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The fungal maize pathogen Cochliobolus carbonum pro-
duces a phytotoxic and cytostatic cyclic peptide, HC-toxin,
of structure cyclo(p-prolyl-L-alanyl-D-alanyl-L-Aeo), in
which Aeo stands for 2-amino-9,10-epoxi-8-oxodecanoic
acid. Here we report the isolation of a gene, TOXC, that is
present only in HC-toxin-producing (Tox2*) fungal strains.
TOXC is present in most Tox2" strains in three functional
copies, all of which are on the same chromosome as the
gene encoding HC-toxin synthetase. When all copies of
TOXC are mutated by targeted gene disruption, the fun-
gus grows and sporulates normally in vitro but no longer
makes HC-toxin and is not pathogenic, indicating that
TOXC has a specific role in HC-toxin production and
hence virulence. The TOXC mRNA is 6.5 kb and the pre-
dicted product has 2,080 amino acids and a molecular
weight of 233,000. The primary amino acid sequence is
highly similar (45 to 47% identity) to the 3 subunit of fatty
acid synthase from several lower eukaryotes, and contains,
in the same order as in other B subunits, domains pre-
dicted to encode acetyl transferase, enoyl reductase, dehy-
dratase, and malonyl-palmityl transferase. The most plau-
sible function of TOXC is to contribute to the synthesis of
the decanoic acid backbone of Aeo.

Additional keyword: Helminthosporium.

Cyclic and linear peptides made by the non-ribosomal

syringomycin and related compounds, 6-methylheptanoic or
hexanoic acid in the polymyxins, and 2-amino-3-hydroxy-4-
methyl-6-octenoic acid in cyclosporin (Fliri and Wegner 1990;
Segre et al. 1989; von Déhren 1990).

Five cyclic tetrapeptides are known that contain the ali-
phatic amino acid.-2-amino-9,10-epoxi-8-oxodecanoic acid
(Aeo) (Walton 1990; Itazaki et al. 1990). These compounds
are cytostatic against mammalian cells at nanomolar concen-
trations and inhibit histone deacetylases of mammals, plants,
and other organisms in vitro and in vivo (Kijima et al. 1993;
Brosch et al. 1995). Both the 8-carbonyl and the 9,10-epoxy
groups of Aeo are necessary for the biological activities of
Aeo-containing cyclic peptides (Walton and Earle 1983; Kim
et al. 1987). HC-toxin, of structure cyaeProl4.-Ala-D-Ala-
L-Aeo), in which Aeo stands for 2-amino-9,10-epoxi-8-oxo-
decanoic acid, is selectively active against maize that is ho-
mozygous recessive at thén locus, and the producing fun-
gus, Cochliobolus carbonum (formerly called Helmintho-
sporium carbonum) race 1, is selectively pathogenic on the
same genotype (Walton 1996). THen gene encodes an en-
zyme, HC-toxin reductase, that confers insensitivity to HC-
toxin and resistance 1. carbonum by reducing the carbonyl
group of Aeo (Johal and Briggs 1992; Meeley et al. 1992).

The central enzyme in HC-toxin biosynthesis, HC-toxin
synthetase (HTS), has been purified and partially character-
ized. HTS is a 570-kDa polypeptide encoded by the 15.7-kb
open reading frame dfiTSL (Panaccione et al. 1992; Scott-

“thiotemplate” mechanism are a diverse and biologically im- Craig et al. 1992). HTS has been shown to catalyze ATP/PP
portant group of secondary metabolites from bacteria andexchange dependent on three of the four amino acids in HC-
lower eukaryotes. The enzymes involved in the biosynthesistoxin (L-Pro,D-Ala, andL-Ala) and to epimerize-Pro and.-
of such peptides act by a common mechanism involving acti- Ala (Walton 1987; Walton and Holden 1988), and is presumed
vation of the individual amino acids as aminoacyl adenylates also to activate Aeo or an Aeo precursor. Based on its se-
and thioesterification to enzyme-bound panthothenic acid quence, however, it is unlikely that HTS itself synthesizes
(Kleinkauf and von Déhren 1996). Many non-ribosomal pep- Aeo, although it could conceivably catalyze its modification
tides contain unusual amino acids and non-amino acid con-(Scott-Craig et al. 1992).
stituents, which are frequently aliphatic acids, @dydroxy- Little is known about the biosynthesis of Aeo in any of the
tetradecanoic acid in surfactin, 3-hydroxydodecanoic acid in organisms that make it. Wessel et al. (1988) showed“Bat
acetate is incorporated specifically into the Aeo moiety of
HC-toxin, and since cerulenin did not inhibit this process it
was proposed that Aeo is synthesized by a polyketide synthase
or cerulenin-resistant fatty acid synthase.

SinceHTSL is absent from natural HC-toxin—nonproducing
(Tox2) strains of C. carbonum (Panaccione et a. 1992; Ahn
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and Walton 1996), other genes encoding enzymes involved in
HC-toxin biosynthesis, such as a putative Aeo synthase, might
aso be unique to HC-toxin-producing (Tox2") strains. Here
we report the characterization of a new region of Tox2'-
uniqgue DNA and show that it contains a new gene called
TOXC. TOXC encodes afatty acid synthase and is required for
HC-toxin production and pathogenicity by C. carbonum.

RESULTS

Discovery of TOXC.

HTSL, which encodes a tetrapartite cyclic peptide syn-
thetase required for HC-toxin production, is present only in
Tox2" strains (Panaccione et a. 1992). Most Tox2" strains of
C. carbonum have two copies of HTSL and in strain SB111
they are 270 kb apart on the same chromosome (Panaccione et
a. 1992; Ahn and Walton 1996). Flanking the 3' end of HTSL
is a region, contained in the EcoRI/Sall genomic fragment
CC62, that is present in the genome of strain SB111 in at least
three copies, two of which directly flank the two copies of
HTSL (see Figure 1 in Panaccione et al. 1992). A 5-kb BamHI
fragment that hybridizes to CC62 (Fig. 1), however, represents
DNA that is also present only in Tox2" strains but that is not
flanking either copy of HTSL, and therefore represents novel
Tox2*-unique DNA elsewhere in the genome. A genomic li-
brary of C. carbonum SB111 DNA in EMBL3 was screened
with CC62, and A inserts containing 5-kb BamHI fragments
that hybridize with CC62 (fragment A3B2; Fig. 1) were iso-
lated and mapped. One such A insert (AA3) was subcloned
into pBluescript KSII to create pA3 (Fig. 1). Approximately
10 kb of the 11-kb insert in pA3 is absent in Tox2™ strains of
C. carbonum (data not shown). Sub-fragments of this DNA
were used to screen a cDNA library made from mRNA from
C. carbonum SB111. One 1.8-kb polyadenylated cDNA,
caled pAJ8, mapped to a 4.5-kb BamHI genomic fragment
(A3B3) from AA3 that lies adjacent to fragment A3B2 (Fig.
1). pAJ is polyadenylated and contains a single stop codon.
Fragment A3B3 was used as a probe to isolate a AEMBL3

2kb

genomic clone, AA4, that overlaps AA3 (Fig. 1). Within AA4,
the 2.5-kb BamHI/EcoRI fragment AJL7 is aso present in
Tox2" but not Tox2™ strains (data not shown). pAJ8 was the
only cDNA found when genomic fragments from this region
were used as probes to screen the cDNA library. The gene cor-
responding to pAJ8is called TOXC.

Nucleotide and amino acid sequences of TOXC.

A 7-kb genomic Xbal fragment (Fig. 1) containing pAJ8

and upstream sequence was sequenced on both strands (Fig.
2). This region contains one large open reading frame of 6.4 kb
except for one intron of 59 bp identified by comparison of the
genomic sequence to that of pAJ8 (Fig. 2). The size of this open
reading frame is consistent with the estimated size, 6.5 kb, of
the TOXC mRNA (Fig. 3). There appear to be no other introns
because the rest of the sequence of TOXC has only one stop
codon and no frame shifts and also because it closely matches
the sequences of related genes throughout its length. We cannot
exclude the possibility of intronsin the 5' untranslated region.

The predicted product of TOXC, ToxC, has 2,080 amino
acids and a molecular mass of 233 kDa. Its sequence is
strongly similar in size and sequence to fatty acid synthase
subunits from Yarrowia lipolytica (2,057 amino acids, 66%
similarity, and 47% identity; Kottig et al. 1991andida al-
bicans (2,076 amino acids, 65% similarity, and 47% identity;
Zhao and Cihlar 1994), anBaccharomyces cerevisiae (en-
coded byFASL; 2,037 amino acids, 64% similarity, and 45%
identity; Schweizer et al. 1986). ToxC has 58% similarity and
38% identity to the fatty acid synthase subunit (1,900 amino
acids) found in the sterigmatocystin cluster Asfpergillus
nidulans (Brown et al. 1996). Domains corresponding to ace-
tyl transferase, enoyl reductase, dehydratase, and malonyl-
palmitate transferase are present in ToxC as are the two con-
served serine residues in the two transferase domains (amino
acids 276 and 1828; Fig. 2). The corresponding ToxC domains
are 34, 50, 38, and 49% identical to the acetyl transferase,
enoyl reductase, dehydratase, and malonyl-palmityl transfer-
ase domains, respectively, of the product of the yeast
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Fig. 1. Restriction map of TOXC and flanking DNA. Cochliobolus carbonum strain SB111 has three copies of TOXC; the map of copy 1 is shown. Two
overlapping lambda genomic clones (A3 and A4) are indicated. DNA from the left-most BamHI site to the right-most Xbal site is unique to Tox2* fungal
strains. The TOXC transcribed region and direction of transcription are indicated by the dashed arrow. AJ8 is a partial TOXC cDNA. A3B2, A3B3, AJl4,
AJ16, AJ17, and AJ18 are subcloned fragments used as hybridization probes. AJ9 and AJ11 were used for the gene disruption experiments. A, Accl; B,

BamHI, Bg, Bglll; H, Hindlll; N, Notl; RV, EcoRV; X, Xbal.
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gene (Schweizer et al. 1986). By BLAST (Altschul et al. Characteristics of TOXC.

1990), ToxC is only weskly related to polyketide synthases. TOXC is found only in isolates of Cochliobolus that make
The polyketide synthase most closely related to ToxC is the HC-toxin (Fig. 4). In across between SB111 (Tox2*) and SB114
sterigmatocystin polyketide synthase of A. nidulans (Yu and (Tox2"), TOXC segregates with HC-toxin production (Fig. 4).

Leonard 1995), which gives a score of only 71, compared with Most Tox2" strains of C. carbonum have two copies of
1273 for the fatty acid synthase subunit of Y. lipolytica. HTSL (Ahn and Walton 1996) and three copies of TOXC (Fig.
1 CTAGRABAACAT TCTATCTTTTCRAAGCCTC T T TEC TOTEGECTT TCCTTAGTTCC TTCTCCGCTGTTCT 3571 COTTAGTATGCCTCTACCCGCTGTCEACGT TTGEATETCTCTTTTGGCAGGTARGAGCCGCTCCTGEOGE

7% TACGTTTCTTGCTACTCTCTAGPCAATATCCAGCCAGARGAAGCCAGTCAGCTGGAGGRCACAGTETTCG 1139 L § M P L P A V D ¥ ¥ M 8 L L B ¢ K § R S W R

141  ATAGTGACTTCTTCACAATGTTATTAACAGCCCARATACCCGAGTCACTARCTCCCTTCTCGATTTCCCA 3641 CAUGCCATCATGTCAGC TCCTGATT TGOGTGGCARR TCCOATGAGACGACTAT
1 M L L TAGQZI®PESTLTT®FSTS H 11624 A I M 8 A G £ ¥V T 0 ® N K ¢ ¥ 8 N P ¥ R R L ¥
211 TEGTTCTCICTCEGTATCATGGCTECTGCCATACCGTC TECACT G TALGE TACTCGGUTGTACAGRACT 3711 TCGCACC'I‘GCCCATGGTA'I"I'CG'I'GT'1‘CAGAT'I'CG(;‘AAACCTGATGTGCCCTC&CAAACCGAGGTTGTCTT
1% ¢ 5 L 8 Vv § ¥ L L P Y RLHHCTYA ATRTILTYRT 1186 A P A H G I R V Q I R K P D 3 o T % VoV L
281 TTCGAAGCCACTCTAGCTGCCAGEAGCGANAACTCAGAGCACCOCATEACACTG TGTCC TCAGTAGAGS 3781 AGARGAGCAGCRAGRATCTGECRTTTATGAGGTGECTGTTC s-rscma-rwmmmm GGAGARATT
42 ¥ E A T L A A KR &§ n N § EH P I T L L § S V E L 1208 E E Q Q E 8 6 I Y E V A YV R A 6 L N E DG E I

351 TAGUCGCACACTACATGIGTTATGTCGUACACGAGACCCAAGCCAATACAGATAGAGE TTEGCACCCARAL 3851 ATTGTAGAGATGTTCGAAC! TGTCCGACTTGETCGTGTCTCTCCCCTGCGAT TCAGGTACAR
66 AR H Y MCYVAHETO QANTDRATCTGOQ QT 1232 1 vV EM F E R RN M § D L V V § L P L RE R ¥ X
421 CCATGATATCTCTAAGTTACTTTTGGAGGACT TCGAGGCCACGTTTCTCGATCGRATGACATCCATACT 3921 AGCCTGAGTATGGTTACGCACCCATT: AATCAT TCGARACGAGCGCATARGGCGATTCTA
98 HDISZKZULLTULETDTETETH ATTETLTERTSENTIDTIHT 1256 P E Y 6 Y A P I R E I M E D R N E &R I R R F ¥
491 CTAGCATCGGOTCTTOCTAGTAGCGAT TCTGUGARAGACGAGC TCCTTCGCTGTTAC TATGARRCATGTT 3991 CTGGAGCATCIGGTPTGGCARRRGECATOCCATUCTGGAGEGEAGTC T TAGCGACAGCTTCGAGTGCGET
112 L. 2 8 2 L # § § P 8 A K D E L L R C Y ¥ E ¢ C F 1298 W 8 1 W F 6 K $ H P I LEG 5 L 8D S F E C &

561 TCATCACGAAACATARCACACCGCTCAACGAGTCTGCCCTATTGARGECCGCTOGCGRAGGTATTGTTTC 4061 ARRGAGARGATTACTCGTCAGCATGTCGARAGTTTCATCCAGGCCATCAACARCTCCACCAGGACCCATA
13¢ i T KHNTP?LNTESO AILTULTZEKSG ASEZRETGT TV VS 32X E XK I T R Q KV E S F I @ ATNNSTRTHE
631  CTTGTATACTACTTTCAGCGGGUAGEETTCTCGTGGACGATACT TUGACGARCT TAGAGAGCTGTTCCGA HindITT

13 L Y T T F § 6 Q 6 ¢ 6 & R Y F D E L R £ L F R 4131 BGAATTTTCTGGAGCCAGCTACGAACGTTTCTATRAGOT T TGCCAT TCCGGTAGCATGEAARGICATTCT
T0L  CTTTATCCATCITTCGTGGGARCTCTCATATCAGAGTCCGGGAACCTGTTTCCAGARL TTGCCAGCARCE 1326 N F L E P A * N V 8§ I § F A I P V A W K AR I V
182 L Y P 8§ P Y € T L I S E 5§ G N L F R E L & S N E 4201 AAAGCCGTTATTTCTTARCGCAC T TARTGGCGACTTCC TCCARCTTGTTCACTTGTCEAATGAGT TTCGT
771 CTAGCGUTGGCAGGCTGTTCAGCARNGGAT TCGACATCATEGC TTEGCTECACCACCOGUARRCTACACT 139¢ ¥ P L F L K A L N 6 D L L @ L ¥V H L § N E F R

206 8§ A G R LF S KGFTDTIMATSWYWTLHHETEPOGTT P 4271 RTGACACCCGGAGCGGAACCTTTGARAATCGGCGAGSAAGTATCGACTGTGGCACGTATCARCGCCATTA
841 AGACACCGAATATCTCATTTCCGCACCAGTCAGCT TTCCAATAATCGG MCTAGT TCAGCTTGGACACTAT 13724 T P ¢ A E P L K I G B E V 8 T V 2 R I NAIM
229 p T E Y LTI S APV SFEFPIIGILV QLGEEH?Y 4341 TGARCCRRGATTCAGGGARGATGGTUGARGTCAGT GUGGEUGTAT PGCGAGHCAPAGARATAGTCGTGGR
911 GCTGTGTCCTGOAGGGOTATGGEGC TAGACCOTGETGOCTICCARAGEAGCATTCGTGEAAGTACAGGCS 1396 M 0 D 8 & KM V E vV S A AV LR G KE 1V ¥ E
252 A vV § ¢ R A M G L D PG A F QRS I RGSTG H 4411 GATCATATCCCGGTTTCTGTACCGGGGGECTTTCGTCGACT TCARGGACACGTTCCARTGCAGRGATGAG
381 ACTCACAAGGCATTGTSGTTGCEGCGEC TATETCTGCAGUGGAT TCATGGEARGCAT TTGACCGGETTGGC 1411 I I s R F L Y R 6 A F V D F K D T F o ¥ R D E

278 s ¢ 6 I vV VARAMAMSARATDT STVYEHA ATFETIDIRTLA 4481 COCCTTATGCAARTACAGCTAGCTACCTCCARACACATCGETETIC TPOGAAC GGTTTGTT
1053 CATATCTTGCCTCACAGTGCIGT TCTGGAT TGGTGT TAGAAGTE AGCAAGCAGCECC TCAGATETCACTA 42 L M Q T @ L & T 8§ K B t A Vv L R TRETVWTFV F
29¢ I 5 € L 7T VvV L F W I GV RS Q QAATEOQME L BglII

1121 TCGCCAGCCCAGATACARGATTCCATTGACCATAACGAGSATGTGCC TTCACCGATGCTTAGCATCATAG 4551 CGACGCAGGGCTGTAACATAGATCT TGT TGGACACACCT TAACAT TCCARATGCGCTCGC TGTACARATT
322 § P A O I § P § I DHMNZEDTYP® S8 P2 MLSETTIGE 1466 T ©Q ¢ ¢ N I D L V 68 ¥ T L T F Q M R 8 L ¥ K F
1141 GCCTCTCTCGACTTGATGTTICAGATGCATAT TGATTCCAT TARTCATTATCTGCC TCAGTOTGAGCATAT 4621 CCARAGCARGACTGTCTTIC T ACAT TACATTGEAGTTGGCCCCCCAGARA
34¢ L &8 R LDV QM X I DS INHTYTILEPOQSEH L 148 ¢ § K T v F R R I E T H ¢ K V T L E L A 2 Qg X

1261 TTCTATCTCACTTGTGARTGEEGECAGGCATATAGT TG TETETGECATCCCGTCCACTCTCTACAGETTC 1691 ATTGTGCARGTCGCTACTGTGUAATATGARGTGEGCAT TG TUACAGTAACACGETGATTGAGTTTCTTG
33 8 I § L ¥V N G R H I V V 8§ 6 L B S TLJYRF 1512 T vV ¢ VA T V Q Y B ¥V 6 T ¢ H §$ N T V I EF L D
1331 RATTTGCTACTACGGARRATCAARGTACCTGATCATTCAGGACAGCCTCGCGCGACGTCTARGCAGARRA 4761 ATAGATATGGCTCTTATTCCCAGARCTCTGTGGACT TCGRAGATCCCGTTTCCGTACCGAATAATGGGGA
3% N L L LR XTI KY ? DHS G QP R’ ATSIKTGGTZ R X 5% R Y & S ¥ S Q N s v D F E D PV 5§ V P NNGE
1401 AGGCACARTTTTCTGCACGCTTTCTGCCCATTACTETACCTTTTCACAGTCACCATCPTETGAGUGTCGE 4831 ARGTCTGCTTATATGCGCTCCATCC TCGAATGARGCATACGCACGOACTTCEEGAGACC TCARTCCCATT
418 A g ¥ S ARF L P2 I TV EFHSEHEHTELVYV SV G 159 § L. Vv I ¢ A P S § N E A Y A R T § € D L N P I

1471 BAGCGTACTTGAGGARGATTTAMAGAATGTTTTTATCGGTTCCARAGATCTTGGTTTTCOTETTTTCAAT 4961 CATGTCTCGCGTACATTTGCAGARTATGCCGGACTICCTGGACTGATTACTCATGGUATGTATIGTAGTS
439 8 ¥ L E B P L E NV F I G 5 % D L GFEVF N 152 H v § R T F A E ¥ A 6 L P ¢ L I T H @ M Y C S A
1541 ACATACACCEGRAGRGACCT TAGGECEGAAGTCATAGGARRCATCGTTCCACCCTTAGTCAGRATGGTCR 4971 CTGCCATACAAGACCTGGIGGAACGCCTGGT TGCGEATGGTAATECTGCECETATCCEECARTTCTCTAT
462 T Y T 6 R D L R A E ¥ I & N I VY P B LY R ¥V % 1666 A I © D L Vv E R L ¥V A D G N A G R I R Q F 8 M
1611 CCCAATATCCAGTCTTCTGGGGAGCTGCGETAGAAT TTCCTGGAGCARC TCACATTCTTGAGT I TGGECT 5041 GAGCTTCGTAGGCATEGTCCTACCTARTCARARACTCGARGTGAAACTAGAGC ATATCGGCATCGTGGAR
486 Q Y P Ve VGEAAVYETFTPGSATHTITLTETFOQGEP 1629 8§ F V G M V L P N Q K L B ¥V K L E H I @ M V E

1681 TGGGGGTCTCTCTGGETCAGETGCCTTGACAAGOCACATTARARATGGGACAGETGTCOGEGTCATCTTT 5111 GGTATGRTCCGTCTTUATATAGAGGCTAGAG TCARGARRCAGGACRCCGTETCATTGTTGGCGAGECCA
509 6 6 L § 6 § G A L f § H I K N G T G V R V I F 16526 M I AR L H I E A RAQ E T 6 HRV IV G E A K
1751 GCOGGACTCACTAGTGGCAGCARTCGAUAGET]GGC TATARGCAGGAGC TC TTTHCACGAGATACGTGCC 5181 ARATCACCCARPAAGATGACARCTTACGTGT TCACCGGTCAGGGATCGCARGARAAGGGGATGGGARTGGA
532 A & L T 5 6 § N R Q V @ ¥ K 0 E L F ARDT C H 1676 I T Q KM T I Y ¥ F T G g 6 8 Q E K GMGMD
1821 ATGTCAAGTTTGCAGATGATTGETCCCEARRATACGCCUCGAGCCT TGTTCGTACCTCCARTARCAGCAT 5251 TCTTTACAACCAATGTCCAGCAGC TAGGGARGTATGEGATCGGGGTGACAAGTAPTTTCTGCATAAATAC
556 ¥V K ¥ ADDVWY S R X Y BR P S§LVRTSSHNNGS I 169¢ L Y N g ¢ P AR AR EV W D R G D KZYF % H K ¥

1891 TGTTGTARRCACGARGATGAGTAGGCTGOTCGGOCTECCACCTATCATGGT TGGAGGARTGACACCTACA 3321 Gytagagttgecogottgtaggagat gotgacagtt gGATTTGCARTTACAACT
578 Vv ¥V N * K M § R L L 6 L P P I MV G G M T P % 1722 G g B I TT

1961 ACGGCTGCCTGEGEAT TTGT TGCAGCTACGATGAACGLCGGCTATCATAT TGAGC TGGCAGC TGO TGGAT §391 ATTGTTCGAGATARTCCARAGCAACTTACCSTTCATTTTGGTGGCCGCOARGGAGAAGC TATCCGTOAGE
602 T A R W 6 F V A AT M N A G Y H I ETULGATGBETGSG Y 1726 T vV R D N P K ¢ L * ¥V H #F 6 6 R Q ¢ B A I R Q N
2031 ACTCCGATGCAAACGCTTTTGARRRCGCCTTGT TGARTATTCAGAAGACARCTGCGTCTGGCCGTGGCAT HindITT

626 s bANAF ENALTLUENTOOZEKTETTA ATSETGZ REG I 3461 ACTACATCARCATGARAGTCGARACAGTCGUCGARGATGGETCAATCCAATACGARAAGCTTTTCAAGGR,
2101 TACTGTAAATCTCATOTACTTGAGTTCTCATGUAGTARATIGGCAGATCCCACTTCTTAGGCGACTGATA, 1752 ¥ I N M X ¥V E T ¥V A E D ¢ 8 I @ Y E K L F K
649 P* ¥ N L I Y L 5§ & H A vV N ¥ 0 I ? L L R R L I 5531 TGTGGACCATARCACGCAGTIT ATTTCEOTCGCCARCGGGGC TEC TCTCAGC TACACAGTTTACA
2171 ATCGACGGTTTCCGAATTGARGGUATTACCAT TGECGGEGETETCCCATCGAT TGACGTAGCGAAGGAAT 177 Vv D H N T ¢ F Y T F R § P T G L L 8 A T @ F T

$72 * D 6 F R 1 E @ £ T I 6 G 6 V ? 8 I D V A K & ¥ 5601 CARCCAGCATTGTCTITGATGGCGAGAGCCAGT TTCGARCACTTACARATCCARGGATTAGTAGATGGCA
2241 ACATTACAACCCTAGGARTCARACATATCGGATTCARGOCOGETCCARS TACGGCTAY TGATGCTGTCAT 178 g P A L 8§ L M A R A 8 F EH L 01 Q &G L V¥ Do N
£96 I T * L G&TIRXKHKHTIGEP? K P &P T 7T A ITDAVYT 5671 ACTGCTACTATGCTGGTCACTCECTGGGTGAGT TTTC TGCET TAGCAGCGG TGGCAGGTATARTGTCGET
2311 TGARATTGCGCAGGCARATCCTACATTTICCGGTAT TTCTTCARTGGACAGECGELCGARGTGGGGGCCAT 1822 ¢ ¥ ¥ A € H S L 6 E F S A L A AV A G I M S V¥
711 & I A Q AN P T F P VvV F L QW TGGTRSG 6 H 5741 CGAGTCCCARGCGCTRATCGCCTTTTATCGTGGGT TGACTATGCAGRAAGCAGT TARCCOTGACGAGASE
2381 CACTCGRACGAAGATTTTCACCAGCCTATCCTAGARRCATACGATCGOAT TOGGCARTGCEATAACATTIA 1845 E § Q@ A L I A F Y R 6 L T M Q KA V N R D E £

742 H § N E » F H Q P I L E T Y D R I R © € D N I T AccI

2451 TTCTTATTGCCGEGAGTGGC TTTGETOEGGCTGUAGACACT TATOCGTACATTACAGGGGAGTGGTCTCT 5811 GGGCGATCAARTTATTCTATGTGTGCCGTAGACCCTAGCAGGATCTCGGCGACGTATGAT ]
768 L I AGSGF 66 AADBT Y 2 ¥ ITGETVS L 866 ¢ R 8 N Y § M ¢ A ¥V D # 5 R ¥ S A T Y D E E A F
2521 ACGTTATGACTTTCCGCCTATGCCATT TGATGOGTG TTTGCT TGGTAGCCGTETTATGET TGCCARGGAA 5881 TCCTAACTATTGTGAGGGAARTTGCCGCAGARECCGGTTGGCTECTAGAAGT TGTCARCTTTARTGTCGC
75 K Y D F P P M ? F D G C L L G 5 R VMUV ATEKE 1892 L T I V R E I A A E T 6 ¥W L L £E V V N F N V R
2591 GCUTCGTACTAGTCCTGCTGCARAR TTATTGTCGARACT TCTCARTGATAACGAGTGGAGGA 5951 ARATAAGCAATATGTTTGCGCTGGARRTCTACATGCTCTGGACACUCT IGETGGTCTPACAGATCGCTTG
812 A R T 8 P A A X R V I V E T E G L N D N E ¥ R R 1918 N K @ Y ¥ ¢ A 6 ¥ L H A L D T L A G ¥V T D R L

2661 GRAACATATGAAGARGCAGCCGGCGETATTATTACTETCCAGTCCGAGATGGGTCARCCCATTCACARGAT 6021 AGGCTGCTTCAGATCARCGCCTCGGAGATGGAGEAGTGTTTGCATGAGATCAT ICGGCAATETGTACARG
836 T Y EEAAG®SGIITV QS8 EMGG EU®P?®TIHE KT 193 R L L @ I N A S £ M E E ¢ L H E I I R Q ¢ V @ E
2731 CGCCACAAGGGGAGTACTATTCTEGGCTARAT TGGATCARATGATC TTTAGCCTGCCAPAGGARRAGCGT 6091 RARCCARRTCGARGTCAACCCCACTGGAGCTARCT TCGCGACAATACCACTCC TTGA
85 & T R 6 V L ¥ ¥ A K L D Q M I £ 8 L P R E K R 192 7 X 8§ K 8 * P L E L ™ R 6 T A T I FE L g & I D
2801 ATTGCCGAGCTGCARAAGCATCGCAGT TGEATAATCAAAGGGC T TAATGACGATT TCCAGRAGCLTTGET 5161 CGTGUCGTTTCATTCARCGT TCTTEEGTGETGGEGTGCGECATTT TYTCTACACGARBACATT
882 I A E L g K H R § ¥ T T K 6 L N DDF QKPP WF 1985 v 2 F H § * F L R 6 6 V R H F R E ¥ L H E N I

2871 TCGGCCCAGACAGCGCAGACCARGTTGT TGARCTTCGGCATATGACT TATGCTGAGGTACTTCGCCGCAT 6231 GATAAGAGGAACATCARCCCTGCTAAACTGAT TGGAAGATACATCCCCARCGT TACTGCACGETCATTCC
906 G R DSADQV YV ELRDMTTYATETYVL R M 200D K R N I N P A KL I G R Y I ENV T ARTSESTE @
2941 GGTCCAGCTCC TCTATGTTARGCACCAGCG TOGATGGATCCATTCATCCTACGC TETACT T TTCAAGGCA 6301 AGATAAGTAAGGAT TATTTCCAGTATGTATACGATCTTACTGGCTCGTCGCARCT GCCTTGAR
92¢ ¥V Q L L Y V K H Q R R ¥ I H S 8§ ¥ A V L F K A 2032 I § XK P Y F Q YV ¥ O L T E& S8 8 ¢ L RDATLK
301l TTCGTCAATCGITTAGAAGAGCGCTTTACCACCARARCTGTCCAGTCGTATOTGATTCAGGAT TGCARGA §371 GARCTGGG: TCARATGGT TCARATGGTETGGAAGAATGTACCGAAPGTAG
9% F ¥ N R L E E R F T T K ¥ V § 8 Y L T 0 D € K ¥ 2066 N ¥ B I Y E XK 8 N 6 EE 8§ N G V EE ¢ 8 E C R

3081 CTATTGATGATCCCTACAACATCATCACTGT TGTGCTATTGCARTACCAACAAGCCATCARAGAARCCAT §441 AACTCTCTATAARRARTAGTTTCTTACTGTATGTTTATCTAGTCGATCCCCATCATATATTAGTAGARAT
97% I DD P Y NI ITVYVLLQYE®S2ATIXKETZI 2078 N 8 3 * +

3151 CCTARCACCCGATGTCEAGTACTTTCTTC TACTT TG TAAGCGGAGAGGCCAGARRCCTGTCCOCTTTGTA 6511 TGTTGCTAGAATTTATTGGTATTGGTTCGTCATATCTAARTGTACAT TAAT TCTTATACCAGAGT TAACT
99¢ L T P D V E ¥ F L L L € K R R G O K P V P F ¥ 6581 GCTATTTAGTAGTGGTTAAATATACAGCC TAAACTATTGARTGGRT TAGTGARARTAT TGASCTTCAGTA
3221 CCCGCCTTAGATGARGATTTTGAGTTTTTCTTCAAGARAGACTC TUTATGGCAATC TGAAGATTTGGAGE 6651 TGACGTTGTGGTGGAGCAACC, TGTAAGGAGAAGGCCT TATGATG
022 P A L DEDTFZEF P F K KD S LWGQSETDULE A 6521 TRAGGTACGS AR T ATAACT AGAGACTACTACCAACT TACAAGTTTGHAGACCCTT CARAC
3291 CTGTCGTCGACCAGGATGITGGTCGCACATETATCC T TCARGGACCAGTGGCCGCGARGTACTCTGTTAA 6591 CGGAAACATACACTCATTTCATGCATCGAGAARCCTGCGCAGATGGAGGTGARTAACAACECTATACGACA.
igdé v v » ¢ » v ¢ R T € 1 L Q 6 P ¥V A A R Y 8 V K 6661 ATATARCGTGTICCATGGECGAGTGCTGCATCCCACCCCACCTRACGTGACTCTCTACACCATTGAGCCE
3361 GGTGGACGAGCCAATCGC TGAGATCCT TGGCAGCAT ICACCARGGCCATGTTACTCGCATTCGAGRAGAR, 6731 CARCGACGTAGTTARAGTGGATGARTCTTGGAGGTATAATGATT TATTTAGCTCTGCATGARGCCCTAGT
068 vV D % P I A E I L G 8§ T H Q € HV T R I, R E E 7001 ATGTACTTCAACGTGACGCTTCGTGCACGT TTGOGGUGCELG

3431 CGTTACTGCGCCACGCTTGACTCAATTCCT MM TGTTGAGTATTYT BTCPATACAGT TGGACA

g2 R ¥ ¢ A T L 3 § I P F V E ¥ F G 6 E § I @ L D M
3501 TGTCTTCGCTTGCAGACGGCATUGAGCAGTCCCACARCGAGCARGCCAGTATC TATAGCCTTCCTTCCTC
1136 § § L. AP &I F Qg F KNEUGQ®AS I ¥ S LEPEF 5 &

Fig. 2. DNA and deduced amino acid sequences of TOXC. Amino acids are placed underneath the encoding nuclectides. The single known intron is
shown in lowercase letters. The stop codon is indicated by * and the polyadenylation site by #. The restriction sites used for construction and lineariza-
tion of the two disruption vectors are indicated. Sequence data for TOXC are to be found at GenBank as accession number U73650.
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BA). Strain 171 has four copies of TOXC (Fig. 5A); this same
strain aso has three instead of the normal two copies of at
least part of HTSL (Ahn and Walton 1996). In SB111, the
three copies of TOXC have the same restriction enzyme pat-
tern from the Notl site on the left to the right-most Xbal site as
drawn in Figure 1. However, the three copies can be distin-
guished by digestion with EcoRI, Xhol, Sall, or Apal. Apal
digestion gives a number of fragment length polymorphisms
in independent Tox2* strains with TOXC as probe (Fig. 5A).
Apal aso gives polymorphisms when blots are hybridized
with HTSL (Ahn and Walton 1996). Strain 164R10, which
produces HC-toxin and is fully pathogenic, has only two cop-
ies of TOXC (Fig. 5B). In strain SB111, all three copies of
TOXC are on the same 3.5-MB chromosome as the two copies
of HTS1 but are not tightly linked (Ahn and Walton 1996).

Creation of a TOXC null mutant.

To test the involvement of TOXC in HC-toxin biosynthesis,
the two copies of TOXC in strain 164R10 were mutated by
transformation-mediated gene disruption (Panaccione et d.
1992). Alternate copies of TOXC were disrupted with an in-
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Fig. 3. RNA gel blot analysis offTOXC. Approximately 2.5 pg of

ternal TOXC fragment (AJ11l; see Figure 1) and acetamide
selection. The two copies of TOXC can be distinguished with
Sall, which generates TOXC-containing fragments of 8.5 kb
and 12 kb (Fig. 6A, lanes 1, 4). Since the acetamide disruption
vector pAJ11 contains no Sall sites, homologous recombina
tion of pAJ11l at TOXC should result in disappearance of e-
ther the 8.5 kb or 12 kb Sall band and appearance of a new
band that is 8.0 kb larger. As shown in Figure 6A, the pattern
of hybridization is consistent with transformant T491-1 having
pAJLl integrated into the 8.5-kb copy of TOXC (lane 2) and
transformant T491-2 having pAJll integrated into the 12-kb
copy of TOXC (lane 3). In both transformants, one intact copy
of TOXC remains (Fig. 6A, lanes 2, 3).

Transformant T491-2 was re-transformed with a vector,
pAJ9, containing a different internal fragment of TOXC (AJ9;
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Fig. 4. Presence of TOXC only in HC-toxin-producing strains of Coch-
liobolus carbonum. DNA was digested with BamHI and the blot probed

with AJ9 (see Figure 1). + and — indicate whether a particular strain
makes HC-toxin. SB111 and 81-64 are race 1 (toxin-producing), SB114
and 1309 are race 2 (toxin-non-producing), and 1368 is race 3 (toxin-
non-producing). Races 2 and 3 are distinguished from each other by
their differential virulence on different maize lines and the appearance of
their lesions (Panaccione et al. 1992; Walton 1990). R5 through R18 are
the random ascospore progeny of a cross between SB111 and SB114;
their full strain designations are 164R5 through 164R18.
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Fig. 5. TOXC copy number in different isolates @bchliobolus carbo-

num. (A) Independent field isolates 6f carbonum. Isolate numbers are
given above the lanes (Ahn and Walton 1996; Jones and Dunkle 1993).
DNA was cut withApal, separated by contour-clamped homogeneous
electric field (CHEF) electrophoresis (0.5 to 2.5 s switching time, 150 V,

polyA*-RNA was fractionated on a 1.0% agarose gel containing formal- 20 h) and hybridized with probe AJ11 (see Figure(R).164R10 has
dehyde and the gel blotted. The blot was probed with pJA8, a partial only two copies ofTOXC. DNA was cut withXhol and hybridized with

TOXC cDNA.
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probe AJ11 (see Figure 1).



see Figure 1) and the hph gene for selection on hygromycin.
pAJ9 has a single BamHI site. Fragment AJ9 hybridizes to
only one BamHI fragment in 164R10 because this 4.5-kb
BamHI fragment (A3B3; see Figure 1) is the same size in both
copies of TOXC (Fig. 6B, lane 1). In transformants T491-1
and T491-2, which have aternate copies of TOXC disrupted,
homologous integration is evidenced by the appearance of a
new band of 6 kb (Fig. 6B, lanes 2, 3). The pattern of hybridi-
zation of A3B3 to transformant T511 is consistent with inte-
gration of pAJ9 into the remaining wild-type copy: the 4.5-kb
BamHI fragment is gone and a band of 2.3 kb has appeared
(Fig. 6B, lane 4). Disruption of both copies of TOXC in T511
was confirmed by cutting with Xbal; both wild-type A3B3-
hybridizing fragments of 7 kb are gone and fragments of 8 kb
and 5 kb have appeared (Fig. 6B, lanes 5 to 8).

Phenotype of the TOXC null mutant.

All TOXC disruptant strains, including the TOXC null T511,
grow and sporulate as well as wild type on V8 agar plates.
Therefore, TOXC is not required for normal growth and de-
velopment of C. carbonum. HC-toxin in culture filtrates of
strains 164R10, T491-1, T491-2, and T511 was analyzed by
thin-layer chromatography (Meeley and Walton 1991). TOXC
single disruptants make wild-type levels of HC-toxin, but the
TOXC null mutant T511 makes no detectable epoxide-
containing compound with the same R; as native HC-toxin.
T511 also has no detectable HC-toxin by reverse-phase high-
pressure liquid chromatography with detection at 230 nm (Fig.
7A). Since T491-1 and T491-2 both make HC-toxin but T511
does not, both copies of TOXC in 164R10 are functional. T511
apparently does not make any novel epoxide-containing com-
pounds; no new peaks of absorbance at 215, 230, 254, or 280
nm that might represent shunt metabolites related to HC-toxin
were consistently observed in culture filtrates of T511 or in
chloroform extracts of the mycelia mats.
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Fig. 6. Targeted disruption of TOXC. (A) DNA blot showing disruption
of one or the other copy of TOXC with plasmid pAJ11l. DNA was cut
with Sall and the blot probed with AJ11. Lanes 1 and 4: 164R10 (wild
type); lane 2: T491-1; lane 3: T491-2. Strains T491-1 and T491-2 have
aternate copies of TOXC disrupted. The pattern of hybridization of
T491-2 is consistent with homologous integration of multiple tandem
copies of the plasmid. (B) DNA blot showing double disruptions of
TOXC. Genomic DNA from each strain was digested with BamHI (lanes
1 to 4) or Xbal (lanes 5 to 8). Strains T491-1 and T491-2 have single
copies of TOXC disrupted. Strain T511 has both copies disrupted. Lanes
1 and 5: 164R10 (wild type); lanes 2 and 6: T491-1; lanes 3 and 7:
T491-2; lanes 4 and 8: T511.

14C-p-alanine was used to label HC-toxin in vivo (Meeley
and Walton 1991). Strain 164R10 incorporates D-alanine into
a chloroform-extractable metabolite with the same high-
pressure liquid chromatography retention time as HC-toxin,
but the TOXC null mutant T511 does not (Fig. 7B). The
smaller peak co-eluting just before HC-toxin is either HC-
toxin with a hydrolyzed epoxide (9,10-diol-HC-toxin)
(Meeley and Walton 1991) or one of the minor forms of HC-
toxin (Walton 1996).

Although it cannot produce HC-toxin, T511 retains HTS
activity comparable to that of the wild-type strain 164R10
(Table 1). Thus, the lack of HC-toxin production in T511 is
not due to inadvertent disruption of HTSL, nor is TOXC re-
quired for expression of HTSL (Panaccione et al. 1992).

Strains T491-1, T491-2, and T511 were tested for patho-
genicity on maize of genotype hnvhm. The single TOXC mu-
tants are still pathogenic but the pathogenicity of T511 is in-
distinguishable from that of SB114, a wild-type Tox2™ strain
(Fig. 8). Thus, at least one functional copy of TOXC is re-
quired for pathogenicity of C. carbonum on susceptible maize.
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Fig. 7. Reverse-phase high-pressure liquid chromatography analysis of
toxin production by wild type and TOXC-null mutant T511. HC-toxin
elutes at 25 min. (A) Absorbance at 230 nm. (B) *4C-p-alanine incorpo-
ration. Solid lines: wild-type strain 164R10. Dashed lines: TOXC-null
strain T511.

Table 1. ATP/PP; exchange activity in extracts of wild-type (164R10)
and TOXC null mutant (T511) strains of Cochliobolus carbonum (HC-
toxin synthetase activity was purified through ammonium sulfate pre-
cipitation [Walton 1987])

Substrate (cpm per pg of protein)

Fungal strain H,0 D-alanine  L-alanine L-proline
164R10 420 1,360 1,550 1,730
T511 480 1,170 1,200 1,600
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T511 causes small flecks indistinguishable from those caused
by the wild type on resistant (Hm/—) maize.

To test that the Tox2phenotype of T511 is not due to a
mutation unrelated to TOXC, T5111 was crossed to wild-type
strain 367-1 and hygromycin resistance, acetamide utilization,
and HC-toxin production analyzed in 52 random ascospore
progeny. Twenty-eight progeny have both selectable markers
and are nonpathogenic; 24 progeny have neither marker and
are pathogenic. Since the two markers co-segregate absolutely

Fig. 8. Pathogenicity phenotypes of wild type and TOXC disruption
mutant T511. SB111: wild-type Tox2" strain that has three copies of
TOXC; SB114, wild-type Tox2 strain; 164R10: wild-type Tox2* strain
that has two copies of TOXC; T491-1 and T491-2: strain 164R10 with
aternate copies of TOXC disrupted; T511: 164R10 with both copies of
TOXC disrupted.
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with the nonpathogenic phenotype, the loss of pathogenicity is
not due to inadvertent mutation at a site unlinked to TOXC.

Enzyme activity of HT Swith putative products of the
TOXC gene.

Based on the comparative enzymology and gene structure
of other cyclc peptide synthetases, it is presumed that one of
the four domains of HTS activates Aeo or an Aeo precursor
(Scott-Craig et a. 1992). ToxC is predicted to synthesize a
fatty acid and this fatty acid might be a substrate for HTS. We
tested HTS for its ability to activate potential products of
ToxC with the ATP/PP; exchange reaction. The HTS enzyme
preparation was prepared by ammonium sulfate precipitation
from cell extracts of C. carbonum 164R10 and was shown to
catalyze L-proline, D-alanine, and L-alanine-dependent ATP/
PP, exchange. Hexanoic (caproic) acid, octanoic (caprylic)
acid, 2-aminodecanoic (2-aminocapric) acid, decanoic (capric)
acid, and 2-aminohexanoic (2-aminocaproic) acid do not
stimulate the ATP/PP, exchange reaction above the activity
seen with water alone. 2-Amino-octanoic (2-aminocaprylic)
acid stimulates ATP/PP; exchange slightly (data not shown).

DISCUSSION

The filamentous fungus C. carbonum has a gene, TOXC,
that encodes a fatty acid synthase. This gene is present only in
natural isolates of the fungus that make HC-toxin and is on the
same chromosome as HTSL, a cyclic peptide synthetase gene
required for toxin biosynthesis (Ahn and Walton 1996). Be-
cause a strain lacking a functional copy of TOXC has unal-
tered growth and sporulation in culture but no longer makes
HC-toxin and is not pathogenic on maize of genotype hm/hm,
we conclude that TOXC does not have an essential metabolic
function and is necessary only for HC-toxin production.

The most plausible function of TOXC is to contribute to the
biosynthesis of the decanoic acid backbone of Aeo. The prod-
uct of TOXC, ToxC, might make decanoic acid but might also
make a shorter alkanoic acid or an akenoic acid. Several po-
tential ToxC products are ineffective at stimulating ATP/PP,
exchange by HTS. 2-Amino-octanoic acid is somewhat active
at stimulating ATP/PP, exchange, but the stimulation is too
low to allow any conclusions to be drawn.

Incorporation of “C-acetate into HC-toxin was earlier
found to be only weakly inhibited by cerulenin, suggesting
that Aeo is more likely synthesized by a polyketide synthase
rather than by a fatty acid synthase (Wessel et al. 1988). How-
ever, at least some short-chain fatty acid synthases are not in-
hibited by cerulenin (Mohamed et al. 1988; Schweizer et a.
1987), so there is apparently no contradiction between the
earlier results (Wessel et a. 1988) and the conclusions of the
current work.

Since al five known Aeo-containing cyclic peptides
(Walton 1990; Itazaki et al. 1990) are from filamentous fungi,
Aeo is probably made by an enzyme similar to TOXC in al
five fungi. Because fatty acid synthesis in yeast and other
fungi requires the cooperation of a and 3 subunits, the exis-
tence in C. carbonum of a 3 subunit gene that is specific for
HC-toxin biosynthesis implies that there is a'so an a subunit,
encoded by a homolog of FAS2, that biosynthetically cooper-
ates with ToxC (Mohamed et a. 1988). This gene could be a
gene that, like HTSL and TOXC, is dedicated to HC-toxin bio-



synthesis and is present only in Tox2" strains. Alternatively,
the o subunit that interacts with ToxC could be the same a
subunit that participates in primary fatty acid synthesis. As
part of its 60-kb gene cluster dedicated to sterigmatocystin
biosynthesis, Aspergillus nidulans has homologs of both the a
and [ fatty acid synthase subunits. The A. nidulans fatty acid
synthase probably synthesizes hexanoic acid, which is then
the substrate for the sterigmatocystin polyketide synthase
(Brown et al. 1996; Yu and Leonard 1995). In A. parasiticus,
biosynthesis of aflatoxin, which is related to sterigmatocystin,
also requires a homolog of FASL, called fas-1, that is distinct
from the housekeeping fatty acid synthase (Mahanti et al.
1996). On the basis of these two precedents, and the fact that
both HTSL and TOXC are found only in Tox2" isolates of C.
carbonum, it seems more likely that the putative a subunit
that interacts with ToxC is not the same one that contributes to
the synthesis of primary fatty acids but is, instead, dedicated
to HC-toxin biosynthesis.

MATERIALS AND METHODS

Fungal strains, culture, and pathogenicity testing.

Strains of Cochliobolus carbonum used in this study were
maintained as glycerol stocks and grown on V8 juice agar
plates (Waton 1987; Pitkin et a. 1996). SB111 (ATCC
90305), a standard laboratory strain, produces HC-toxin
(Tox2%). SB114 is a standard non-toxin-producing (Tox2")
strain, and 164R10 is a progeny of a cross between SB111 and
SB114 (Walton 1987).

Pathogenicity was analyzed by spraying 2-week-old maize
(Zea mays L.) inbred Pr or K61 (genotype hm/hm, susceptible
to race 1 of C. carbonum and sensitive to HC-toxin) with
spore suspensions (10* spores/ml) in 0.1% Tween 20. Plants
were observed daily for 2 weeks.

Nucleic acid manipulations and sequencing.

The genomic and cDNA libraries have been described
(Scott-Craig et a. 1992; Pitkin et a. 1996). Isolation of fungal
DNA and RNA was done as described (Pitkin et al. 1996;
Apedl et a. 1993). DNA electrophoresis, blotting, and hybridi-
zation were done as described (Panaccione et a. 1992). RNA
electrophoresis was done in formaldehyde (Sambrook et al.
1989), RNA was transferred to Nytran (Schleicher and
Schuell, Keene, NH), and RNA blots were hybridized over-

ing Co., San Bruno, CA), and the Wisconsin GCG Package
(Program Manual 1994).

Fungal transformation constructs and analysis
of transfor mants.

The vector for gene disruption based on hpk gene en-
coding hygromycin phosphotransferase was pHYG1 (Sposato
et al. 1995). The gene disruption vector pAJ9 (6.5 kb) was
constructed by subcloning fragment AJ9 (see Figure 1) into
the Hindlll site of pHYG1 and linearizing witlBglll prior to
transformation.

The vector for gene disruption based onahelS gene for
acetamide utilization (Hynes et al. 1983) was constructed by
first subcloning AJ11 (arAccl/Bglll fragment from A3B3
with the Bglll site blunt-ended; see Figure 1) into pBluescript
SKII cut with EcoRV and Accl. This plasmid was digested
with EcoRl andSmal and ligated with arEcoRI/Sall fragment
(in which theSall site had been blunt-ended) containing the
amdS gene (Panaccione et al. 1992). The resulting plasmid,
pAJ11 (8.0 kb), was linearized withindlll prior to transfor-
mation. Transformation and selection of transformants with
either hygromycin or acetamide was as described (Panaccione
et al. 1992).

Analysis of HC-toxin and HC-toxin synthetase.

HC-toxin was extracted with chloroform from culture fil-
trates ofC. carbonum strains grown for 18 to 25 days in still
culture on modified Fries’s medium (Walton et al. 1982). The
extracts were analyzed by thin-layer chromatography with
detection by a specific epoxide detection spray (Meeley and
Walton 1991), and by reverse-phase high-pressure liquid
chromatography (Walton et al. 1982). In vivo radiolabeling of
HC-toxin was done by adding 15 p¥C-p-alanine to a flask
at the time of inoculation and harvesting the culture filtrate
after 4 days (Meeley and Walton 1991). Amino-acid depend-
ent ATP/PRexchange was measured in extract€o€arbo-
num mycelium as described (Walton 1987; Walton and
Holden 1988). Briefly, 4-day-old mycelia were lyophilized,
ground in buffer, and centrifuged to remove cell wall debris.
HC-toxin synthetase (HTS) was precipitated with 40% satu-
ration (0.226 gm/ml) ammonium sulfate. Reactions were done
at 37°C for 30 min with amino acid substrates at 2 mM. Sub-
strates were from Sigma except fpr-2-aminodecanoic acid,
which was purchased from Chemica Alta Ltd., Edmonton,

night at 42°C in 5x SSPE (1x SSPE = 150 mM NaCl, 10 mM Canada.

NaH,PO,, 1 mM EDTA, pH 7.4), 0.1% sodium dodecyl sul-

fate [SDS], 2x Denhardt's solution, 0.1 mg of denatured ACKNOWLEDGMENTS

salmon sperm DNA per ml, and 50% (vol/vol) formamide,

according to the manufacturer’'s recommendations. Probes forG Thi:I VK/CIJ;E_V\;IGS $pp0rte?G%;Q§63jS' ’\:f“r?”a[') Ingtitutes 01; Eealth,

ith_32p._ _ ener |C lences , and the epartment (o) nergy

DNA and RNA blots were labeled with-"P-dCTP by ran- - S0 e o o e ces (DEFGO2-91ER20021)

dom priming and were present in the hybridization solution at

100 to 1,000 kcpm/ml. DNA and RNA blots were washed

twice for 10 min in 2x SSPE plus 0.1% SDS at 22°C and LITERATURE CITED

twice in 0.1x S,SPE plus 0.1% SDS for 30_ min at 650(,:' Ahn, J-H., and Walton, J. D. 1996. Chromosomal organization of TOX2,
For sequencing, DNA was subcloned into Bluescript SKIl  the complex locus controlling host-selective toxin biosynthesis in

(Stratagene, La Jolla, CA) or pGEM-7Zf(+) (Promega, Madi-  Cochliobolus carbonum. Plant Cell 8:887-897.

son, WI). Custom oligonucleotides as well as T7, T3, and SP6Altschul, S. ., Gish, W., Miller, W., Myers, E. W., and Lipman, D. J.

primers were used as sequencing primers. Automated fluores- pﬁg% Bﬁa::;%?ﬁlngl%]mém m‘&a"e’f’% J%O'\}Vgghzf'goﬁégé

cent sequencing was done at the MSU-DOE-PRI__ Plant Bio- Clbniﬁg and targetéd gené diguptic',n of XYL1, a51,4->2ylanase gene

chemistry Facility. Sequences were analyzed with BLAST

from the maize pathogen Cochliobolus carbonum. Mol. Plant-
(Altschul et al. 1990), DNASIS (Hitachi Software Engineer-  Microbe Interact. 6:467-473.

Vol. 10, No. 2, 1997/ 213



Brosch, G., Ransom, R., Lechner, T., Walton, J. D., and Loidl, P. 1995.
Inhibition of maize histone deacetylases by HC toxin, the host-selec-
tive toxin of Cochliobolus carbonum. Plant Cell 7:1941-1950.

Brown, D. W., Yu, J-H., Kelkar, H. S., Fernandes, M., Neshitt, T. C.,
Keller, N. P, Adams, T. H., and Leonard, T. J. 1996. Twenty-five
coregulated transcripts define a sterigmatocystin gene cluster in As-
pergillus nidulans. Proc. Natl. Acad. Sci. USA 93:1418-1422.

Fliri, H. G., and Wegner, R. M. 1990. Cyclosporine: Synthetic studies,
structure-activity relationships, biosynthesis and mode of action.
Pages 246-287 in: Biochemistry of Peptide Antibiotics. H. Kleinkauf
and H. von Déhren, eds. Marcel Dekker, New York.

Hynes, M. J., Corrick, C. M., and King, J. A. 1983. Isolation of genomic
clones containing thamdS gene ofAspergillus nidulans and their use
in the analysis of structural and regulatory mutations. Mol. Cell. Biol.
3:1430-1439.

Itazaki, H., Hagashima, K., Sugita, K., Hoshida, H., Kawamura, Y.,
Yasuda, Y., Matsumoto, K., Ishii, K., Uotani, N., Nakai, H., Terui, A.,
Yoshimatsu, S., lkenishi, Y., and Nakagawa, Y. 1990. Isolation and
structural elucidation of new cyclotetrapeptides, trapoxins A and B,
having detransformation activities as antitumor agents. J. Antibiot.
43:1524-1532.

Pitkin, J. W., Panaccione, D. G., and Walton, J. D. 1996. A putative cy-
clic peptide efflux pump encoded by th@XA gene of the plant path-
ogenic fungusCochliobolus carbonum. Microbiology 142:1557-1565.

Program Manual for the Wisconsin Package. 1994. Genetics Computer
Group, Madison, WI.

Sambrook, J., Fritsch, E. F., and Maniatis, T. A. 1989. Molecular Clon-
ing: A Laboratory Manual. 2nd ed. Cold Spring Harbor Laboratory,
Cold Spring Harbor, NY.

Schweizer, E., Muller, G., Roberts, L. M., Schweizer, M., Résch, J.,
Wiesner, P., Beck, J., Stratmann, D., and Zauner, I. 1987. Genetic
control of fatty acid synthetase biosynthesis and structure in lower
fungi. Fat Sci. Technol. 89:570-577.

Schweizer, M., Roberts, L. M., Holtke, H.-J., Takabayashi, K., Hollerer,
E., Hoffmann, B., Miiller, G., Kéttig, H., and Schweizer, E. 1986. The
pentafunctionaFASL gene of yeast: Its nucleotide sequence and order
of the catalytic domains. Mol. Gen. Genet. 203:479-486.

Scott-Craig, J. S., Panaccione, D. G., Pocard, J.-A., and Walton, J. D.
1992. The cyclic peptide synthetase catalyzing HC-toxin production
in the filamentous fungu€ochliobolus carbonum is encoded by a
15.7-kilobase open reading frame. J. Biol. Chem. 267:26044-26049.

Segre, A., Bachmann, R. C., Ballio, A., Bossa, F., Grgurina, |., lacobel-

Johal, G. S., and Briggs, S. P. 1992. Reductase activity encoded by the lis, N. S., Marino, G., Pucci, P., Simmaco, M., and Takemoto, J. Y.

HM1 disease resistance gene in maize. Science 258:985-987.

Jones, M. J., and Dunkle, L. D. 1993. AnalysisCothliobolus carbo-
num races by PCR amplification with arbitrary and gene-specific
primers. Phytopathology 83:366-370.

Kijima, M., Yoshida, M., Sugita, K., Horinouchi, S., and Beppu, T.
1993. Trapoxin, an antitumor cyclic tetrapeptide, is an irreversible in-

hibitor of mammalian histone deacetylase. J. Biol. Chem. 268:22429-

22435.

Kim, S. D., Knoche, H. W., and Dunkle, L. D. 1987. Essentiality of the
ketone function for toxicity of the host-selective toxin produced by
Helminthosporium carbonum. Physiol. Mol. Plant Pathol. 30:433-440.

Kleinkauf, H., and von Déhren, H. 1996. A nonribosomal system of
peptide biosynthesis. Eur. J. Biochem. 236:335-351.

Kéttig, H., Rottner, G., Beck, K.-F., Schweizer, M., and Schweizer, E.
1991. The pentafunction®ASLl genes ofSaccharomyces cerevisiae
and Yarrowia lipolytica are co-linear and considerably longer than
previously estimated. Mol. Gen. Genet. 226:310-314.

1989. The structure of syringomycing,A& and G. FEBS Lett. 255:
27-31.

Sposato, P., Ahn, J.-H., and Walton, J. D. 1995. Characterization and
disruption of a gene in the maize pathodenchliobolus carbonum
encoding a cellulase lacking a cellulose binding domain and hinge re-
gion. Mol. Plant-Microbe Interact. 8:602-609.

von Dohren, H. 1990. Compilation of peptide structures - a biogenetic
approach. Pages 411-507 in: Biochemistry of Peptide Antibiotics. H.
Kleinkauf and H. von Déhren, eds. Marcel Dekker, New York.

Walton, J. D. 1987. Two enzymes involved in biosynthesis of the host-
selective phytotoxin HC-toxin. Proc. Natl. Acad. Sci. USA 84:8444-
8447.

Walton, J. D. 1990. Peptide phytotoxins from plant pathogenic fungi.
Pages 179-203 in: Biochemistry of Peptide Antibiotics. H. Kleinkauf
and H. von Dohren, eds. Marcel Dekker, New York.

Walton, J. D. 1996. Host-selective toxins: Agents of compatibility. Plant
Cell 8:1723-1733.

Mahanti, N., Bhatnagar, D., Cary, J. W., Joubran, J., and Linz, J. E. Walton, J. D., and Earle, E. D. 1983. The epoxide in HC-toxin is re-

1996. Structure and function édis-1A, a gene encoding a putative
fatty acid synthetase directly involved in aflatoxin biosynthesissin
pergillus parasiticus. Appl. Environ. Microbiol. 62:191-195.

Meeley, R. B., Johal, G., Briggs, S. P., and Walton, J. D. 1992. A bio-

quired for activity against susceptible maize. Physiol. Plant Pathol.
22:371-376.

Walton, J. D, Earle, E. D., and Gibson, B. W. 1982. Purification and
structure of the host-specific toxin froelminthosporium carbonum

chemical phenotype for a disease resistance gene of maize. Plant Cell race 1. Biochem. Biophys. Res. Comm. 107:785-794.

4:71-77.

Meeley, R. B., and Walton, J. D. 1991. Enzymatic detoxification by maize

of the host-selective toxin HC-toxin. Plant Physiol. 97:1080-1086.
Mohamed, A. H., Chirola, S. S., Mody, N. H., Huang, W.-Y., and Wakil,
S. J. 1988. Primary structure of the multifunctioaadubunit protein
of yeast fatty acid synthase derived frBAS2 gene sequence. J. Biol.

Chem. 263:12315-12325.

Walton, J. D., and Holden, F. R. 1988. Properties of two enzymes in-
volved in the biosynthesis of the fungal pathogenicity factor HC-
toxin. Mol. Plant-Microbe Interact. 1:128-134.

Wessel, W. L., Clare, K. A., and Gibbons, W. A. 1988. Biosynthesis of
L-Aeo, the toxic determinant of the phytotoxin produced Hbsf-
minthosporium carbonum. Biochem. Soc. Trans. 16:402-403.

Yu, J. H., and Leonard, T. J. 1995. Sterigmatocystin biosynthegis in

Panaccione, D. G., Scott-Craig, J. S., Pocard, J. A., and Walton, J. D. pergillus nidulans requires a novel type | polyketide synthase. J.

1992. A cyclic peptide synthetase gene required for pathogenicity of

the fungusCochliobolus carbonum on maize. Proc. Natl. Acad. Sci.
USA 89:6590-6594.

214 /| Molecular Plant-Microbe Interactions

Bacteriol. 177:4792-4800.
Zhao, X.-J., and Cihlar, R. L. 1994. Isolation and sequence dahe
dida albicans FASL gene. Gene 147:119-124.



