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Abstract.  Compost ing  can el iminate pathogenic organisms, including sal- 
monellae,  f rom sewage sludge. However ,  i f  salmonellae are present  in the 
compos t  at undetectable levels or are inoculated into the compos t  by in- 
fected animals or f rom other  sources, they m ay  regrow presenting a health 
hazard for certain uses o f  compost .  In this study, we examined  dilute 
mineral-salt  extracts o f  three composts  f rom widely separate compost ing  
sites in the Uni ted  States and found that  they supported growth o f  Sal-  
monella typhimur ium.  From kinetic studies o f  the growth o f  the organism 
on these extracts, we concluded that each compos t  produced on extract ion 
a single water-soluble substrate and that  the substrates f rom the different 
composts  were very  similar, i f  not  identical. 

Introduction 

Composting is capable of destroying the primary pathogenic organisms, in- 
cluding salmonellae, that may be present in sewage sludge [2]. However, there 
have been anecdotal reports of  salmonellae in marketed composts. I f  these 
reports are valid, possible explanations include growth of  organisms (1) that 
may have survived composting because of  failure to obtain a lethal time-by- 
temperature regime; or (2) that may have been inoculated into the compost by 
infected birds or other animals, or by equipment contaminated with salmonella- 
containing sewage sludge. 

Available data indicate that salmonellae do not grow extensively when in- 
oculated into compost [1] and sewage sludge unless these materials have been 
sterilized. Further, repopulation of  the sterilized sludge with coliforms will 
inhibit the growth of  salmonellae [ 10]. A study of compost from a single site 
indicated that a water content of  20% or greater and a carbon/nitrogen ratio 
of  greater than 15:1 were necessary to support growth. Also, as with sludge, 
the native flora inhibited growth [9]. But data from studies with sewage sludge 
and a compost from a single site cannot be considered definitive. To understand 

* Present address: Office of Biologics, U.S. Food and Drug Administration, Bethesda, Maryland 
20205, USA. 



244 W . D .  Burge et ai. 

better the regrowth potential of  salmonellae, knowledge of  the substrates in- 
volved and the nature of  the inhibiting microflora is needed. 

In this study, the kinetics of salmonella growth in suspensions and extracts 
of radiation-sterilized compost were studied to determine the number and 
relative amounts of substrates utilized. 

Mater ia l s  and M e t h o d s  

Compost 

The compost collection, processing, and storage methods have been previously described [5]. 
Briefly, sewage sludges composted by the Beltsville Aerated-Pile Method [3] were collected from 
storage piles containing finished composts (composts that had been through the complete process 
and were ready for utilization), and shipped to our laboratory in sealed 5-gallon containers. Com- 
posts were identified by composting site numbers that we assigned. Woodchips were removed by 
sieving with a 0.6 cm pore-sized screen. The remaining compost was sieved through a 0.147 mm 
pore-sized screen and stored in plastic bags for periods of  less than a week at 4~ Storage beyond 
a week was at -200C. For utilization as substrate, the compost was sterilized by irradiation (3 
megarads, 6~ 

Compost Extract 

Compost extracts were prepared by shaking overnight weighed amounts of irradiated compost in 
100 ml of a minimal medium [4] modified by reducing the NH4Cl concentration from 1.0 to 0.5 
g and omitting the glucose. The mixtures were then centrifuged (19,600 x g, 20 rain) and decanted 
to obtain a particulate-free extract. Initially, filtration through a Gelman 0.45 #m pore-sized, 45 
mm diameter membrane filter was used to remove the particulate material, hut results from the 
control (membrane-filtered medium without compost) showed that the filter was contributing 
significant amounts of substrate. 

Experimental Inoculum 

Salmonella typhimurium ATCC 14028 was used for the experiments. The inoculum was prepared 
by introducing a loopful of the organism, as grown overnight on a nutrient agar slant, into the 
minimal medium described above. At first, a filter-sterilized glucose solution was used as the 
carbon source (final concentration in the medium, 2.0 g/liter) to grow the inoculum. However, use 
of the glucose-adapted cells for the inoculum resulted in an appreciable lag phase upon inoculation 
into compost extract. Therefore, an extract of compost #6175 was substituted for the glucose as a 
carbon source for growth of the inoculum to reduce this lag phase. After overnight growth, the 
culture was diluted to produce a zero time concentration in the experimental flasks of between 100 
and 1,000 colony-forming units (CFU)/ml. 

Experimental Procedure 

In the first study, weighed amounts of irradiated compost were added to 100 ml of the minimal 
medium in 250 ml screw-capped flasks. After adding the salmonellae inoculum, the flasks were 
placed in a water bath (36 _+ I~ with shaking) and sampled with time. In all other studies, compost 
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Fig. 1. Growth of salmo- 
nellae in a mineral-salts 
medium as influenced by 
the amount of compost 
#6175 added. 

extracts were inoculated, incubated, and sampled as above. The amounts used ranged from 0.25- 
200.0 mg/ml. The specific amounts of compost used in each study will be given in the results 
section. The sample volume taken was either 0.1 or 1.1 ml depending upon the dilution needed 
for counting. For counting, tenfold serial dilutions were made and plated by spreading on xylose 
lysine brilliant green (XLBG) agar. For the first study, flasks were sampled hourly over a 5-hour 
period. Since 5 hours did not allow achievement of total growth, the sampling time was extended. 
The sampling interval became 2 hours for an 8-hour period with a final sampling after 24 hours 
of incubation to insure measurement of the total growth potential of the substrate. 

Results 

Influence o f  Quantity of  Compost Added on Growth Rate 

I f  g r o w t h  p r o c e e d s  b y  f i r s t - o r d e r  k ine t i c s  i n d i c a t i n g  a r e a d i l y  a v a i l a b l e  s ingle  
subs t r a t e ,  t o t a l  g r o w t h  can  be  e x p e c t e d  to  be  r e l a t e d  to  s u b s t r a t e  c o n c e n t r a t i o n .  
T h e  ra te  o f  g rowth ,  h o w e v e r ,  s h o u l d  n o t  be  r e l a t ed ,  e x c e p t  a t  v e r y  low c o n -  
c e n t r a t i o n s  [7]. In  t he  first  s tudy ,  0, 25, a n d  250  m g  o f  i r r a d i a t e d  c o m p o s t  were  
a d d e d  to  f lasks c o n t a i n i n g  100 m l  o f  the  m i n i m a l  m e d i u m  l a c k ing  the  a d d i t i o n  
o f  a c a r b o n  source .  Each  t r e a t m e n t  was  r ep l i ca t ed .  A f t e r  i n o c u l a t i o n  w i t h  sa l -  
m o n e l l a e  g r o w n  o v e r n i g h t  in  the  m i n i m a l  m e d i u m  c o n t a i n i n g  g lucose ,  the  f lasks  
were  i n c u b a t e d  w i th  s h a k i n g  at  37 ___ I~ a n d  s a m p l e d  a t  h o u r l y  i n t e r v a l s  for  
5 hou r s .  A s  s h o w n  in Fig.  1, g r o w t h  o c c u r r e d  w i th  t he  a d d i t i o n  o f  c o m p o s t ,  
a n d  the  ra te  o f  g r o w t h  i n c r e a s e d  w i th  the  i nc rea se  in  t he  a m o u n t  o f  c o m p o s t  
a d d e d  to  the  flasks.  F i v e  h o u r s  was  n o t  e n o u g h  t i m e  to  a c h i e v e  m a x i m u m  
g rowth ,  a n d  the  g r o w t h  was  n o t  i n d i s p u t a b l y  first  o rde r .  

T h e  v a r i a t i o n s  in  g r o w t h  ra te  t ha t  o c c u r r e d  wi th  d i f fe ren t  a m o u n t s  o f  c o m p o s t  
sugges ted  t ha t  s u b s t r a t e  c o n c e n t r a t i o n  was  c o n t r o l l i n g  the  g r o w t h  rate .  H o w -  
ever ,  i t  was  p o s s i b l e  t ha t  the  ra te  o f  g r o w t h  was  c o n t r o l l e d  n o t  on ly  b y  the  
q u a n t i t y  o f  s u b s t r a t e  f u r n i s h e d  in p r o p o r t i o n  w i th  the  a d d i t i o n  o f  c o m p o s t  b u t  



246 W, D. Burge et al. 

2 
0 q 

. . . . . . . . . . . . . . . . . . . . . .  Q 

~j / 

! 

t / 

r g  

/ 

8 12 16 20 2q 

HOURS 

Fig. 2. Growth  o f  s a lmo-  
nellae on  extracts  o f  c o m -  
pos t  #6175 us ing a miner -  
al salts m e d i u m .  Length  
o f  extract ion t imes  were 4 
(~), 8 (O), 16 (C)), and  24 
hours  (0). 

also by the rate of  diffusion of  the substrate from the matrix of  the compost 
particles, and/or the rate of  solubilization of  the substrate. To test for these 
two possibilities, a series of  time extracts of  the compost was prepared by 
shaking 500 mg of  compost in 100 ml of  the carbon-source-free minimal 
medium and removing the particulate material by centrifugation. Shaking times 
for extraction were 4, 8, 16, and 24 hours. The inoculum was grown in compost 
extract to reduce the lag phase. 

The plots of  the data (Fig. 2) show first-order growth kinetics, because the 
effect of  change in substrate concentration that should produce second-order 
growth was too small to be evident. The plots also showed a reduction in the 
lag phase from use of  the compost-conditioned inoculum (Fig. 2). Despite the 
use of  the extract from a single compost (#6175), no differences in the shortened 
lag phase were evident among the three composts indicating that the organisms 
were encountering similar if not identical substrates in all three composts (com- 
pare Figs. 2 and 5). Kinetic data for compost #6266 is not shown. The lag 
phases must have resulted from some factor such as adjustment of  the organisms 
to the dilutions made of  the inoculum broth. 

In addition to the shortened lag phase, there was a slight trend of  increased 
growth rate and total population size with increase in extraction time from 4 
through 16 hours. Against this trend, the 24-hour extract supported slower 
growth than the other extracts and a slightly lower total population. These 
results were difficult to rationalize solely on the basis of  release of  substrate 
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Table 1. Regression analyses comparing growth rate 
constants (1%) for growth of salmonellae in extracts of 
compost #6175 as influenced by extraction time 

Extrac- 
tion t for H0: 
time In y parameter 
(h) 1% (h-') intercept = 0 PR > [t] 

4 1.381 3.545 4 7 . 2 3  0.6228 
8 1.372 3 . 7 5 2  47.02 0.8342 

16 1.493 3 . 3 9 3  49.93 0.0129 a 
24 1.211 3.395 4 4 . 0 6  0.0054 h 

a Significant at 0.05% 
b Significant at 0.01% 

with t ime through diffusion and /o r  slow solubilization. A regression analysis 
o f  the data  (Table 1) showed tha t  the 16- and 24-hour  c o m p o s t  extract  slopes 
were not  the same as the 4 -hour  extract  slope (P = 0.01 and  0.05 respectively).  
The  slope o f  the 8-hour  extract  was not  significantly different f rom the 4 hour  
slope (P > 0.05). We  concluded that  these differences, a l though significant, 
could be tolerated in kinetic studies for de te rmin ing  the effect o f  a m o u n t  o f  
compos t  added  i f  the extract ion per iod was held within I hour ' s  devia t ion  f rom 
16 hours. 

Al though the data  cannot  be used to de te rmine  the m o d e  of  release o f  sub- 
strate, it does appear  that  the lack o f  a precise fit o f  the data  to a f irst-order 
kinetic plot  in the first study, i f  not  mere ly  da ta  scatter, could have  been the 
result o f  some  slow release process or  the result o f  mult iple  substrates.  There-  
fore, we decided to use extracts  instead o f  c o m p o s t  for the rest o f  the studies. 

Glucose Equivalent 

Tests were conducted  to de te rmine  the a m o u n t  o f  glucose used by  the organ- 
isms. The  results were used to calculate the glucose equivalent  o f  the substrate  
in the compos t  so that  a relat ive measure  o f  the substrate  concentra t ion  in the 
compos t  could be obtained.  Glucose  was added  to flasks o f  m i n i m a l  m e d i u m  
to fo rm a glucose concent ra t ion  series as follows: 0.004, 0.40, 4.00, 40.0, and  
400.0 #g/ml.  The  growth rates for  all concentra t ions  were not  first order  (not 
shown), but  after 48 hours,  the total  growth was correlated with  the a m o u n t  
o f  glucose used (Fig. 3). Each C F U  required 4.82 x 10 -s  mg  o f  glucose. The  
mean  glucose equivalents  for the substrate,  as based upon  total  C F U s  formed,  
were 0.26, 0.083, and  0.050 mg/g  o f  c o m p o s t  respectively,  for  compos t s  #6175, 
#6252, and  #6266. The  s tandard devia t ions  were respectively,  0.14, 0.055, and  
0.24 reflecting the large a m o u n t  o f  var iabi l i ty  a m o n g  samples  o f  each compos t .  

Lack o f  f irst-order growth on glucose could be expla ined by the fact that  
bacter ia  require appreciable  CO2 tension for f i rs t-order  growth on s imple car- 
bohydrates ,  but  the CO2 requ i rement  can be amel io ra ted  by  succinate,  purines,  
and pyr imid ines  [6]. 
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Fig. 3. Amoun t  of  sal- 
monellae growth as influ- 
enced by amount  of  glu- 
cose added to a mineral 
salts medium. 

Fig. 4. Growth of  salmo- 
nellae in a mineral-salts 
extract of  compost  #6175 
as influenced by the 
amount  of  compost  ex- 
tracted. 

Influence of  Water-Soluble Compost-Substrate Concentration on Growth 

To de te rmine  the effect o f  concentrat ion,  16-hour extracts were m a d e  f rom 
different quant i t ies  o f  the compos t  #6175 and inoculated with the test strain 
grown on extract  o f  compos t .  The  quanti t ies  o f  compos t  extracted per  ml  o f  
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Fig. 5. Growth o f  sa lmo-  
nellae in a mineral-salts  
m e d i u m  as influenced b y  

a m o u n t  o f  compos t  
(#6252) extract added. 
Data for 200 m g / m l  ex- 
tracts that appear to be 
out o f  order ( O ) .  

basal m e d i u m  were 1.25, 20, 40, 60, and 100 mg. The results showed  only  
small  differences in the rates o f  growth at concentrat ions  o f  20 m g / m l  and 
above .  Only  the lowest  concentrat ion  o f  1.25 m g / m l  produced a large difference 
in growth rate (Fig. 4). Total  growth,  however ,  appeared to be proport ional  to 
the a m o u n t  o f  c o m p o s t  extracted. Similar studies with c o m p o s t s  #6252  and 
#6266  were conducted.  The results for s o m e  o f  the data for c o m p o s t  #6252  
are s h o w n  in Fig. 5. The data for #6266  are not  shown.  

Regress ion analyses  o f  the data from the three studies s h o w e d  that the growth-  
rate equat ions  were first order (P = 0.01).  Also  there appeared to be a pos i t ive  
relationship between growth rate, total growth,  and a m o u n t  o f  c o m p o s t  ex- 
tracted, but s o m e  o f  the curves  were out  o f  order as were those  for two o f  the 
200 m g / m l  curves (filled circles) in Fig. 5. In these two  samples  the mass  o f  
the sample  relative to the other samples  s h o w n  in Fig. 5 was  not  proport ional  
to the microbial  response  to substrate, which  prompted  us to util ize total 
sa lmonel la  growth as a measure  o f  substrate concentrat ion,  as discussed in the 
next section.  
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Fig. 6. A comparison of plots of the growth-rate constants for salmonellae vs A. amount of 
compost extract added, and B. total amount of salmonellae grown. �9 A, and �9 refer to composts 
#6175, #6252, and #6266 respectively. 

D i s c u s s i o n  

With the exception o f  the results shown in Fig. 1, analysis o f  the growth-rate 
data for all three composts  showed first-order regressions, but the rate coeffi- 
cients were not constant  for the lower concentrations�9 The dependency o f  growth 
rate on concentration was evaluated by plotting the growth-rate constants against 
the substrate concentrat ions for the three composts  (Fig. 6A). The data appeared 
to describe a single curve indicating that the substrate could have been the 
same or very similar in all three composts .  However,  there were outlying points 
that did not seem to fit into the general pattern, just as in Fig. 5 two samples 
gave curves that were out o f  order  respective to the other  curves with regard 
to the masses used. 

The quanti ty o f  extractable substrate should have been directly related to 
the amoun t  o f  compos t  mass for any single compos t  unless the compos t  mass 
from which the samples were taken was not  uniform or some change in the 
available substrate had occurred between samplings. I f  either was true, then 
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m a x i m u m  growth might  be a bet ter  measure  o f subs t ra te  quant i ty  than  c o m p o s t  
mass  was, and should be bet ter  correlated with the growth-ra te  constant  (k) 
than mass  was. It  also should compensa te  for differences in substrate  concen-  
t rat ions a m o n g  the different composts .  Plott ing k versus total  popula t ion  grown 
(P) produces  fewer outlying data  points  possibly indicating the instabil i ty o f  
the substrate with t ime  despite refrigeration and /o r  its uneven  dis t r ibut ion in 
the refrigerated c o m p o s t  samples  when they were subsampled  (Fig. 6B). 

I f  the substrates were qual i ta t ively different, then the m a x i m u m  rates at 
which they would be utilized by S. typhimurium should not  be the same.  
Linear izat ion o f  the data  for the three compos t s  would make  it possible to 
compare  the fit o f  the data  to a c o m m o n  regression line. 

Growth- ra te  data  such as plot ted in Fig. 6 can be described by M o n o d ' s  
equat ion [7]. This  equat ion can take the following form for use in l inearizat ion 
o f  the data: 

P P~ 1 
- + P 

k k m ~mm 

in which P = the m a x i m u m  popula t ion  achievable  (CFU/g  compos t  extracted), 
and  P~ = the popula t ion  concentra t ion  when the growth-ra te  constant  k = one-  
half  the m a x i m u m  growth rate achievable  (km). 

Analysis  o f  the results f rom the t r ans fo rmat ions  o f  the data  in Fig. 6A and 
6B showed that  using total growth as opposed  to c o m p o s t  mass  resulted in 
smaller  differences a m o n g  the pa ramete r s  (intercepts and  slopes) for the trans-  
fo rmed  equat ions (Table 2). Also, the values  for the correlat ion coefficients 
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Table  2. C o m p a r i s o n  o f  intercepts  (a), s lopes (b), and  correlat ion 
coefficients (CC) o f  equa t ions  us ing  a m o u n t  o f  compos t  or  total 
growth as the independent variable 

x = a m o u n t  o f c o m p o s t  x = total  growth 

Compost a b CC a b CC 

#6175 0.883 0.563 0.996 3 .228  0 .571  0.995 
#6263 1 .834  0.714 0.872 6 . 1 2 6  0.594 0.999 
#6266 7 .877  0.568 0 .901  4.796 0.533 0.999 

Table  3. De t e rmina t i on  o f  the  relative l inear fit o f  
mul t ip le  vs  single pa ramete r s  in use o f  the  t ransfor-  
ma t i on  of Monod's equation to describe dependence 
of the growth-rate coefficient on maximum population 
as a measure of substrate concentration 

No.  o f  pa ramete r s  Correla t ion 

Model  a b coefficient 

1 3 3 0.9988 
2 3 1 0.9983 
3 1 3 0.9987 
4 1 1 0 .9977 

were increased for compos t s  #6252 and  #6266 showing that  using total  growth 
was more  representa t ive  o f  the a m o u n t  o f  the substrate  avai lable than  was 
compos t  mass .  Therefore ,  we plot ted the t r ans fo rmat ion  for  the total  growth 
versus k data  o f  Fig. 6B in Fig. 7. 

The  constant  km can be used to c o m p a r e  the efficiency with which substrates 
are uti l ized [7]. According to Ostle [8], the correlat ion coefficient can be used 
to compa re  regression pa ramete r s  for  goodness  o f  fit. In  Table  3, four var ia t ions  
o f  a mode l  equat ion  are c o m p a r e d  for their  effect on the magni tude  o f  their  
resulting correlat ion coefficients. Mode l  1 utilized an intercept  and  a regression 
coefficient for each o f  the sets o f  data  for the three composts .  Models  2 and  3 
e l iminated respect ively two regression coefficients and two intercepts.  Mode l  
4 uti l ized only one regression coefficient and  one intercept.  There  was a decrease 
in the value o f  the correlat ion coefficient with each decrease in the n u m b e r  o f  
pa rame te r s  used, but  the total  decrease f rom mode l  1 to mode l  4 was only 
0.0011 (0.11%). This  change was small,  and  dictated on the basis  o f  p a r s i m o n y  
that  mode l  4 was preferred.  There  was no good reason to believe tha t  more  
than  one k ind  o f  substrate  a m o n g  the compos t s  was needed  to produce  these 
results. 

The  water-soluble  substrate in the c o m p o s t  was d e c o m p o s e d  in accord with 
f irst-order kinetics, bu t  glucose was not. For  m i n i m a l  med ia  with single s imple  
carbon sources, high concentra t ions  of  CO2 are required to p roduce  f irst-order 
growth [6]. Al though growth m a y  not  be first order,  given enough t ime  the 
substrate will be exhausted producing growth p ropor t iona l  to the a m o u n t  o f  
substrate  added.  The  CO2 requ i rement  can be m e t  by  provid ing  addi t ional  
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me tabo l i t e s .  These  resul ts  i nd i ca t ed  tha t  there  p r o b a b l y  was a wa te r -ex t rac tab le  
single energy  source  in  each c o m p o s t  ext ract  p r o d u c i n g  the o b s e r v e d  f i rs t -order  
growth.  I f  it was a s imple  c o m p o u n d  such  as glucose or  s o m e  o the r  sugar, there  
m u s t  also have  b e e n  m e t a b o l i t e s  ava i l ab l e  to c o m p e n s a t e  for the lack o f  an  
a d e q u a t e  CO2 c o n c e n t r a t i o n .  

T h e  resul ts  o f  this  s tudy  showed  tha t  it  was  poss ib le  to ext ract  a wa te r - so lub le  
subs t ra te  f rom c o m p o s t  tha t  w o u l d  suppo r t  f i r s t -order  growth  o f  S. typhimu-  
rium. T h e  f i rs t -order  n a t u r e  o f  the  k inet ics ,  a n d  the high degree o f  co r re l a t ion  
for the  c o m b i n e d  da ta  us ing  the  l i nea r  f o r m  o f  M o n o d ' s  e q u a t i o n  suggested 
tha t  there  was a single subs t ra te  a m o n g  the compos t s .  T h e  iden t i f i ca t ion  o f  th is  
subst ra te ,  a n d  the  tes t ing  for its p resence  in  o the r  c o m p o s t s  m i g h t  poss ib ly  
fu rn i sh  va luab l e  i n f o r m a t i o n  as to the  factors i n v o l v e d  in  the  regrowth  o f  
s a lmone l l ae  in  compos t s .  
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