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Summary. The objective of  this study was to determine 
the maximum ammonium source concentration toler- 
ated by Selenornonas ruminant ium and its metabolic re- 
sponse to high ammonium source concentrations. The 
ammonia-ni trogen half-inhibition constant (Ki) in de- 
fined basal medium was 239 mM for NH4CI, 173 mM 
for NH4OH, 153 mM for (NH4)2504 and 110 mM for 
NH4HCO3. Reduction in continuous culture maximal 
growth rate was similar t o  the reduction in the batch 
culture logarithmic growth rate for  the respective 
NH4C1 concentrations. Cell yield when expressed as 
YAa~p decreased for 150 and 200 mM NHaCI. The NH3- 
N Ki estimates are in line with inhibiting concentra- 
tions observed for other bacteria and suggest that en- 
ergy efficiency is reduced when the NH3-N concentra- 
tion is increased. 

Introduction 

The consequences of  high rumen ammonia-nitrogen 
(NH3-N) concentrat ion in ruminants have been exten- 
sively documented  (National Academy of  Sciences 
1976). Un-ionized NH3 is absorbed from the reticuloru- 
men as well as the omasum, small intestine and cecum. 
When the rate of  NH3-N absorption from the digestive 
tract exceeds the capacity of  the liver to convert it to 
urea, NH3-N accumulates in the blood and is poten- 
tially lethal to the animal. Rumen NH3-N concentra- 
tions have been reported as high as 92 mM in sheep 
(Hungate 1966), yet a rumen fluid NH3-N concentra- 
tion of  57 mM is listed as toxic to the animal. Only a 
few studies have yielded results on bacterial responses 
to NHa-N concentrations greater than an optimal mini- 
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mum concentration. Kang-Meznarich and Broderick 
(1981) reported a trend toward reduced bacterial yields 
as NHa-N increased from 10 mM to 21 mM. However,  
Hume et al. (1970) found no decrease in microbial pro- 
tein yield at NH3-N concentrations up to 22 mM nor  
did Leibholz and Kellaway (1980) at NHa-N concentra- 
tions up to 23 raM. Likewise, Slyter et al. (1979) ob- 
served no microbial response to 16 mM NH3-N but ob- 
tained an increase in total volatile fatty acid (VFA) con- 
centration and animal nitrogen retention. Satter and 
Slyter (1974) did not detect significant changes in in vi- 
tro microbial protein and VFA product ion from the 
point  of  initial NH3-N accumulation (1 mM) to the 
highest NHa-N concentration employed (57 raM). 

Nothing is known of  individual rumen bacterial ac- 
tivities as NHa-N increases to the upper  levels tolerated 
by the animal. For  our studies we have focused on the 
rumen microorganism Selenomonas  ruminant ium be- 
cause it is a prominent  species in the rumen and ac- 
tively cross-feeds with some of  the functionally impor- 
tant bacterial species including cellulolytics and metha- 
nogens. The purpose of  the present study was to deter- 
mine an NH3-N half-inhibition constant (Ki) for S. ru- 
minant ium and evaluate the metabolic response within 
this estimated range of  NH3-N concentrations. 

Materials and methods 

Organism and media. S. ruminantium subsp, lactilytica strain HD4 
(HD4) was obtained from M. P. Bryant (University of Illinois, Ur- 
bana, Ill., USA) and maintained as described previously (Ricke et 
al. 1988). The anaerobic technique described by Bryant (1972) was 
used for all manipulations during the studies. A basal medium " 
was used for all studies (Schaefer et al. 1980; Ricke and Schaefer 
1990), except that 0.5 gm. 1-1 of yeast extract (YE; Difco Labora- 
tories, Detroit, Mich., USA) replaced p-amino benzoic acid and 
biotin in all continuous culture incubations and some batch cul- 
ture incubations. 

Batch culture experiments and continuous culture apparatus. The 
salt concentrations tested ranged from 0 to 600 mM and included 
16 separate concentrations of each salt. S. ruminantium HD4 has 
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the ability to use the medium reductant cysteine as its sole ni- 
trogen source. Therefore, S. ruminantiurn inocula were pre-ad- 
apted to the absence of added ammonium salt via two serial trans- 
fers of 0.1 ml inoculum to 4.0 ml basal medium followed by over- 
night growth periods. Three incubations, each consisting of tripli- 
cate tubes, non-agitated in a 37 ° C waterbath, were completed for 
each salt treatment. Culture growth was monitored on a Spec- 
tronic 70 spectrophotometer (Bausch and Lomb, Rochester, N.Y., 
USA) as absorbance at 600 mm (A6o0) with a light path length of 
10 nm. Dry weight and A6oo values of S. ruminantium HD4 in- 
creased (data not shown) linearly (r= 0.88) through an .460o range 
of 0.2 to 1.4. All A6oo values recorded here fall within this range 
and therefore were taken to be true biomass responses. Batch cul- 
ture maximum specific growth rate was calculated by taking the 
slope of the linear portion of the natural log-transformed optical 
density versus time curve. 

The chemostat apparatus was constructed and operated as de- 
scribed by Mink and Hespell (1981) with the following modifica- 
tion. The growth chamber was a five-port pyrex glass vessel with a 
three-way pyrex teflon stopcock molded to it as an effluent port. 
A constant temperature of 38.5 ° C was maintained in the growth 
vessel. The sequence of NH4C1 concentration treatments was 0, 
150, 200 and 100 mM and nine dilution rates ranging from 0.1 to 
0.65 h -1 were randomly selected within each NH4CI treatment. 
Dilution rates for each NH4C1 concentration were statistically 
pooled into four ranges (0.10+0.04; 0.18+0.03; 0.29+0.04 and 
0.65_+0.03 h-l). In the presence of supplementary NHaCI, glu- 
cose was the growth-limiting nutrient. The growth vessel was ini- 
tially inoculated at 0 mM NH4C1 from a batch culture pre-adapted 
to that medium. The apparatus was left intact and the culture was 
maintained in the growth vessel for the entire series of NH4C! 
concentration treatments. The maximal growth rate in the che- 
mostat was calculated as a function of wash-out (Jannasch 1969). 
Chemostat samples for metabolite analysis were collected by div- 
erting the effluent flow to a container immersed in ice and con- 
stantly flushed with CO2. 

Samples were obtained following filtration of effluent through 
a 0.45-1xm pore size membrane filter. Filtered samples for all li- 
quid chromatographic analyses were acidified with 50 ~tl of 36 N 
sulphuric acid per millilitre (Brotz and Schaefer 1987). Duplicate 
injections of each sample were made on a 300 x 7.8 mm HPX-87H 
Aminex ion exclusion column. Standard curves for glucose, succi- 
hate, lactate, formate, acetate, propionate, bntyrate and valerate 
were linear (R2=99.9%) for concentrations from 0.5 to 10 mM. 
Steady-state growth was verified by frequent monitoring of ef- 
fluent optical density and samples were never taken before three 
volume turnovers. Cell dry weights were obtained by harvesting 
cells after overnight growth then fixing them with 0.8% formal sal- 
ine (Schaefer et al. 1980). 

Results and discussion 

Determination o f  a half-inhibition constant 

An NH3-N half-inhibition constant (K0 was deter- 
mined f rom the relationship between ammon ium 
source concentrat ion and growth rate of  HD, .  Ki is de- 
fined as the substrate concentrat ion associated with the 
half-maximal  specific growth rate in the descending leg 
of  the overall substrate concentration versus growth 
rate relat ionship (Powell 1965). I t  was decided to test 
ammon ium source concentrations above 100 mM to de- 
termine the concentrations at which Ki and complete 
inhibition of  growth occurred. Primary emphasis  was 
placed upon  NH4C1, but the importance of  anion spe- 
cies was addressed by substituting (NH4)2SO~, NH4OH 

or NH4HCO3 as the NH3-N source. The initial medium 
p H  (6.40 to 6.70) was not altered by adding high 
amounts  of  any of  the ammonium-an ion  combinat ions 
except for NH4OH additions, which increased the p H  
f rom 6.7 to 7.2 between 150 and 200 mM and to 8.2 at 
300 mM, and NHnHCO3, which increased the p H  to 
6.85 and 7.00 for 50 and 75 mM, respectively. 

The plots for medium, cation and anion effects on 
growth rate are shown in Fig. 1A and B. Maximal  opti- 
cal density (data not shown) began to decline at ap- 
proximately 150 to 200 mM for all treatments.  Bacterial 
growth in 100-200 mM NHaC1 accounted for a utiliza- 
t ion of  4-6 mM NH3-N. Visual inspection of  the figures 
reveals that the growth rate was halved around 300 mM 
for NHnC1 in YE medium and NaC1, 200 mM for 
NHaC1, and 100 mM for CH3NH2C1. Among the var- 
ious ammon ium anions, bicarbonate appeared  to be 
most  inhibitory (100 mM) with sulfate and hydroxide 
appear ing to be somewhat  less inhibitory (200 mM). 

To statistically compare  the growth responses of  
HD4 to different basal media,  cations and anions, a Ki 
value was calculated f rom each data set. The approach  
taken was to regress growth rate directly on salt con- 
centration for each replicate incubation, omitting all 
concentrations that  completely inhibited growth. Esti- 
mates of  Ki obtained with this approach  are presented 
in Table 1. They reveal that complexi ty of  the culture 
medium and the anion associated with ammon ium in- 
fluence NH3-N toxicity. Strain HD4 was least sensitive 
(P<0.05)  to NHnC1 in YE medium and NaC1 in de- 
fined (DF) medium,  and Ki estimates for NaC1 and 
NHaC1 in DF  medium were not different. The three 
ammonium-an ion  combinations (SO~ -2, O H - ,  and 
HCO~-) were more inhibitory than NH~C1, and HD4 
was most  sensitive to CH3NH2C1 ( P <  0.005). 

Basal medium containing YE doubled the growth 
rate of  HD4 and increased its tolerance to NHnC1. This 
observation highlights the importance of  defining envi- 
ronmental  conditions in which NH3-N toxicity is being 
quantified. Control  treatments for the chloride anion o f  
NHaC1 were NaC1 and CH3NH2CI. These controls 
were appropr ia te  because rumen bacteria are regarded 
as slight halophiles (Caldwell and Hudson  1974) and 
prel iminary evidence with CH3NH2CI had shown it not 
to affect growth rate of  S. ruminantium strain D at a 
ratio of  1 mM NHaC1 to 10 mM CH3NH2CI (data not 
shown). The higher and lower K~ estimates of  these two 
respective control treatments indicate that  the Ki esti- 
mate  for NH4C1 was not solely a consequence of  its 
chloride anion. The .high concentrat ion of  NaCI  toler- 
ated by HD4 agrees with the results of  Caldwell and 
Hudson  (1974). The much  lower Ki estimate for 
CH3NH2C1 is consistent with the results of  Servin-Gon- 
zalez et al. (1987), who found that 100 mM CH3NH2C1 
caused complete inhibition of nitrogen-limited Escheri- 
chia coil growth. The lower K~ estimates for the other 
ammonium-an ion  combinations suggest and interaction 
between NH~- and its counter ion. Addit ion of  O H -  
and HCO~- in combinat ion with N H g  increased the 
med ium pH,  which presumably caused format ion of  
the more toxic NH3 species. Koster  and K o o m e n  (1988) 
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observed that increasing the pH from 7.0 to 7.8 ap- 
peared to enhance NH3-N inhibition of the maximal 
growth rate of hydrogenotrophic methanogens. An op- 
timal upper pH for selenomonad maximum growth has 
not been reported. The lower Ki for (NH4)2SO4 is prob- 
ably not due to pH since the initial medium pH re- 
mained fairly constant (6.55 to 6.70) through the entire 

Fig. 1 A,B. Effects of medium, cation 
and anion on batch culture specific 
growth rates of Selenomonas ruminan- 
tium HD4. Each point is the average of 
three incubations of triplicate tubes. The 
NHaCI data are the same for both plots. 
The culture medium did not contain 
yeast extract (YE) unless indicated 
otherwise. A Medium and cation effects 
on growth rate: ~ ,  YE + NH4C1; B, 
NH4C1; I~, CH3NH2CI; ~ ,  NaCI. B 
Anion effects on growth rate: B, 
NH4C1; ~ ,  (NH4)2SO4; I~, NH4HCO3; 
~ ,  NHaOH 

range of (NH4)2SO4 additions. Sprott and Patel (1986) 
found equivalent inhibitions for chloride and sulfate in 
the presence of equimolar NH3-N in growth studies 
with any of their NH4Cl-sensitive methanogens. There- 
fore, either the selenomonad strain is more sensitive to 
sulfate than chloride anions or ammonium and sulfate 
represent an antagonistic combination of ions. 



Table 1. Estimates of ammonia half-inhibition constant (K 0 for 
Selenomonas ruminantium HD4 in batch culture 

Treatment Medium" Ki(mM) ~ 

NH4CI YE 302 ~ 
NaC1 Basal 275 ¢'° 
NH4C1 Basal 239 d 
(NH4)2SO4 Basal 153 ~ 
NHaOH Basal 173" 
NH4HCO 3 Basal 110 e'f 
CH3NHzC1 Basal 86 f 

~ See text for description 
b Standard error of the mean = + 13 
¢'d'~'e Means with unlike superscripts differ (P< 0.005) 
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Table 2. Effect of ammonium chloride on maximum growth rate 
in batch versus continuous cultures of S. ruminantium HD4 

NH4CI Batch Continuous 
concentration culture culture 
(mM) (h -~) (h -1) 

0 1.04 + 0.01~ ~,b 1.22 + 0.06 e;f 

100 0.94 ___ 0.02 ° 1.06 +_ 0.12 e' e 
150 0.84+0.020 1.32+0.12 f 
200 0.81 +__ 0.020 0.87 + 0.096 

" Standard error of the mean (n >- 2) 
~,~o Means in the same column with unlike 
(P< 0.001) 
~'f,~ Means in the same column with unlike 
(P < 0.05) 

superscripts differ 

superscripts differ 

Effect o f  NH4CI on maximum #rowth rate estimated in 
batch and continuous cultures 

Estimates  of  m a x i m u m  specific growth rate de t e rmined  
in  ba tch  and  c o n t i n u o u s  cul ture systems are shown  in  
Table  2. The  cont ro l  t r ea tment  was YE m e d i u m  with no  
added  NHaC1. C o m p a r i n g  the respective growth rate 
max ima ,  bo th  ba tch  cul ture  and  c o n t i n u o u s  cul ture  es- 
t imates fo l lowed comparab le  decreases as NH4C1 con-  
cen t ra t ion  was increased,  except  for 150mM where 
c o n t i n u o u s  cul ture  growth rate was increased  above the 
control .  These results are cons is tent  with the earl ier  
ba tch  cul ture  results (Fig. 1). For  the same NH4C1 con-  
cent ra t ion ,  m a x i m u m  growth rates in  c o n t i n u o u s  cul- 
ture were faster (P<0 .006 )  t han  those in  ba tch  cul- 
ture. 

Effect o f  NH4Cl on cell metabolism in continuous 
culture 

Since s teady-state  cond i t ions  could  no t  be  achieved at 
400 mM and  the K~ was approx imate ly  200 mM, con- 

cent ra t ions  of  0, 100, 150, a nd  200 mM NH4C1 were 
chosen.  At d i lu t ion  rates less t h a n  or equal  to 0.29 h -a ,  
there was complete  u t i l iza t ion  of  the avai lable  glucose 
(data no t  shown).  Increases  in  d i lu t ion  rate resul ted in  
increased  lactate,  a nd  decreased acetate, p rop iona t e  
a nd  succinate  concen t ra t ions  (P<0 .05) .  This re la t ion-  
ship be tween  d i lu t ion  rate a nd  f e rmen ta t ion  p roduc t  
pa t te rn  has been  repor ted  previous ly  for S. ruminan- 
tium (Scheif inger  et al. 1975; Wal lace  1978). 

The  effects of NHaC1 on  HD4 me tabo l i sm are shown  
in  Table  3. More  glucose d i sappea red  as NHaC1 was 
increased  to 100 a nd  150 mM, bu t  then  decreased when  
NH4C1 was increased  to 200 mM ( P <  0.05). Lactate and  
acetate concen t ra t ions  were no t  i n f luenced  by  NH4C1 
concen t r a t i on  nor  were there no tewor thy  effects of  
NHaC1 concen t r a t i on  on  p rop iona te  a nd  succinate.  A n  
NH4C1 x d i lu t ion  rate in te rac t ion  ( P <  0.0005) was seen 
with p rop iona t e  concen t ra t ion ,  which  decreased as the 
d i lu t ion  rate was increased,  bu t  less so for all NH4C1 
levels above 0 mM NH4C1 (data no t  shown).  Cell  dry 
weight  concen t r a t i on  was reduced  for NH4C1 concen-  
t ra t ions  above 100 raM. The data  for ca rbon  recovery 
a n d  redox ba l ance  indica te  that  oxidized ca rbon  com- 

Table 3. Effect of NH4C1 on metabolite concentration, cell yield and energy partitioning in continuously cultured S. ruminantium HD4 

Metabolite NH4C1 (mM) 

0 100 150 200 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ( m M )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Glucose disappearance 12.9 ___0.4 "b 14.2 _+0.5 b,° 14.9 ___0.6 c 11.5 ___0.5 d 
Lactate 11.4 +0.9 10.1 _+1.1 14.9 +1.4 11.0 +1.0 
Acetate 4.4 +0.3 4.9 +0.4 4.8 ___0.5 4:5 +0.4 
Propionate 2.9 ___0.2 b 2.8 _+0.2 b 2.6 +0.3 b'~ 2.1 +__0.2 ¢ 
Succinate 2.0 ___0.3 b 4.1 +0.4 ¢ 2.7 _+0.5 b 4.3 ___0.4 c 
Cell dry weight (g/l) 0.41 + 0.02 b 0.47 _+ 0.02 c 0.36 + 0.03 b 0.36 __. 0.02 b 
Carbon recovery(%) 78.6 +1.7 b 77.2 _+2.1 b 81.6 +2.7 b 99.2 +__2.0 c 
Redox balance~ 0.4 +0.1 ~ 1.2 +0.2 ~'d 1.0 +0.2 ~'¢ 1.6 _0.2 d 
Y~I ..... ~ 32.1 +1.1 ~ 33.2 _1.4 b 24.6 ___1.7 c 32.3 +1.2 ~ 
YAXp ~ 14.6 _+0.4 b 14.4 _0.5 b 11.0 __.0.6 ~ 11.6 +0.5 c 

a Standard error of the mean 
b,o,o Means in the same row with different superscripts differ 
(P< 0.05) 
~ Quotient for oxidized/reduced fermentation products 
f Grams of dry cells/mole of glucose used 

g Grams of dry cells/mole of ATP produced; moles ATP/mole 
acid (De Vries et al. 1970): 1, lactate; 2, acetate; 2, propionate; 
and 2, succinate; S. ruminantiurn forms propionate via the ran- 
domizing pathway (Paynter and Elsden 1970) 
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pound(s),  e.g. CO2, are missing at the 0 mM NH4C1 
concentrat ion and reduced compound(s) ,  e.g. H2, a r e  
missing at 100 and 200 mM NH4C1. The ratio of  oxid- 
ized to reduced products  was determined by coding 
(Wolin 1960) the products  as follows: succinate, + 1; 
propionate ,  - 1 ; and lactate and acetate, 0; multiplying 
each by its respective concentrat ion and then dividing 
the sum for  oxidized products  by  the absolute value of  
the sum for  reduced products.  

Energy parti t ioning can be assessed under  steady- 
state condit ions by determining the amount  of  energy 
diverted away from growth to maintenance functions. 
The maintenance  energy coefficient (Pirt 1965) was cal- 
culated as the slope of  the relationship between reci- 
procal  dilution rate and reciprocal Yglu . . . .  or  ~rA-r P. 
However,  this approach  failed because the double reci- 
procal  t ransformat ion yielded a poor  linear relation- 
ship (RZ< 0.30 for Yg~uco~ and R 2 <0.90 for  YA're) be- 
tween dilution rate and either Ygluco~e or YAZ~,. There- 
fore, we elected not to report  maintenance energy coef- 
ficients for these data sets and rely on the actual cell 
yields as an indicator of  microbial  energy status for  the 
different NH3-N concentrations. Yglu¢o~ was only de- 
creased (P<0.001)  for 150mM NH4C1 and all were 
considerably less than the theoretical max imum growth 
yield of  105 g cells, mo1-1 glucose for HD4 repor ted by 
Russell and Baldwin (1979). The 150 and 200mM 
NH4CI concentrat ions lowered the YAa-P (P<0.0002)  
below the values calculated for 0 and 100 mM NH4C1, 
and all were less than the theoretical m a x i m u m  yield of  
26 g cel ls-mo1-1 ATP calculated for HD4 (Russell and 
Baldwin 1979). 

In  conclusion, S. ruminantiurn is tolerant  to at least 
twice the highest reported rumen NH3-N concentra-  
tion. This does not rule out different NH3-N toxicities 
a n d / o r  differences in requirements for tolerance by 
some rumen organisms. Rumen NH3-N concentrat ion 
is not only known to be subject to rumen sampling lo- 
cation, t ime of  sampling and rumen fluid volume 
(Wohlt et al. 1976) but  may  be quite different in rumen 
fluid versus microhabitats  surrounding a feed particle 
(Allison 1980; Hoover  1986). Obviously, a wider survey 
of  rumen organisms, especially comparisons  between 
at tached and unat tached organisms, is required. It  is 
also apparen t  that  increasing NH3-N influences energy 
efficiency in this strain of  S. ruminant ium such that  a 
detectable decrease in cell yield is observed. It  follows 
that such a shift in rumen microbial  metabol ism due to 
changing NH3-N concentration,  if  prevalent  in the mi- 
crobial popula t ion  at lower NH3-N concentrat ions,  
would have a significant bearing on the host animal ' s  
interaction with its rumen products.  

Acknowledgements. The authors would like to thank Mr. Phil 
Brotz and Dr. L. D. Satter of the U.S. Dairy Forage Research 
Center, Madison, Wisc., USA for their assistance and use of their 
automated HPLC system. This research was supported by the 
College of Agricultural and life Sciences and Hatch projects 2629 
and 6168. 

References 

Allison MJ (1980) Nitrogen requirements of ruminal bacteria. In: 
Owens FN (ed) Protein requirements for cattle. Oklahoma 
State University, Stillwater, p 128 

Brotz PG, Schaefer DM (1987) Simultaneous determination of 
lactic and volatile fatty acids in microbial fermentation ex- 
tracts by gas-liquid chromatography. J Microbiol Methods 
6." 139-144 

Bryant MP (1972) Commentary on the Hungate technique for cul- 
ture of anaerobic bacteria. Am J Clin Nutr 25:1324-1328 

Caldwell DR, Hudson RF (1974) Sodium, an obligate growth re- 
quirement for predominant rumen bacteria. Appl Environ Mi- 
crobiol 27: 549-552 

De Vries W, Kaptein WAC, Beek EG van der, Stouthamer AH 
(1970) Molar growth yields and fermentation balances of Lac- 
tobacillus casei L3 in batch cultures and continuous cultures. J 
Gen Microbiol 63:333-345 

Hoover WH (1986) Chemical factors involved in ruminal fiber di- 
gestion. J Dairy Sci 69:2755-2766 

Hume ID, Moir ILl, Somers M (1970) Synthesis of microbial pro- 
tein in the rumen. I. Influence of the level of nitrogen intake. 
Aust J Agric Res 21:283-296 

Hungate RE (1966) The rumen and its microbes. Academic Press, 
New York 

Jannasch HW (1969) Estimation of bacterial growth rates in natu- 
ral water. J Bacteriol 99:156-160 

Kang-Meznarich JH, Broderick GA (1981) Effects of incremental 
urea supplementation on ruminal ammonia concentration and 
bacterial protein formation. J Anim Sci 51:422-433 

Koster IW, Koomen E (1988) Ammonia inhibition of the maxi- 
mum growth rate (lxm) of hydrogenotrophic methanogens at 
various pH-levels and temperatures. Appl Microbiol Biotech- 
nol 28:500-505 

Leibholz J, Kellaway RC (1980) The nitrogen requirement of 
steers fed alkali-treated straw ad libitum, Prod Aust Soc Anita 
Prod 13:481 

National Academy of Sciences (1976) Urea and other nonprotein 
nitrogen compounds in animal nutrition. National Academy 
of Sciences, Washington, D.C. 

Mink RW, Hespell RB (1981) Long-term nutrient starvation of 
continuously cultured (glucose limited) Selenomonas ruminan- 
tiurn. J Bacteriol 148:541-550 

Paynter MJB, Elsden SR (1970) Mechanism of propionate forma- 
tion by Selenomonas rurninantiurn a rumen microorganism. J 
Gen Microbiol 61 : 1-7 

Pirt SJ (1965) The maintenance energy of bacteria in growing cul- 
tures. Proc R Soc Lond [Biol] 163:224-231 

Powell EO (1965) Theory of the chemostat. Lab Pract 14:1145- 
1161 

Ricke SC, Schaefer DM (1990) An ascorbate-reduced medium for 
nitrogen metabolism studies with Selenotnonas ruminantium. J 
Microbiol Methods 11:219-227 

Ricke SC, Schaefer DM, Cook ME, Kang KH (1988) Differentia- 
tion of ruminal bacterial species by enzyme-linked immunos- 
orbent assay using egg yolk antibodies from immunized 
chicken hens. Appl Environ Microbiol 54:596-599 

Russell JB, Baldwin RE (1979) Comparison of maintenance en- 
ergy expenditures and growth yields among several rumen 
bacteria grown on continuous culture. Appl Environ Micro- 
biol 37:537-543 

Satter LD, Slyter LL 1974) Effect of ammonia concentration on 
rumen microbial production in vitro. Br J Nutr 32:199-208 

Schaefer DM, Davis CL, Bryant MP (1980) Ammonia saturation 
constants for predominant species of rumen bacteria. J Dairy 
Sci 63:1248-1263 

Scheifinger CC, Latham M J, Wolin MJ (1975) Relationship of 
lactate dehydrogenase specificity and growth rate to lactate 
metabolism by Selenornonas ruminantium. Appl Microbiol 
30:916 



399 

Servin-Gonzalez LO, Gonzalez A, Bastarrachea F (1987) olnA mu- 
tations conferring resistance to methyl-ammonium in Eseheri- 
chia coli K12. J Gen Microbiol 133:1631-1639 

Slyter LL, Satter LD, Dinius DA (1979) Effect of ruminal am- 
monia concentration on nitrogen utilization by steers. J Anita 
Sci 48:906-912 

Sprott GD, Patel GB (1986) Ammonia toxicity in pure cultures of 
methanogenic bacteria. Syst Appl Microbiol 7: 358-363 

Wallace RJ (1978) Control of lactate production by Selenomonas 
ruminantium: homotrophic activation of lactate dehydrogen- 
ase by pyruvate. J Gen Microbiol 107:45-52 

Wohlt JE, Clark JH, Blaisell (1976) Effect of sampling location, 
time, and method of concentration of ammonia nitrogen in ru- 
men fluid. J Dairy Sci 59:459-464 

Wolin MJ (1960) A theoretical rumen fermentation balance. J 
Dairy Sci 43:1452-1459 


