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ABSTRACT

Wang, J., Levy, M., and Dunkle, L. D. 1998. Sibling species of Cercospora
associated with gray leaf spot of maize. Phytopathology 88:1269-1275.

Monoconidial isolates of the fungus causing gray leaf spot of maize
were obtained from diseased leaves collected throughout the United States
and analyzed for genetic variability at 111 amplified fragment length poly-
morphism (AFLP) loci. Cluster analysis revealed two very distinct groups
of Cercospora zeae-maydis isolates. Both groups were found to be rela-
tively uniform internally with an average genetic similarity among isolates
of approximately 93 and 94%, respectively. The groups were separated
from each other by a genetic distance of approximately 80%, a distance
greater than that separating each group from the sorghum pathogen, C.
sorghi (67 to 70%). Characteristics and dimensions of conidia and conid-
iophores produced on infected plants or nutrient media were unreliable
criteria for taxonomic differentiation of isolates composing the two groups
of C. zeae-maydis. Nucleotide sequences of 5.8S ribosoma DNA (rDNA)

and the internal transcribed spacer (ITS) regions were identical within
each group but different between the two groups and different from C.
sorghi. Restriction fragment length polymorphisms generated by diges-
tion of the 5.8S rDNA and ITS regions with Taql readily distinguished
each group and C. sorghi. Isolates in one group were generally distri-
buted throughout maize-producing regions of the United States; isolates
in the other group were localized in the eastern third of the country. Both
types were present in the same fields at some locations. The genetic dis-
tance based on AFLP profiles and different ITS nucleotide sequences be-
tween the two morphologically indistinguishable groups indicate that they
are sibling species. Although it is unlikely that breeding for resistance to
gray leaf spot will be confounded by local or regional variation in the
pathogen, a vigilant approach is warranted, because two pathogenic species
exist with unknown abilities to evolve new pathotypes.

Additional keywords: genetic variation, population genetics.

Gray leaf spot has increased in frequency, distribution, and se-
verity during the past 2 decades and has become the mgjor foliar dis-
ease of maize, causing substantial economic losses under conditions
favorable for disease development. The disease was first reported
in 1925 in Illinois by Tehon and Daniels (43), who described and
named the causal agent Cercospora zeae-maydis. Because of the
low incidence, the negligible effect on yield, and the absence of
symptoms until late in the growing season, the disease was con-
sidered a minor problem for at least the next 50 years. During the
late 1970s and early 1980s, gray leaf spot increased in prevalence
and severity in the southeastern and mid-Atlantic states (23). Dur-
ing the past decade, gray leaf spot has become a serious threat
throughout the maize-growing regions of the United States and
appears to be increasing each year. The increased incidence and

Most commercia hybrids are moderately to highly susceptible
to C. zeae-maydis, but a number of breeding programs have di-
rected considerable effort toward discovering resistant or tolerant
mai ze germ plasm. Genetic analyses have indicated that resistance
is determined by quantitative trait loci (QTL) with additive gene
action (6,27,44) or by dominant gene(s) with major effects (12,18).
Resistance to gray leaf spot, expressed as a reduction in the rate of
disease increase from secondary inoculum or as reduced size and
number of lesions, has been discovered in a number of maize inbred
lines (9,11,15,19,45). The chlorotic lesion phenotype, a form of
resistance controlled by a dominant alelic interaction in some in-
breds, decreases the rate of disease progress and may provide ef-
fective control of gray leaf spot (15,16).

In field trials, a significant genotype x environment (hybrid x

location) interaction is frequently observed (2,6,7,19,44). Such vari-
ation may be due to differential sensitivities of maize genotypes to
environmental factors that impact disease severity, since the QTL
effects associated with resistance to gray leaf spot are inconsistent
over environments (6). But the possibility that the pathogen is genet-
ically variable (7) or that the pathogen population is not geograph-
ically homogeneous cannot be dismissed. There is little evidence
that the virulence of. zeae-maydis is changing (44) or that races

of the pathogen exist. However, Latterell and Rossi (21) described
variation in certain structural, cultural, and metabolic characteristics
among isolates of. zeae-maydis and suggested that such varia-
tion also may be expressed in pathogenicity or aggressiveness.
Bair and Ayers (2) observed variability in components of parasitic
fitness (disease efficiency and virulence measured as lesion length)
among 15 isolates &. zeae-maydis from five eastern states. The
mechanism generating variability is not known; neither a sexual
stage nor parasexuality has been demonstrated in this pathogen.
Although a teleomorphic stage in the geiygosphaerella was
found associated with gray leaf spot lesions in overwintered field
specimens of maize tissue (22), its relatiofCt@eae-maydis has

severity of gray leaf spot are associated with conservation tillage
practices and monoculture of maize, which result in a buildup and
survival of inoculum in debris for early infection of the subsequent
crop (10,23,33,34,38). The severity of gray leaf spot is frequently
greater in the absence of other foliar diseases, because more tissue
remains available for colonization throughout the growing season
(37). Hence, the development of maize hybrids with resistance to
Setosphaeria turcica (northern leaf blight) and other foliar patho-
gens may have contributed to the increase in gray leaf spot.
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TABLE 1. Originsand designations of Cercospora isolates anayzed in this study?

Designation® Location Designation® Location
CO-1 Burlington, CO IN-8 Tippecanoe Co., IN
CO-2 Lamar, CO IN-9 Tippecanoe Co., IN
NE-1 Clay Co., NE IN-10 Washington Co., IN
NE-2 Fillmore Co., NE IN-11 Warren Co., IN
NE-3 Central/N. Central, NE| IN-12 Gibson Co., IN
NE-4 Central/N. Central, NE| IN-13 Tippecanoe Co., IN
NE-5 Central/N. Centra, NE| IN-14 Starke Co., IN
NE-6 Clay Co., NE IN-15 Posey Co., IN
NE-7 Fillmore Co., NE IN-16 IN

NE-8 Fillmore Co., NE IN-17 Tippecanoe Co., IN
NE-9 Nuckolls Co., NE IN-18 Tippecanoe Co., IN
NE-10 York Co., NE IN-19 Tippecanoe Co., IN
NE-11* Lancaster Co., NE IN-20 Tippecanoe Co., IN
NE-12* Hamilton Co., NE IN-21 Tippecanoe Co., IN
NE-13* Thayer Co., NE IN-22 Tippecanoe Co., IN
KS-1 Deerfield, KS IN-23 Tippecanoe Co., IN
KS-2 KiowaCo., KS IN-24 Tippecanoe Co., IN
KS-3* Colby, KS IN-25 Tippecanoe Co., IN
KS-4* Doniphan Co., KS IN-26 Tippecanoe Co., IN
KS-5* Finney Co., KS IN-27 Sullivan Co., IN
KS-6* Grant Co., KS IN-28 Tippecanoe Co., IN
KS-7* Hoxie, KS KY-1 Woodford Co., KY
KS-8* Hoxie, KS KY-2 Whitley Co., KY
KS-9* Smith Co., KS KY-3 Woodford Co., KY
KS-10* Seward Co., KS KY-4 Whitley Co., KY
OK-1* Enid, OK KY-5* Fayette Co., KY
OK-2* Enid, OK OH-1 Apple Creek, OH
OK-3* Enid, OK OH-2 Apple Creek, OH
OK-4* Enid, OK OH-3 Millersport, OH
1A-1 Conrad, 1A OH-4 Howard, OH

1A-2 Grinell, IA OH-5 Apple Creek, OH
1A-3 Conrad, |1A OH-6 Millersport, OH
1A-4 Conrad, 1A OH-7 Loudonville, OH
1A-5 Grinell, 1A OH-8 Wooster, OH

1A-6 Malvern, 1A OH-9 Howard, OH

1A-7 Montgomery Co., IA | OH-10 Millersport, OH
1A-8 Montgomery Co., IA | OH-11 Wooster, OH

1A-9 Story Co., 1A OH-12 Wooster, OH
1A-10* Johnston, 1A OH-13* Apple Creek, OH
1A-11* Marion, IA OH-14* Ross Co., OH
MN-1 MN OH-15* Warsaw, OH
MO-1 Boonville, MO NY-1 Chemung, NY
MO-2 East Central, MO NY-2 Chemung, NY
MO-3 Boonville, MO PA-1 Franklin Park, PA
MO-4 East Central, MO PA-2 Franklin Park, PA
MO-5 East Central, MO PA-3 Franklin Park, PA
MO-6 East Central, MO PA-4* Oley, PA

MO-7 East Central, MO TN-1* Union City, TN
IL-1 Fox Ridge, IL VA-1 Montgomery Co., VA
IL-2 Marine, IL VA-2 Wythe Co., VA
IL-3 Fox Ridge, IL VA-3 Montgomery Co., VA
IL-4* Collum, IL NC-1 Marion, NC

IL-5* Havana, IL NC-2 Davidson, NC
IL-6* Macomb, IL NC-3 Salisbury, NC
IL-7* Sheldon, IL NC-4 Laurel Springs, NC
IL-8* Urbana, 1L NC-5 Marion, NC

IN-1 Knox Co., IN NC-6* Davidson, NC
IN-2 Marshall Co., IN NC-7* Randolph Co., NC
IN-3 Posey Co., IN Cs1¢° Corpus Christi, TX
IN-4 Tippecanoe Co., IN Cs2 Beeville, TX

IN-5 Tippecanoe Co., IN CS3 TX

IN-6 Tippecanoe Co., IN CsS4 College Station, TX
IN-7 Tippecanoe Co., IN

a |eaf sampleswere collected and provided by J. Ayers, C. Berg, G. Bergstrom,
M. Carson, L. Cl&flin, M. Dunkle, J. Grogan, P, Lipps, C. Martinson, G. Odvody,
J. Perkins, E. Stromberg, P. Vincelli, D. White, D. Wilkinson, and D. Wysong.

b Designation corresponds to notation of isolates analyzed by amplified frag-
ment length polymorphism (AFLP) and used in the cluster analysis presented
in Figure 2. Isolates labeled with an asterisk (*) were not included in the
AFLP analyses.

¢ |solates designated CS are C. sorghi.
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not been confirmed or documented definitively. Spermogonia bear-
ing spermatia, considered the fertilization structures during sexual
reproduction in some ascomycetous species, have been observed
in cultures (22) and produced from stromatic cells formed in sub-
stomatal cavities within leaf lesions (23). However, others (5) have
not observed these putative sexua reproductive structures, and their
role, if any, in thelife cycle is unknown.

The objectives of this study wereto (i) detect and quantify genetic
variability of C. zeae-maydis in the United States, and (ii) deter-
mine the geographic distribution of the variation. Various molecular
methods have been used to detect and quantify genetic variation in
fungi and other plant pathogens. Among them, amplified fragment
length polymorphism (AFLP) (47) has been used effectively to
detect genetic variation in pathogenic fungi (26), arbuscular mycor-
rhizal fungi (39), and populations of the potato cyst nematode (14)
and to develop a genetic linkage map for a plant-pathogenic mem-
ber of the class Oomycetes (46). We obtained isolates of the gray
leaf spot pathogen from maize-producing aress of the United States
and analyzed them for genetic variability by AFLP and by comparison
of nucleotide sequences of the internal transcribed spacer (ITS)
regions and 5.8S ribosomal DNA (rDNA). Our results indicated that
two clearly distinct groups of C. zeae-maydis were isolated from dis-
ease lesions and suggest that two sibling species are independently
associated with gray leaf spot of maize in the United States.

MATERIALSAND METHODS

Isolation and culture of fungal pathogens. Leaves exhibiting
necrotic gray leaf spot lesions were collected from maize-produc-
tion regions throughout the United States. Single, well-separated
lesions were excised, surface-sterilized, and incubated on moist
filter paper at 24°C for 24 to 48 h to allow sporulatioGercospora
conidia were removed and transferred to vials of sterile distilled
water. The conidial suspension was spread over the surface of V8
juice agar and incubated at 24°C for 2 days, at which time single
colonies were transferred to fresh medium. A minimum of two
monoconidial isolates were obtained per lesion, and at least two
lesions per location were sampled. The origins and designations of
the isolates analyzed are listed in Table 1. Isolates of the sorghum
pathogerC. sorghi were obtained similarly from sorghum leaves.
The isolate of the soybean pathogrkikuchii was obtained from
T. S. Abney (USDA-ARS, Purdue University).

The isolates were grown on potato dextrose agar (PDA) (Difco
Laboratories, Detroit) to evaluate growth rates and cercosporin pro-
duction (20) and on V8 juice agar to obtain conidia (5). Isolates
were subcultured only once or twice prior to DNA analyses to mini-
mize the potential of mutational changes (31). To obtain mycelium
for DNA preparations, liquid-modified Fries’ medium (36) in Erlen-
meyer flasks was inoculated with conidia harvested from cultures
grown on V8 juice agar. The inoculated flasks were incubated in a
rotary shaker at 24°C for 10 to 14 days, at which time the my-
celium was harvested by filtration through Miracloth (Calbiochem,
La Jolla, CA) and frozen at —80°C.

Analysis of genomic variation. DNA was extracted from frozen
mycelia by the hexadecyltrimethylammonium bromide (CTAB)
method (42,49) and quantified by spectrophotometry. Genomic
variation was evaluated by AFLP analysis as described by Vos et
al. (47). Genomic DNAs were digested witboRI andMsel and
ligated with double-stranded adapters. The ligation products were
preamplified with theEcoRI (E) andMsel (M) primers. Pream-
plified DNA was used as a template for selective amplification
with EcoRI primer with one selective base, primer E+A, as the
Bp-labeled primer, and eithitsel primer M+AT or M+CA, both
with two selective bases, as the unlabeled primer. Although a num-
ber of primer combinations was tested, the results reported herein
were obtained with E+A/M+AT or E+A/M+CA. AFLP-polymerase
chain reaction (PCR) products were separated by electrophoresis
at 45 W for 2 to 3 h on a sequencing gel containing 5% polyacryla-



mide and 7.5 M ureain 45 mM Tris-borate and 1 mM EDTA, pH 8.
The gel was dried and exposed to X-ray film overnight.

Comparative analysis of AFLP profiles. To assess the genetic
similarity among isolates from maize and isolates of C. sorghi and
C. kikuchii, each isolate was characterized for AFLP loci between
50 and 500 nucleotides in length. The loci were scored visually as
present or absent, and the AFLP profiles were converted to binary
data. Genetic similarities among isolates were evauated from pair-
wise comparisons of the proportion of shared AFLP loci (Dice co-
efficient) as described by Levy et a. (24) and a phenetic cluster
analysis of al pairwise data by the unweighted pair group method
with arithmetic averaging. The cluster analysis was plotted in a
phenogram. All computations were performed with SAS (version
6.09) programs (SAS Institute, Cary, NC).

Direct sequencing and analysis of the I TS regions of rDNA.
Sequencing primers ITS1, ITS2, ITS3, and ITS4 (48) were used to
obtain overlapping sequences from both strands of the 1TS/5.8S
rDNA fragment. Nucleotide sequences of four isolates of each
species (except C. kikuchii) were obtained with the Gibco BRL
dsDNA Cycle Sequencing System (Life Technologies, Gaithers-
burg, MD). Each sequencing reaction contained 20 ng of DNA,
0.2 pmol of **P-labeled primer, 0.3 U of Taq polymerase, Taq se-
quencing buffer, and termination mix A, C, G, or T. Reactions
were run in a Perkin-Elmer DNA therma cycler model 480 (Perkin-
Elmer, Foster City, CA) for 20 cycles of 95°C for 30 s, 55°C for

elliptical, single cells that appeared similar to spermatia. These puta-
tive spermatia could not be induced to germinate on any medium
tested or over a range of temperatures in light or dark.

AFLP analyses. Isolates were examined for genetic variability by
AFLP analysis. To determine whether DNA of a single isolate from
a lesion reliably and accurately represented the genetic composi-
tion of the causal organism, we analyzed 12 monoconidial isolates
from one lesion on a leaf collected in Pennsylvania and 20 isolates
from one lesion on a leaf collected in Colorado. In each sample,
the AFLP profiles were monomorphic (data not shown), suggest-
ing that each lesion was caused by a single infection or by mul-
tiple infections by conidia with identical haplotypes.

A total of 91 monoconidial isolates from gray leaf spot lesions
were analyzed by AFLP. Isolates from the western and midwestern
corn belt exhibited similar AFLP profiles with a detectable but
limited number of polymorphic fragments among those isolates
(Fig. 1). The profiles of some isolates from the eastern part of the
corn belt were very similar or identical to those of isolates from
the western and midwestern areas, whereas profiles of other iso-
lates were very different. Two distinct groups of AFLP profiles
were obvious with any of several primers, although the number of
amplified fragments and the extent of polymorphism differed with
the primers (data not shown). In some instances, isolates repre-
senting each AFLP group were obtained from the same fields, e.g.,
in Apple Creek, OH; Wooster, OH; and Chemung, NY, indicating

30 s, and 70°C for 60 s, following an initial 3-min incubation atthat the two groups were sympatric in the eastern corn belt.
95°C. Reaction products were separated on a sequencing gel, and

sequences were determined visually.

For restriction fragment length polymorphism (RFLP) analysis,
genomic DNA was amplified by PCR with primers ITS4 and ITS5

E':' NE KS MNIA MO IL IN KY OH HY PA VA HNC
1 213 12 1 1212 312 12 12 1.3 3 4 12 12 12 12

(48) as described by Shi et al. (40). The amplified ITS fragment :g!:&g;u-*-*—— =

was purified by extraction with chloroform, precipitated with etha- =
nol, and digested with restriction endonucleases (New England Bio-
labs, Inc., Beverly, MA) as indicated. Digestion products were se-

parated by electrophoresis on 3% agarose gels.

RESULTS

Cultural characteristics. All isolates were obtained from single,
typical necrotic gray leaf spot lesions delimited by major leaf veins.
Fascicles of conidiophores, usually dense and compact, but some~
times loosely organized, arose from stromatic tissue in the substo-
matal cavity of the leaf. Conidiophores were straight, unbranched, g
olivaceous, and had three to five septa, a uniform diameter of 5 um,
and an average length of 129 um. Most conidiophores had one or._.

foda 1. =¥ - ; ™
_—

two geniculations after incubation of the 1eSIONS IN MOISt CONUI- g ——————— o —

tions for a few days to allow for multiple cycles of conidiation in i
accord with previous observations (4,23). Conidia were hyaline 1 1 = =
and obclavate with three to seven septa. Conidia of most isolates
measured 6 to 9 um x 37 to 76 um (average of 7.2 x 67.4 pum);
conidia of some isolates measured 8 to 13 pm x 44 to 80 um (aver- =—————— —— = — = “. =
age of 10.5 x 70 um). Those characteristics are consistent with= T

taxonomic descriptions fdE. zeae-maydis (8,43).

Vegetative growth on PDA consisted of a dark-gray mycelium

that produced a reddlsh purple compound after approxmately 4 to

as the phytotoxin cercosporin by the characteristic absorption

spectrum after extraction from the medium into KOH (3,20). Some -
isolates grew more slowly and produced barely visible amounts of
cercosporin after 14 to 21 days. Cultures of both the fast- and

slow-growing isolates frequently produced sectors of white myce- =
lium, which were not associated with cercosporin, and in general, =~

could not be induced to produce conidia upon subculturing onto
V8 juice agar. No attempt was made to optimize conditions for

IRl

- e A, —— ar—

g 3 il e e — — — ——
- - — -

— — —

cercosporin production by manipulating the temperature or nutrierft!9: 1. Amplified fragment length polymorphism profiles of selected mono-

medium.

conidial isolates from gray leaf spot lesions collected in the states abbrevi-
ated at the top of each lane. The fragments shown range from approximately

Many of the fast-growing isolates from maize produced spersgg 750 nucleotides long and were generated with primer pair E+A/M+CA
mogonia-like structures that released large quantities of hyalingdescribed in Materials and Methods).
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Cluster analysis (Fig. 2) separated the 91 maize isolates into
two very distinct AFLP groups with an average genetic distance of
nearly 80% (Table 2). For convenience, these two groups are re-
ferred to hereafter as C. zeae-maydis group | and C. zeae-maydis
group 11. Each group was separated from C. sorghi by an average
genetic distance of at least 67%. Within each group, the vast ma-
jority of the AFLPloci evaluated were consensus bands, i.e., present
in 90% or more of the isolates (Table 2). Although each group
contained a large proportion of unique haplotypes, each haplotype
differed by only a few polymorphic loci. Consequently, the popu-
lation of isolates within each group was relatively uniform with
average genetic similarities among isolates of 93% (range of 81 to
100%) and 94% (range of 89 to 99%), respectively (Table 2).
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Fig. 2. Unweighted pair group method with arithmetic averaging (UPGMA)
phenogram of amplified fragment length polymorphism (AFLP) profile varia-
tion among isolates of Cercospora species. Origins of isolates are listed in
Table 1. Branches that bracket multiple isolates include al profiles with 95%
or greater Similarity. Variation within each species or group of C. zeae-maydisis
limited (average similarity greater than 92%) and each is discretely different
from all others (average similarity less than 40%). AFLP loci between 50 and
500 nucleotides long generated with two primer pairs (E+A/M+AT and
E+A/M+CA) were scored.
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AFLP analysis of 20 isolates from different plants in the same field
in Indianaindicated that genetic variation in the pathogen within a
field essentially reflected its variation within the state (data not
shown). Furthermore, the distribution of haplotypes within each
group was geographically homogenized. Thus, the maize isolates
compose two morphologicaly identical (or taxonomicaly indistinct)
and partially sympatric groups that do not appear to interact ge-
netically.

Analysis of ITS and 5.85 rDNA. The nucleotide sequences of
the ITSregions and 5.8S rDNA are shown in Figure 3 for C. zeae-
maydis group I, C. zeae-maydis group I, and C. sorghi. No varia-
tion in the sequences was detected among the four isolates of each
group or species that were analyzed. The sequence of C. zeae-
maydis group | differs from that of the group Il isolates by a total
of seven nucleotides, six of which are in the ITS regions (Fig. 3).
The sequences of C. zeae-maydis group Il and C. sorghi differ by
five nuclectides, all of which are in the ITS regions. A search of
the sequences for restriction endonuclease sites revealed potential
enzymes that could be used to distinguish each of the three by
their RFLPs. For example, the difference (C versus T) at position
107 results in the presence of an Mmel site (TCCGAC) in C. zeae-
maydis group | that is absent from the other two and the absence
of aTaql site (TCGA) in C. zeae-maydis group | that is present in
the other two. Similarly, the difference (T versus C) at position 413
resultsin a Ddel site (CTNAG) in C. zeae-maydis group | and C.
sorghi that is absent from C. zeae-maydis group II. The difference
at position 419 (T versus C) results in Cfol and Hhal sites (GCGC)
only in C. zeae-maydis group Il. The differences at positions 385
and 386 (TA versus CG versus CA) result in an Msel site only in
C. zeae-maydis group |, a Tagl site only in group Il, and neither
site in C. sorghi. Thus, C. zeae-maydis group | contained four
Tagl sites, group Il contained six, and C. sorghi contained five
(Fig. 3). The pattern of restriction fragments generated by diges-
tion of ITS and 5.8S rDNA with Taql identified and distinguished
each group or species from the other two (Fig. 4). Results of this
approach confirmed the separation of groups that was indicated by
AFLP andyses; without exception, the isolates with AFLP profiles
that were typical of C. zeae-maydis group | had identica RFLP
patterns, and the isolates with AFLP profiles typical of C. zeae
maydis group 11 had identical RFLP patterns.

Digtribution of gray leaf spot pathogens. Restriction digestion of
ITS and 5.8S rDNA with Tagl was used to identify 121 maize isolates
(Table 1) and to determine the geographic distribution of each group
within the United States. Figure 5 shows that C. zeae-maydis group |
is most prevalent and is generdly distributed throughout the country
including the area where the fungus was initialy discovered. Isolates
of group Il are localized only in the eastern third of the country.

The locations of isolates anadyzed (Fig. 5) do not define the
distribution range of gray leaf spot; the disease is known to occur
in other eastern (e.g., Maryland), northern (e.g., Wisconsin), and
southern (e.g., Texas, South Carolina, and Georgia) states that

TABLE 2. Amplified fragment length polymorphism diversity in Cercospora
zeae-maydis and related species determined by UPGMA? cluster analysis

C. zeae-maydis c c
Group| Groupll  sorghi kikuchii
No. of isolates analyzed 79 12 4 1
No. of loci scored 58 53 40 40
No. of haplotypes 67 12 4 1
Average no. of loci/haplotype 41.0 43.9 375 40
No. of 90% consensus loci 34 40 35 40
Average similarity (%) 92.8 94.0 95.9
Range similarity (%) 81-100 89-99 95-97
Average genetic similarity (%)
C. zeae-maydis groupl 20.1 29.7 27.6
C. zeae-maydis group | 32.7 36.5
C. sorghi 28.9

a Unweighted pair group method with arithmetic averaging (Fig. 2).



were not sampled. Samples from eastern Colorado were collected
from fields with center pivot irrigation systems and with debris of
the previous maize crop(s) on the soil surface. The sample col-
lected in northcentral Oklahoma was from a predominantly wheat-
growing area in which maize is produced only rarely. Those col-
lections extend the distribution records of gray leaf spot, indicating
that C. zeae-maydis continues to advance into areas of maize pro-
duction that were previously devoid of the disease.

DISCUSSION

The species concept and taxonomy in Cercospora are based upon
morphological criteria, primarily the dimensions and characteristics
of the conidia (length, width, base, and tip) and conidiophores
(length, diameter, geniculation, and fasciculation) (8). In his mono-
graph on the genus, Chupp (8) discussed the reliability of the var-
ious characteristics used to distinguish and identify the species.
Among the characteristics of conidia, spore width is considered to
be the most reliable feature. Indeed, this characteristic is a major
criterion used to distinguish C. zeae-maydis and C. sorghi, both of
which are isolated from maize leaves. In general, other conidia
features are less reliable, because they are either influenced to a
large extent by environmental conditions (e.g., length) or repre-
sented by too few distinctive forms (e.g., features of the conidial
tip) to be consistently dependable (8). Characteristics of the coni-
diophores are generally less reliable than characteristics of coni-
dia. The length of the conidiophore and the extent of geniculation
are influenced by temperature and moisture, and the diameter and
the number of conidiophores per fascicle are too variable to be
taxonomically decisive. In fact, authoritative descriptions of C.
zeae-maydis (8,23,43) differ in some characteristics of the conidia
and conidiophores.

Although morphological characteristics limited our attempts to
distinguish two species of Cercospora, molecular criteria clearly
indicated that two distinct groups of isolates are associated with
gray leaf spot lesions. Comparative AFLP analysis indicated that
C. zeae-maydis group | and group Il are as different from each

10 60
TCCGTAGGTG AACCTGCGGA GGGATCATTA CCGAGTGAGG GCCTTCGGGC TCGACCTCCA

70 120
ACCCTTTGTG AACACAACTT GTTGCTTCGG GGGCGACCCT GCCGTTCCGA C GGCGAGCG

other as they are from the other congeneric species included in the
analyses, C. sorghi and C. kikuchii (Table 2). The number of nu-
cleotide differences in ITS sequences between the two groups of
maize isolates (six) also is consistent with the genetic distances
between them and other Cercospora congeners as well as those
that distinguish species of Penicillium (35). Furthermore, each group
was characterized by distinct fingerprints by PCR with primers to
enterobacterial repetitive intergenic consensus (ERIC) sequences
and repetitive intergenic consensus (REP) sequences (L. D. Dunkle,
unpublished data) and by random amplified polymorphic DNA
analyses (7; L. D. Dunkle, unpublished data). Thus, we conclude
that the two groups of Cercospora isolates from maize represent
independent, though partially sympatric, gene pools that have
become differentiated to a level observed between recognized con-
generic fungal species. Following the definition coined by Mayr
(28), we conclude that these two groups are best considered as
sibling species of each other. We note that sibling species, as

strictly defined, need not be each others’ closest relative in terms

C.zzm|l C.z-mll

C. sorghi

215

158
153

102
75
53-62

Fig. 4. Differentiation of three species @ercospora by digestion of the

O oI I T s L IIDI2ITE 5.8S ribosomal DNA and internal transcribed spacer (ITS) sequences with
------------------- T ---m--smms mecooooooo —oooo Mo SCo-omoooo Tagl. Fragments were amplified with primers ITS5 and ITS4 from genomic
DNA of three isolates each &. zeae-maydis group | (C. z-m I),C. zeae-
maydis group Il (C. z-mll), andC. sorghi. The digestion products were sepa-
rated by electrophoresis on 3% agarose gels. Values in the left margin are
sizes (in base pairs) of the digestion products.

370 420
GGCGCCGCGG TGTTCCGCGC GCCTTAAAGT CTCCGGCTGA GCTGTCCGTC TCTAAGCGTT
CG==== ===mmmmmmm memmmeeeo - Commm- c-

537

Fig. 3. Nucleotide sequences of the 5.8S ribosomal DNA (rDNA) and internal
transcribed spacer (ITS) regions of Cercospora zeae-maydis group | (top line),
C. zeae-maydis group Il (middle line), and C. sorghi (bottom line). The region
from 177 to 333 represents the 5.8S rDNA. Italicized sequences at the termini
indicate conserved primers ITS1 and ITS4. Underlined sequences indicate
Tag|l restriction sites. Nucleotides that are identical in al three are indicated Fig. 5. Distribution of Cercospora zeae-maydis group | (filled circles) and C.
with adash (-); nucleotides that differ in one sequence from the other two areeae-maydis group Il (open circles) as determined by restriction patterns
recorded and indicated with an asterisk (*) below. Four isolates of each group msulting from Tagl digestion of the 5.8S ribosomal DNA and interna tran-
species were analyzed, and the sequences within each were identical. scribed spacer regions of the isolates listed in Table 1.
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of genetic distance (29). However, until additiond criteria are avail-
able to delimit Cercospora species, these groups must be consi-
dered to be taxonomically conspecific.

Similar conclusions were derived from studies of a collection of
isolates of Aspergillus flavus (17). Analyses of DNA sequences
and restriction site polymorphisms in protein-coding genes revealed
two sympatric, reproductively isolated groups, that Geiser et a.
(17) concluded should be considered different biological species
despite the fact that they are morphologically identical. On the
other hand, evidence from molecular analyses did not support the
species separation of A. flavus and A. oryzae, which are morpho-
logically different. Although secondary metabolism is not a gener-
aly useful taxonomic characteristic, the separation of those species
is based upon the production of aflatoxin, a capability of A. flavus
that is lacking in A. oryzae. Many species of Cercospora produce
cercosporin, a secondary metabolite with phytotoxic activity. In
genera, members of C. zeae-maydis group | produce considerably
more cercosporin in culture than do isolates in group 11, but there
is sufficient variation among the isolates to preclude cercosporin
production from being a distinguishing feature. Further, among
species of Cercospora, nutritional and physical conditions differ-
entially affect cercosporin production such that conditions that are
optimal for one species or an isolate of that species may not be
optimal for another (20,41).

The host plant is frequently used a priori to determine the spe-
cies of a funga pathogen in the absence of distinctive and taxo-
nomically unambiguous morphologica characters. This dependence
relies upon areasonably narrow host range. The only plant species
recognized as a host for C. zeae-maydis is maize, and the only
species of Cercospora recognized as maize pathogens are C. zeae-
maydis and C. sorghi (13). However, the evidence for host spe-
cialization in species of Cercospora is equivocal. For example, the
conspecificity of C. sorghi and C. sorghi var. maydis was ques-
tioned by Chupp (8), citing failure of the former to infect maize.
He cautioned that the two may be different species, even though
C. sorghi var. maydis appears very similar to the type specimen of
C. sorghi. Likewise, Odvody (32) questioned the identification of
C. sorghi as a pathogen of maize based on inoculation experiments
and suggested that another species of Cercospora isinvolved.

The mechanisms by which genetic diversity may arise in C.
zeae-maydis have not been established. Parasexuality has never
been demonstrated in this species, and the involvement of a sexual
stage in the life cycle is debatable. We were unsuccessful in re-
peated attempts to induce a sexual stage in our isolates by incu-
bating them separately or in pairs under various physical conditions
on maize leaves or on a number of nutrient media. Likewise, we
could not obtain evidence for a mating type gene in our isolates of
Cercospora by PCR with primers to conserved sequences within
the MAT-2 idiomorph in numerous members of the class Loculo-
ascomycete including M. zeae-maydis (1).

Variation in gray leaf spot severity among locations is most fre-
quently attributed to environmental conditions and tillage practices.
The disease is significantly influenced by temperature and the
duration of high humidity as well as by inoculum potential and
hybrid genotype. Although we have no data that bear directly on
the impact of genetic variation in the fungal pathogen or on geno-

Gray leaf spot monitoring plots maintained across the United
States in 1996 and 1997 indicated that the relative disease severity
rankings of hybrids with a range of disease phenotypes do not
change significantly from location to location (25). Consequently,
it appears that neither of the sibli@grcospora species has se-
lected maize genotypes that are more susceptible to one than to the
other. It is possible that some hybrids are more sensitive to certain
components or combinations of environmental factors and, thus,
are predisposed to more severe infection and gray leaf spot devel-
opment under those conditions. Although it is unlikely that breeding
for and selecting resistance to gray leaf spot will be confounded
by local or regional variation in the pathogen, a vigilant approach
is warranted, because two pathogenic species exist with unknown
abilities to evolve new pathotypes.
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