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A B S T R A C T  

Broccoli, brussels sprouts and cabbage grown on municipal sewage sludge- 
amended soil were analyzed by HPLC for glueosinolates and fl-carotene. 
Cadmium was also determined in these vegetables. A number of quantitative 
changes in specific glucosinolate levels were observed in broccoli harvested 
from sludge-amended soil, but the total glucosinolate content in broccoli or 
brussels sprouts was not changed. Cabbage grown on sludge-amended soil was 
s~gnificantly lower in glucosinolates and fl-carotene and significantly higher in 
cadmium. Although it is unlikely that cadmium caused these reduced levels of  
glucosinolates and fl-carotene, municipal sewage sludge-amended soil 
appears to change the constituents of  specific Brassica vegetables associated 
w(th their qualio' and healthful attributes. 

INTRODUCTION 

The need to find inexpensive ways of disposing of vast amounts of municipal 
sewage sludge has led the US, as well as other industrialized countries, to 
explore utilization of some of it as fertilizer for the production of fruits and 
vegetables (US EPA, 1981). Although certain nutrients are added to the soil, 
numerous subtle toxicologic effects and biologic changes have been 
observed in vegetables and other plants (Babish et  al., 1984). 

Glucosinolates (thioglucosides) are sulfur-containing compounds present 
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in Brassica vegetables (Kjaer, 1976). The glycosyl component is /~-o- 
glucopyranose and all glucosinolates probably have the anti configuration, 
with respect to the sulfate and R groups, as shown in Fig. 1 (Ettlinger & 
Lundeen, 1956). The glucosinolates are anions and occur in plants mostly as 
potassium salts (Tookey et al., 1980). Upon hydrolysis, they are responsible 
for the characteristic flavors of Brass ica  foods and condiments such as 
mustard seed and horseradish. At high intake levels certain glucosinolates 
are associated with toxic effects, especially goiter development (Nishie & 
Daxenbichler, 1980), but indole glucosinolates have been shown to inhibit 
chemical carcinogenesis (Stoewsand et al., 1978; Wattenberg & Loub, 1978). 
/~-Carotene has also been described as an anticarcinogenic substance (Peto et 
al., 1981). 

S-(~-D-glucopyranosyl) 
/ 

R--C 
% 

N--OSO 3 

Fig. l. Constitutional and stereochemical structure of glucosinolates. Trivial names for 
common glucosinolates, along with the nature of R (parentheses), are as follows; gluco- 
capparin (methyl); glucoiberin (3-methylsulphinylpropyl); progoitrin (2-hydroxybut-3-enyl); 
gluconapin (3-butenyl); sinigrin (2-propenyl); glucoraphanin (4-methylsulphinylbutyl-); 
glucobrassicanapin (4-pentyl); gluconasturtiin (2-phenylethyl); glucobrassicin (3-indolyl- 
methyl); neoglucobrassicin (1-methoxy-3-indolylmethyl); no trivial names for 4-hydroxy- 

glucobrassicin or 4-methoxyglucobrassicin. 

Since there is evidence that municipal sewage sludge spread on soils 
changes the level of glucosinolates in Brass ica  vegetables (Miller et al., 1983; 
Stoewsand et al., 1986), the purpose of this study was to quantitate these 
putative changes in broccoli, brussels sprouts and cabbage. In addition, a 
preliminary study indicated that the level of carotenoids was lowered in 
sludge-grown vegetables. Therefore, fl-carotene was measured, as well as 
cadmium, as this element is also known to accumulate in many sludge- 
grown crops (Babish et al., 1984). 

MATERIALS AND METHODS 

Experimental plots and plantings 

The sludge was obtained from the Ley Creek Sewage Treatment Plant in 
Syracuse, NY. Wastewater entering this plant is treated to yield an 
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anaerobically digested, waste-activated sludge. No chemicals are added 
during the treatment. Four  years prior to results reported in this study, 
sludge was applied to 0.04 hectares of a Hudson, silt-loam soil, pH 5-7, in 
Ithaca, NY, at the rate of 224 metric tons per hectare. The sludge was spread 
evenly over the plots, and then was tilled with a rotary cultivator. The sludge 
(pH 6-7) had a fertilizer equivalent of 1.67-1.12-0-13 (N-P-K) and contained 
68% ash. A similar plot of  the same soil type was prepared and amended at 
the same N - P - K  rate with cow manure to serve as a control. The final pH of 
the sludge-amended and control soils was 6-2 and 6-0, respectively. 

In the spring, 'Early One' broccoli (Brassica oleraeea), 'Jade Cross E' 
(hybrid) brussels sprouts (Brassica oleracea; gemmifera group) and 'Green 
Winter' cabbage (Brassiea oleracea var. capitata) were planted as transplants 
in the sludge-amended and control plots surrounded by black plastic strips, 
30 in wide. Mature vegetables were harvested in the fall for analysis. Before 
freeze-drying, the broccoli, brussels sprouts and cabbage had a moisture 
content of approximately 89%, 85% and 94%, respectively. 

Glucosinolate analysis 

The raethod used for preparation of aqueous vegetable extracts containing 
the glucosinolate fraction was that of Miller & Stoewsand (1983). 
Glucosinolates were analyzed using high-pressure liquid chromatography 
(HPLC) following the on-column desulphation method of Truscott et al. 
(1983). Briefly, the extracts were applied to DEAE-Sephadex A-25 columns. 
After washing with water, the glucosinolates were converted to correspond- 
ing desulpho-derivatives by addition of aryl sulphatase solution. After 
overrLight incubation, the desulphoglucosinolates were eluted with water. 
The eluate was filtered prior to analysis by HPLC. 

Two Rainin Rabbit-HP pumps were coupled to a Tracor 970A variable 
waveltength detector. A wavelength setting of 227-5 nm was used to monitor  
all separations. The chromatographic unit was operated at a constant 
solve;at flow of 1 ml/min and the column (4-6 x 22 mm, RP-18 Brownlee 5#) 
was held at 35°C. The solvent program consisted of 100% water for 10 min, a 
gradient of 0-12% acetonitrile over the next 30 min and 12% acetonitrile for 
an additional 25 min. A known volume of sample was injected and peak 
areas and retention times were measured using a Hewlett-Packard 21 MX 
E-Series computer  system. Response factors were compared to purified 
glucosinolates. Where actual standards were unavailable, peaks were 
identffied by comparison to literature values for glucosinolate retention 
times (Minchinton et al., 1982). The values for total glucosinolates were 
obtained by summation of the amount  of individual glucosinolates in each 
vegetable sample. 
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Carotenoid analysis 

Freeze-dried, powdered vegetables were homogenized with 30 volumes of a 
hexane-acetone-absolute ethanol-toluene solvent (10:7:6:7) containing 
0.01% butylated hydroxytoluene and 0-01% butylated hydroxyanisole as 
antioxidants. The suspension was then transferred to 50-ml screw-cap glass 
tubes. After addition of 0"5 ml H20  and replacement of the headspace with 
nitrogen, the tubes were shaken mechanically with periodic sonication for 
2 h in the dark and allowed to stand overnight in a refrigerator. The extracts 
were then filtered, the residue extracted a second time, and the filtrates 
combined and dried under a stream of nitrogen. Chlorophylls were removed 
by saponification of the extracts with 5% KOH in methanol. After adding 
water, the carotenoids were partitioned into hexane and ethyl acetate. The 
extracts were then dried under nitrogen and redissolved in acetonitrile- 
methanol (1:1) for HPLC analysis. The carotenoids were analyzed using a 
25-cm Beckman C-18 O.DS analytical column, a Waters (Millipore Corp., 
Milford, MA) M45 HPLC equipped with a HP 1040A diode-array 
spectrophotometric detector and a mobile phase of methanol-acetonitri le- 
ch loroform-water  (60:25:15:0"4) at 1.6ml/min. Peaks classified as 
carotenoids were based on their UV-visible spectra. 3-Carotene was further 
identified by comparing the retention time with that of a pure standard. Peak 
areas were converted to mass using an external quantitative /~-carotene 
standard. Under the conditions used, the retention time of/3-carotene was 
approximately 20 min. 

Cadmium analysis 

After wet-ashing the dried vegetables with nitric, perchloric and sulfuric 
acids (Pinta, 1973), the analysis of cadmium was accomplished by 
conventional stripping voltametry using a Princeton Applied Research 
Corp. Model 174 polarographic analyzer (Gajan & Larry, 1972). 

Statistics 

The analysis of variance for all data was accomplished using Duncan's 
multiple range test of chemical means (Steel & Torrie, 1960). Significant 
differences are at P _< 0"05. 

RESULTS 

The chromatogram of HPLC-purified desulphoglucosinolates in the extract 
of freeze-dried, soil-grown brussels sprouts is shown in Fig. 2. The mean 
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Fig. 2;. Chromatogram of HPLC-purified desulphoglucosinolates derived from soil-grown 
bruss,zls sprouts. Numbered peaks correspond to the following compounds: (1) glucoiberin; 
(2) progoitrin; (3) sinigrin; (4) glucoraphanin; (5) 4-hydroxyglucobrassicin; (6) glucobrassicin; 
(7) 4-methoxyglucobrassicin. Peak I is a solvent peak. Sensitivity: 0'08 arbitrary absorption 

units (au) at full scale. 

total glucosinolate, as well as individual non-indole and indole gluco- 
sinolate, in each of  the three B r a s s i c a  vegetables is shown in Table 1 as mg/g 
dry basis. The essential features of  the significant differences shown in Table 
1 are as follows. Mean glucosinolate values sharing any superscript letter are 
not ,;ignificantly (P < 0.05) different. Using the comparison of  glucoiberin 
content  as an example, the level in control broccoli (1"27 +_ 0"01 "b mg/g) is not  
stati,;tically different from sludge-grown cabbage (0.73 _+ 0.10 bc mg/g). The 
largest amount  of  a specific glucosinolate was indole glucobrassicin in 
brussels sprouts. Neoglucobrassicin was observed only in broccoli. Cabbage 
contained the lowest total glucosinolate. 

Table 2 shows the mean fl-carotene values of  the B r a s s i c a  vegetables. 
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TABLE 2 
fl-Carotene (#g/g dry basis) of the Mean of Duplicate Freeze- 
dried Samples from Control (C) and Sludge-grown (S) Brassica 

Vegetables 

Vegetable fl-Carotene (lag~g) 

Control soil Sludge-amended soil 

Broccoli 395 + 1 402 + 49 
Brussels sprouts 36 + 4 64 + 11 
Cabbage 4"1 ___ 0-1 0"25 + 0"05 

All means are significantly (P < 0"05) different except the control 
and sludge-grown broccoli. 

TABLE 3 
Cadmium Level (#g/g) of Duplicate Freeze-dried Samples of 
Brassica Vegetables Grown on Control (C) or Sludge-amended 

(S) Soil 

Vegetable Cadmium content 

Control soil Sludge-amended soil 

Broccoli 0.05 ± 0.01 0.78 _+ 0.05 
Brussels sprouts 0"06 _+ 0.01 0.51 _+ 0-02 
Cabbage 0"35 _+ 0"01 1"47 _+ 0-02 

All vegetables except the control broccoli and brussels sprouts 
have significantly (P < 0-05) different mean values. 

Ca bba ge  showed the lowest  level o f f l -ca ro tene ,  with yet  a significantly lower  
value for  cabbage  g rown  on sludge. 

C a d m i u m  levels (Table 3) in cabbage  were significantly higher  than  in 
broccol i  or  brussels sprouts .  The  s ludge-amended  soi l -grown vegetables  
showed  significantly increased levels o f  cadmium,  which were especially high 
in cabbage.  

D I S C U S S I O N  

T he  four  non- indo le  glucosinola tes  o f  brussels sprouts  are e luted before  
25 min, as seen in Fig. 2. Similar  e lut ion t imes for  the desu lphoglucos ino la tes  
have  been  r e p o r t e d  ( M i n c h i n t o n  et  al., 1982). Peaks  5 and  7 (4- 
hydroxyg lucobrass i c in  and  4-methoxyglucobrass ic in ,  respectively) were 
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first identified in Brass i ca  vegetables and seeds by Truscott et  al. (1982a,b) 
using the same reversed-phase HPLC method. 

The relatively large amount of glucosinolates in brussels sprouts observed 
in this study (Table 1) was also reported by Sones et  al. (1984), but those 
investigators also showed gluconapin and neoglucobrassicin as major 
glucosinolates in brussels sprouts and cabbage. That finding was not evident 
in this study. In comparing glucosinolates in soil-grown vegetables (controls) 
to the sludge-grown vegetables, many differences are evident (Table 1). 
Although control and sludge-grown broccoli had similar levels of total 
glucosinolates, sludge-grown broccoli was devoid of the two glucosinolates 
containing a sulphinyl group (glucoiberin and glucoraphanin), while the 
control broccoli samples contained appreciable amounts of those 
compounds. Glucobrassicanapin and neoglucobrassicin, present only in 
broccoli, were significantly increased in the sludge-grown vegetables. 
Brussels sprouts harvested from control soil or sludge treatments also 
contained similar levels of total glucosinolate. Differences in levels of a 
specific glucosinolate were not as prevalent in brussels sprouts grown on soil 
or sludge as observed with broccoli. Gluconasturtiin was the only specific 
glucosinolate not present in control brussels sprouts that was present 
(0"14 mg/g) in the sludge-grown vegetables. As previously reported (Miller et  
al., 1983; Stoewsand et  al., 1986), sludge-grown cabbage had significantly 
lower total glucosinolate levels, but the glucosinolate profile was similar to 
the cabbage control. 

Cabbage was also significantly lower in//-carotene (Table 2) than broccoli 
and brussels sprouts with further lowered values in sludge-grown cabbage. 
These results may be partially explained by the fact that the cabbage was 
harvested, freeze-dried and stored in a refrigerator one year prior to the 
harvesting of the other two vegetables. Dehydrated foods are susceptible to 
the loss of provitamin A (carotene) during storage (MacKinney et  al., 1958) 
because of oxidation (Labuza et  al., 1970). In addition, broccoli is reported to 
be higher in provitamin A than brussels sprouts or cabbage, with cabbage 
containing the relatively lowest levels of carotenoids (USDA, 1984). The 
level of//-carotene was similar in the soil-grown or sludge-amended soil- 
grown broccoli, while a comparatively higher//-carotene level was observed 
in the brussels sprouts grown on sludge-amended soil (Table 2). 

Cadmium was increased in all of the sludge-grown vegetables, but the 
cadmium content ofs!udge-grown cabbage was significantly higher than the 
broccoli or brussels sprouts (Table 3). However, it is unlikely that cadmium 
at this concentration caused the reduction of glucosinolates or//-carotene. In 
a preliminary study with spinach grown on similar sludge-amended soil, we 
observed no reduced//-carotene levels, yet the spinach contained 11-5 #g/g of 
cadmium. This leafy vegetable is known to accumulate cadmium and other 
heavy metals (Bingham, 1979). 
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In conclusion, sludge-amended soils produce significant changes in 
specific glucosinolate levels in broccoli and brussels sprouts, and significant 
reduction of  glucosinolate and fl-carotene with increased cadmium levels in 
cabbage. These changes, although accomplished by unknown mechanisms, 
indicate modification of  vegetable quality as well as their health attributes 
(i.e. modification of  fl-carotene and indole glucosinolate content) when 
Brassica vegetables are grown on municipal sewage sludge-amended soils. 
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