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Abstract 

The ce附 alregion of the trichothecene gene cluster contains two pathway and two regulatory genes (follr Tri 

genes) that are necessary for forming the trichothecene skeleton. One of these genes， Tri4， encodes a multifunctional 

cytochrome P 450 monooxygenase， and the expression of this gene is highly induced under trichothecene-inducing 

conditions. Apart from this gen巴cluster，刀-ilOloccurs as a single non-cluster gene， and the prodllct of this gene 

contributes to the function of sel手protectionin Fusariwηgrall1inearum. The promoter activity of these刀1genes was 

compared with that of TEFlα(a highly expressed translation elongation factor 1-alpha) gene under toxin-inducing 

conditions by using thes-glucuronidase (GUS) gene as a reporter. The TrilOl promoter-and TEFlαpromoter刊 porter

fusions integrated at the end of the gene cluster showed activities that were similar to thos巴ofthe original loci with 

respect to the timing and the level of GUS protein accllmulation. However， as opposed to the normal pattern of Tri4 

transcription from the original locus， no GUS activity was detected when the刀.i4promoter was placed at the end of 

the gene cluster. Thus， we can conclude that the position of the promoter in the gene cluster is important for native 

transcriptional regulation of Tri4 in trichothecene biosynthesis. 

Introduction 

Some plant pathogenic Fusariul11 species， such as the cereal pathogen F graminearum， prodllce sesqui-

terpenoid mycotoxin trichothecenes that affect and thereby threatens the safety of cereal grains and related 

food products
1l. Four genes located at the center of the trichothecene gene cluster， Tri4， Tri6， Tri5， and刀'ilO，

are necessaly for the formation of the basic trichothecene skeleton in the biosynthesis of Fusarium trichothe-

cenes (Fig. 1).刀ゴ5encodes trichodiene synthase， which is necessary for the first cyclization step2l， and Tri4 is 
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a highly expressed multifunctional cytochrome P 450 monooxygenase gene required in the four subsequent 

oxygenation steps3，41. The first trichohecene skeleton of Fusarium species， isotrichodermol， is biosynthesized 

as a result of the non-enzymatic second cyclization after the oxygenation steps目 lnaddition to these trichot-

hecene genes in the gene c1l1ster， Tril 01 occurs as a single non-clustered gene in the genome of F 

graminearum51， Tril01 expression is responsible for 3-0-acetylation of isotrichodermol， which is implicated 

in the selιprotection of the fungus from the toxicity of trichothecenes. 

Tri4 shares its promoter region with Tri6 (a Cys2His2 zinc finger transcription factor gene)61， whose 

activation is dependent on a fllnctionally unidentifed regulatory protein encoded by Tril 0 (Fig. 1). Expression 

of these Tri genes is regulated in response to variolls environmental stimuli， including carbon source， nitrogen 

source， pH， water activity， and oxidative stress71. When F graminearum is grown under trichothecene-

inducing conditions， Tri4 is induced and is expressed at a high level prior to the oneset of toxin production; 

expression of Tril 01 then follows in accordance with the timing of toxin accllmulationl). We were thus inter-

ested in whether these promoters could be lIsed as versatile tools for regulated expression of heterologolls 

genes with respect to the expression patterns ofthe native 7トi4and Tril01 genes. 

Promoter-r巴porterfusions are often used for comparing promoter activities， and must be integrated at the 

same locus to avoid chromosomal effects on transgene expression. In addition， the integration should not 

affect fungal growth or metabolism. With these criteria met， the activities of Tri4 and Tril01 promoters were 

evaluated lIsing a promoter of the highly expressed TEFlα(translation elongation factor 1-alpha) gene1 as a 

reference for comparison. 

川
町

4farnesyl pyrophosphate trichodiene 
Tri4 promoter (bidirectional promoter) 

E二二コ
町.

国 国一一. -・4・・o 1 (kb) Tri4 Tri6 Tri5 Tri10 ←→ ..........~一一一~士号 一一+一一一ー

弓d需弓d"OHオ4、ち?oH需乃ら?oH京℃る?oH卜つ〉ヨOH
trichodiene 2α-hydroxytrichodiene 12，13-epoxy-9，10・trichoene-2αー01 isotrichodiol isotrichotriol isotrichodermol 

Fig. 1. The central region of the trichothecene gene cluster， comprising刀i4，刀・;6，刀i5，and TriJO. The entire intergenic region 
(1.1 kb) between the start codons of刀i4andη・;6were used as a shared bidirectional promoter of刀・;4for the expelト
ments. Enzymatic reactions catalyzed by TRl4 and TRl5 and described in the boxes. Note that these two pathway genes 
are sufficient to build the trichothecene skeleton because the second cyclization (isotrichotriol to isotrichodermol) 
proceeds spontaneouslyll 
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恥1aterialsand Methods 

Fllngα1 stl'{lins (lnd cllltlll'e conditiolls F graminearum MAFF 111233， a strain that produces nivalenol 

(NIV)勾petrichothecenes， was used as a host for the expression of a sぢlucuronidase(GUS) gene (uidA)9). 

For induction of trichothecene production， fungal strains were cultured in 100 ml of modified rice flour 

(MRF) mediumIO) (containing 4 % rice (boiled for 30 min and glass制tered)，3 % sucrose， and 0.1 % yeast 

extract) on a gyratory shaker (160 rpm) at 22 oC. Strain MAFF 111233 mainly produces 4，15-diacetylniva-

lenol (4，15-diANIV) in MRF medium 

Ampliflc{ltion of pl'omotel's llsed fol' the assay Tri4 and TrU 01 promoters were amplified from the 

genomic DNA of F graminearum by performing PCR using KOD Neo (ToYoBo Life Science) with primers 

MFTri 4 Pro-U2 (5'-AAAAAGATGGCTTGATGGGAGGGG-3') and MFTri 4 Pro-D (5'-

CTTTTCAAAGTTCAAGTCTTTGATAG-3') (with an amplicon size of 1.1 kb)， and primers MFTri101Pro-

U (5ぺAATGGATGAGTCAATCGATACGCA-3')and MFTri 101 Pro-D (5ぺTTTGGTGGTGTTTGTAAA~

CACTT-3') (amplicon size 0.7 kb)， respectively. The promoter of TEFlα(AN4218.3) was amplified by 

perfoming PCR of the genomic DNA of Aspergillus nidulans NBRC 33017 with primers AN4218TEFPro-u3 

(5'ーTAGCGACTTAGAGTGCACGCTCAAAAGA-3')and AN4218TEFPro-0 (5ぺGGTGAAGGTTGTGT-

TATGTTTTGT-3') (amplicon size 1.1 kb) 

Constl'llction of pl'omotel'-GUS fllsion vectol's fol' illtegl'ation into the Tri14 10CllS pGR-Srf-hph (Fig 

2A)， a derivative of pHF312 (Tokai et al. unpublished; constructed from pBF31211) by replacing bsd， a blasti-

cidin S deaminase gene， with hph， a hygromycin phosphotransferase gene)， is a promoter-cloning GUS vector 

that contains hph for selection of fungal transformants and a SrfI site for insertion of promoters amplified by 

PCR. For targeted integration ofthis vector into the Tril412) locus， we constructed pGR-Srf-hplトMFTri14by 

replacing the short NotI-SpeI linker fragment of pGR-Srf-hph with a NotI-SpeI digested inverse PCR (IPCR) 

product containing each sid巴ofthe Tril4 region. This IPCR product was generated in the following manner: 

(1) the Tril4 region was amplified by perfoming PCR with NheI site-containing primers OLTri14-U/Nhe (5' 

-AAGCTAGCGTATCAGTCTCCAATCGGTC-3') and OLTri 14-0冷-Ihe( 5' -CGGCTAGCGTTGACGAA-

CATTGCTGACC-3')， (2) the amplified product was digested using NheI and then was self-ligated， and (3) 

this self-ligated ONA was used as a template for performing IPCR with primers INVTri 14 -O/Not (5' 

-ACAGCGGCCGCGTATAGGTTGCTTCAAG-3') and INVTri 14・U/Spe( 5' -GAACTAGTGTTGTGAT-

CAAGCAGACTCC-3') containing NotI and SpeI sites， respectively. The promoter fragments amplified by 

performing PCR were cloned into the S，ゲI-cloningsite of pGR-Srf-hph-MFTri 14 (yielding vectors PP:r;'i仁

GR斗lph-MFTri14，pP:r;uo，_GR-hph-MFTri14， and PTEFla_GR-hph-MFTri14)， linearized with NheI， and were 
used to transform F graminearum according to the method described previousll). 

SCl'eening of tl'ansfol'mallts Transformants with homologous recombination were screened by 

performing long PCR (LA-PCR) using LA-Taq (Takara Bio Inc.). Primers FgTri 14 -LAU (5'-TAGCTG-

GAATGTCGCCAAAAAGACTCTG-3') and FgTri 14・LAD(5'-CCTTACTTTAGCTTCAACGACC-

GAACAC-3') were used for amplifシingthe TI'il4 region (Fig. 2B). 
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Fig. 2. Generation of F graminearu川 transfonnantsfor evaluating promoter activities. A. Structure of pGR-Srιhph used for 

constructing pGR-Srf-hph-MFTri 14， a promoter-reporter fusion vector designed for targeted integration at the T!・il4
locus. A Kpnl-Hindlll fragment of the A. nidulans tlpC promoter in pGR 1015) was replaced with a synthetic linker 

containing Kpnl， Spel， Notl， SlfI， and HindIII sites (shown in the figure). After SacI digestion and blunting， the larger 
vector fragment was ligated to a blunted SphI fragment of pHF312 containing the C，yphoneclria parasitica gpd termi-

nator (Tgpd)， the A. nidu/ans IlpC promoter， hph， and the A. nidu/ans tlpC tenninator. B. Diagram showing targeted 
integration of the promoter-GUS fusion vectors to the刀il4locus. Promoters of F graminearwn刀i4，刀ilO/，and A 
nidu/ans TEFlαwere fused to GUS in pGR-Srf-hph-MFTri 14 ， and the resulting vectors (pP耐， GR-hph-MFTri 14， 
pP町IOI_GR-hph-MFTri14，and PTEFla_GR-hph-MFTri14) were targeted to the T!'il410cus. Arrow heads indicate annealing 

sites of primers used for screening of the transfonnants (再1and再6)and for constructing pGR-Srf-hph-MFTri14 (#2 -

#5). Probes used for Southern blot analyses are indicated by double arrows. C. Southern blot analyses of wild-type (WT) 

and transfonnants. The result of a representative transformant is shown. DNA was digested using BamHI (B) or PslI (P)， 
and was hybridized with probe A or probe B“Tri4"，“Tri101"， and "TEF" refer to the transformants carrying PT，;，，::GUS， 
PT，UOI，::GUS， and PTEF1.，::GUS at the刀il4locus， respectively. '¥HindIII maker (23， 9.4， 6.5， 4.4， 2.3， 2.0， 0.56 kb) was 
loaded to the left of the WT lanes. 
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Nucleic acid hybridizations DNA probes for Southern and northern blot analyses were generated by 

labeling fragments with digoxigenin using the PCR DIG probe synthesis kit (Roche Applied Science)目 For

Southern blot analyses， probe A was obtained by performing PCR of genomic DNA with primers Fgtri-

14probeべJ(5'-TTGAATTCCCAGGTCTCAGTCACG-3') and Fgtri 14probe-D (5'-CCAATGATGTTGTC-

GGGAACAATC-3'); probe B was amplified from pGR-Srf-hph by using primers GUS-ATG (5二ATGTTAC-

GTCCTGTAGAAACCCCA-3') and GUS-TGA (5'-TTCATTGTTTGCCTCCCTGCTGCG-3'). For northern 

blot analyses， a 1ηトi4 P戸robewas ampliぽ凶f日ied白仕romcDNA with p戸rimer凶sGzTri4/TAA and GzT百n凶4/ATG/βSacI'へ a 
7ηトtυ10ω7刀1p戸robewaおsampμli泊自edwith p戸rimersU101 and D101

5町
).Standard hybridization techniques recommended 

by the manufacturer were used for Southern and northern blot analyses. 

In vitro GUS assay One gram of mycelia was ground in a mortar in liquid nitrogen and suspended in 2 

ml ofGUS extraction buffer (50 mM phosphate buffer， pH 7.0， containing 10 mMs-mercaptoethanol， 10 mM 

EDTA， 0.1% N・lauroylsarcosinesodium salt， 0.1% Triton X-100). The mycelial suspension was centrifuged 

at 4 oC for 15 min at 20，400 x g. The supernatant was filtered through a Millex syringe filter unit (0.45μm， 

Millipore) and used to evaluate the promoter activity by performing GUS assay. The GUS assay was 

performed using a s-glucuronidase (GUS) Reporter Gene Activity Detection kit (MGT Inc.)， as per the 

manufacturer's instructions. Brietly， 10μI of crude enzyme was mixed with 90μI of GUS Assay Buffel 

supplied in the kit (final 0.09 mM 4-methylumbelliferyl s・D-glucuronide)，incubated for 30 min at 37 oC， and 

then the reaction was terminated by adding 200μ1 of Carbonate Stop buffer (included in the kit). The concen-

tration of 7 -hydroxy.・4・methylcoumarin(4-MU) formed was determined by measuring the f1uorescence of 

4 -MU with a Wallac ARVO SX 1420 MultiLabel Counter (Perkin Elmer) using excitation and emission 

wavelengths of 365 and 469 nm， respectively. The GUS activity was calculated in pmol of 4・MUformed per 

mm perμg of protein. 

Chemical and biochemical analyses Trichothecenes were extracted using ethyl acetate， developed on a 

TLC plate (Merck F 254 silica TLC) using ethyl acetate/toluene ( 3 : 1 ) as a solvent， and visualized with a 

chromogenic reagent， as per a previously described method
l3) Protein concentrations were determined using 

a Pierce BCA ™ Protein assay kit (Thermo Scientific) 

ResuIts and Discussion 

As氾lucuronidase(GUS) gene was introduced downstream of each promoter and was used as a repoはer
to evaluate the promoter activity. A portion of the coding region of Tril4

12
)， which is located at the end of the 

trichothecene gene cluster， was chosen as the integration site for the promoter-GUS fusions; this gene is not 

necessary for the trichothecene biosynthesis steps， and the deletion mutant normally produces trichothecenes 

when the fungus is grown under toxin-inducing conditions. Promoter fragments amplified by PCR were 

cloned into the S.ヴ1site of pGR品川ph-MFTri14， and the sequence was vel・ifiedby sequencing. After 

digestion with NheI， the vectors were transformed to F. graminearum. 

The genomic DNA of the transformants were screened for the occurrence of the promoteトGUSfusions 

at the Tril4 locus (Fig. 2 B). Strains with double crossing-over homologous recombination gave LA-PCR 

products that were approximately 10 kb in length; primers FgTri14-LAU and FgTri14-LAD (see Materials 
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and Methods)， whose annealing sites are separated by 3 kb in the wild-type genome (Fig. 2B) had been used 
Figure 2 C shows representative Southern blot data of such transformants carrying Pηぶ:GUS，Pr，'iIO/::GUS， 
and PTEFla:: :GUS， further confirming the integration of the promoter-GUS fusions at the Tril4 locus. When 
hybridized with probe A (a deleted region of Tril4 containing neither the BamHI nor the PstI site)， single 
bands detected on the DNA blots ofthe wild-type (a 5 kb BamHI fragment and a Pstl fragment larger than 10 
kb) were lost from those of the transformants carrying Pηi4::GUS， Pr，'iIO/::GUS， and PTEFla:::GUS at the 7トil4
locus (Fig. 2 C; left panel). ln contrast， single bands were detected on the blots of these transformants with 
probe B (a coding region of GUS containing neither the BamHI nor the Pstl site)， and these bands were 
absent in the case ofthe wild-type (Fig. 2C; right panel). 

The GUS activity of these transformants were measured at various time points after transfer to the 
trichothecene-inducing MRF medium. The wet weight of these transformants showed less than 20 % of 
variability (compared to that ofthe PTEFla:::GUS transformant) at each time point (data not shown). The timing 
and level of trichothecene accllmlllation was not significantly altered by the disruption of Tril4 (Fig. 3 A) 
Constitutively， high levels of GUS activitiy was observed in the mycelia of the PTEFla:: :GUS transformant; the 
activity was highest at 24 h， and then it gradually decreased at 48， 72， and 96 h (Fig. 3 B). This pa抗ernof 
expression is reasonable because the promoters of housel王eepinggenes are transcribed during active growth， 
and their expression declines a白erthe transition of the organism to the stationay phase. In contrast， the 
PT，'iIO/::GUS transformant showed a GUS expression pattern consistent with the acumulation oftrichoth巴c巴nes
under trichothecene-inducing culture conditions. However， integration of the P日4::GUSfusion vector (pPr，'i4 
GR-hph-MFTriI4) into the Tril410cus resulted in undetectable levels ofGUS activity at all time points. This 
lack of detectable GUS activity cannot be attributed to an unexpected mutation that may have been acciden-
tally acquired during transformation because other pPr，"i4_GR-hph-MFTri 14 transformants carrying the 
promoter-reporter fusion at the Tril4 locus (and also those carrying it at ectopic sites) also failed to produce 
the GUS protein (data not shown). Data obtained from the northern blot analyses in the same time course 
experiment confirmed a normal transcript accumulation pattern of Tri4 like that in the native promotorsI4)， 
which was also observed for TrilOl (Fig. 3C). These results suggest that the Tri4 promoter does not support 
sufficient transcription levels of heterologous genes when integrated at non-native sites 

The 1.1 kb int巴rgenicregion of diverg巴ntlytranscribed Tri4 and Tri6 constitutes a shared bidirectional 
promoter. In strain MAFF 111233 used in this study， the刀'i4promoter region contains two closely positioned 
putative TRI6-binding sites， T4AFg (工C企GGCC工)and T4BFg (.CCAGGCCT)， betwe巴nbp -377 and -361 
with respect to the ATG start codon of Tri4 (underlined nuclotides indicate matches to consensus sequencesI5)， 
TNAGGCCT， and/or the minimum s巴qu巴ncerequired for TRI 6 binding YNAGGCC 15)). These putative 
TRI 6 -binding sites correspond to T 4 AFs (工CAGGCCC)and T 4 BFs (CC企皇GCC工)，two experimentally 
dertermined TRI 6 -binding sites in the Tri4 promoter of Fusarium sporotrichioides， with regard to their 
positions from th巴ATGstart codonI5). Therefore， the affinity of the TRI6 protein to the F graminearum Tri4 
promoter is comparable and cannot be the cause of undetectable levels of GUS expression from the Tril4 
locus. 

Tri4 is situated 17.5 kb upstream of Tril4 that demarcates the end of the gene cluster. The inability of the 
Tri4 promoter to cause heterologous gene expression合oma non-native locus may suggest the necessity of 
additional elements located in the coding region of 7トi4for transcriptional activation of its own gene. Alterna-
tively， the physical linkage of Tri genes or chromatin remodeling at the central region of the gene c1uster may 
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same transformants as described in Fig. 2 C. A. TLC analysis of trichothecenes extracted from the cllltllre of the 

wild-type (WT) and the transformants at each time point ofthe GUS assay. Strain MAFF 111233 prodllces 4，15-diANIV 

in liqllid clllture. Ethyl acetate extract from 5 ml of the cllltllre was loaded in each lane. In consideration of the fact that 

the cllltllres are derived白omindependent strains， the data indicate that their trichothecene levels do not signi自cantly

differ each other. B. GUS activities of the transformants at 24，48，72， and 96 h after transfer 10 MRF medillm. C. 

Northern blot analyses ofηi genes. Expressions of Tri4 and刀il0 1 in the transfortnants were monitored at each time 

point ofthe GUS assay目

have a regulatory role in the epigenetic activation of Tri4 and some other Tri genes. In either case， the 

distance between the native Tri4 locus and the Pn叫 :GUSreporter fusion is too long to exert regional control 

over the transcriptional activity of the Tril4 locus. Similar position-d巴pendentregulation of clustered 

secondary metabolite (SM) gene expression has also been demonstrated for the ver_J
I6
) and nor_J

I7
) genes in 

aflatoxin biosynthesis; GUS expression from their promoters that were engineered to reside outside of the 

aflatoxin gene cluster was marginal to absent. These results led to the conclusion that positional effects are 

important in the expression of aflatoxin biosynthetic genes
I8
). 

In conclusion， we found that a gene located in the centeral region of the trichothecene gene c1uster is 



24 TOKAI elα1. Mycotoxins 

subject to position-dependent regulation and that the promoter does not function when placed at the the巳nd
of the gene cluster. Future studies design巴dto determine factors (other than pathway-speci自ctranscription 
factors) necessary for the complete activation of the promoter may lead to a broader understanding of the 

significance of gene clustering and the regulatory mechanisms of clustered SM genes. 
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Fusarium graminearumのTri4遺伝子のプロモーターをトリコテセ
ン生合成遺伝子クラスターの末端に配置すると機能しない

東海武史I r-I~ II!I~佑_2 市川 紹Ifr代2 前回一行2 西内 巧3 小林哲夫2 木村- 真1.2C理化学研究

所基幹研究所，微生物代謝制御砂|究ユニ ット 干351-0198 埼玉県相l光市広沢2-1.2名古屋大学大

学院生命農学研究科 干464-8601愛知県名古屋市千種区不老iIIT，3金沢大学学際科学実験センター

〒920-1192石川県金沢市宝l町13-1)

トリコテセン生合成逃伝子クラスターの中心の領域には， 2つの経路遺伝子と 2つの調節遺伝子

の合計4つの生合成遺伝子(日 :遺伝子)が存在し トリコテセン基本骨格を形成する.このうちの

lつ升i4遺伝子は多機能シトクロム P450をコードし， トリコテセン産生条例ニ下で、高レベルに発現が

誘導される.遺伝子クラスター外の全く関係のないところには TrilOIが単一迫伝子として存在し

Fusarium graminearumにおいては トリコテセンの毒性からの自己耐性に寄与している.これらのプ

ロモーターの活性色毒素産生誘導条件下で GUS遺伝子をレポーターとして用い，TEFJα遺伝子(高

レベルで発現する翻訳伸張因子をコードする)のプロモーターの活性と比較した.クラスターの末

端に組み込んだ刀・i101プロモーターと GUS遺伝子との融合および TEFJαプロモーターと GUS遺

伝子との融合によって示されるレポーター活性は， もともとの位置にそれらのプロモーターがある

場合に示す活性と一致した. しかしもともとの位置からの正常な Tri4の転写とは対照的に，遺伝子

クラスターの末端に配置したわ'i4プロモーターからは GUS活性が検出されなかった.従ってクラ

スター内におけるプロモーターの位置が Tri4の本来の発現制御にとって重要で、あると考えられる

キーワード:遺伝子クラスター ，染色体上の位置;転写活性化 ;Fzωriumgraminearum; GUSレポー

ター

オクラおよびゴマの種子から単離されたフザリウム種
イコトキシンおよびその毒性

生産するマ

Chibundu N. EZEKIELI， Cyl・ilC. NWANGsURUKA
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Grace O. TAY0
2， Rudolf KRSKA3 C Mycology/Mycotoxicology Research Unit， Department of Biosciences 

and Biotechnology， Babcock University (I1ishan Remo， Ogun State， Nigeria， 2 Department of Agriculture and 

Industrial Technology， Babcock University， Ilishan Remo Ogun State， Nigeria， 3 Center for Analytical Chem-

istry， Department of Agrobiotechnology (IFA-Tulln) ， University of Natural Resources and Life Sciences 

Vienna， Konrad Lorenzstr， 20， A-3430 Tulln， Austria， 4 Department of Crop Protection， Federal University of 

Agriculture， Abeokuta Ogun State， Nigeria) 

2系統のオクラと 17サンプルのゴマの種子のフザリウム汚染について調査を行った. 2系統の

オクラからは6菌株， 10サンプルのゴマからは 31菌株，合計37種のフザリウム菌株が得られた.

得られた菌株は Foxysporum， F. semiticum， F verticillioidesの3つの種に属した オクラからの全て
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