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Phylogenetic relationships within the Gibberella fu]ikuroi species complex were extended to newly discovered strains 
using nucleotide characters obtained by sequencing polymerase chain reaction (PCR) amplified DNA from 4 loci used in a 
previous study [nuclear large subunit 28S rDNA, nuclear ribosomal internal transcribed spacer (ITS) region, mitochondri- 
al small subunit (mtSSU) ribosomal DNA, and ~-tubulin] together with two newly sampled protein-encoding nuclear 
genes, translation elongation factor EF- la  and calmodulin. Sequences from the ribosomal ITS region were analyzed 
separately and found to contain of two highly divergent, nonorthologous ITS2 types. Phylogenetic analysis of the 
individual and combined datasets identified 10 new phylogenetically distinct species distributed among the following 
three areas: 2 within Asia and 4 within both Africa and South America. Hypotheses of the monophyly of Fusarium 
subglutinans and its two formae speciales, f. sp. pini and f. sp. ananas, were strongly rejected by a likelihood analysis. 
Maximum parsimony results further indicate that the protein-encoding nuclear genes provide considerably more 
phylogenetic signal that the ribosomal genes sequenced. Relative apparent synapomorphy analysis was used to detect 
long-branch attraction taxa and to obtain a statistical measure of phylogenetic signal in the individual and combined 
datasets. 
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The Gibberella fujikuroi complex is a species-rich 
monophyletic lineage with anamorphs in Fusarium 
(O'Donnell and Cigelnik, 1997). Many of the fusaria 
within this complex produce toxic secondary metabolites 
such as fumonisins, moniliformin (Nelson et al., 1992) 
and beauvericin (Moretti et al., 1996), and 
agronomically-important plant diseases such as the 
gibberellin phytohormone-induced "bakanae" of Oryza 
sativa (Sun and Snyder, 1981; Cerdd-Olmedo et al., 
1994). Species limits within this complex have been the 
subject of much debate over the past thirty years (Booth, 
1971; Nirenberg, 1976; Gerlach and Nirenberg, 1982; 
Nelson et al., 1983). In recent years species concepts 
within this complex have been studied intensively using 
morphology (Nirenberg and O'Donnell, 1998; Nirenberg 
et al., 1998), mating experiments (Leslie, 1995), and 
phylogenetic analyses of DNA sequence data (O'Donnell 
and Cigelnik, 1997; O'Donnell et al., 1998a). The 
molecular systematic studies have revealed perfect 
concordance between phylogenetic species resolved as 
exclusive populations or lineages within the gene trees 
and mating populations or biological species, indicating 
that these two species concepts identify the same 

fundamental taxonomic units (O'Donnell et al., 1998a). 
However, because teleomorphs are only known for one- 
fifth of the species reported in the present study, and 
many species are morphologically simple, development 
of a robust phylogenetic species concept for these 
fusaria based on discrete DNA sequence data is critical to 
investigate fundamental aspects of their biology such as 
host range, mycotoxin potential and geographic distribu- 
tion. Towards this end, we have studied the phylo- 
genetic uti l i ty of sequences that encode translation elon- 
gation factor (EF-la) (O'Donnell et al., 1998b) and 
calmodulin (Carbone et al., 1998), together with 4 genes 
employed in prior molecular systematic studies of the G. 
fujikuroispecies complex (O'Donnell and Cigelnik, 1997; 
O'Donnell et al., 1998a), to address the following ques- 
tions: (1) What is the relative contribution of phylogenet- 
ic signal of each gene? (2) Are gene trees inferred from 
each locus concordant? (3) Do any of the newly studied 
strains represent phylogenetically distinct species, and if 
so, what is their biogeographic history? and (4) Does the 
formae speciales concept as applied to F. subglutinans f. 
sp. pini (Correll et al., 1992) and F. subglutinans f. sp 
ananas (Ventura, 1998) accurately reflect a monophylet- 
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ic grouping wi th F. subglut inans? 

Materials and Methods 

Strains studied. The 14 strains that represent 10 newly  
discovered phylogenet ical ly dist inct species wi th in the 
Gibberella fuj ikuroi  species complex listed in Table 1 are 
stored in liquid nitrogen vapors at -- 175~  or by lyophil i- 
zation in the ARS Culture Col lect ion (NRRL), NCAUR, 
Peoria, IL. Data for the other 38 strains included in 
this study are reported in O'Donnel l  et al. (1998a) and 
Nirenberg and O'Donnel l  (1998). 
Molecular methods. Total genomic DNA was extracted 
from mycel ium grown in yeast-malt  broth using a CTAB 
(hexadecyl t r imethy lammonium bromide; Sigma Chemical 
Co., St. Louis) miniprep described by Gardes and Bruns 
(1993). The mitochondrial  small subunit rDNA and 
ribosomal internal transcribed spacer (ITS) region were 
amplif ied by the polymerase chain reaction (PCR) using 
condit ions and primers described in White et al. (1990), 
the /3-tubulin gene as in O'Donnel l  and Cigelnik (1997), 
and EF-lo~ after O'Donnel l  et al. (1998b).  A port ion 

of the calmodul in gene was amplif ied wi th  the PCR 
primer pair CL1 5'-GA(GA)T(AT)CAAGGAGGCCTTCTC 
and CL2A 5'-TTTTTGCATCATGAGTTGGAC. Two 
internal primers were used to sequence this amplicon, 
CL11 5'-ACCATGATGGCGCGCAAG and CL22 5'- 
TCCTTCATCTTGCGCGCC. Fol lowing PCR, amplicons 
were purif ied wi th  GeneClean II (B io l01 ,  La Jolla, CA) 
and sequenced either wi th  the Applied Biosystems Taq 
DyeDeoxy Terminator or BigDye cycle sequencing kit 
in a Perkin Elmer 9600  thermal cycler as described in 
O'Donnel l  et al. (1998a). All sequencing reactions were 
purified by gel f i l t rat ion through columns containing 
Sephadex G-50 (Pharmacia; Piscataway, N J) equil ibrated 
in double-dist i l led H20 and were run on an Applied 
Biosystems 377 DNA sequencer. 
Phylogenetic analysis. DNA sequences from each of 
the 6 loci sequenced (Table 3) were aligned visually wi th 
the TSE DOS text  editor program (SemWare, Marietta, 
GA) and have been deposited in GenBank under the fol- 
lowing accession numbers: A F 1 5 8 2 8 8 - A F 1 5 8 3 6 6  and 
AF158614 -AF158627 .  Phylogenetic analyses were 
performed wi th  PAUP~4.0bl  (Swofford, 1998) on the 

Table 1. New phylogenetically distinct species within the Gibberella fujikuroicomplex. 

Clade/taxon a NRRL# b Equivalent# c Geographical Origin Host/Substrate Received as 

African 
Fusarium sp. 
Fusarium sp. 

Fusarium sp. 
Fusarium sp. 

Asian 
Fusarium sp, 
Fusar/um sp, d 

American 
Fusarium sp. ?e 
Fusarium s p .  e 

Fusarium sp. e 

Fusarium sp. 

25615 BBA 63165 Nigeria Oryza sativa seed F. cf. verticillioides 

26061 BBA 70127 Madagascar Striga hermonthica F. cf dlaminii 
26152 BBA 70170 Niger 

26064 BBA 70142 Tanzania Sorghum bicolor seed F. cf. pseudonygamai 
26793 BBA 65862= Sudan Striga hermonthica F. nygamai 

CBS 454.97 

26427 CBS 480.96 Papau-New Guinea tropicalrainforestsoil ~ subglutinans 
26794 MAFF237530= Japan Cymbidium sp. Fusarium sp. 

BBA 70371 
28852 MAFF237529 

25622 MRC 1077 South Africa Zea mays F. subglutinans 
25623 MRC 2802 South Africa mango F. subglutinans 

26756 MRC 6747 South Africa ornamental grass F. subglutinans 

26757 MRC 6748 ornamental reed 
29123 ERSP 199A Ft. Pierce, FL Bidens pilosa Fusarium sp. 
29124 ERSP 199B 

a Clades of the Gibberella fujikuroi complex as reported in O'Donnell et al. (1998a). 
b NRRL=ARS Culture Collection, NCAUR, Peoria, IL. 
c BBA=Biologische Bundesanstalt fLir Land-und Forstwirtschaft, Berlin, Germany, CBS=Centraalbureau voor Schimmel- 

cultures, Baarn, The Netherlands; MAFF=Ministry of Agriculture, Forestry and Fisheries, NIAR, Tsukuba, Japan; 
MRC=Medical Research Council, Tygerberg, South Africa; ERSP=Erin Rosskopf, Agricultural Research Service, Ft. 
Pierce, FL. 

d Collected and deposited in MAFF by Kazunori Ichikawa, Yamanashi Agriculture Research Center, Kita-koma, Yamanashi 
407-0105 Japan. 

e ThesethreespecieswerereceivedidentifiedasF. subglutinans(Viljoenetal., 1997). NRRL25622islistedasFusarium 
sp.? because this species was resolved as phylogenetically distinct from F. subglutinans in the molecular phylogeny in- 
ferred from the combined DNA sequence data presented in the present study, and in a histone H3 gene tree (Steenkamp 
et al., 1999); however, this strain was reported by Steenkamp et al. (1999) to be sexually compatible with a F. sub- 
glutinans MP-E mating type tester strain. 
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Table 2. Tree statistics. 
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# Parsimony # Nodes # Nodes # Nodes Ave. # 
Locus Characters # Trees CI/RI a TiTv b Aut/syn c ~ 5 0 ~  > 70~  > 9 0 ~  steps/ 

(bp) tree length bootstrap bootstrap bootstrap character 

ITS rDNA d 525 48 96 0.90/0.88 0.955 8/31 . . . .  
28S rDNA 535 28 18 0.86/0.92 4.620 13/12 2 1 1 0.052 
mtSSUrDNA 701 138 >66,000 0.67/0.90 2.121 18/54 15 6 4 0.197 
/~-tubulin 1254 429 776 0.75/0.91 3.087 115/171 36 27 22 0.342 
calmodulin 688 219 1116 0.82/0.93 3.124 67/94 27 20 13 0.318 
EF-I(~ 671 542 2240 0.61/0.77 2.820 100/149 31 22 13 0.809 

combined data 3849 1449 135 0.65/0.84 2.743 313/480 40 31 26 0.377 
(excluding ITS) 

a Cl=consistency index, Rl=retention index. 
b Ti=Transition/Tv=transversion ratios were estimated using the likelihood option in PAUP~4.01 b. 
c Aut=autapomorphies, syn=synapomorphies. 
d Seventeen contiguous ITS characters were excluded as ambiguous (O'Donnell and Cigelink, 1997). Only 24 of the 52 ITS 

sequences were analyzed because they comprise two sets of paralogs or xenologs. Because the sequences are nonorthologous, we 
rooted the ITS gene tree by the midpoint method in PAUP~4.0bl (Swofford, 1998). 

individual and combined datasets, using the heuristic 
search opt ion w i th  1,000 random addit ion sequences 
wi th  MULPARS on and tree bisect ion-reconnect ion 
branch swapping. Phylogenetical ly informat ive indels 
were coded as a single event (i.e., f i f th state). Individual 
and combined datasets were also analyzed wi th maxi- 
mum l ikehood (ML) using the Hasegawa-Kishino-Yano 
(HKY) model, in which the transit ion/transversion ratio 
was est imated and wi th the neighbor-joining (N J) uncor- 
rected "p"  opt ion in PAUP~4.01b. Because the ITS se- 
quences represent highly divergent paralogs or xenologs 
(O'Donnell and Cigelnik, 1997), we  rooted this gene tree 
by the midpoint  method in PAUP*4.01b. All of the other 
gene trees were rooted by the outgroup method using 
sequences of a putat ive sister group, the Fusarium oxy- 
sporum complex (O'Donnell  et al., 1998b). Stabi l i ty of 
clades was assessed by decay indices calculated wi th 
TreeRot (Sorenson, 1 996) and by 1 ,000 parsimony boot- 
strap replications implemented wi th  PAUP*4.0b l  (Hillis 
and Bull, 1993). Various constrained and unconstrained 
topologies (Table 3) were compared by the Kishino- 

Hasegawa l ikelihood test using PAUP*4 .0b l .  If alter- 
nate topologies were > 1 . 9 6  SD less likely than the 
most-parsimonious tree (MPT), then they were rejected 
wi th 95~ confidence. Concordance of the 5 datasets 
sequenced, excluding the ITS rDNA, was assessed by 
the nonparametr ic Wi lcoxon Signed-Ranks (WS-R) 
Templeton test and Kishino-Hasegawa's modif icat ion of 
the Templeton test implemented in PAUP*4 .0b l ,  using 
the MPT and a 70~ majori ty rule bootstrap consensus 
tree as constraints in separate analyses (Kellogg et al., 
1996). Based on the results of the Templeton test 
(Templeton, 1983; Table 4), we evaluated the concor- 
dance of the two  most homogeneous datasets wi th  the 
part i t ion-homogenei ty  test (PHT) implemented in 
PAUP*4 .0b l ,  using simple addit ion-sequence, tree- 
bisect ion-reconnnect ion, wi th  1,000 random repartit ions 
wi th  MAXTREES set to 500 (O'Donnell et al., 1998b). 
Unrooted RASA analyses (Relative Apparent  Synapomor- 
phy Analysis version 2.3.7;  Lyons-Weiler, 1999) were 
used to invest igate potential long-branch attraction 
problems and phylogenet ic signal in the various individual 

Table 3. Likelihood analysis of constrained and unconstrained trees from combined dataset. 

Tree a 
Tree # of 

length treesb 
(steps) 

Log liklihood (L) test result 

In L Difference c SD d pe 

MPT (Fig. 9A) 400 
F. subglutinans-Fusarium sp. 25622 monophyletic 404 (+4) 
F. subglutinans-F, guttiforme monophyletic (Fig. 9B) 420 (+ 20) 
F. subglutinans-F, circinatum monophyletic (Fig. 9C) 423 (+23) 
F. subglutinans-F, guttiforme-F, circinatum monophyletic (Fig. 9D) 428 (+28) 

2 -7873.69398 (Best) 
1 -7900.38927 -26.69529 21.65355 0.2177 
2 -7967.67268 -93.97870 25.84878 0.0003 
4 -7974.97088 -101.27690 27.36212 0.0002 
2 -8012.59880 -138.90482 34.86463 0.0001 

a Monophyly constrains enforced with PAUP~4.0bl (Swofford, 1998). 
b Only the best tree from each constraint was included in this test. 
c Difference in In likelihood (L) between best tree and suboptimal tree. 
d SD of log likelihood. 
e Probability of obtaining a more extreme T-value, using the two-tailed test, with the null hypothesis being that there is no difference 

between the two trees. All values are significant at P= < 0.05. 
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Table 4. Summary of Templeton (WS-R) and Kishino-Hasegawa test results a for Gibberella fujikuroi DNA sequence 
datasets. 

Comparison b Templeton (WS-R) test Kishino-Hasegawa test 

Data Tree c N pd Length pe 
difference 

/~-tubulin mtSSU rDNA 27/7 0 .0003/0 .0082 19/7 0.0002/0.0081 

~-tubulin calmodulin 15/1 0 .0201/0 .3173 9/1 0 .0210/0.3175 

/~-tubulin EF-le 54/24 < 0 . 0 0 0 1 / < 0 . 0 0 0 1  68/22 < 0 . 0 0 0 1 / < 0 . 0 0 0 1  

/~-tubulin 28S rDNA 0 - -  0 1.0000/1.0000 

~-tubulin combined (-/9-tubulin) 12/11 0 .0005/0 ,0009 12/11 0 .0005/0.0009 

mtSSU rDNA /~-tubulin 23/12 0.0012/0.1 t 7 6  23/9 0.0019/0 ,1060 

mtSSU rDNA calmodulin 19/14 0 .0007/0 .0456 24/12 0 .0019/0.0454 

mtSSU rDNA EF-I(~ 27/14 <0 .0001 /0 .0350  57/12 <0 .0001 /0 .0395  

mtSSU rDNA 28S rDNA 0 - -  0 1.0000/1.0000 

mtSSU rDNA combined (-mtSSU rDNA) 23/16 0.0008/0.0041 26/21 0 .0011/0.0046 

mtSSU rDNA Asia monophyletic 10 0 .4054 3 0 .4058 

calmodulin ~-tubulin 11/7 0.0881/0.5271 7/2 0 .0896/0.5275 

calmodulin mtSSU rDNA 18/4 <0 .0001 /0 .0455  18/4 <0 .0001 /0 .0454  

calmodulin EF-I(~ 25/7 < 0 .0001/0 .0114 45/8 <0 .0001 /0 .0113  

calmodulin 28S rDNA 0 - -  0 1.0000/1.0000 

calmodulin combined (-calmodulin) 15/9 0 .0047/0 .0956 12/5 0 .0046/0.0956 

calmodulin Africa monophyletic 11 0.0009 11 0.0009 

EF-le ~-tubulin 37/21 <0.0001/<0.0001 30/9 <0.0001/<0.0001 
EF-le mtSSU rDNA 27/26 0 .0001/0 .0004 25/20 0 .0001/0.0006 

EF-I~ calmodulin 21/24 0 .0143/0 .0343 12/11 0 .0142/0.0342 

EF-1 e 28S rDNA 0 - -  0 1.0000/1.0000 

EF-1 (~ combined (-EF-1 ~) 35/36 0 .0007/0 .0015 25/23 0 .0003/0.0015 

EF- 1 ~x Africa monophyletic 21 O. 0277 12 0.0284 

28S rDNA ~-tubulin 5 0 .0412/0 .0384 10/8 0 .0411/0 .0324 

28S rDNA mtSSU rDNA 6/4 0 .1025/0 .3173 4/2 0 .1025/0.3178 

28S rDNA calmodulin 6 0 .0836/0 .0836 8/6 0 .0881/0.0833 

28S rDNA EF-1 a 6/5 0 .0260/0 .0339 12/6 0 .0338/0.0338 

28S rDNA combined (-28S rDNA) 5 0 .0412/0 .0384 10/8 0 .0411/0.0324 

combined (-~-tubulin) /~-tubulin 46/34 0 .0032/0 .0396 20/12 0 .0032/0 .0396 

combined (-mtSSU rDNA) mtSSU rDNA 52/22 <0 .0001 /0 .0006  40/16 <0 .0001 /0 .0006  

combined (-calmodulin) calmodulin 30/11 0 .0090/0 .1317 15/5 0 .0090/0.1317 

combined (-EF-I(~) EF-I~ 98/38 <0.0001/<0.0001 126/34 <0.0001/<0.0001 
combined (-28S rDNA) 28S rDNA 0 - -  0 1.0000/1.0000 

a Implemented in PAUP 4 .0b l  (Swofford, 1998). 
b In each comparison an unconstrained MPT inferred from the data in the Data column was constrained onto the tree in the 

Tree column. The Templeton and Kishino-Hasegawa test statistics represent two  separate sets of comparisons: one for 
the complete dataset of 52 taxa (indicated by the number to the left in each column), and one for a reduced dataset of 47 
taxa (indicated by the number to the right in each column). In the reduced dataset three African strains (F. dlaminii, 
Fusarium sp. NRRL 26061 and 26152) and 2 Asian strains (Fusarium sp. NRRL 26794 and 28852) were excluded based 
on their variable position within the gene trees. 

c All trees are 70~ majority rule bootstrap consensus except for the three monophyly constraints. 
d Approximate probablity, using a two-tai led test, of getting a more extreme test statistic under the null hypothesis of no 

difference between the two  trees. For P values with N_> 15, we found moderate but consistent accuracy; for P values 
with N < 15, we found some error, but never of value greater than 4% (Bain and Engelhardt, 1992). 

e Net gain of steps of the constrained tree in the Tree column compared with the unconstrained MPT inferred from the 
data in the Data column. 

and c o m b i n e d  da tase t s  (Table 5), us ing the  ana ly t i ca l  null 
hypo thes i s  op t ion .  Invar ian t  charac te rs  we re  exc luded  
in all ana lyses ;  h o w e v e r ,  separa te  ana lyses  we re  run in 
w h i c h  apparen t  a u t a p o m o r p h i e s  w e r e  e i ther  inc luded or 

exc luded .  
M a c C l a d e  (Madd ison  and Madd i son ,  1992)  w a s  

used to  e x a m i n e  evo lu t i on  of  the  ma jo r  ITS2 t ype  and 
b i ogeog raph i c  s t ruc tu re  w i t h i n  the  G. fuj ikuroi comp lex .  
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Table 5. Unrooted relative apparent synapomorphy analysis (RASA a) on various datasets. 
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Including apparent autapomorphies Excluding apparent autapomorphies 
Dataset b 

tRASA c Taxa with a significant Ftv d tRASA Taxa with a significant Ftv 

28S rDNA - 8 . 3 8 1 8  none 2.951097 none 
(565/236/173/63) 

mSSU rDNA 25.70826 Fusariumsp. 26794(15.33474)  22.16162 
(701/85/14/71 ) Fusarium sp. 28852 (15.33474) 

Fusarium inflexum (14.62679) 

Fusanurn oxysporurn ( 12.17986) 

Fusarium sp. 26061 (8.725021) 

Fusariurn sp. 26152 (9.701594) 

F. inflexum (10.00433) 

Fusarium napiforrne (7.99417) 

EF-I(~ 47.86938 F. pseudoanthophilurn (8.843337) 47.59653 
(671/276/95/181 ) F, verticillioides (11.89439) 

F, pseudonygamai (12.75548) 

F. thapsinum (12.20436) 

F. nygamai (7. 598962) 

F. acutatum (8.233829) 

F, sacchari (11.97514) 

F, fujikuroi (13.75982) 

F. proliferatum (7.601569) 

F. begoniae (7.51088) 

Fusarium sp. 26794 (7.47285) 

Fusarium sp. 25346 (7.415811 ) 

Fusarium sp. 26152 (7.910438) 

Fusarium sp. 26756 (7.741902) 

Fusarium sp. 26757 (7.752123) 

F. oxysporum (7.448487) 

Fusarium sp. 25807 (11.76222) 

~-tubulin 59.12709 
(1254/405/121/284) 

58.31345 

calmodulin - 2 . 8 1 1 1 5 3  none 9.142787 
(688/570/413/517) 

combined data 9.204197 Fusariumsp. 25221 (32.01379) 44.33425 
(3849/1600/830/770) 

Fusarium sp. 26794 (14.63356) 

Fusarium sp. 28852 (14.63356) 

Fusarium inflexum ( 12.53192) 

Fusarium oxysporum ( 10.4972) 

Fusarium sp. 26061 (8,306092) 

Fusarium sp. 26152 (8,306092) 

F, inflexum (12.0329) 

F. pseudoanthophilum (8.474301) 

F. verticillioides (10.85759) 

F. pseudon ygamai ( 10. 20029) 

F. thapsinum (10.33169) 

F. nygamai (7.684067) 

F, acutatum (11.16473) 

F, sacchari (9.120505) 

F. fujikuroi (9,424773) 

F, proliferatum (7.52675) 

F, begoniae (7.756498) 

Fusarium sp. 26794 (7.604307) 

Fusarium sp. 25346 (7.929488) 

Fusarium sp. 261 52 (7.24696) 

Fusarium sp. 26756 (7.957061) 

Fusarium sp. 26757 (7.957061) 

F, oxysporum (7.94805) 

F. inflexum (7.97699) 

F. brevicatenula turn (7.882109) 

F, denticulatum (7.471587) 

F, lactis (7.348853) 

F. bulbicola (7.809971) 

F. circinatum (7.317918) 

F. gutt i forme (7.577434) 

F. globosum (7.379686) 

F. anthophilum (7.3141029) 

Fusarium sp. 25204 (7.563562) 

Fusariurn 

Fusarium 

Fusariurn 

Fusarium 

Fusarium 

Fusarlurn 

Fusariurn 

sp. 25615 (9.859931) 

sp. 25622 (7.386989) 

sp. 25615 (9.859931) 

sp. 26793 (7.277243) 

sp. 29123 (7.245568) 

sp. 29124 (7.245568) 

sp. 25221 (95.06038) 

Fusarium sp. 25221 (32.52776) 

F. oxysporum (7.607265) 

F. inflexum (9.102866) 

a Conducted with RASA 2,3.7 (Lyons-Weiler, 1999) using the analytical null hypothesis option. 
b Numbers in parentheses represent: (total number of characters/informative characters including apparent autapomorphies/apparent 

autapomorphies/informative characters excluding apparent autapomorphies) 
c tRASA =test  statistics is a measure of the difference between the observed null slopes. Except for the 2 negative values, all tRASA 

scores are significant at P<0 .005  (Bain and Engelhardt, 1992). 
d F tv= taxon variance ratio where the critical value is 7.23228 when alpha=O.05. 
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Thirty-one of the ingroup species were given biogeo- 
graphic assignments based on their exclusive distribu- 
t ion within a give region, or based on the fact that one or 
more strains of the species that appear to have restricted 
geographic distributions and host ranges, was collected 
within the same region as the clade within which they 
were nested in the molecular phylogeny (O'Donnell et al., 
1998a). Of the 10 putative phylogenetically distinct 
species reported on in the present study, only 3 species 
(Fusarium spp. 25622, 25623 and 26756-26767)  were 
given equivocal biogeographic assignments (Kluge, 
1988). However, the geographic origin of all 3 species 
was resolved as the American clade by MacClade 
(Maddison and Maddison, 1992). 

Results 

Ingroup strains analyzed wi th in the Gibberella fujikuroi 
species complex consisted of the 36 terminals reported 
in O'Donnell et al. (1998a), 14 strains recently acces- 
sioned in the ARS Culture Collection [NRRL] (Table 1), 
together wi th two  outgroups within a putative sister 
group, the Fusarium oxysporum complex. Sequences of 
the nuclear large subunit 28S rDNA lack sufficient infor- 
mative variation for phylogenetic reconstruction (Table 
2; gene tree not shown) as reflected in the negative and 
low tRASA scores for this locus (Table 5). Gene trees 
inferred from the ribosomal DNA internal transcribed 
spacer (ITS) region resolve two  highly divergent un- 
resolved clusters (Fig. 1 ) corresponding to type I and type 
II nonorthologous ITS2 sequences described previously 
(Waalwijk et al., 1996; O'Donnell and Cigelnik, 1997; 
O'Donnell et al., 1998a). The newly discovered 
phylogenetically distinct species wi th in a gene tree 
constructed from a subset of the ITS sequence data 
are equally divided between type I and type I ITS2 
sequences. Sequences of the ITS region were not 
analyzed further because they are nonorthologous and 
uninformative for parsimony. 

Maximum parsimony phylogenetic analysis of the 
mitochondrial small subunit (mtSSU) rDNA dataset yield- 
ed >66 ,000  MPTs in which 6 of the 10 new species 
were resolved as phylogenetically distinct (Fig. 2). Boot- 
strapping and decay analysis provided support for the 
monophyly of the G. fujikuroi complex (bootstrap= 100, 
decay= 6) and the American (bootstrap=83~ decay = 
2) and Asian clades (bootstrap=90% , decay=4),  Two 
Asian strains (NRRL 2 6 7 9 4 = M A F F  237530 and NRRL 
28852=MAFF  237529) ex Cymbidium sp. from Japan, 
which represent a morphologically distinct species by 
analysis of the original MAFF strains, formed a basal 
sister-group to the remaining ingroup taxa. However, a 
constraint forcing these strains to form a monophyletic 
group with the Asian clade, when subjected to the 
Kishino-Hasegawa test in PAUP*4.0bl ,  was only 3 steps 
longer and not signif icantly worse than the MPT 
(P=0.7591 from a two-tai led test of getting a more ex- 
treme T-value under the null hypothesis of no difference 
between the two trees). Maximum likelihood (ML; -Ln 
l ike l ihood=1767.30949,  estimated t i / t v=0 .99 )  using 

ITS 
525 bp 
48 steps 
CI = 0.90 
RI = 0.88 F. verticillioides MP A 

~ - -  F. sacchari MP B 

F. sp. 29123 Amer ican 
4 F. sp. 29124 

F. subglutinans MP E 
- -  F. circinatum MP H 
F. sp. 25623 Amer ican Type 
F. sp. 25622 Amer ican I 

- F. sp. 25615 African 
_ _ 4  F. oxysporum 22902 

F. inflexum 
F. sp. 26756 Amer ican 
F. sp. 26757 

~F.F.F. thapsinum MP F 
F. nygamai MP G 

sp. 26793 Africar 
sp. 26064 African 

,J F. fujikuroi MP C 
I I F, proliferatum MP D Typeli 
I I -  F. sp. 26427 . . 
I I F. sp. 28852 Astan 

I F. sp. 26794 Asian 
F. sp. 26061 Afr ican 
E sp.  26152 

Fig. 1. One of 96 MPTs for the ITS sequences, excluding an 
ambiguously aligned region of 17 bp, The two divergent 
clusters, indicated by Type I and II, represent paralogous or 
xenologous ITS2 sequences, Strains in bold indicate the 
10 newly discovered species, MP=mating population or 
biological species in the Gibbere//a fujikuroi complex, 

the HKY model and neighbor joining (N J) uncorrected "p" 
yielded trees nearly identical in topology to the MP trees 
in which the two Asian strains appeared on a long branch 
at the base of the trees (data not shown). 

Next we analyzed exon and intron sequences of the 
fol lowing three protein-encoding nuclear genes phyloge- 
netically: ~-tubulin (Fig. 3), EF-la (Fig. 4) and calmodulin 
(Fig. 5). The strongest support for the G. fuj ikuroicom- 
plex and an ((American (Asian, African)) sister group 
relationship of these biogeographica!ly structured clades 
was provided by the/~-tubulin gene sequences (Table 2) 
fol lowed by the calmodulin dataset. Even though the 
EF-la sequences possessed the highest average number 
of steps, synapomorphies and autapomorphies per 
character (Table 2, based on maximum parsimony analy- 
sis), it contained the most homoplasy (C1=0.60), and 
only the American clade received strong bootstrap sup- 
port wi th in the EF-I(~ gene tree (Fig. 4). The two most 
basal African taxa wi th in the /%tubulin gene tree, F. 
dlaminii and Fusarium sp. (NRRL 26061 and 26152), 
formed a basal sister group to the remaining ingroup taxa 
within the EF-la (Fig. 4) and calmodulin (Fig. 5) gene 
trees. Al though a constraint forcing these strains to 
form a monophyletic group wi th the African clade in the 
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I F. sp. 25204 
F. guYdforme 
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sp. 26756 
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--I F. succisae 
83 ~-- F. anthophi lum 
2 F. sp. 25807 

F. bulbicola 
F.. sp. 26794 
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L F. oxysporum 22902 
- -  F. inf lexum 

A s i a n  

A m e r i c a n  

100 ] A s i a n  
11 

1 outgroup 
Fig. 2. One of >66,000 MPTs from the mtSSU rDNA data rooted by the outgroup method. Bootstrap intervals ~ 5 0 ~  (above 

internodes) and decay indices (below internodes) are indicated. Eight biological species in the G. fu j i ku ro i  complex (MP A-H) are 
indicated. F. udum produces a G. in t r ica teleomorph (Rai and Upadhyay, 1982) but has not been accessioned in the alphabetic MP 
series. The 10 new species reported in this study are in bold. A constraint, using PAUP~4.0bl (Swofford, 1998), that forced 
Fusar ium sp. 26794 and 28852 to form a monophyletic group with the Asian clade was 3 steps longer but not significantly worse 
than the MPT. 

EF-I~ gene tree was only 6 steps longer and not sig- 
ni f icant ly worse than the MPT ( P = 0 . 2 2 0 9  of gett ing a 
more extreme T-value under the null hypothesis of no 
difference between the t w o  trees), a similar constraint 
using the calmodul in data was 11 steps longer and sig- 
ni f icant ly worse than the MPT (P=0 .0012 )  when sub- 
jected to the Kishino-Hasegawa test in PAUP~4.0bl .  
ML analysis of the EF-I~ dataset resolved a monophylet ic  
Afr ican clade (-Ln l ikel ihood = 3807 .68337 ,  est imated t i /  
tv ra t i o=2 .77 ) ;  however,  ML analysis of the calmodulin 
data recovered a tree nearly identical in topo logy to the 
MP tree (-Ln l i k e l i h o o d = 2 3 2 2 . 5 1 3 8 6 ,  est imated t i / tv 

r a t i o=3 .12 )  (data not shown). Including the 10 new 
undescribed fusaria, for ty- four phylogenet ical ly dist inct 
species were resolved wi th in the G. f u j i k u r o i  complex 
wi th in the ~-tubulin and EF-I~ gene trees and in trees 
inferred from the combined sequence data (Fig. 6). 
Except for two  Afr ican species that  shared the same 
calmodul in haplotype [F. u d u m  and F u s a r i u m  sp. NRRL 
26064] ,  the 42 other ingroup taxa were resolved by 
sequence data from this locus. Afr ica is the most 
phylogenet ical ly diverse area studied wi th 20 species, 
fo l lowed by America (16 species) and Asia (8 species). 
The Afr ican and American clades each contain 4 of the 
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Fig. 3, 

indices (below internodes) are indicated. 
are strongly supported by bootstrapping. 
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One of 776 MPTs inferred from #-tubulin gene exons and introns. Bootstrap intervals > 50% (above internodes) and decay 
Monophyly of the G. fujikuroi complex and its three biogeographically structured ciades 
New species are in bold. MP=biological species. 

new species wh i le  2 new species are nested w i th in  the 
Asian clade. Results of the present s tudy indicate tha t  2 
taxa reported as phylogenet ica l ly  d is t inct  in O'Donnel l  et 
al. (1998a),  Fusar ium sp. NRRL 2 5 3 0 3 = M A F F  237649  
ex Orzya sat iva root  in Tsukuba and NRRL 2 5 3 0 9 = M A F F  
2 3 7 6 5 0  ex Tr i t i cum aes t i vum seed f rom Ibusuki, 
Kagoshima, Japan, may be F. concen t r i cum (Fig. 6). 
Thorough morpholog ica l  reexaminat ion of the original 
MAFF strains revealed that  they f i t  the descr ipt ion of this 
taxon  (Nirenberg and O'Donnel l ,  1998).  Of the 5 
datasets included in the combined analysis, the 3 protein- 
encoding genes proved to be considerably more phyloge- 

net ical ly in format ive for pars imony than ei ther the nucle- 
ar large subuni t  28S rDNA or mtSSU rDNA (Fig. 7; Table 
2). Results of the Temple ton  and Kishino-Hasegawa 
tests (Table 4) indicate tha t  ~-tubul in and calmodul in are 
the t w o  most  concordant  datasets.  Compar isons that  
included the 28S rDNA yie lded high P values; however ,  
this is because this locus is un in format ive for  parsimony. 
The EF-1~ and/%tubul in part i t ions,  in contrast ,  were iden- 
t i f ied as the most  incongruent  (P= < 0 . 0 0 0 1  ) fo l lowed by 
the EF- le  and mtSSU rDNA datasets.  Separate tests 
were run on the comple te  dataset  compr is ing 52 taxa 
and on a reduced dataset  af ter  5 problemat ica l  taxa (i.e., 
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4. One of 2240 MPTs inferred from the translation elongation factor EF-I~ sequence data. Bootstrap replication frequencies 
_>50% (above internodes) and decay indices (below internodes) are indicated. A constraint, using PAUP*4.0bl, that forced F. 
d lamin i i -Fusar ium sp. 26061 and 26152 to form a monophyletic group with the African clade was 6 steps longer and not 
significantly worse than the MPT. 

F. d l a m i n i i ,  F u s a r i u m  sp. 26061 /261  52 and F u s a r i u m  sp. 
2 6 7 9 4 / 2 8 8 5 2 )  were  pruned because their  p lacement  in 
the gene trees varied (Table 4). When compared w i th  
the comple te  dataset ,  P values f rom the reduced dataset  
of 47 taxa showed a s igni f icant  increase in over one-half  
of the tests involv ing compar isons of the individual part i-  
t ions. Nevertheless, the Temple ton test  revealed highly 
s igni f icant incongruence be tween some pairs of genes in 

the reduced dataset  (Table 4), For this reason, we  only 
ran the PHT on the t w o  most  concordant  part i t ions iden- 
t i f ied by the Temple ton test ,  /%tubulin and calmodul in.  
No addi t ional  PHTs were  conducted because P values for 
the comple te  ( P = 0 . 0 0 5 )  and reduced datasets 
( P = 0 . 0 1 4 )  were  so low.  

Because the b iogeographical ly  structured clades 
ident i f ied in O'Donnel l  et al. (1998a) were  not resolved 
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Fig. 5. One of 1116 MPTs inferred from the calmodulin sequence data. Strains in bold represent the 10 new species. Bootstrap 
intervals _>50~ (above internodes) and decay indices (below internodes) are indicated. A constraint, using PAUP*4.0bl, that 
forced F. d/aminii-Fusarium sp. 26011 and 261 52 to form a monophyletic group with the African clade was 11 steps longer and 
significantly worse than the MPT. 

as monophylet ic  in the mtSSU rDNA (Fig. 2), EF-I~ 
(Fig. 4) and calmodul in (Fig. 5) gene trees, we  conducted 
unrooted RASA analyses (Lyons-Weiler, 1999) to deter- 
mine whether  these topological  differences were due 
to long-branch attract ion problems (Lyons-Weiler and 
Hoelzer, 1997), and to obtain an independent measure of 
phylogenet ic signal from the loci sequenced (Lyons- 
Weiler et al., 1996). RASA analysis detected signif icant 

variance ratios (P<0.05)  for taxa whose placement in 
the parsimony mtSSU rDNA (Fig. 2) and EF- le  (Fig. 4) 
gene trees appears to be distorted by long branches 
(Table 5). However,  RASA analysis of the 28S rDNA 
data did not detect any long-branch taxa, but the low 
tRASA scores for this locus indicate that it is depauperate 
in phylogenet ic  signal. Interestingly, Fusa r i um sp. 
25221 was identif ied as a long-branch taxon in the 
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Fig. 6. One of 135 MPTs inferred from the combined 28S rDNA, mtSSU rDNA, /~-tubulin, translation elongation factor EF-I~ and 
calmodulin gene sequences rooted by the outgroup method�9 Bootstrap intervals (above internodes) and decay indices (below 
internodes) are indicated. The 10 new species identified in this study are in bold. MP=biological species in the G. fuj ikuroi  
complex. 

calmodul in dataset  only when apparent  autapomorph ies  
were  exc luded f rom the analysis (Table 5). Results of 
the RASA analysis indicate that  phy logenet ic  signal is 
most  evolved in ~-tubul in, fo l l owed  by EF- la  and the 
mtSSU rDNA (Table 5). In some cases, s igni f icant ly  
d i f ferent  tRASA and taxon variance rat ios were  obtained 
depending on whe the r  apparent  au tapomorph ies  were  in- 
c luded in the analysis (Table 5). For example,  the 28S 

rDNA, calmodul in and combined datasets received sig- 
ni f icant ly higher tRASA scores when autapomorph ies 
were exc luded f rom the analysis. Overall,  more long- 
branch taxa were  detected by excluding autapomorph ies 
f rom the RASA analyses (Table 5). 

To examine evolut ion of the major ITS2 types,  we  
mapped them on a str ict  consensus of the 135 MPTs in- 
ferred f rom the combined dataset  (Fig. 8). Results of 
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Gibberella fujikuroi Complex DNA Sequence Datasets 
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Fig. 7. Distribution of (A) synapomorphies and (B) autapo- 

morphies in the 5 datasets analyzed phylogenetically with 
PAUP*4.0bl for the 52 strains studied. 

this optimization reveal that the major ITS2 types exhibit 
a homoplastic pattern in that there have been a minimum 
of three reversals between a type I and a type II se- 
quence during the evolution of this species complex. 
Next, we constructed constraints to test whether two 
taxa described as formae speciales of F. subglutinans, F. 
guttiforrne as F. subglutinans f. sp. ananas (Ventura, 
1998; also reported as F. rnoniliforme var. subglutinans, 
Bolkan et al., 1979) and F. circinatum as F. subglutinans 
f. sp. pini  (Correll et al., 1992; Britz et al., 1999), form 
a monophyletic group wi th F. subglutinans. Lastly, a 
constraint was constructed to the test whether F. sub- 
glutinans and Fusarium sp. 25622 form a monophyletic 
group. For the likelihood analysis we restricted the in- 
group to the American clade because these taxa are nest- 
ed wi th in this clade. When compared wi th the MPT (Fig. 
9a), topological constraints forcing the monophyly of F. 
subglutinans and F. gutt i forme [syn. = F. subglutinans f. 
sp. ananas] (Fig. 9b), F. subglutinans and F. circinatum 
[syn. =F. subglutinans f. sp. pin/] (Fig. 9c), and F. sub- 

glutinans, F. gutt i forme and F. circinatum (Fig. 9c) were 
all significantly worse than the unconstrained MPT when 
subjected to the Kishino-Hasegawa likelihood test 
(P<0.003)  (Table 3). However, the F. subglutians- 
Fusarium sp. 25622 monophyly constraint was only 4 
steps longer and not sigtnif icantly worse than the MPT 
(P=0.2177).  

Discussion 

The primary objective of this study was to extend 
phylogenetic analyses within the Gibberella fujikuroi 
species complex from those reported in O'Donnell and 
Cigelnik (1997) and O'Donnell et al. (1998a) and to test 
the phylogenetic uti l i ty of exons and introns sequences 
from two protein-encoding nuclear genes, EF-lcz and 
calmodulin. Based on their ability to resolve phylogenet- 
ically distinct species via maximum parsimony, both 
genes appear to the suitable for species-level sys- 
tematics within this complex. However, results of the 
RASA analysis indicate that phylogenetic estimates using 
calmodulin may be problematical, especially when appar- 
ent autapomorphies are included in the analysis (Table 5). 
Sequences from the ITS region were not analyzed in the 
combined dataset because they are composed of two 
divergent, nonorthologous ITS2 types as reported previ- 
ously (Waalwijk et al., 1996; O'Donnell and Cigelnik, 
1997; O'Donnell et al., 1998a). Although all of the 
strains included in this study were found to possess two 
sets of orthologous ITS2 sequences designated type I 
and type II (Waalwijk et al., 1996), gene trees inferred 
from these datasets are unresolved (data not shown; 
O'Donnell et al., 1998a, see Fig. 4). Even though the 
major ITS2 types exhibit a homoplastic pattern of evolu- 
tion when mapped onto the species lineages, results of 
the present study demonstrate that, based on knowl- 
edge of the major ITS2 type of sister taxa of the new spe- 
cies (O'Donnell et al., 1998a; see Fig. 8), the major ITS2 
type of each of the 10 new fusaria could have been ac- 
curately predicted. Given that the number of reversals 
between a type I and type II major ITS2 sequence within 
the G. fujikuroi complex did not increase beyond the mini- 
mum of 3 reported in O'Donnell et al. (1998a), with the 
addition of the 10 undescribed species reported here, 
suggests that it is unlikely that additional reversals in the 
major ITS2 type wil l  be found as new species within this 
complex are diagnosed. The discovery of nonortholo- 
gous ITS and/or ribosomal intergenic (IGS) spacer se- 
quences in the same individual in Fusarium (Appel and 
Gordon, 1996), other fungi (Sanders et al., 1995), 
animals (Vogler and DeSalle, 1994; Zijlstra et al., 1995), 
and plants (Baldwin et al., 1995; Buckler and Holtsford, 
1996; Wendet et al., 1995) emphasizes the importance 
of assessing gene-gene concordance (Lutzoni, 1997; 
Geiser et al., 1998; Carbone et al., 1999), especially 
since sequences from the nuclear rDNA region have been 
and continue to be used extensively in species-level 
molecular systematic studies. 

One of the most important discoveries of this study 
is that sequences from ~-tubulin and translation elonga- 
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tion factor EF-la, unlike those from the nuclear 28S 
rDNA and mtSSU rDNA, were able to resolve all 44 spe- 
cies within the G. f u j i k u r o i  complex, and those of 
calmodulin were able to resolve all but a pair of species. 
The results we obtained with /~-tubulin are consistent 
with those of Schardl et al. (1994), Geiser et al. (1998) 
and Seifert and Louis-Seize (1999) whose studies have 
demonstrated the utility of sequences from this locus for 
investigating species boundaries within Ep i ch lod ,  A s p e r -  
g i l l us  and Pen ic i l l i um ,  respectively. The 3 protein-encod- 
ing nuclear genes contributed 86.2~ of the synapomor- 
phies and 90.1 ~ of the autapomorphies in the combined 
dataset (Table 2). In contrast, the highly conserved 
nuclear 28S rDNA lacks informative variation for 

phylogenetic reconstruction within this complex (Table 2 
and 5) and 8 pairs of species shared identical mtSSU 
rDNA haplotypes. The weak mtSSU rDNA gene tree 
topology is consistent with the relatively small contribu- 
tion of synapomorphies (11.3~ and autapomorphies 
(5.8~ of this locus to the combined dataset, although 
this locus received higher tRASA scores than either 
calmodulin or the 28S rDNA (Table 5). When compared 
with the individual datasets, phylogenetic analysis of the 
combined 28S rDNA, mtSSU rDNA and ~-tubulin data 
yielded higher bootstrap support for the monophyly of 
the African clade (88~ bootstrap) and an African-Asian 
clade (95~ bootstrap) (O'Donnell et al., 1998a). 
However, in the present combined analysis that included 
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EF-la and calmodulin sequence data, these clades 
received only 57~ and 65~ bootstrap support, respec- 
tively. Given that neither of these clades was supported 
by bootstrap analyses of the individual EF-le and 
calmodulin datasets, most of the support for these clades 
in the present combined analysis was contributed by the 
~-tubulin gene. This finding is supported by the fact that 
/9-tubulin received the highest tRASA score. By coding 
indels wi th in the/~-tubulin gene as phylogenetically infor- 
mative in the present study, an increase in bootstrap sup- 
port was observed over that reported in O'Donnell et al. 
(1998a) for the African (from 81 to 85~ and African- 
Asian clades (from 83 to 93~ even with the addition of 
the 10 new species. 

Even though the Kishino-Hasegawa test results 
indicate that a topological constraint forcing F. dlaminii 
and Fusarium sp. NRRL 26061 and 26152 to form a 
monophyletic group with the African clade was sig- 
nif icantly worse than the best calmodulin gene tree, it is 
doubtful that calmodulin wi th in the F. dlaminfi lineage is 
tracking a different genealogy. Instead, the negative 
tRASA score derived from calmodulin data that included 
autapomorphies, coupled with the failure of nASA to 
identify F. dlaminii, Fusarium sp. 25061 and 26152 as 
long-branch taxa, may indicate that saturated sites wi th 
the introns have eroded phylogenetic signal (Lyons- 
Weiler et al., 1996). Although nASA did identify long- 
branch attraction problem taxa within the mtSSU rDNA 
and EF-I~ datasets (Table 5), long-branch taxa do not ap- 
pear to disort either the ~-tubulin or the combined dataset 
gene tree topologies. With the exclusion of autapomor- 
phies, the individual and combined datasets all received 
significant tRASA scores (P<0.005,  two-tai led test us- 
ing student's t distribution; Bain and Engelhardt, 1992), 
indicating that they possess phylogenetic signal. 

Whereas the Templeton test identified calmodulin 
and ~-tubulin as the two  most homogeneous partitions, 
the partit ion-homogeneity test (PHT) statistically reject- 
ed combining these partitions. These results suggest 
that a P value of 0.05 may be too conservative for the 
PHT, especially since Cunningham (1997) found that 
phylogenetic accuracy was decreased only when parti- 
tions were combined when PHT values were lower than 
0.001. Another problem with the PHT is that it fre- 
quently detects highly significant incongruence when 
one or both of the data partitions has relatively high 
levels of homoplasy (Graham et al., 1998; Lutzoni, pers. 
comm.). As with the PHT, the Templeton test detected 
highly significant incongruence between some pairs of 
genes which suggests that it may be premature to 
identify an appropriate level of incongruence from the 
Templeton and PHT tests since they both appear to 
be too conservative (Lutzoni and Vilgalys, 1995; 
Cunningham, 1997). Given that the Templeton and 
Kishino-Hasegawa test results (Table 4) indicate that the 

DNA sequence datasets may be giving conflicting esti- 
mates of the Gibberella fujikuori species complex 
phylogeny, which could be due to either genealogical 
and/or nongenealogical discordance, we have included 
gene trees inferred from each of the loci sequenced in 
this study to provide a more complete a picture of their 
phylogenetic history (Wendel and Doyle, 1998) together 
wi th a phylogram and strict consensus inferred from the 
combined data. The strict consensus of the 135 MPTs 
(Fig. 8) inferred from the combined dataset is accepted 
as the strongest hypothesis of phylogenetic relationships 
within the G. fujikuroi species complex for the fol lowing 
reasons: clades that are strongly supported by bootstrap- 
ping in the individual datasets are also supported in the 
combined dataset, decay indices of virtually every inter- 
node are higher in the combined analysis and it is nearly 
identical to the/%tubulin gene tree topology. Overall the 
combined data strongly support the monophyly of the G. 
fujikuroi species complex (bootstrap= 100~ decay= 
53) and the American (bootstrap= 100~ decay=55)  
and Asian (bootstrap= 100~ decay=26)  clades, but 
provided only weak support for the African clade (boot- 
st rap= 57, decay= 3). It is noteworthy that bootstrap 
support for the African and African-Asian clades in the 
combined analysis decreased by 28 percentage points 
compared wi th those obtained wi th the /~-tubulin gene 
(Fig. 3). 

Knowledge of sister-group relationships of 5 of the 9 
biological species within the G. fujikuroi complex were 
advanced in the present study. Fusarium verticillioides 
MP-A, F. nygamai MP-G, F. circinatum MP-H, and F. 
udum all appear to share a more recent common ancestor 
wi th one of the new fusaria identified in the present study 
while F. proliferaturn MP-D appears to be a sister of F. 
globosum (bootstrap = 97~ decay index = 4) rather than 
F. fujikuroi with which it has been shown to share an 
intermediate level of DNA-DNA complementarity (Ellis, 
1988; O'Donnell, 1998). Because strains of biological 
species wi th in the G. fujikuroi {O'Donnell et al., 1998a), 
F. solani (O'Donnell and Gray, 1995; O'Donnell, unpubl.) 
and F. graminearum species complexes (Aoki and 
O'Donnell, 1999a, b) form exclusive groups within the 
molecular phylogenies, it should be possible to use the 
phylogenetic data to design optimal mating experiments 
to identify additional teleomorphs among the 35 ana- 
morphic species within the G. fujikuroi complex for which 
a sexual state is unknown. Such an approach should be 
especially profitable within Fusarium since many species 
are diff icult to diagnose morphologically. Because their 
extreme morphological crypsis has contributed to com- 
peting and often discordant morphology-based taxonom- 
ic treatments (Booth, 1971; Gerlach and Nirenberg, 
1982; Nelson et al., 1982; Nirenberg and O'Donnell, 
1998; Wollenweber and Reinking, 1935), published data 
on mycotoxin potential and host range is often f lawed 

Fig. 9. Unconstrained and constrained trees enforced with PAUP~4.0bl restricting the ingroup to the American clade. (A) MPT. (B) 
F. subglutinans and F. guttiforme (syn.=F. subglutinans f. sp. ananas) monophyly constraint. (C) F. subglutinans and F. 
circinatum (syn.=F. subglutinans f. sp. pim) monophyly constraint. (D) F. subglutinans, F. guttiforme and F. circinatum 
monophyly constraint. All three monophyly constraints are significantly worse than the MPT (see Table 3). 
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because many morphological species are polyphyletic in 
taxonomic practice (O'Donnell et al., 1998a; Nirenberg 
and O'Donnell, 1998). F. subglutinans, for example, 
has been applied to 13 of the 44 species wi th in the 
G. fujikuroi complex, including 1 African, 4 Asian, 
and 8 American species (O'Donnell and Cigelnik, 1997; 
O'Donnell et al., 1998a; Nirenberg and O'Donnell, 1998; 
see Table 1). To illustrate the kind of confusion a poly- 
typic species concept can create concerning host prefer- 
ence, Viljoen's et al. (1997) study of the pitch canker 
disease of pine caused by F. circinatum [syn.=F. sub- 
glutinans f. sp. pim] included strains from 8 different 
hosts representing at least 7 phylogenetically distinct 
species which they all reported as F. subglutinans, al- 
though F. subglutinans MP-E appears to be restricted to 
Zea mays (O'Donnell et al., 1998a). The phylogenetic 
status of Fusarium sp. 25622 deserves further study 
because it is resolved as phylogenetically distinct from 
F. subglutians in the present study and in the histone 
H3 gene tree presented by Steenkamp et al. (1999); 
however, Steenkamp et al. (1999) reported that 
Fusarium sp. 25622 and F. subglutinans were mating 
compatible. 

Based on results from prior molecular phylogenetic 
studies, the formae speciales naming system has been 
challenged within the F. oxysporum complex because 
many of these special forms are poly- or paraphyletic 
(O'Donnell et al., 1998a; O'Donnell, unpubl.), and in the 
F. solani complex where formae speciales described by 
Matuo and Snyder (1973) represent phylogenetically 
distinct, reproductively isolated biological species 
(O'Donnell and Gray, 1995; O'Donnell unpubl.). There- 
fore, we were interested in testing whether formae 
speciales described for F. subglutinans, f. sp. pini  and 
f. sp. ananas, form an exclusive, monophyletic group 
with F. subglutinans MP-E in the molecular phylogeny. 
Hypotheses of the monophyly of these taxa were strong- 
ly rejected by the Kishino-Hasegawa test implemented in 
PAUP~4.01b (Table 3). Results of these likelihood ana- 
lyses indicate that the formae speciales designation for 
morphologically, phylogenetically and biologically dis- 
t inct species (Nirenberg and O'Donnell, 1998) such as 
F. circinatum [ teleomorph=G. circinata] obscures com- 
munication of critical information concerning the sys- 
tematics and genetic diversity of these pathogens neces- 
sary to develop effective disease control efforts and 
breeding programs. 

Biogeographical interpretation of the evolutionary 
origin of the 4 new African and 2 new Asian species is 
supported by their geographic origins in these two 
respective areas (Table 1). However, biogeography of 
the new putative American fusaria is complicated be- 
cause 3 of the 4 species nested within this clade were 
isolated in South Africa and one came from Florida. 
Based on results of the molecular phylogeny, we theorize 
that 3 of the species isolated in South Africa were most 
likely introduced to Africa from South America on the 
fol lowing economically important hosts: Fusarium sp. 
NRRL 25622 on corn, Fusarium sp. NRRL 26756 and 
26757 on an unidentified ornamental grass and reed, and 

Fusarium sp. NRRL 25623 on mango. Moreover, the 
latter species, Fusarium sp. 25623, was isolated from 
mango imported into South Africa from South America 
(M. Wingfield, pers. comm.). Further it should be noted 
that this American species is phylogenetically distinct 
from the Asian species (Fusarium sp. NRRL 2526) 
responsible for the mango malformation disease in India, 
Israel and Egypt (Kumar et al., 1993; S. Freeman et al., 
1999; R. Ploetz pers. comm.). Based on the histone H3 
phylogeny published by Steenkamp et al. (1999), the 
mango pathogen from Asia is also present in South Africa 
and the United States. Although Steenkamp et al. 
(1999) refer to the Asian species as F. subglutinans, 
it represents a phylogenetically unrelated, unnamed 
species designated as Fusarium sp. NRRL 25226 in 
O'Donnell et al. (1998a). Biogeographical interpretation 
of the undescribed American species (Fusarium sp. 
29123 and 29124) isolated from Bidens pilosa in Florida 
is consistent wi th a range expansion of this noxious 
weed from the neotropics. 

The complex historical biogeographic pattern of the 
G. fujikuroi complex inferred from the phylogenetic evi- 
dence appears to reflect vicariant events associated with 
the breakup of Gondwanaland, at least one transoceanic 
jump dispersal (O'Donnell et al., 1998a), and the relative- 
ly recent alteration in the distribution of these fusaria as- 
sociated with movement of agronomically important 
plants (Simpson and Ogorzaly, 1995). Sampling of spe- 
cies in continents that were formally part of Gondwana is 
fragmentary as no species have been discovered within 
this complex that are endemic to Australia or New 
Zealand. For this reason in part, we theorize that sam- 
pling biogeographically rich regions such as Asia, the 
least speciose clade of the G. fujikuroi complex, should 
reveal considerable genetic diversity that will advance 
our understanding of the host range, geographic distribu- 
tion and phylogenetic relationships of these agronomical- 
ly important mycotoxigenic phytopathogens. Compara- 
t ive morphological analyses are in progress directed at 
formally describing the phylogenetically distinct species 
discovered in the present study. To facilitate future 
studies of these fungi wi th in a phylogenetic context, the 
aligned database of the G. fujikuroi complex has been 
deposited in TreeBase on the World Wide Web: 
http://www.herbaria.harvard.edu/treebase. Because 
this dataset and the one described by Bruns et al. (1998) 
for the ectomycorrhizal basidiomycetes are electronically 
portable, anyone should be able use these publicly 
accessible molecular systematic tools to identify and 
diagnose species wi th in these groups using molecular 
phylogenetics. 
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