The structures of the honeydew oligosaccharides synthesized by Claviceps africana
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ABSTRACT

Bogo, A.; Mantle, P; Casa, R. T.; Guidolin, A. F. The structures of the honeydew oligosaccharides synthesised by Claviceps africana. Summa

Phytopathologica, v.32, p.16-20, 2006.

The structures of the principal oligosaccharides in the honeydew
exudate of the sorghum ergot pathogen Claviceps africana, which
has become epidemic in the Americas, have been characterized throu-
gh linkage analysis using FAB-M S and GC-M S techniques, as 1,6-di-
b-D-fructofuranosyl-D-mannitol and 1,5-di-b-D-fructofuranosyl-D-
arabitol trisaccharides, 1-b-D-fructofuranosyl-D-mannitol and 5-b-
D-fructofuranosyl-D-arabitol disaccharides and other minor disac-
charides and trisaccharides. Their structural diversity is explained

Additional key words: ergot, linkage analysis, FAB-MS, GC-MS.

according to perceived biosynthetic interrelationships in pathways
that appear to be unique amongst ergot fungi, particularly concer-
ning intra-molecular reduction of fructose. The oligosaccharide, 1,6-
di-b-D-fructofuranosyl-D-mannitol, which inhibits C. africana ma
crospore germination at a concentration in water of 1 g/mL or more,
forms together with other dightly less bioactive oligosaccharides, the
basis of a novel strategy to limit ergot disease losses in hybrid sor-
ghum seed production.

RESUMO

Bogo, A.; Mantle, P; Casa, R. T.; Guidolin A. F. Andlise estrutural dos oligossacarideos presentes no exsudato da doenca agucarada do sorgo,
sintetizados por Claviceps africana. Summa Phytopathologica, v.32, p. 16-20, 2006.

As estruturas dos principais oligossacarideos presentes no exsuda-
to da doencga agucarada do sorgo, produzidos pelo patdgeno Claviceps
africana, foram caracterizadas através de espectroscopia de bombarde-
amento rdpido de domos-espectrometria de massa (FAB-MS) e cro-
matografia gasosa-espectrometria de massa (GC-MS). Dois grupos
de oligossacarideos foram el ucidados, sendo o principal formado pelos
trissacarideos 1,6-di-b-D-frutofuranosil-D-manitol e 1,5-di-b-D-fruto-
furanosil-D-arabitol e os dissacarideos 1-b-D-frutofuranosil-D-mani-
tol e 5-b-D-frutofuranosil-D-arabitol e outros grupos menos importan-

tes de dissacarideos e trissacarideos. As diversidades estruturais foram
€lucidadas de acordo com ainter-relagdo biossintéticade suarotameta-
bdlica, aqual parece ser exclusivaentre osfungos produtores dadoenca
“ergot”, particularmente com relagdo areducdo intramol ecular dafruto-
se. O oligossacarideo 1,6-di-b-D-frutofuranosil-D- manitol, o qual ini-
be agerminago dosmacrosporosde C. africana aumaconcentragéo de
1 g/mL ou mais, formajuntamente com outros oligossacarideos menos
bioativos abase de umanovaestratégiaparalimitar as perdas naprodu-
¢80 de sementes de hibridos de sorgo.

Palavras-chave adicionais. ergot, andlise de ligacdo, doenca agucarada do sorgo.

The sugar composition of the honeydew exudate from ergot
fungi parasitising host grassesand cerealshas, until recently, been
largely of academicinterest, concerning only the presumed mix-
ture of oligosaccharides arising from the pathogen’s preferred use
of the glucose component of the host’s sucrose (14). However, a
prominent feature of the sorghum ergot pathogen Claviceps afri-
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cana Frederickson, Mantle & DeMilliano (8), indigenousto parts
of Africa, isthe development of awhite crust of secondary spo-
reson the surface of exuded honeydew (7), from which the name
“sugary disease” arises. Unlike other important ergot pathogens,
the asexually produced secondary spores of C. africana are po-
tentially windborne (9), which makes them an important epide-
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miological factor.

Following the discovery of this disease in the Americasin
1995, secondary sporulation facilitated the dramatic spread of
the pathogen in sorghum within South America in 1996 and
prompted thefirst unequivocal recognition of the pathogen’siden-
tity (15). The disease spread through Central America(16) into
the USA in 1997 (11), where the fungus now is a serious econo-
mic threat to commercia hybrid sorghum seed production. C. afri-
canaoccursin Australia, Japan and Thailand and has al so recen-
tly been recognised in India(2). Recognition of the potential glo-
bal epidemiologica significance of the secondary sporulation
phenomenon (12) of this pathogen has focused attention to the
sugar composition of the honeydew exudatein allowing or facili-
tating production of airborneinoculum (10, 3). The present sac-
charides studies have particularly addressed the report on the
occurrence of oligosaccharidesin the honeydew of C. purpurea
(Fr.) Tul. (5). C. africana has al ditol components and these were
quite different from the honeydew sugars of C. purpurea which
thebiosynthesisisdifferent from those ergot fungi pathogens (3).

The present paper reportson afresh evaluation of C. africana
oligosaccharides, in the context of the new global significance of
sorghum ergot disease, primarily applying methodology ( FAB-
MSand GC-MSin electron impact and chemical ionisation mo-
des) to define new oligosaccharide components. It isalso repor-
ted that the main oligosaccharides are inhibitors to C. africana
macrospore germination at quite low concentration, thereby offe-
ring anovel strategy to limit epidemicsof ergot diseasein hybrid
sorghum seed production through the use of femalelinesexpres-
sing asweet character.

MATERIAL ANDMETHODS

Ergot parasitism. Male-sterile sorghum (Sorghum bicolor
L.)(1S2219 A) wasgrownin ahorticultural tunnel at the Chelsea
Physic Garden, London, and flowered in August and September.
Florets were inoculated with C. africana at floret gaping by
spraying diluted natural honeydew with spore concentration
around 1x10* conidia/mL. New parasitized tissues exuded ho-
neydew 1-2 weeksafter floret inoculation.

Oligosaccharidesisolation. Descending paper chromatogra-
phy [Whatman 3MM No. 1 paper; solvent, propan-1-ol:ethyl
acetate:water (7:1:2)] for 48-55h resolved standards (D-fructose,
D-glucose, sucrose and raffinose) and analytically and/or prepa
ratively separated sugarsin 100 ml of honeydew. To localise the
sugars, lateral strips of the chromatogramswere stained in anili-
ne hydrogen phthalate reagent (3) and heated at 120°C for 20
min. The oligosaccharides separated in the chromatograms were
eluted though a 2.5 x 40 cm column of Bio-Gel P-2 (Bio-Rad)
equilibrated in degassed water at 0.4 mL/min. The eluate was
monitored with aWaters RI-detector R-403 and the fractions (5
mL ) were collected with an LK B fraction collector, using an Hi-
tachi 561 Recorder. Thefractions collected werefreeze-dried prior
to saccharide analysis and bioassay.

Linkage analysis. Oligosaccharide composition was deter-
mined by acombination of FAB-MS and GC-MS analysis. Oli-
gosaccharides were reduced on a DuPont Model 21-491 instru-
ment with dry DM SO plus 5 pellets of NaOH, reduced with 200
mL of borohydride and permethylated with 0.5 mL methyl iodi-
de, asdescribed by Dell et al. (6), before FAB-M S analyses. GC-
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MS analysis after the standard procedure of hydrolysis in 1M
trifluroacetic acid (TFA) at 25°C for 30 min, followed by reduc-
tion with sodium borodeuteride and acetylation with acetic
anhydride had been applied to the permethyl ated saccharides, as
described by Carpita & Shea (4). GC-MS was carried out on a
Finnigan/M AT 9610 gas chromatograph eguipped witha30 m x
0.2mm DB-5 capillary columnin atemperature gradient 90-190°C
(20°C min 1), 190-210°C (1°C min'), 210-300°C (25°C min').
In A aFisons 8000 quadrupole mass spectrometer systemin elec-
tron impact mode, and B employed aV G autospek Q systemin
chemical ionisation with negative ion mode to show molecular
ionsof derivatised monosaccharides.

M acr ospor e ger mination. Potato dextrose agar (Difco) was
diluted to 1/8 normal concentration and supplemented with agar
(2%). Purified honeydew oligosaccharides, or raffinose, manni-
tol or arabitol as controls, were incorporated into the medium at
concentrations up to 5% and a drop spread as a 1 cm diameter
film on amicrospore dide. The surface was inoculated by sedi-
menting in the air an aerosol of a suspension of parasitically-
produced conidiain water. Slideswereincubated in awater-satu-
rated atmosphere in Petri dishes at 18°C. Without added oligo-
saccharides, macrospores germinated by aniterative process(8),
giving asecondary spore on asterigmaprojecting abovethe me-
dium surface within 1-2 days. Spore germination was assessed
microscopically.

RESULTS

Apparently, FAB-M S spectraof C. africana honeydew indi-
cated the presence of two groups of oligosaccharides, one with
ions around my/z 450-500 and the other around nVz 650-700 (Fi-
gure1). Thefirst one seemsto be adisaccharide group withions
Mz 449, 477 and 493, which are the respective pseudomol ecul ar
ion fragments of the permethylated sodiated disaccharide [M +
Na]*. The most prominent FAB-MS disaccharides, eluted from
paper chromatograms, aretheionsn/z449 and 493 (Figure 1, A
and C). lon m/z 449 is consistent with an oligosaccharide com-
posed of one permethylated hexose plus one permethylated pen-
tose (C,H,,0,,), an A-type fragment ion corresponding to the
mass of the free reducing end terminal group and the mass of the
cationisingion (Na=23),i.e. (1x204) + (1x 191) + 31+ 23. The
ion m/z 477 (Figure 1, B) equate to di-hexose and can apply to
severa disaccharidesincluding inulin, levan, sucroseand/or others
which are composed of two permethylated hexoses, an A-type
fragment ion corresponding to the mass of the non-reducing and
freereducing end terminal groupsand the mass of the cationising
ion, i.e. (2x204) + 15+ 31 + 23. Thedatafrom GC-MSlinkage
analysis, of theion m/z 477, showed small amounts of fructoses
linked in positions 1 or 6 (Table 1) which, when each isassocia-
ted with 2-fructose from this dominant component, reveals the
presence of both levanbiose and inulobiose. Theion m/z493 (Fi-
gure 1, C) by analogy showsan oligosaccharide composed of two
permethylated hexoses, one of whichwasreduced, an A-typefrag-
ment ion of which corresponds to the mass of the non-reducing
end terminal group, an additional increment of the reduced-re-
ducing end and themass of thecationisingion, i.e. (2x 204) + 15
+ 47 + 23. GC-EIM S and GC-CIM S data of the electron impact
mode and chemical ionisation of the 1-b-D-fructofuranosyl-D-
mannitol (Table 1) confirmed linkage of the fructofuranosyl com-
ponent by the 2-position and i s consistent with the mannitol being
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linked by either its 1- or 6- position.

A higher massgroup of ions, m/z653, 681 and 697 (Figure 1,
D, E and F) arethe respective sodiated pseudomol ecular ions[M
+ Na]* of the reduced trisaccharides. The most prominent FAB-
M Strisaccharides, eluted from paper chromatograms, arerepre-
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Figure 1 — Fast atom bombardment-mass spectrum of permethylated
oligosaccharides in natural honeydew of C. africana. A) fructosyl-
arabitol, B) di-hexoses, C) fructosyl-mannitol, D) difructosyl-arabitol,
E) tri-hexoses, and F) difructosyl-mannitol. Numbers relate to the
mass/change value (m/z) of the pseudo molecular ion [ M+ Na]+ of
each oligosaccharides with identical mass.

sented by theionsm/z 653 and 697 (Figure 1, D and F). Theion
m/z 697 correspond to [M + Na)* for amolecular weight of 674,
which is 47 amu in excess for a permethylated tri-hexose, sho-
wing the reduction of one hexose. Thision m/z 697 represents,
together withthedatafromthe GC-M Srelativeintensities of mass
spectrafragmentions(Table 1), the mgjor trisaccharide 1,6-di-b-
D-fructofuranosyl-D-mannitol (two permethylated hexosesplus
permethylated mannitol) which iscomposed of three permethyla-
ted hexoses, an A-type fragment ion corresponding to the mass
of the non-reducing end terminal group, an additional increment
of the reduced-reducing end and massof thecationisingion, i.e.
(3x204) + 15 + 47 + 23, gives the observed ion m/z 697. GC-
EIM S dataafter the standard derivatisation procedurefor linkage
analysisimplied that thistrisaccharide contained an alditol linked
at positions 1 and 6 and al so the same fructofuranose asoccursin
sucrose, linked at C,. Data from GC-CIMS complemented the
limited fragment ion dataof EIMSand confirmed particularly the
molecular mass of derivatives of 1, 6-linked mannitol and 2-
linked fructofuranose (Table 1).

FAB-M Sdata, after permethylation, showed otherstrisaccha-
rides sodiated with ions m/z 653 and 681 (Figure 1, D and E)
which equate to 204 amu (hexose) additionsto the sodiated mo-
lecular ions of the disaccharides m/z 449 and 477, respectively
(Figurel, A and B). Thisdata, together with that of linkage analy-
sis, of each pure compound, showing al,6 linked fructose (Table
1), confirms occurrence of 1,5-di-b-D-fructofuranosyl-D-arabi-
tol but also revealsanove tri-fructose composed of 2-1 and 2-6
linked moieties, termed “inulevan-triose”.

Table 1. Gas chromatography retention time of derivatives of purified monosaccharides, which were either free or wererel eased
during linkage analysis of oligosaccharides from the honeydew of Claviceps africana, together with the relative intensities of mass
spectral fragment ions seen in electron impact mode, correlated with molecular ions seenin chemical ionisation mode.

Derivatised monosaccharides Important fragment ions (GC-EIMS) GC-CIMS LINKAGE
Rt 59 75 87 89 101 102 117 118 129133 145 161 162 163177 189190 205 (M+H)* (M+NH,)*
(min)

1,2,3,4,5-penta-O-methyl pentitol 1157 4+ ++ A S + 250 267 D-arabitol
1-O -acetyl-2,3,4,5-tetra-O-methyl pentitol 1418  + o+t T+ + + 251 268 5 - arabitol
1,2,3,4,5,6-hexa-O-methylhexitol 1470 ++ ++ o 4+ St + 294 311 D-mannitol
1,5-di-O-acetyl-2,3,4-tri-O-methyl pentitol 16.60 + T+ St + 279 296 1,5 - arabitol
6-O-acetyl-1,2,3,4,5-penta-O-methyl hexitol 17.03  + + ot T+ 4+ 295 312 5 - mannitol
5-O-acetyl-1,(2D),3,4,6-penta-O-methyl hexitol 17.92 + . + o+ o+ + 295 312 D-fructose
2,5-di-O-acetyl (2D)-1,3,4,6-tetra-O-methylhexitol 17.95 + o+ + o+ + 324 341 2 - fructose
1,5-di-O-acetyl(1D) 2,3,4,6 tetra-O-methylhexitol 18.64 + T 4+ U + O+ o+ + 1 - glucose
5-O-acetyl-1,2,3,4,6 (1D)-penta-O-methylhexitol  18.67 T+ St U O+ o+ + 295 312 D-glucose
1,6-di-O-acetyl-2,3,4,5 tetra-O-methylhexitol 19.15 St St T+ 323 340 1,6 - mannitol
1,2,5-tri-O-acetyl (2D) 3,4,6 tri-O-methylhexitol 19.77 + St T+ + 1 - fructose
2,5,6-tri-O-acetyl(2D) 1,34 tri-O-methylhexitol ~ 19.77 + ++ ++ + 6 - fructose
1,2,5-tri-O-acetyl-2,3,4,6-tetra-O-methylhexitol ~ 19.84 4 o+ 4 4 1,2 - fructose
1,2,5,6-tetra-O-acetyl (2D) 3,4 di-O-methyl hexitol ,19.84 + . + + 1,6 fructose

abbreviations: +++, well-defined in spectrum; ++, middle-defined in spectrum; +, weakly-defined in spectrum
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The second most prominent trisaccharide is the ion m/z 653
(Figure 1, D) which represent, together with the data from the
GC-MSréativeintensities of mass spectrafragment ions(Table
1) the 1,5-di-b-D-fructofuranosyl-D-arabitol (two permethylated
hexoses plus permethylated arabitol). The minor trisaccharides
havetheionsn/z681. Theion m/z 681 (three permethylated he-
xoses) coversagroup including, theoretically, 1-kestose, 6- kes-
tose, inulintriose or any other tri-hexose.

Concerning the oligosaccharidesbiologica activities, thetri-
saccharide 1,6-di-b-D-fructofuranosyl-D-mannitol at 1 g/mL inhi-
bited macrospore germination by 94% and at 2 g/mL, the spore
germination wascompletely inhibited. The 1-b-D-fructofuranosyl-
D-mannitol disaccharidewascompletely inhibitory at 5 g/mL but
had no effect at 2 g/mL. The 1,5-di-b-D-fructofuranosyl-D-arabi-
tol and 5-b-D-fructofuranosyl-D-arabitol also completely inhibi-
tedat 5g/mL but were 70% inhibitory at 2 g/mL and 40% inhibi-
tory at 1 g/mL. By contrast, pure compounds of raffinose, D-
mannitol and D-arabitol a 5 g/mL had no inhibitory effect on
sporegermination.

DISCUSSION

Somelinkageambiguitiesin Mower et al. (14) interpretation
have been clarified and redefined, and the combined use of FAB-
MS and GC-M Stechniques, particularly inthe chemical ionisa
tion mode, hasprovided anew firm diagnostic application of the-
semethodol ogiesto natural oligosaccharides not containing glu-
cose. Consequently, evidencefor additional minor fructosanshas
been obtained and this has enabled formul ation of aputative bio-
synthetic metabolic pathway inwhich theoccurrence of thealdi-
tol oligosaccharidesis seen partly asarational expression of the
pathogen’s sel ective nutritive metabolism of the sucrose supplied
by the host plant. It isalso recognised that thisrange of complex
biotransformations is not easy to rationalise for the pathogen’s
benefit on account of their energetic cost.

The proposal isthat, whereas the oligosaccharides of the C.
purpurea honeydew aretheclassical types(retaining the glucose
of the sucrose acceptor) as afunction of fructosyl transferasein
making someglucose availablefor fungal nutrition (5), theoligo-
saccharidesof C. africanamay similarly first arise by fructosyl
transferase to link one molecule of mannitol, arising from the
pathogen’s reduction of fructose by mannitol dehydrogenase, to
thefructose moiety of sucrose. However the linkage of mannitol
isto a2-position of fructose, as subsequently detected by linka-
geanalysis. It mimicsthesimilar linkage with the glucose moiety
in the sucrose substrate for this biotransformation and occurs
without fructose ever being free. Of course, glucosefreed by this
processisavailablefor direct utilisation in the pathogen’s meta-
bolismif thebiotransformation is cell-associated. However, if the
biotransformation isoccurring within exuded honeydew, free glu-
coseis potentialy available to fuel conidial metabolism, inclu-
ding secondary sporulation. Thus, the pathogen even has extra
cellular mechanismsto promote the secondary sporulation which
is a potent factor to establish epidemics of proliferation. As a
conseguence, the bioactive disaccharide 1-b-D-fructofuranosyl-
D-mannitol isformed. From GC-MSlinkage analysis of thisdi-
saccharideit seemsthat the mannitol israndomly linked 1-2 or 6-
2 to fructose. Further addition of fructose, also linked by its 2-
position to the remaining 1 or 6 positions of mannitol in the di-
saccharide, givesthetrisaccharide 1,6-di-b-D-fructofuranosyl-D-
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mannitol. Asin the formation of the disaccharide, mannitol be-
comes linked to a 2-position of a fructose in another sucrose
molecule with concomitant release of glucose, but in this case
the mannitol isalready linked to afructose moiety.

In the other ergot pathogens of sorghum, C. sorghi McRae
and C. sorghicola Tsukiboshi, Shimanuki & Uematsu, honey-
dew saccharides are mainly fructose and glucose, implying that
the principal mode of utilisation of the host’s sucrose isviaan
invertase hydrolysing it toitsconstituent monosaccharides. Pro-
bably, C. africana a so hasinvertase activity to nutritional regui-
rement as a parasite but its not dominant over saccharide-trans-
ferring activity which it isto produce the aditol-containing oli-
gosaccharides. Since secondary sporulation is only an in vitro
phenomenon in C. sorghi (13), the anamorph of which (Sphace-
lia sorghi) is morphologically indistinguishable from that of C.
africana, itisimportant not to be confused where C. africanais
misnamed as C. sorghi (1). A reasonwhy C. sorghi never signifi-
cantly exhibited secondary sporulationinvivo concerned theless
bulky growth hahit of its sphacelium (9). Thisresultsin lessde-
mand on the host’s sucrose and a much higher saccharide con-
centration in honeydew. In this case, probably the high content
of fructoseisaone sufficient to account for thegenera failureto
produce the white cascade of secondary sporulation onthe surfa-
ce of infected plants. However, it makes the point that it is the
ratio between the pathogen’s demand and the host’s supply whi-
chmost influenceswhether or not conidiain honeydew will ger-
minateto release an airborne secondary spore. Even C. sorghico-
la, the anamorph of which isdifferent from that of the other two
Sorghum pathogens, can perform secondary sporulation invitro
(20), but this has never been reported asan in vivo event, again
probably because of the dominance and abundance of fructose
inthe honeydew.

Normally, the devel oping sphacelium of C. africana, which
isso bulky that it forcesthe glumes apart, utilisesvirtually all of
the sucrose supplied by the grain Sorghum floret. Thisiswhy the
concentration of saccharidesinthe honeydew isgenerally so low.
Theglucose moiety of sucroseis metabolised by the pathogen as
acarbon and energy source, and the fructose moiety, partly redu-
ced to mannitol, isincorporated into oligosaccharides. The effi-
cient biosynthetic mechanism of linking mannitol to fructose
mol ecul es and the apparent abundance of the enzymeactivity both
fit and explain theincreasein the concentration of bioactiveoli-
gosaccharidesin honeydew where the sorghum plant hasa‘ swe-
et’ character. The inevitability of perfusion of phloem leakage
through ahighly metabolic sphacelium ensures efficient utilisati-
on of the sucrose, and transformation of excessin sweet sorghu-
msto the oligosaccharides. The present mechanistic study there-
fore reinforces the idea that incorporation of a sweet character
intoA linesfor sorghum hybrid production could provide an effec-
tive limitation on the adverse impact of ergot disease by restric-
ting secondary sporul ation on honeydew.
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