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Abstract

Crinipellis perniciosgStahel) Singer is the causal agent of witches’ broom disease in the Sterculiaceae, Solanaceae,
and Bixaceae families. The disease is endemic to the Brazilian Amazon, and was first reported iffeximgma
cacao(cocoa) in the State of Bahia, Brazil, in 1989. Random amplified polymorphic DNA (RAPD) analyses were
performed on 46 isolates @f. perniciosgrom cocoa that were collected from 15 counties in Bahia and the Brazilian
Amazon. A total of 258 RAPD loci from 20 primers and three mixed primers were analyzed. Of these loci, 108
(42%) were polymorphic, with an average of 4.7 polymorphic loci per primer produced. Genetic similarities were
estimated using Nei and Li's index and UPGMA clustering. Bootstrap analysis divided the phenogram into four
significantly different clusters: two groups contained isolates from Ariguemes and from Ouro PretdnRoadd

the other two separated the isolates from Bahia into two major groupspérniciosaclassified as Group 1 (G1)

and Group 2 (G2). The two groups of isolates from Bahia differed for their genetic similarity with the isolates from
the Brazilian Amazon. The geographic distribution of the groups in Bahia suggests two independent focal points of
introduction. Ongoing programs to screen for resistant cocoa genotypes should consider both groups of isolates.

Introduction The brooms die for reasons not yet understood, col-
onized inter- and intracellularly by a narrower (1.5—
Crinipellis perniciosa (Stahel) Singer is a basid- 3um) mycelium with clamp connections (Delgado
iomycete that causes witches’ broom disease in mem-and Cook, 1976; Evans, 1980; Griffith and Hedger,
bers of the plant families Sterculiaceae, Solanaceae1994). This saprophytic mycelium can readily be iso-
(Bastos and Evans, 1985), and Bixaceae (Bastos andated on agar medium, but it is unable to infect cocoa
Andebrhan, 1986). This fungus can also secondar- (Evans, 1980), and does not produce basidiocarps in
ily colonize a variety of substrates as a saprotroph culture plates (Purdy and Smith, 1996). The formation
(Evans, 1978; Hedger et al., 1987). The pathogen is of clamp connections on the hyphae of single basid-
hemibiotrophic with two types of mycelia. In green iospore cultures (Baker and Crowdy, 1943), dikaryoti-
infected tissues, the mycelium is wide (5:8), zation from monokaryotic hyphae derived from single
biotrophic and non-clamped, growing intercellularly. uninucleate basidiospore (Delgado and Cook, 1976),
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and the production of basidiocarps from single spore 1918 (Pound, 1938); Trinidad in the late 1920s (Pound,
culture (Purdy et al., 1983) indicate that perniciosa 1938); and in the State of Bahia, Brazil, in the late
is primarily homothallic (Griffith and Hedger, 1994).  1980s (Pereira et al., 1989). In Bahia, the disease was
The economic impact of the pathogen is mainly firstreportedinafarminthe county of Unuca (Locale
on Theobroma cacadBasidiospores infect meristem- 13 in Figure 1) (Pereira et al., 1996). Infected tissues
atic tissues (shoots, flower cushions, single flowers, were found on 112 trees. Assumed at the time to be the
and developing fruits), inducing a range of symptoms only focal point of the disease, the affected area plus
depending on the organ infected and stage of develop-a surrounding buffer zone (ca. 140 ha), along with the
ment (Purdy and Smith, 1996). Hypertrophic growth of shade trees, was destroyed. Six months later, another
infected buds (‘brooms’) are the most dramatic symp- outbreak was discovered in the county of Camacan
toms. Flower cushion infection usually leads to the (Locale 3, Figure 1), 120 km south of Unuca, affect-
production of vegetative shoots and abnormal flower ing a larger area, and appeared to have existed before
development. Pod infections can directly result in seed the Uruaica focal point. The appearance of the disease
losses approaching 90% of potential annual production at two distinct and distant sites, right in the center of the
in some areas and seasons (Andebrhan, 1984). Pod setocoa region, suggests that more than one introduction
is further reduced indirectly by the infection of flower occurred, probably from the Brazilian Amazon, where
cushions and the general debilitation of the tree. The the disease is endemic, and possibly through human
life cycle of the pathogen is completed by the produc- intervention (Rocha et al., 1993; Pereira et al., 1996).
tion of basidiocarps on necrotic brooms and dried pods  Determining the genetic variability of the pathogen
releasing basidiospores, the unique source of inoculumis an important component in the selection of resis-
(Purdy and Smith, 1996). tant or tolerant genotypes that could be used in breed-
Three introductions of witches’ broom disease into ing programs. Classification of various isolates of
major cocoa-producing regions occurred since the dis- C. perniciosahas been based on pathogenicity studies
ease was first reported in Surinam in 1895 (Lass, (Fonsecaetal., 1984; Hedger et al., 1987; Bastos et al.,
1987): in the Western coastal plains of Ecuador in 1988; Wheeler and Mepsted, 1988), and biochemical
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Figure 1. Examples of RAPD amplification of DNA from variolGrinipellis perniciosaisolates using primers OPA19; OPC17; and
OPC16, from left to right. Arrows indicate G1 or G2 specific bands. Isolates and grouping: MA-1 (lane 1); 13-10/G1 (lane 2); 8-1/G2
(lane 3); 5-1/G2 (lane 4); 6-1/G1 (lane 5); 11-2/G1 (lane 6); 13-9/G2 (lane 7); and 3-4/G1 (lane 8). MW is the 123 bp ladder (Gibco BRL
Life Technologies Inc.)
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and somatic incompatibility tests on the saprotrophic after a chloroform :isoamyl alcohol (24 : 1) extraction,
stage of the pathogen (Andebrhan, 1987; McGeary and with isopropanol. The DNA pellet was resuspended in
Wheeler, 1988; Griffith and Hedger, 1994). Recently, TE buffer (10 mM Tris-ClI, pH 8.0; 1 mM EDTA), and
Andebrhan and Furtek (1994) demonstrated the utility treated with ribonuclease A at 3C for 30 min, fol-

of the random amplified polymorphic DNA (RAPD) lowed by a chloroform : isoamyl alcohol (24 : 1) extrac-
fingerprinting procedure for distinguishing. perni- tion, and re-precipitation with 95% ethanol. The DNA
ciosaisolates on different hosts. They showed that geo- pellet was then washed in 70% ethanol, dried, re-dis-
graphical proximity may be more important than host solved in TE, and quantified fluorometrically.

species for determining the relative genetic similarities

among isolates. Here we report studies on the geneticpcRr of ribosomal spacer DNA

diversity of C. perniciosaisolates from several loca-

tions in the state of Bahia, in relation to the original Rinhosomal RNA internal transcribed spacer (ITS)
appearance of two geographically separated disease;nq non-transcribed spacer (NTS) regions from each
f.OCI representing two possible independent introduc- igojate were amplified using two sets of primers
tions of the disease, and discuss the results with the (Georgiev et al., 1981; Walker and Doolittle, 1983)

historical accounts on the introduction and spread of synthesized by Integrated DNA Technologies

the pathogen. Inc. (Coralville, 1A, USA): ITS forward:
5GTTTCCGTAGTGAACCTGCGG 3 ITS reverse:
5 CATATGCTTAAGTTCAGCGGG 3 NTS for-

Materials and methods ward: BCTGAACGCCTCTAAGTCAGAA 3; NTS
reverse: AGTCCTATGGCCGTGGAT 3 PCR reac-
Crinipellis perniciosasolates tion mixes were as described by Andebrhan and

Furtek (1994). The total reaction volume was80

Cultures ofC. perniciosawnere obtained from Fazenda containing enzyme buffer; 50 ng of genomic DNA;
Almirante (Km 2, road from BR 101 to Barro Preto, 150ng of each primer; 250m each of dATP, TTP,
Itajuipe, Bahia, Brazil) and from the culture collec- dCTP, dGTP; Lgl-* bovine serum albumin; and
tions of the Commission for the Development of Cocoa 2.5 units of AmpliTag DNA polymerase (Applied
(CEPLAC) in Beem, Paa (SEPES) and Itabuna, Bahia Biosystems, Norwalk, CT, USA). Amplifications were
(CEPEC) (Table 1; Figure 2). The Almirante iso- conducted in a GeneAmp PCR System 9600 (Applied
lates were collected from March 1994 through May Biosystems, Norwalk, CT, USA) for 35 times by dena-
1994 on sites used for cocoa crop forecast, distributed turing at 94 C for 45 s, annealing at 3& for 2 min,
over the Bahia cocoa region. Isolates from CEPLAC- and extending at 7Z for 3 min, ending with a 7 min
CEPEC were collected on various farms from May extension. One to two (1-2) aliquots of the reaction
1989 through January 1995. mix were analyzed in a 1.2% agarose gel as described

Mycelial cultures were established either from mul- by Andebrhan and Furtek (1994). Fragment sizes were
tiple basidiospores derived from single basidiocarps compared with fragments from confirmed isolates of
from dried brooms or pods (see Table 1), as described C. perniciosan our collection.
by Andebrhan and Furtek (1994), or isolated directly
from infected vegetative tissues. Cultures were main- Random amplified polymorphic
tained in potato dextrose agar medium (PDA; Difco, pnA (RAPD) analysis
Detroit, MI, USA).

Ten base synthetic primers were obtained from John
DNA extraction Carlson (University of British Columbia, Vancouver,

Canada) and from Operon Technologies, Inc.
DNA was extracted from lyophilized mycelia as (Alameda, California, USA). The primers used
described by Zolan and Pukkila (1986). Briefly, ground (Table 2) were selected based on amplification profile
mycelia was mixed with extraction buffer (1% CTAB; reproducibility as compared to our previous studies
0.7 MNaCl; 20 mM Tris-Cl, pH 8.0; 10 MM EDTA; 1%  with C. perniciosa(Andebrhan and Furtek, 1994;
B-mercaptoethanol) for 20 min at room temperature. unpublished data). The total reaction volume wagh0
The DNA was precipitated from the aqueous phase containing 50 ng of genomic DNA; 300 ng of 10-mer
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Table 1 Source of isolates drinipellis perniciosa

Map' code  Origirt Year Sample siZe  MBS* Broon? Pod Collector
1 Almadina 1995 1 1 — — Almirante
2 Buerarema 1994, 1995 3 1 2 — Alm and CEPEC
3 Camacan 1990, 1991, 7 3 2 2 Alm and CEPEC
1993, 1994
4 Floresta Azul 1991 1 — 1 — CEPEC
5 Gongogi 1991 1 — 1 — CEPEC
6 Ibicard 1994 1 1 — — Almirante
7 IIhéus 1991, 1992, 4 2 2 — Alm and CEPEC
1994
8 Itabuna 1994 1 1 — — Almirante
9 Itacag 1990, 1991 4 — 4 — CEPEC
10 Itajupe 1994, 1995 2 1 1 — Alm and CEPEC
11 Juari 1994 2 2 — — Almirante
12 Pau Brasil 1994 4 1 1 2 Alm and CEPEC
13 Uruaica 1989, 1990, 10 4 4 2 Alm and CEPEC
1991, 1994
AR Ariguemes, 1988 2 2 — — SEPES
Rondnia
OPR Ouro Preto, n&. 2 2 — — SEPES
Rondnia
MA Manaus, 1988 1 1 — — SEPES
Amazonas

'Refers to the locations shown on the map (Figure 2) and phenogram (Figure 3).
2Province/County (1-13 are in the State of Bahia).

3Number of samples collected.

“Culture initiated from multiple basidiospores.

SCulture initiated directly from a green broom.

6Culture initiated from an infected pod.

’Almirante= Fazenda Almirante.

8n.a.=not available.

primer; 250uM each of the four dNTPs; and 2.5 units among samples, i.e., two times the number of shared
of AmpliTaqgDNA polymerase (Applied Biosystems, fragments divided by the total number of fragments

Norwalk, CT, USA). These reaction conditions had (Nei and Li, 1979). Relationships among samples
been optimized as described previously (Andebrhan were evaluated with a phenetic cluster analysis using
and Furtek, 1994). Amplifications were conducted in unweighted pair-group arithmetic average (UPGMA)

a GeneAmp PCR System 9600 (Applied Biosystems, clustering (Sneath and Sokal, 1973), and plotted in
Norwalk, CT, USA) for 42 cycles by denaturing at a phenogram using NTSYS-pc version 1.70 (Exeter
94°Cfor 30 s, annealing at 3€ for 1 min, and extend-  Software, Setauket, NY, USA). Bootstrap analysis

ing at 72°C for 2 min, ending with a 5 min extension. was performed using the WinBoot program (Yap and

The agarose gel electrophoresis was as described byNelson, 1996), with 1000 repetitive samplings of the

Andebrhan and Furtek (1994). RAPD data to compute bootstr&pvalues.

Data analysis

Results and discussion
RAPD products (major and minor band intensity),
which have shown to be consistently amplified in var- Fungal classification is based commonly on the mor-
ious experiments (Andebrhan and Furtek, 1994), were phology of reproductive structures, asexual resting
scored visually for presence or absence (Figure 1). structures, spores, and sporophores. Becaugiro-
Variation among isolates was evaluated from pairwise cultured C. perniciosalacks suitable morphological
comparisons of the proportion of shared fragments markers and does not produce basidiocarps, a problem
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Table2 RAPD primers used to determine genetic similarities an@mgpellis
perniciosaisolates

Primer codé Sequence (53) No. band$ Poly? Mono®
101 GCGGCTGGAG 11 3 8
103 GTGACGCCGC 12 0 12
104 GGGCAATGAT 15 13 2
503 ATCGTCCAAC 5 0 5
511 ATCGTCCAAC 13 7 6
514 CGGTTAGACG 10 3 7
515 GGGGGCCTCA 11 1 10
524 CGGTTACTAG 5 4 1
536 GCCCCTCGTC 11 6 5
543 CGCTTCGGGT 11 3 8
544 TAGAGACTCC 17 16 1
545 ACGTTGAGAC 9 1 8
604 GGCCCATTGC 16 1 15
OPA15 TTCCGAACCC 5 2 3
OPA19 CAAACGTCGG 21 13 8
OPCO03 GGGGGTCTTT 14 3 11
OPC11 AAAGCTGCGG 9 5 4
OPC12 TGTCATCCCC 14 4 10
OPC16 CACACTCCAG 20 10 10
OPC17 TTCCCCCCAG 2 1 1
524+ OPC17 See above 8 3 5
544+ OPC17 See above 10 6 4
5454+ OPC17 See above 9 3 6
TOTAL 23 258 108 150
Average loci per primer 11.2 4.7 6.5

Primers with alphanumeric and numeric codes were purchased from Operon
Technologies and the University of British Columbia, respectively.

2Total number of RAPD bands observed for the 46 isolates.

3Poly and Mono are the number of polymorphic and monomorphic loci,
respectively.

arises when attempting to establish the authenticity Isolates whose DNA gave different ITS and NTS
of isolates derived directly from infected tissues. The fragment sizes compared to the DNA from reference
length of spacer regions within ribosomal RNA gene isolates were excluded from these studies. All isolates
clusters (rDNAs), however, can often be used to dis- authenticated by basidiocarp morphology produced
tinguish fungal species and even strains (Hintz et al., ITS and NTS bands of 740 and 1000 bp, respectively
1985, 1989; Taylor et al., 1986; Arora et al., 1996). (notshown). The single excluded isolate produced ITS
Fungal rDNA clusters consist of up to several hun- and NTS bands of 680 and 800 bp, respectively, and was
dred tandemly repeated units, each containing cod- isolated directly from infected tissues; thus its identity
ing regions for the major ribosomal RNA subunits could not be confirmed by basidiocarp morphology.
(18S, 5.8S, 26S), as well as internal transcribed spacerThe amplified fragments were purified and sequenced
regions (ITS) and non-transcribed spacer regions (Andebrhan and Furtek, unpublished).

(NTS) (also known as intergenic spacers [IGS]). In  Genetic similarities among 46 isolates Gf per-
most eukaryotes, including fungi, these spacer regions, niciosa from T. cacaowere estimated from RAPD
especially the NTS regions, evolve more quickly than banding patterns. Forty-one isolates were from Bahia
the regions encoding the rRNAs, and thus they are more and five were from the Brazilian Amazon. A total of
prone to vary in length and sequence (White et al., 258 RAPD loci, amplified from 20 primers and three
1990). mixed primers were analyzed. Examples of typical
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B Group 1 (G1)
O Group 2 (G2)
% initial foci

Figure 2. Locations where. perniciosasolates were collected. Refer to Table 1 for the province (map) codes. Filled squares designate
G1 and empty circles designate G2 isolate families. Asterisks designate the two putative initial foci of Camacan (locale 3uaad Uruc
(locale 13).

RAPD amplification are shown in Figure 1. An aver- Bootstrap analysis divided the phenogram into four
age of 11.2 loci per primer were produced, and of these significantly different clusters, considering significant
loci, 108 (42%) were polymorphic (Table 2). Estimated bootstragP values above 90%. The first cluster (GAR,
genetic similarities based on Nei and Li's (1979) index Figure 3) included only the isolates from Ariquemes,
(S,,) ranged from 0.837 [Figure 2, Map Codes 13-9 Rondnia (AR-1 and AR-2), while the second one
(Uruguca, Bahia) and AR-1 (Ariquemes, Rdda)] (GOPR, Figure 3) contained the isolates OPR-1 and
to 0.995 [Map Codes 3-2 and 3-3 (Camacan)] (matrix OPR-2, originally collected in Ouro Preto, Rdimia.

not shown). The third cluster included isolates from 1-1 through
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G1

GAR
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Figure 3. Phenogram of isolates, generated using UPGMA clustering based on RAPD polymorphism. Bébtsthags are given at
the corresponding node for each cluster. ‘Map Code’ refers to the collection sites of isolates listed in Table 1 and shown in Figure 2. The
first number indicates the province and the second the collection number within the province.

13-10 (G1, Figure 3). The fourth cluster included the isolates from Ariquemes, Rofdia (AR-1 and AR-2)
other isolates [Bahian from 13-2 through 13-9 (G2, andthe Bahianisolatesfrom G1. The grouping between
Figure 3)]. Based on the bootstrap analysis, the iso- isolates AR-1and AR-2 and G1 was notso robust (boot-
lates from Bahia can be classified into two significantly strapP value= 48.5), suggesting that the isolates from
different main groups: one containing mostly (14 out G1 in Bahia were more similar to the isolates from
of 25) isolates from the southern region (G1), and the Ariquemes, than from Ouro Preto, Randa. The iso-
other composed mainly (14 out of 16) with isolates col- late from Manaus (MA-1) was significantly different
lected in the northern region (G2). The region G2 was from G2 (bootstraf® value= 77.6). Sixty-one percent
less diverse. Some primers amplified group-specific (61%) and 39% of the isolates from Bahia belonged to

bands. A 1.8 kbp fragment was amplified with primer G1 and G2

, respectively.

OPC17 only from isolates of G2 (Figure 1). The same  The geographic overlap of isolates within each
was observed for a 150 bp fragment amplified with group might have derived from the time of isolate
primer OPA19 (Figure 1), while using the same primer, sampling. A survey of disease incidence in Bahia in
a 0.5 kbp fragment was present only on isolates from 1991 revealed two major concentrations of infected
G1. The isolates from Ouro Preto, Rdmda (OPR-1 trees: one centering around Camacan (G1) in the south
and OPR-2) formed a significantly different group and accounting for 60% of the recorded infected trees,

(bootstrapP value= 97.1) from the group containing and the other centering around Yumga (G2) in the



174

north and accounting for only about 1% of infected Acknowledgements

trees (Rocha et al., 1993). One year later, the areas of

disease spread from each site were starting to over-The first author was supported by the Commission
lap (Pereira et al., 1996). Most isolates used in the for the Development of Cocoa in Brazil (MARA-
present study were sampled after 1992. Since the dis-CEPLAC) and an endowment from the American
ease outbreak at Camacan preceded the oneinudayic  Cocoa Research Institute (ACRI). The third author
according to Pereira et al. (1996), and since eradica- was supported by MARA-CEPLAC, the Brazilian
tion was not attempted at Camacan, it is likely that Research Council (CNPq), and ACRI. Our thanks also
inoculum from this focus had spread at faster rate than to Drs. Stela D.V.M. Silva and Edna D. Luz for sup-
from Uruguca. This may explain the occurrence of a plying some of the isolates used in the study.

large number of isolates from G1 in northern locations.

Griffith and Hedger (1994) suggested that multiple Raferences

infection by genetically distinct basidiospores might

provide an opportunity for heterokaryosis in the cocoa Andebrhan T (1984) Studies on the epidemiology and control

biotype ofC. perniciosa o of witches’ broom disease of cacao in the Brazilian Amazon.
Because basidiospores are the only identified infec-  proceedings of the 9th International Cocoa Research Confer-

tious propagules to witches’ broom disease and are ence, Lome, Togo, 12-18 Feb. (pp 395-402) Cocoa Producers
short-lived in air (Baker and Crowdy, 1943), the  Alliance, Lagos
pathogen is highly unlikely to have survived wind dis- Andebrhan T (1987) Cultural characteristics and biochemical
persal of many hundreds of kilometers from hostsinthe ~ réactions of isolates dfrinipellis perniciosa causative agent
Amazon basinto southern Bahia, where cocoa had been of witches' broom disease of cocoa. In: (eds.) Proceedings
; - . —E : of the 10th International Cocoa Research Conference, Santo
cultivated without previous incidence of the disease for  pomingo, Dominican Republic, 17-23 May. (pp 363-366)
200 years (Rocha et al., 1993). Similarly, the discovery  Cocoa Producers Alliance, Lagos
of the disease at two widely separated locations, in the Andebrhan T and Furtek D (1994) Random amplified polymor-
center of the cocoa region, strongly suggests that the phic DNA (RAPD) analysis oCrinipellis perniciosaisolates
disease was introduced into Bahia, as infected living or , from different hosts. Plant Path 43: 1020-1027

fi ti by h int ti Roch Arora DK, Hirsch PR and Kerry BR (1996) PCR-based molec-
necrotic cocoa tissue, by human intervention (Rocha ular discrimination ofVerticillium chlamidosporiunisolates.

etal., 1993). Mycological Research 100: 801-809

The two groups of isolates from Bahia differed Baker RED and Crowdy SH (1943) Studies in the witches’ broom
for their genetic similarity with the isolates from the disease of cocoa caused Marasmius perniciosuStahel.
Brazilian Amazon. The isolates from the more homo- Ea'lflt L Ir;trod_uc}izn,'sy?pto?slagg aetiology. Mem Imperial

H : H ollege lropica riculture /: 1—

gg_neous G.2 (39% of the isolates f.rom Bahia) were sig- Bastos%N anz Andegbrhan T (1986) UruBixa orellanaa new
nificantly different from any of the 'SOIa_teS test.ed from host of witches’ broom diseas#inipellis perniciosaof cocoa.
the Amazon (OPR, AR and MA), while the isolates Fitopatol Bras 11: 963-965
from G1 were not. Results of studies on the structure Bastos CN, Andebrhan T and de Almeida LC (1988) Comiavac
of populations of the cocoa biotype @f. perniciosa morfolbgica de isolados d€rinipellis perniciosa Fitopatol
have demonstrated the occurrence of geographically Bras 13: 202-206 -
widespread clones, as assessed by somatic compatibil32stos CN and Evans HC (1985) A new pathotyp€dhipel-

ity reactions. that SUGGests a non-outcrossing breed- lis perniciosa(witches’ broom disease) on solanaceous hosts.
ty ; 99 g Plant Path 34: 306-312

ing strategy in this biotype (Griffith, 1989; McGeary  peigado JC and Cook AA (1976) Nuclear condition of the basidia,

and Wheeler, 1988). Therefor€, perniciosabeing basidiospores, and mycelium bfarasmius perniciosusCan
homothallic, our data suggest that two independent JBot54: 66-72
introductions of the pathogen occurred in Bahia. Evans HC (1978) Witches broom disease of coddenfpellis

Our study demonstrates the existence of two genet- Perniciosa in Ecuador: 1. The fungus. Ann Appl Biol 89:
ically diverse lineages of isolates f perniciosain 185-192

hi d f . Evans, HC (1980) Pleomorphism@rinipellis perniciosacausal
Bahia, and programs to screen cocoa trees for resis- agent of witches’ broom disease of cocoa. Trans Br Mycol Soc

tance should take these two lineages into consideration. 74: 515-523



Fonseca SEA, de Almeida LC and Andebrhan T (1984) Pato-
genicidade de isolados e avaBacde resistencia de clones de
cacau &Crinipellis Perniciosa.ln: (eds.) Proceedings of the
9th International Cocoa Research Conference, Lome, Togo,
12-18 Feb. (pp 233-236) Cocoa Producers’ Alliance, Lagos,
Nigeria

Georgiev O, Nikolaev N, Hadjiolov A, Skryabin K, Zaeharyev V
and Bayev A (1981) The structure of the yeast ribosomal RNA
genes: 4. Complete sequence of the 25S rRNA gene Saca
charomyces cerevisiablucleic Acids Res 9: 6953—6958

Griffith GW (1989) Population structure of the cocoa pathogen
Crinipellis perniciosa(Stahel) Sing. PhD Thesis, University of
Wales, UK

Griffith GW and Hedger JN (1994) The breeding biology of bio-
types of the witches’ broom pathogen of coc@aijnipellis
perniciosa Heredity 72: 278-289

Hedger JN, Pickering V and Aragundi J (1987) Variability of
populations of the witches broom disease of co&ranjpellis
perniciosg. Transact Brit Mycol Society 88: 533-546

Hintz W, Mohan M, Anderson J and Horgan P (1985) The mito-
chondrial DNAs ofAgaricus Heterogeneity ii\. bitorquisand
homogeneity iPA. brunnescenLurr Genet 9: 127-132

Hintz WEA, Anderson JB and Horgen PA (1989) Relatedness
of three species dkgaricusinferred from restriction fragment
length polymorphism analysis of the ribosomal DNA repeat
and mitochondrial DNA. Genome 32: 173-178

Lass RA (1987) Diseases. In: Wood GAR and Lass RA (eds.)
Cocoa. (pp 265-365) John Wiley and Sons, New York

McGeary FM and Wheeler BEJ (1988) Growth rates of, and
mycelial interactions between, isolates ©finipellis perni-
ciosafrom cocoa. Plant Path 37: 489-498

Nei M and Li WH (1979) Mathematical model for studying
genetic variation in terms of restriction endonucleases. Proc
Natl Acad Sci (USA) 76: 5269-5273

Pereira JL, de Almeida LCC and Santos SM (1996) Witches’

broom disease of cocoa in Bahia: attempts at eradication and

containment. Crop Protection 15: 743—-752

PereiraJL, Ram A, Figueiredo JM and de Almeida LC (1989) First
record on the presence of witches’ broom disease in the prin-
cipal cocoa-producing area of Brazil. Turrialba 39: 459-461

175

Pound FJ (1938) Cacao and witchbroom disedgargsmius
perniciosu$ of South America. In H Toxopeus (ed.). Reprint
Archives of cocoa research. Vol 1 Amer Cocoa Res Inst

Purdy LH and Smith RA (1996) Status of cacao witches’ broom:
biology, epidemiology, and management. Ann Rev Phytopathol
34:573-594

Purdy LH, Trese AT and Aragundi JA (1983) Proof of pathogenic-
ity of Crinipellis perniciosato Theobroma cacady using
basidiospores produced in vitro cultures. Rev Theobroma
(Brazil) 13: 157-163

Rocha HM, Miranda RC, Sgrillo RB and Setubal RA (1993)
Witches’ broom in Bahia, Brazil. In: Rudgard SA, Maddison
AC and Andebrhan T (eds.) Disease Management in Cocoa:
Comparative Epidemiology of Witches’ Broom. (pp 189—-200)
Chapman and Hall, London

Sneath PHA and Sokal RR (1973) Numerical Taxonomy.
W.H. Freeman, San Francisco

Taylor J, Smoiich B and May B (1986) Evolution and mitochon-
drial DNA in Neurospora crassévolution 40: 716—739

Walker WF and Doolittle WF (1983) 5S sequence from eight
basidiomycetes and fungi imperfecti. Nucleic Acids Res. 11:
7625-7630

Wheeler BEJ and Mepsted R (1988) Pathogenic variabil-
ity amongst isolates ofrinipellis perniciosafrom cocoa
(Theobroma cacgoPlant Path 37: 475-488

White T, Bruns T, Lee S and Taylor J (1990) Amplification and
direct sequencing of fungal ribosomal RNA genes for phylo-
genetics. In: Innis (ed.) PCR Protocols: A Guide to Methods
and Applications. (pp 315-322) Academic Press, New York

Yap | and Nelson RJ (1996) WinBoot: a program for performing
bootstrap analysis of binary data to determine the confidence
limits of UPGMA-based dendrograms. IRRI Discussion Paper
No. 14. International Rice Research Institute, PO Box 933,
Manila, Philippines

Zolan M and Pukkila P (1986) Inheritance of DNA methylation
in Coprinus cinereusMol and Cell Biology 6: 195-200



