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Abstract-The sterols from healthy bean leaves are /3-sitosterol, stigmasterol, campesterol and 28-isofucosterol. 
An additional sterol observed in bean leaves infected with Uromyces phase& was identified as 7,(Z)-24(28)-stig- 
mastadien-38-01, which is the major sterol of the uredospores of the fungus. The fungus appears to stimulate sterol 
synthesis, but most of the increased sterol content of infected leaves can be attributed to the sterol of the uredos- 
pores. 

INTRODUCTION 

IT HAS been suggested that some obligate parasitic fungi draw upon their host plants for 
at least part of their sterol requirements.‘y2 In previous studies we observed that germinat- 
ing bean rust uredospores (Uromyces phaseoli) had the ability to synthesize sterols from 
simple precursors such as acetate, mevalonate and methionine3 suggesting that the fungus 
might be capable of synthesizing sterols throughout its life cycle. Our approach to the 
question of whether the host plant or parasite was responsible for the synthesis of sterols 
found in uredospores produced by rust-infected plants was to identify the sterols in the 
host plant (Great Northern bean) and compare them with the sterols present in uredo- 
spores. This paper describes quantitative determinations of sterols during different stages 
of infection and also of sterol synthesis by uredospores from endogenous carbon sources. 

RESULTS 

Iden@cation of sterolsfrom bean leaves 

The sterols were extracted from bean leaves and isolated by TLC. Acetylation followed 
by preparative TLC with AgN03 impregnated plates3*4 gave three bands which were 
designated, in the order of their mobility as A, B and C (Rf, 0.65, 0.6 and 0.38, respec- 
tively). The sterol bands gave a blue color which developed slowly with the Liebermann- 
Burchard reagent and gave a negative Tortelli-Jaffi: reaction indicating that they were 
A5 sterols.5,6 

* Published with the approval of the Director as Paper No. 3724; Journal Series Nebraska Agricultural Exper- 
iment Station. Research reported was conducted under Project 15-18. This study was supported by the Nebraska 
Wheat Division. 
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GLC on QFl indicated the presence of two sterols in hand A. After conversion to their 

TMS derivatives. the ma.jor sterol (X5”,,) had the same R, as p-sitostcrol and the minor 
component (15:,,) had the same R, as campesterol. The MS of recrystallized band A sterol 
acetates showed a weak peak for the M * of /I-sitosterol acetate (M,* ) at WC 456. A peak 
corresponding with the M- of campesterol (M,’ ) at WC’ 312 was also observed. The rela- 
tive intensity of the peaks. W;L~ 396 (M, - 60) and /u:(’ Xi2 (MC - 60). formed by the loss 
of acetic acid, were 100”; and 31”,, respectively. Other peaks characteristic of these com- 
pounds.’ ” were observed. The MS of band A sterols, after recrystallization also exhibited 
peaks characteristic of /&sitosterol and campestcrol. The TR and NMR” spectra of the 
acetate derivatives were identical to authentic p-sitosterol. 

GLC of the TMS derivative of band B stcrol sho\vcd only one component on QFI and 
0V17 and its R, corresponded with that of stigmasterol TMS ether. The MS, IR7.‘” and 
NMR ‘2.‘3 spectra of band B sterol MU-C‘ also identical to those of stigmasterol. 

Band C sterol also showed only one component by GLC on QFI and OV 17. The acetate 
derivative had a low R, on AgNO,-TLC suggesting that it could bc fucosterol or Xisofu- 
costerol’ ’ (A’-avenasterol) and GLC indicated that the sterol was probably X-isofucos- 
terol.” The MS of the acetate derivati\;c did not exhibit a M _ but ;III intense peak at /u;(’ 
296. characteristic of both fucostcrol and Wisofucosterol. However. the relative intensities 
of the ions at ~7~t’ 55, 296 and 394 indicated that the compound was 2%isofucosterol ace- 

tate.8 As pointed out by van Aller c’t (II.‘” fucosterol has never been isolated from plants 
that also contain a sterol \vith a 14ethyl group such as /j-sitostcrol. 

IdtJtltific.trtiot7 c~f’sle~~l,s of’rUst-it~f;‘c~f~~~~ hratl lfwr.c~.s 

Identical isolation and purification procedures for the sterols from rust-infected leaves 
(7-day infection) were used and after AgNO,,-TLC the acctylated sterols gave four bands. 
Three of the bands had K, values identical to those obtained from the sterols of healthy 
leaves; the fourth band, designated band D. appeared bct\+recn bands B and C and had 
a R, value of 05. 

Band D sterol gave reactions of a A’-sterol with the Liebcrmann-Burchard’ and Tor- 
tclli Jaffc’ tests.” GLC of the TMS ether derivative showed only one component that had 
the same R, as the major sterol, 7.(Z)-2~(2X)-stigmastadieIi-~~~-~~l. isolated from bean rust 
uredospores.3 The MS and IR spectra were also identical with that of this sterol.” 

GLC, chemical tests, IR. MS and NMR showed that the sterols of band A. B and C 
were identical to those of healthy bean leaves. 

7‘hc~ qw1itutil.C utul quatlritcttiw tirJtL~t.tllitlLtliotl 0f’stm~l.s c~f’licwlth~~ ottrl txst-it@ttd 1caw.Y 

Quantitative analysts of sterols at various stages of infection were performed together 
with those of healthy plants of an equivalent age. No significant diffcrcnces in stcrol con- 
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tent (mg/g, dry wt) was observed between the healthy plants of different ages used for con- 
trols. The presence of 7,(Z)-24(28)-stigmastadien-38-01 could not be detected until four 
days after inoculation of plants; then its concentration increased continuously over the 
next 6 days. Brown pustules began to appear 8 days after inoculation but at 7 days only 
white flecks were visible. After 10 days the plants were severely dehydrated and dying. The 
analyses shown in Table 1 are for 4 days after inoculation, the first day the fungal sterol 
was detectable and for 7 days after inoculation, the stage where the fungal sterol was high 
yet no uredospores were visible. 

TABLE 1. QUANTITIESOF STEROLS IN HEALTHY ANDRUST-INFECTED LEAVES 

Source 
of Days after (mg/g dry weight)* 

extract inoculation Total 1 2 3 4 5 

Healthy 
leaves 

Infected 
leaves 

Healthy 
leaves 

Infected 
leaves 

4 1.97 0.89 0.79 0.18 0.11 ND1- 

4 2.09 0.88 0.89 0.13 0.12 0.08 

I 1.92 0.95 0.68 0.19 @09 NDt 

I 3.88 1.23 0.87 0.24 0.11 1.42 

* Total sterol content was determined gravimetrically and individual sterols were determined by GLC peak 
area. 

t ND = not detected. 
1 = /Mitosterol; 2 = stigmasterol; 3 = campesterol; 4 = 2Gisofucosterol; 5 = 7,(Z)-24(28)-stigmastadien-3P- 

01. 

The total sterol weight was calculated as 25.3”/, of the weight of the digitonide precipi- 
tate, l7 and the individual sterols were determined by GLC. The total weights of sterols 
extracted from bean leaves and rust-infected leaves were essentially the same on the 4th 
day. On the 7th day, the total weight of sterols extracted from infected leaves was about 
twice that of non-infected tissue and appeared to be related with the increase in fungal 
mass. Except for 7,(Z)-24(28)-stigmastadien-3/$ol there did not appear to be large differ- 
ences in the levels of the other sterols between healthy leaves and rust-infected leaves either 
on the 4th or the 7th day. 

In other experiments similar results were obtained although the level of 7,(Z)-24(28)-stig- 
mastadien-3&ol varied with the stage and the severity of infection. 

Synthesis sf sterols by uredospores 

Previously we found that uredospores germinated on water with 14C-labeled acetate 
and mevalonate would synthesize “C-sterols.3 In the present work further experiments 
were performed to determine if sterol synthesis takes place in the absence of exogenous 
substrates. Uredospores, uniformly labeled with 1 4C, were produced on bean plants, col- 
lected and then germinated on distilled water by procedures described by Trocha and 
Daly.’ 8 At 0, 3 6, 9 and 12 hr after germination was initiated the levels of label in the 
sterol fraction kere 1625, 2460, 3 100, 2750 and 2450 dpm/mg spores, respectively. These 

I’ KLLL~R, C. .I., BUSH. L. P. and GRUNWALU, C. (1969) J. Ayqr. Food C/WU~. 17, 331. 
” TROCHA, P. and DALY, J. M. (1970) Pht Physiol. 46, 520. 
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data are the average of two separate experiments in which the maximum deviation of dup- 
licates was 170 dpm/mg spores. Thus the quantity of sterols increased during the first 6 
hr then decreased to a level that was still 1.5 times greater than the initial level during 
the next 6-hr period. During the 12-hr period 14C in the total lipid extract decreased con- 

tinuously from an initial level of about 70000 to 20000 dpm/mg spores. The loss of trigly- 
cerides and fatty acids during germination has been shown previously for ‘“C-uredospores 
of Puccinia pirrtlinis f. sp. tr,itic’i.’ ‘I 

Since we have obtained cell-free preparations from uredospores that contain enzymes 
involved in sterol biosynthesis.“’ it appears that not only are uredospores capable of syn- 
thesizing sterols, they do so, actively. at the expense of endogenous carbon sources during 
the germination process. 

From the examination of sterols in spores and infected plant tissue Knights’ concluded 
that the club root fungus, P/LI.s/110(~iol)hOI’N hras.sicue, draws upon its host for the sterols 
found in its resting spores. Jackson and Frear’ have also suggested that the sterols in the 
uredospores of M~~LZ~IZ~SOVLI /illi (fax rust) arc obtained from the host plant. However. 
Nowak et u/.” found that the major sterol of uredospores of Puu.iuiu yrrnlini?; witic.i 
(wheat stem rust) was detected in only I of 1 I samples of non-infected wheat leaves. 
Further they observed that the level of stigmast-7-enol appeared to he correlated with the 
amount of fungal tissue in the host when susceptible and resistant plants were compared. 
Our results also showed a marked difference between the sterols present in the healthy 
plant and in uredospores but sterol metabolism in thcsc organisms must be somewhat dif- 
ferent since different sterols are involved. Nevertheless in the cases whcrc the sterols of 
the fungal spore are different from those of the host plant the possibility that the fungus 

draws its sterol requirements from the host can only bc explained by a few hypothcscs. 
A sterol intermediate could be produced by the host and utilized by the fungus in the syn- 
thesis of its sterols. Perhaps 4.4’-dimethyl-sterols could serve as an intermediate but we 
could not detect any 4.4’-dimcthyl-sterols in our work. However. they are undoubtedly 
present in concentrations below our methods of detection. Ifa common intormediatc sterol 
was involved. its transport from plant to fungal cells might be expected to result in higher 
levels than that observed for an intermediate involved in a single cell. It is also conceivable 
that the parasite could exert an overriding control on the types of sterols produced bq. the 
host. 

For c’. phuseoli the sterols of the uredospores and the host plant are different. The levels 
of sterols characteristic of the host arc not altered greatly by fungal growth and the in- 
crease in sterol content of infected leaves before uredospore formation is primarily due 
to the synthesis of the major sterol of uredospores. Since uredosporcs contain the enzymes 
for synthesis of sterols from acetate, mevalonate and methionine” this genetic information 
must be present, although not necessarily expressed, during the particular stage of the fun- 
gus’ life cycle on the bean plant. Thus we have concluded that fungal enzymes are probably 
responsible for the synthesis of sterols required by bean rust uredospores and that only 
simple substrates such as carbohydrates aie drawn from the host to synthesize the more 
complex molecules needed for uredospore formation. 

I’) DALI. J. M.. Kroc HE. H W. and WII SF. M. V (1967) Piciilt P/I,L\,o/. 42, Ihi. 
‘” Unpublished observations. our laborator). 
‘I NOWAk. R.. Km. W. K. and Rori~~~~c;m, R. (1977) C‘m. .I. Rotmy 50, 185. 
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EXPERIMENTAL 

Plants. Seeds of Great Northern beans (Phaseolus vulgaris L.) were germinated in soil at about 27” for 7 days 
with illumination, then moved to a growth chamber at 20”. After 1 week in the growth chamber, half of the plants 
were inoculated with uredospores, Uromyces phase& (Pers.) Wint. Var. typica Arth. The rust-infected leaves were 
removed on the 4th and 7th day after inoculation and healthy leaves were also removed on the same day. 

Isolatiorl the srerols. The sterols of the bean leaves and of the rust-infected leaves were isolated and purified 
in the same way. Primary leaves (40 g) were cut into small strips and homogenized in 200 ml of MeOH-CHCI, 
(1: 2). After removal of the debris by filtration the residue was washed 3 x with 200 ml of the same solvent. The 
combined extracts were washed with 50 ml HZ0 and dried under a stream of N,. Phospholipids were precipitated 
by Et,G(Me)&O (1: 5) and removed by filtration. The filtrate was evaporated and the residue obtained saponi- 
fied by refluxing with 5% ethanolic KOH for 1 hr. The non-saponifiable fraction was extracted 3 x with Et20 
after the addition of 100 ml HzO. The Et,0 fraction was washed with HZ0 dried and evaporated to dryness 
under N,. The digitonide ppt was prepared, washed and cleaved as described by Keller.” Chromatography of 
the recovered sterols was performed on preparative TLC’ plates (Silica Gel G) using Et20pheptane-HOAc 
(70:30: 1). The sterol bands were removed and extracted from the absorbent with Et*O. The sterol content was 
converted to a dry weight basis by drying 5 g of fresh tissue to constant weight at 40”. Separate ratios were deter- 
mined for samples of each type and age. 

Analysis of “C-uredospores. For each sample, 20 mg of the labeled spores were placed on 20 ml H,O and 
allowed to germinate for a prescribed period of time. The spores were removed, homogenized in CHCl,-MeOH 
(2: 1) and extracted twice with the same solvent. The total extract was reduced in vol and subjected to TLC using 
Et,O-heptane-HOAc (70:30: I) and the sterol fraction isolated. The bands corresponding to the various other 
lipid fractions were also removed from the plates and eluted from the absorbent with Et,O. An aliquot was taken 
for counting by liquid scintillation. 

GLC was performed on a FID instrument using two columns (stainless steel 2 m x 8 mm); column I packed 
with 3% QF-1 on Anakrom ABS 130-140 mesh, operated at 233” with a Row rate of 60 ml per min. column 
11 packed with 5% OV-17 on Anakrom AB; 70/80 mesh, operated at 270’ with a flow rate of 60 ml per min. 
Relative proportions of sterols were determined by peak areas which were measured with a disc integrator. 

NMR, MS u~d IR spectra were determined as previously described.’ MS Band A sterols; ni!r (rel. intensity) 
414(M,?, 100’~). 4OO(M;, 23$/J. 399(M: -Me, 33%). 385(M:-Me, 1472). 396(M: -H,O, 65%). 382(M: -HzO, 
21%) 381(M:-H,GMe, 30;), 367(M,+-H,O-Me, ST/,), 329(M:-H,O-C,H,. SSy@, 315(M:-H*O-C,H,. 139/,), 
303(M:-H,@C,Ng, 77;;) 289(M:-H,OpC,H,, 23%) 275(M:-HzO-CgHi3. 30%) 261(M:-H,O-CqH,,, 
9%) 273(M: or Mf-side chain, 54%), 255(M: or MT-side chain-H,O. 66%) 213(M: or M:-side chain-H,@ 
42, go”/,). MS Band and A steryl acetates; m/e 396(M:-HOAc, 100%). 382(M:-HOAc. 217,) 38l(M:-Me-HOAc, 
10%) 367(M:-MeeHOAc, 3%) 255(M: or M:-side chain-HOAc, 14%) 213(M: or M,i-side chain-42-HOAc, 
9%). Band B sterol; m/e 412(M’, loo:/,), 397(M+-Me, 97;), 394(M+-HzO. 237;) 379(M’-Me-H,O, 9”/,). 369(M+- 
43,20:/J, 351(M+ -43%H20, 29’j’,), 299(M+-Me-& to C2,-H, 14:/,), 273(M+-side chain, 22%) 271(M+-side chain- 
2H. 61%) 255(Mt-side chain-H,O, 88”/,), 253(M’-side chain-H,O-2H, 15%). 231(Mf-side chain-42, 167,) 
229(M ‘-side chain27~-OH. 18”~J. 213(M’-side chain-42-HZO, 36”/,). MS Band B steryl acetate; m/e 394(M’- 
HOAc, loo%), 35l(M’-43-HOAc, 21%) 255(M+-side chain-HOAc, 74y;). 253(M+-side chain-HOAc-ZH, 22%). 
213(M+-side chain-HOAc-42, 20%). MS Band C steryl acetate; m/r 394(M+-HOAc, 28”):). 379(M+-Me-HOAc, 
3%) 296(M-C,H,,- HOAc, loo?;), 28 l(296Me. 220/,), 253(Mf-side chain-HOAccZH, 16?,), 228(M+-side chain- 
HOAc-27, 13%) 213(M+-side chainHOAc-42, 18%) and 55(C,H,, 40%). NMR Band A steryl acetates, 6 @68 
(s, C-18 proton), 0.85 (d, I 6.8 Hz, C-26 and C-27 protons. 0.86 (t, J 6.3 Hz. C-29 protons, 0.93 (d, J 6.1 Hz, 
C-21 proton), 1.01 (s, C-19 proton), 2.09 (s, acetyl). NMR Band B steryl acetate, 6 0.69 (s, C-18 proton). 0.83 (t, 
J 5.7 Hz. C-29 proton), 0.86 (d, .I 6.4 Hz, C-26 and C-27 protons), 1.01 (s, C-19 proton), 1.03 (d. J 5.5 Hz. C-21 
proton), 2.08 (s. acetyl). 
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