

type += head smut infection (susceptible); - = no infection (resistant). “Mean within a column followed by

the same letter(s) are not significant based on Tukey-Kramer multiple comparisons between accessions at
the 5% probability level.
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Indira et al [4] identified 20 lines resistant to head smut including A7050,
A232E, BICS 49, and Lian-Tang-Ai the Chinese pathotype 3. Further, P1961560
and SA281 were identified as resistant sources to all four Chinese head smut pa-
thotypes [11]. In the United States, six converted sorghum accessions, including
SC103-11E, SC155, SC166, and SC425 evaluated in Texas exhibited head smut
resistance to pathotypes 1 to 4 [25]. Later, sorghum lines from AgriLife Research
in Lubbock and College Station, Texas, Tx2935 through Tx2944 and Tx2962
through Tx2978, which were released in 2004and 2006, respectively, showed re-
sistance to head smut pathotypes 1 to 4 [26]. Sorghum cultivar Tx7078 was sus-
ceptible to pathotypes 1 to 5 (Table 1) but exhibited good resistance to all Chi-
nese pathotypes and resistant to pathotype P6 as well [9] [11]. In our study a to-
tal of 20 new resistant sources from SAP were identified for both P5 and P6 pa-
thotypes from two years’ evaluations.

S. reilianum infestation has been seen continuously in commercial hybrids
over the last two decades grown in fields in the areas of northeast Mexico and
southern parts of Texas. In the United States, four pathotypes 1 to 4 were estab-
lished earlier by Frederiksen and Reyes [19] where, pathotypes 1 and 3 have been
documented on cultivars/hybrids grown in Queensland, Australia also by Dod-
man et al. [27] (Table 1). Later, Zhang et al [11] established four Chinese pa-
thotypes with different reactions on the same host differentials used in the
United States by Frederiksen and Reyes [19]. It clearly indicated that virulence
studies and the disease outburst were not monitored over two decades in the
United States until the new pathotypes P5 and P6 were identified by Prom et al
in 2011 [9]. The increase of S. reilfanum infestation in the grain sorghum areas
of the United States and northeast Mexico might be due to the repeated usage of
the available sorghum hybrids susceptible to the new pathotypes P5 and P6 and
was associated with significant yield losses over the years. Also, the variability
within head smut pathogen populations warrants continual evaluation of sorg-
hum germplasm to identify potential resistance sources that would broaden the
genetic base in the adapted breeding lines with wide range of resistance back-
ground.

Three different host mechanisms were earlier defined as: R1, horizontal, re-
sistance to natural infection but susceptibility to all races following syringe in-
oculation; R2, vertical, specific resistance to some races of S. reilfanum and sus-
ceptibility to others, with the same response to natural infection as to syringe
inoculation; and R3, horizontal resistance to natural infection and syringe in-
oculation [19] [28]. However, screening with natural infection under field con-
ditions gives unpredicted and unreliable results, due to pathogen variability and
disease escapes, even in the hot spots in sorghum growing areas, due to envi-
ronmental fluctuations, distribution of the teliospores, low percentage of telios-
pore germination, and a high level of spore dormancy in the field [8]. Hence, the
modified syringe injection technique at seedling stage inoculation by Perumal et
al. [22] from the original technique developed earlier by Edmunds [29] was es-

tablished. The experimental results following the modified inoculation technique
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were effective and consistent to establish reliable screening procedure for resis-
tance [9].

In sorghum, during pathogenesis, dikaryotic hyphae of the head smut patho-
gen can penetrate the root epidermis and colonize the meristematic tissue, in-
cluding regions near the apical meristem of the sorghum seedlings [8]. Upon
panicle initiation, the pathogen grows vigorously leading to the production of te-
liospores [8]. In some sorghum lines, there is delayed response which is akin to
slow rusting found in other host pathosystems [30]. The main panicle may not
be infected but upon removing it, the subsequent tiller or tillers become infected.
However, if these subsequent tillers are still not infected then the line is rated as
resistant, further confirming the resistance response of the line. The mechan-
ism(s) involved in this delayed response in sorghum-head smut interaction is
still unknown. This could probably be explained by rapid growth of the meris-
tematic tissue and/or apical meristem whereby main panicle escapes the infec-
tion, although the fungus is still present. The disease is then manifested in the
tillers. Hence, for the established syringe inoculation method, repeated screening
is not required as the main tillers showing no symptoms were allowed to side til-
ler in the ratoon crop to confirm the disease reaction (susceptible or resistant).
Prom et al [9] also showed that this syringe inoculation technique is very effec-

tive.

5. Conclusion and Significance

Head smut incidence is continuously increasing in northern Mexico and the
coastal bend of south Texas production fields where susceptible hybrids are
grown. Crop management practices such as crop rotation or fungicide applica-
tion are not effective, leaving the use of resistant hybrids as the only option to
control this soilborne fungal disease. This study identified 20 new potential
sources of resistance from the sorghum association panel (SAP) for P5 and P6
pathotypes of S. reilianum, which can be used in introgression breeding to de-
velop parental lines and hybrids with head smut resistance. However, the genetic
inheritance of these resistant sources needs to be explored to determine whether

the resistance is controlled by either single dominant gene or by many genes.
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