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Escherichia coli produces two enzymes which interconvert succinate and
fumarate: succinate dehydrogenase, which is adapted to an oxidative role in the
tricarboxylic acid cycle, and fumarate reductase, which catalyzes the reductive
reaction more effectively and allows fumarate to function as an electron
acceptor in anaerobic growth. A glycerol plus fumarate medium was devised for
the selection of mutants (frd) lacking a functional fumarate reductase by virtue
of their inability to use fumarate as an anaerobic electron acceptor. Most of the
mutants isolated contained less than 1% of the parental fumarate reduction
activity. Measurements of the fumarate reduction and succinate oxidation
activities of parental strains and frd mutants after aerobic and anaerobic growth
indicated that succinate dehydrogenase was completely repressed under anaero-
bic conditions, the assayable succinate oxidation activity being due to fumarate
reductase acting reversibly. Fumarate reductase was almost completely re-

pressed under aerobic conditions, although glucose relieved this repression to
some extent. The mutations, presumably in the structural gene (frd) for
fumarate reductase, were located at approximately 82 min on the E. coli
chromosome by conjugation and transduction with phage P1. frd is very close to
the ampA locus, and the order of markers in this region was established as

ampA-frd-purA.

The properties of the succinate dehydroge-
nases found in aerobic and anaerobic cells differ
considerably. The aerobic enzyme has a pre-
dominantly oxidative function, as a participant
in the tricarboxylic acid cycle. It is a mem-
brane-bound flavoprotein and, unique among
the tricarboxylic acid cycle enzymes, it serves
as a direct electron donor to the cytochrome
electron transport chain leading to oxygen. By
contrast, the succinate dehydrogenase charac-
teristic of obligate anaerobes such as Micrococ-
cus lactilyticus serves a predominantly reduc-
tive role, leading to succinate as a fermentation
product. This enzyme might, more appropri-
ately, be termed "fumarate reductase" (30).
Facultative anaerobes such as Escherichia coli
should have a physiological requirement for
both types of enzyme. Hirsch et al. (16) found
that anaerobic fumarate reduction in E. coli
was unimpaired in a mutant lacking succinate
dehydrogenase and suggested the existence of a
distinct fumarate reductase; this was later
confirmed by the isolation of a mutant lacking
the reductase (C. A. Hirsch, Fed. Proc. 24:228,
1965). Fumarate reductase has subsequently

been found in yeast and in various anaerobi-
cally-grown bacteria (15, 25).
The fumarate reductase in E. coli has a lower

Km for fumarate than for succinate and is
adapted to catalyze fumarate reduction faster
than succinate oxidation. Like succinate dehy-
drogenase, fumarate reductase is a membrane-
bound flavoprotein. The enzyme is induced
under anaerobic conditions, where it permits
fumarate to be used as an electron acceptor,
with the formation of succinate as a fermenta-
tion product (6, 9, 10, 20, 24, 28). Nitrate,
which can also function as an anaerobic elec-
tron acceptor in E. coli, is known to serve as the
terminal electron acceptor for a cytochrome-
dependent electron transport chain in which
nitrate reductase is a membrane-bound compo-
nent (27). An analogous electron transport
function for fumarate reductase has been pro-
posed in Streptococcus faecalis (9) and Bacillus
megaterium (20) and may also occur in E. coli.
Fumarate reductase also serves to provide
succinate for biosynthetic use during anaerobic
growth when the tricarboxylic acid cycle en-
zymes are repressed (2, 12; C. A. Hirsch, Fed.
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Proc. 24:288, 1965). Because this anaerobic
route from oxaloacetate to succinate can func-
tion in the absence of malate dehydrogenase,
Courtright and Henning (5) have proposed a

pathway that includes aspartate which is con-

verted to fumarate by the anaerobically induci-
ble enzyme aspartase.

In the present study a glycerol-fumarate
medium was devised which was suitable for
genetic studies with mutants lacking fumarate
reductase. With this medium, mutants of E.
coli unable to utilize fumarate as an electron
acceptor were isolated, and aspects of their
biochemistry and genetics were investigated.

MATERIALS AND METHODS

Organisms. Mutants were selected in the follow-
ing strains of E. coli K-12: R4 (Hfr,met) from R.H.
Pritchard, and W945sdh (F-, thr, thi, ara, lac, gal,
mal, xyl, mtl, sdh, tsx, str) from U. Henning. Strain
P678 (F-, thr, leu, thi, lac, gal, mal, xyl, mtl, tonA,
str) and a derivative containing a mutation in
fumarate reductase, P678frd, were obtained from C.
A. Hirsch. A series of F' strains, KLF17 (pyrB+),
KLF18 (pyrB+), KLF19 (pyrB+), and KLF21 (pryB+,
thr+) in the KL132 background (F-, thr, leu, proA,
his, thy, thi, pyrB, lac, mal, xyl, mtl, recA), were ob-
tained from B. Low. Other strains used in mapping
studies are shown in Table 1.

Abbreviations. The genetic nomenclature con-

forms to the recommendations of Demerec et al. (7).
The abbreviations are according to the current E. coli
linkage map (29). The structural genes for the
enzymes fumarate reductase and succinate dehy-
drogenase are abbreviated to frd and sdh, respec-

tively.
Media. The basal minimal medium contained (per

liter): KH2PO4, 5.44 g; K2HPO4, 10.49 g; (NH4),SO4,
2 g; MgSO4.7H,O, 0.05 g; MnSO4 4H,0, 5 mg;

FeSO4-7H20, 0.125 mg; CaCl2, 0.5 mg. Substrate
additions where indicated were made to give the fol-
lowing concentrations: glucose 0.01 M; glycerol, 0.04
M; sodium fumarate, 0.04 M. The glycerol plus fuma-
rate medium (GF medium) used for genetic studies
contained, in addition, Casamino Acids (0.5 g/liter).

Anaerobic incubation of solid media was carried out
under H,/CO, (95:5, vol/vol). All minimal media were

supplemented with vitamins and amino acids ac-

cording to the particular requirements of the bacteria
to be grown.

Bacterial stocks were maintained on L agar (21),
and L broth was used as the complex medium for
routine subculture. Media were solidified with 1.5%
agar (Difco) where required.

Selection of mutants. Derivatives of the parental
strains, R4 and W945sdh, which grew well anaerobi-
cally on GF medium, were first isolated. Cultures
were treated with mutagen according to the method
of Adelberg et al. (1). Log-phase L-broth cultures
were washed and suspended in tris(hydroxymethyl)-
aminomethane-maleate buffer (0.1 M pH 6.0) at
a concentration of 109 cells/ml and were treated with
N-methyl-N'-nitro-N-nitrosoguanidine (iQO gg/ml)
for 20 min at 37 C. After being washed, a sample of
each treated culture was given an aerobic expression
period in glycerol minimal medium, followed by an

aerobic penicillin selection (300 U/ml) on GF me-

dium. Survivors were plated on glycerol minimal
medium, and mutants were detected by replica
plating to GF medium and incubating anaerobically.
Mutants with the desired phenotype were purified,
and cell-free extracts were examined for fumarate
reductase and succinate dehydrogenase activities.
Growth of cultures. Aerobic cultures were grown

in 2-liter Erlenmeyer flasks containing 500 ml of
medium (peptone, 0.4%; yeast extract, 0.4%;
K2HPO4, 0.6%; pH 6.8) inoculated with 1 ml of
overnight L-broth culture. The cultures were shaken
at 37 C and harvested in late log phase. Anaerobic
cultures were grown from the same inoculum in
stationary 1-liter Erlenmeyer flasks filled to the neck
with the same complex medium plus glucose (1%,
added after autoclaving); the cultures were harvested
after 18 h at 37 C.

Preparation of extracts. Harvested cells were

washed twice in cold potassium phosphate buffer
(0.01 M, pH 7.8) and resuspended at a concentration
of 0.25 g (wet wt) per ml. The suspensions were

disrupted at 0 C by two periods of 2 min in an

ultrasonic disintegrator (M.S.E., 100 W) and sedi-
mented at 15,000 x g for 20 min, and the supernatnat
fluids were used for enzymology. Protein concentra-

TABLE 1. Characteristics of bacterial strains used in linkage analysis

Strain Characteristics Source

PA256 F-, pro, his, argH, thi, purA, str K. G. Eriksson-Grennberg
Gllal Hfr, ilv, metB, ampA K. G. Eriksson-Grennberg
Q1l Hfr, fdp K. G. Eriksson-Grennberg
KG20 F+, pro, his, argH, thi, purA, ampA, str K. G. Eriksson-Grennberg
PA2004 F-, thr, leu, his, pyrB, str K. G. Eriksson-Grennberg
RM1003 F-, purA W. T. Drabble
AB2500 F-, thr, leu, proA, his, thy, argE, thi, ara, lac, gal, P. Howard-Flanders

xyl, mtl, din, uvrA, tsx, sup37
PlO Hfr, thr, leu, thi, lac, malA, ton F. Jacob
Ra-2 Hfr B. Low
H Hfr, thi W. Hayes
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tions were determined by the method of Lowry et al.
(22).
Enzyme assays. All assays were carried out in a

Unicam SP800 spectrophotometer in 1-cm lightpath
cuvettes at 30 C. Specific activities were expressed in
micromoles of substrate transformed per milligram of
protein per hour.

(i) Fumarate reductase (frd) was assayed by fol-
lowing the fumarate-dependent oxidation of reduced
benzyl viologen at 550 nm under He (17). The extract
(containing 0.1 to 2.0 mg of protein) was added to 3.0
ml of potassium phosphate buffer (0.01 M, pH 7.8),
and the cuvette was flushed out with He. A sample
(about 0.1 ml) of reduced benzyl viologen, prepared
by gassing with H, in the presence of palladized
asbestos, was transferred anaerobically into the cu-
vette to give an initial extinction of 0.8 to 1.0 at 550
nm. The extinction was measured for 1 to 2 min to
determine any nonspecific dye oxidation, and the
reaction was started by adding sodium fumarate (0.1
ml, 0.06 M). The molar extinction coefficient of
benzyl viologen was estimated as 7.78 x 108 cm-', by
reducing a standard amount of dye with successive
small amounts of soldsadium dithionite. Two mole-
cules of benzyl viologen are required to reduce one
molecule of fumarate.

(ii) Succinate dehydrogenase (sdh) was measured
by the method of Arrigoni and Singer (3). The
reaction mixture (3.0 ml) contained: potassium phos-
phate buffer (0.1 M, pH 7.4, KCN (0.65 mg, freshly
prepared and neutralized with HCl), 2,6-dichloro-
phenol indophenol (DCPIP, 0.2 mg) N-methyl-
phenazonium methosulphate (2 mg), sodium succi-
nate (20 ,mol), and protein (up to 2 mg). Sample and
reference cuvettes, containing all reagents except
succinate, were compared for 1 to 2 min, and the
reaction was started by the addition of succinate.
The reduction of DCPIP (molar extinction coefficient
21 x 103 cm-l) was followed at 600 nm. One molecule
of DCPIP is reduced by one molecule of succinate.

Genetic techniques. Conjugations were performed
by incubating log-phase cultures of F- recipient bac-
teria (2.5 x 108 cells/ml) with Hfr donors (2.5 x 107
cells/ml) for 60 min, or with F' donors (2.5 x 107
cells/ml) for 30 min in L broth at 37 C. Conjugating
bacteria were separated by shaking, and serial dilu-
tions were plated out on selective media. The fre-
quency of recombinant formation was expressed as a
percentage of the number of donor bacteria in the
conjugation mixture. Transduction with phage Plkc
was by the method of Guest (14). Lysates of donor
strains were prepared by confluent lysis using the
media and method of Lennox (21). Recipient bacteria
were infected with a multiplicity of 2, and appropri-
ate dilutions of transduced cultures plated on selec-
tive medium enriched with nutrient broth (Difco;
0.2% vol/vol). Recombinant colonies were counted
after 2 to 4 days, with the exception of the Frd+
colonies selected on GF medium, which were counted
after 5 to 15 days, according to the strain used.
Transductants were purified on selective medium
before scoring the inheritance of nonselective mark-
ers.

RESULTS
Isolation and characterization of mu-

tants. E. coli cannot grow anaerobically on
glycerol without an exogenous electron accep-
tor, and fumarate can serve this function in the
presence of an active fumarate reductase. On
this basis, the inability to grow anaerobically in
a medium containing glycerol plus fumarate
may be used to select mutants deficient in
fumarate reductase. Aerobic growth on glyce-
rol, followed by anaerobic penicillin selection
in GF medium, proved an effective method for
enriching mutants since approximately 3% of
the surviving colonies did not grow anaerobi-
cally on GF medium after a single treatment.
A total of 14 mutants with the desired

phenotype, derived from two parental strains,
R4 and W945sdh, were investigated enzymo-
logically. Cell-free extracts of these were tested
for their ability to reduce fumarate and oxidize
succinate, after anaerobic growth on complex
medium (Table 2). Results obtained with the
strains P678 and P678frd are included for com-
parison.

Clearly there are several classes of mutant,
but the predominant type (type a), which
included 10 of the 14 mutants, contained less
than 1% of the parental activity for fumarate
reduction. One mutant (type d) contained 17%
of the parental activity, and two others (type c)
were classified as Frd+ on the basis of their

TABLE 2. Fumarate reduction and succinate
oxidation specific activities in parental and mutant
strains after anaerobic growth in complex medium

with glucose (0.1%)

Fumarate Succinate
reduction oxidation

Strain No. of Sp-Pa- Sp-Pa-mutants cSpe- rental cfcrental
aci-activ- activ- atv

itya ity ity

R4 29.00 3.46
R4a-mutant 5 0.21 < 1 0.19 5

(fird-1)
R4 b mutants 1 0.77 2 1.01 30
R4 c mutants 2 13.1 45 1.98 57

W945sdh 26.52 2.07
W9458dh a mutants

(frd-2) 5 0.15 < 1 0.02 < 1
W945sdh d mutants 1 4.40 17 0.07 3

P678 12.70 1.66
P678frd 1 1.02 8 1.99 > 100

° Expressed aa micromoles of substrate transformed per
milligram of protein per hour.
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enzymology, although they did not grow on GF
medium anaerobically.
Two mutants of type a, named R4frd-1 and

W945sdh frd-2, were selected for further bio-
chemical and genetic studies. Anaerobic
growth curves in GF medium were measured
for these mutants together with their respective
parental strains (Fig. 1). Compared with their
parental strains, the growth of both mutants is
greatly impaired although strain R4frd-1 shows
a low, but definite, growth. None of the strains
grew when either glycerol or fumarate were
omitted.
A complication of estimating fumarate re-

ductase in cell-free extracts is that succinate
dehydrogenase, which may also be present, is a
reversible enzyme and can reduce fumarate to
some extent. For this reason the enzyme activi-
ties measured are recorded as the rates of
reduction of fumarate and oxidation of succi-
nate, rather than as the specific activities of the
distinct enzymes. Because both fumarate re-

ductase and succinate dehydrogenase are re-
versible and, as mutants in each may contain a
residual amount of activity, there is no direct
means of determining the absolute activities of
each enzyme. However, reasonable estimates
may be made by comparing the activities of
parental and mutant strains, in conditions
where the enzymes are induced.
Most of the Frd - mutants of strain R4,

compared with the parental strain, were defi-
cient in their ability to oxidize succinate as well
as reduce fumarate after anaerobic growth
(Table 2). This suggested that the mutants
may be (i) double mutants with lesions in both
frd and sdh genes, (ii) pleiotropic mutants with
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FIG. 1. Growth curves for the parent strains, R4
() and W945sdh (U), and the mutants, R4frd-1 (0)
and W945sdh frd-2 (0), on GF medium (anaerobic
growth). Tfre cells were grown in side-arm flasks
inoculated with a washed overnight L-broth culture
and gassed with HICO2 (95:5; vol/vol). One optical
density (O.D.) unit at 610 nm is equivalent to 109
cells/ml.

lesions affecting a membrane-binding site com-
mon to both enzymes or (iii) single frd mu-
tants, if the succinate oxidation activity of the
anaerobically grown parental strain is due to
fumarate reductase acting in reverse. Evidence
supporting the latter view comes from several
observations. First, the Frd- mutants of strain
W945sdh also showed similar deficiencies in
both succinate oxidation and fumarate reduc-
tion activities (Table 2), indicating that the
succinate oxidation activity of the parent was
due to fumarate reductase. Furthermore, be-
cause the succinate oxidation activities of ana-
erobically grown strain R4 and P678 were
comparable to that of strain W945sdh (Table
2), it can be concluded that succinate dehy-
drogenase synthesis was virtually completely
repressed under anaerobic conditions. Finally,
when strain R4frd-1 was grown under condi-
tions which should induce succinate dehy-
drogenase (aerobically in the absence of glu-
cose; 12), the rate of succinate oxidation was as
high as that for the parental strain (Table 3),
confirming the presence of a wild-type sdh
gene. By contrast, the rate of succinate oxida-
tion by strain W945sdh was very much less
after aerobic growth, further confirming that
the anaerobic acitivity was due to fumarate
reductase. The results are therefore consistent
with the view that type a mutants have lesions
in the frd structural gene only.

After aerobic growth in the absence of glu-
cose, the rates of succinate oxidation for all
Sdh+ strains were increased and the rates of
fumarate reduction of Frd+ strains were much

TABLE 3. Specific activities for fumarate reduction
and succinate oxidation for parental and mutant

strains grown aerobically in complex medium with or
without glucose (0.1%)

Specific activitya

Without glucose With glucose
Strain Suc- Suc-

Fumarate cinate Fumarate cinate
reduction oxida- reduction oxida-

tion tion

R4 2.91 5.90 8.01 9.24
R4frd-1 0.76 7.64 0.95 6.64

W945sdh 1.45 0.35 4.53 0.97
W945sdh frd-2 0.11 0.14 0.18 0.05

P678 3.06 6.11 11.82 3.90
P678frd 0.62 4.63 0.66 2.77

a Expressed as micromoles of substrate trans-
formed per milligram of protein per hour.
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lower (Table 3), when compared with the
corresponding anaerobic rates. Furthermore, a
comparison of the rates of fumarate reduction
for strain W945sdh and other strains, particu-
larly W945sdh frd-2, indicated that fumarate
reductase was highly, but not completely, re-
pressed during aerobic growth. It was also
possible to estimate that, although the overall
rates of succinate oxidation and fumarate re-
duction increased two- to threefold or de-
creased four- to tenfold, respectively, during
transition from anaerobic to aerobic conditions
with Sdh+Frd+ strains (R4 and P678), these
changes probably corresponded to an increase
in specific activity for succinate dehydrogenase
approaching 40-fold and a 20-fold decrease in
fumarate reductase activity. This aerobic
repression of fumarate reductase and induction
of succinate dehydrogenase was greatest in the
absence of glucose; when glucose (0.1%) was
added aerobically, intermediate levels of fuma-
rate reductase were obtained and succinate
dehydrogenase was less fully induced (Table
3). Parental strains were also grown on the GF
medium anaerobically, but the fumarate re-
ducing activities obtained were no higher than
after growth on complex medium.

Strain P678frd was atypical because it main-
tained a high rate of succinate oxidation after
anaerobic growth (Table 2); only one of the
mutants isolated here (R4 type b) exhibited a
somewhat similar phenotype. A possible expla-
nation is that, unlike the frd-1 and frd-2
lesions, the P678frd and type b lesions affect
only the fumarate reducing activity of fuma-
rate reductase and not the reverse reaction.

Genetic studies with frd mutants. In pre-
liminary conjugations between several Hfr
strains and strain P678frd, the frequency of
Frd+StrR recombinant formation was relatively
high with R4 and Ra-2 as donors, but very low
with the H and P10 (Table 4). This indicates
that the frd marker lies in the 79- to 88-min
region of the E. coli chromosome (Fig. 2).
Similar studies with F' donors carrying differ-
ent segments within this region further limited
the frd marker to that segment in the 79- to
84-min region which is common to strains
KLF17 and KLF18 (Table 4, Fig. 2).
The mutants R4frd-1 and W945sdh frd-2

were transduced to Frd+ with parental donors
at normal frequencies; both complete and abor-
tive transductants were seen. Selected Frd+
transductants regained both fumarate reduc-
tion and succinate oxidation activities after
anaerobic growth, suggesting that the observed
phenotype results from a single lesion. Trans-
ductions were performed between frd mutants

TABLE 4. Frequency of Frd+ recombinants in
conjugations between P678frd and several

Hfr and F' donors

Donorstrain T ~ Frd+ recombinantsDonor strain (ype% donor input)

R4 Hfr 4.8
PlO Hfr 0.0036
H Hfr 0.0068
Ra-2 Hfr 0.34
KLF17 F' 15.4
KLF18 F' 2.5
KLFl9 F' <0.0001
KLF21 F' <0.0001

75 80 85 9 5 10o
KLF 17

KLF 18

KLF 19

KLF 21

R4

FIG. 2. Linkage map of Escherichia coli showing
origin and polarity of Hfr and F' donor strains, and
the approximate limits of the F' episomes used in
conjugation.

and strains containing various genetic markers
in the region between 79 and 84 min (Table 5).
The frd mutations were cotransducible with
fdp, purA, and ampA, but not with pyrB or

uvrA. In most cases the results with different
frd mutants agreed well. An exception was the
failure to find co-transduction between the
lesion in strain P678frd and ampA when the
other mutations (frd-1 and frd-2) were closely-
linked to ampA (as would be expected on the
basis of other linkage relationships). This
anomaly appeared to be a property of the P678
background; the same frd lesion transduced
into other backgrounds (PA256 and Qll)
showed, in most cases, close linkage with
ampA. In view of this, the genetic mapping of
strain P678frd was not investigated further.
The co-transduction frequencies obtained
using frd-1 and frd-2 are summarized in Fig. 3,
together with the cotransduction frequencies
between the other markers which have been
determined by previous workers.
The reported co-transduction frequencies be-

tween ampA and purA are much higher when
AmpR is selected first (8). Similar results were

P10 F

Ra-2
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TABLE 5. Phage Pl-mediated co-transduction between genetic markers in the uvrA to pyrB regiona

Inheritance of unselected
donor marker

Donor Recipient Selection Transductants
per 106 P1 No. Cotrans-

scored Marker duction

P678frd PA256 PurA+ 18 151 Frd - 18.5

R4frd- 1 PA256 PurA+ 61 99 Frd - 37

W945sdh frd-2 PA256 PurA+ 30 80 Frd - 41

R4frd-1 RM1003 PurA+ 243 129 Frd- 38

P678frd Q1l Fdp+ 15 87 Frd- 5

R4frd-1 Qll Fdp+ 226 104 Frd - 6

W945sdh frd-2 Qll Fdp+ 106 109 Frd- 3

P678frd PA2004 PyrB+ 30 100 Frd- < 1

Gllal P678frd AmpR 3 100 Frd+ < 1
Frd+R 3 100 AmpR < 1

Gllal R4frd-1 Amp 78 100 Frd+ 97
Frd+ 204 101 AmpR 87

Gllal W945sdh frd-2 AmpR 71 106 Frd+ 98
Frd+ 30 104 Amp" 100

AB2500 R4frd- 1 Frd+ 3 100 UvrAs < 1

RM1003 R4frd-1 Frd+ 66 81 PurA- < 1

Gllal PA256 AmpR 86 92 PurA+ 74
PurA+ 106 106 AmpR 38

aPurA+ and PurB+ transductants were selected on glucose minimal medium, Fdp+ on glycerol minimal
medium, and AmpR on L agar containing ampicillin (10 Ag/ml). Transductants were scored as Uvr, if they
failed to grow after irradiation for 60 s on L agar, 75 cm from a 15-W ultraviolet light source.

FIG. 3. Linkage map of Escherichia coli from 79 to
84 min showing the position of markers in the region
and their cotransduction frequencies. Data above the
map was obtained by previous authors (a) Eriksson-
Grennberg (8), (b) Fraenkel and Horecker (11). Data
below the map summarizes the results of Table 5.

obtained here (Table 5), and it is possible that
selection against PurA- transductants occurs

during the period of 4 h allowed for AmpR
expression. The strain PA256 was not used as a

donor, because no lysate of reasonable titer
could be made. Instead a purA strain RM1003
was used, but no PurA- recombinants were

found. This finding is in agreement with the
unexplained observation of Eriksson-Grenn-
berg (8) that purA mutant markers are not

found in recombinants obtained by transduc-
tion with P1. purA lysates.
The above results show that frd is very close

to ampA, but the relative order of the frd,
ampA, and purA genes cannot be specified.
The order of these markers was determined by
a three-factor cross, with KG20 (purA,ampA)
as a recipient and a P1 lysate of strain R4frd-1,
the donor strain. PurA+ transductants were
selected, and the distribution of the nonselec-
tive Amps and Frd- markers was examined
(Table 6). The AmpsFrd+ class is clearly the
least frequent and, if this is presumed to derive
from a quadruple cross-over, it may be con-
cluded that the order of the genes is ampA-frd-
purA.

DISCUSSION
The glycerol-fumarate medium devised for

the selection of frd mutants proved effective,
and most of the mutants isolated appeared to
have lesions only in the presumed structural
gene for fumarate reductase (frd). However
some of the mutants (type c) which failed to
grow on glycerol plus fumarate possessed an
active fumarate reductase: the nature of their
lesions is currently under investigation. If fu-
marate reductase does participate in an elec-
tron transport system, it is possible that these
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mutants are deficient in other components of
the system. Alternatively, they may lack the
soluble, flavin-linked a-glycerophosphate
dehydrogenase which is used for anaerobic
catabolism of glycerol and is distinct from the
particulate dehydrogenase used aerobically
(18).
Compared with their parental strains, most

of the newly isolated mutants were deficient in
both fumarate reduction and succinate oxida-
tion activities after anaerobic growth. In this
respect they differed from the P678frd mutant
which retained parental succinate oxidation
activity. The mutants appeared, however, to
have lesions only in the frd gene: they could be
readily transduced to Frd+ with the simultane-
ous recovery of both activities, and the frd
mutants of strain R4 clearly possessed a wild-
type sdh gene as they showed parental activi-
ties for succinate oxidation after aerobic
growth. No mutants of the phenotype of strain
P678frd were isolated, but one R4 mutant (type
b) was found to retain 30% of its parental
succinate oxidation activity although it had
only 2% fumarate reduction activity.
The isolation of single frd mutants which had

also lost all their anaerobic succinate oxidation
activity led to the conclusion that succinate
dehydrogenase is completely repressed in an-
aerobic growth, the succinate oxidation activ-
ity measured in parental strains resulting from
fumarate reductase acting reversibly. This is
supported by the observation that strain
W945sdh showed almost wild-type anaerobic
succinate oxidation activities, but after aerobic
growth, when fumarate reductase was highly
repressed, the succinate oxidation activity de-
clined in parallel. It seems likely that the
succinate oxidation activity reported for ana-
erobically grown E. coli (12, 13, 17) is mainly
due to fumarate reductase and that succinate
dehydrogenase is completely repressed ana-
erobically, as is a-ketoglutarate dehydrogenase
(2). Fumarate reductase was induced anaerobi-
cally, and highly, but not completely repressed
after anaerobic growth in the absence of glu-
cose. In the presence of glucose, a small induc-
tion of fumarate reductase was observed, at the
same time as some catabolite repression of the
tricarboxylic acid cycle enzymes, including
succinate dehydrogenase (13, 26). This shows
that the regulation of fumarate reductase is
correlated with the regulation of the tricar-
boxylic acid cycle, such that fumarate reduc-
tase is induced when the TCA cycle enzymes
are repressed. Unlike nitrate reductase (27),
fumarate reductase is apparently not substrate
induced, and anaerobic growth on glycerol plus

TABLE 6. Three-factor cross between frd, purA, and
ampA markers

Trans- Distribution
dSuelc-duct- of unselected

Donor Recipient Selec ants markers
per 106
phage Type No.

R4frd-1 KG20 (amp PurA+ 110 AmpRFrd+ 131
purA) Amp8Frd- 62

Amp5Frd+ 0
Amp'Frd- 20

fumarate did not result in higher activities
than anaerobic growth on complex glucose
medium. However this situation may reflect
the difference between an exogenous electron
acceptor (nitrate) and one which is normally
generated endogenously (fumarate). It is possi-
ble that anaerobic growth on complex glucose
medium generated sufficient fumarate to in-
duce fumarate reductase fully.
The ratios of succinate oxidation to fumarate

reduction activity for succinate dehydrogenase
and fumarate reductase are best obtained when
only one enzyme is operating. This is the case
for succinate dehydrogenase in aerobically
grown frd mutants and for fumarate reductase
in any anaerobically grown Frd+ strain. The
ratios observed here are 7 to 13 for succinate
dehydrogenase and 0.08 to 0.13 for fumarate
reductase. Thus fumarate reductase is found to
catalyze the reduction of fumarate 7 to 13 times
faster than the oxidation of succinate. Similar
ratios of activity have been reported for fuma-
rate reductase from yeast, E. coli, and Mi-
crococcus lactilyticus (19, 24, 30). The results
presented here differ from those of Hirsch et al.
(16) who deduced succinate oxidation to fuma-
rate reduction ratios of 25 for succinate dehy-
drogenase and 1.5 for fumarate reductase.
However, different methods were used for as-
saying both activities, so the results are not
strictly comparable.
An analysis of the cotransduction results

shows that frd lies at about 82 min on the E.
coli chromosome. This is about 25 min away
from the sdh gene (4), but it is interesting to
note that the structural gene for aspartase,
aspA, has been located in this region of the
chromosome (23). The possibility of the two
genes comprising part of a regulatory unit is
being investigated.
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