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Strains of Serpulina hyodysenteriae and Serpulina innocens produced a cell-associated sucrase activity when
grown in a medium containing sucrose. S. hyodysenteriae B204 sucrase activity cleaved sucrose and, to a lesser
extent, raffinose and had a pH optimum of 5.7 to 6.2. This is the first report of an inducible enzyme produced
by either S. hyodysenteriae or S. innocens.

Serpulina hyodysenteriae is an anaerobic spirochete found in
the large intestines of pigs, and it is the causative agent of the
disease swine dysentery (7, 18). The pathogenesis of the
disease requires that S. hyodysenteriae cells survive and multi-
ply at the mucosal surface of the intestine. To persist, the
spirochete must be able to utilize the substrates available to it
in this environment for growth and energy production. How-
ever, little is known about the substrates used by S. hyodysen-
teriae during colonization of the swine intestinal tract. Such
information would contribute to our understanding of the
pathogenesis of the disease and could lead to the development
of methods to control swine dysentery.

Sucrose utilization by S. hyodysenteriae was chosen as a
system which would provide information about the ability of S.
hyodysenteriae to ferment sugars other than glucose and about
the regulation of the metabolic enzymes involved. Several
other saccharolytic spirochetes can utilize sucrose as a carbon
and energy source. These include Treponema saccharophilum
(13), Treponema bryantii (15), and several Spirochaeta species
(1, 4). However, there is no information concerning whether
these spirochetes regulate their protein expression in the
presence of sucrose.
We hope to gain an understanding of the mechanisms that S.

hyodsenteriae employs in controlling protein expression by
stucying an enzymatic system that S. hyodysenteriae regulates
on the basis of an external factor (i.e., the presence or absence
of sucrose in the culture medium). Preliminary studies indi-
cated that S. hyodysenteriae produced an intracellular sucrase
activity when grown in media containing sucrose (8). This was
the first identification of a regulated enzyme in S. hyodysente-
riae. The work presented here describes the production and
regulation of this S. hyodysenteriae sucrase activity.

Serpulina strains, their serotypes, and the countries in which
they were isolated are presented in Table 1. S. hyodysenteriae
and Serpulina innocens strains were routinely grown in brain
heart infusion broth to which serum was added at 39°C under
a 99% N2-1% 02 atmosphere as described previously (16). For
studies examining the effects of different sugars on the produc-
tion of sucrase activity, heart infusion broth containing 5%
fetal calf serum (HIS) was used as a basal medium, since it did
not contain any added carbohydrates (17). Sugars were added
to the medium at a final concentration of 0.4% (wt/vol).
Spirochetes were grown to an optical density at 620 nm
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(OD620) of 0.8 to 1.2 (approximately 1 x 108 to 3 x 108 cells
per ml; 18-mm lightpath).

Cell lysates were prepared by centrifuging (12,100 x g, 10
min, 4°C) cells from HIS cultures (7 ml). Cells were resus-
pended in 7 ml of Tris-buffered saline (10 mM Tris-HCl [pH
7.4] plus 150 mM NaCl), recentrifuged, resuspended in 2.0 ml
of 10 mM Tris-HCl (pH 7.4) buffer, and sonicated (Branson
model 250 Sonifier) with three 30-s bursts on setting number 1.
Cells were cooled on ice for 1 min between the sonications.
Cell debris was removed by centrifugation (12,100 x g, 30 min,
4°C). Cell lysates were either used immediately or frozen
(-20°C) for future use.

Sucrase assay reaction mixtures contained the following (in
a 0.2-ml volume): citrate-PO4 buffer (pH 6.0), 20 ,umol;
sucrose, 20 ,umol; and diluted cell sonicate, 100 ,lI (5 to 15 ,ug
of protein). Assays were incubated at 37°C for 60 min, and then
the amounts of reducing sugars released were measured by the
Nelson-Somogyi reducing sugar assay (12). The assay of su-
crase activity was linear over the 60-min incubation period.
Glucose was used as the reducing sugar standard. All assays
were carried out in duplicate, with a portion of each cell lysate
sample inactivated in a boiling water bath for 4 min and used
as a negative control. When known amounts of reducing sugars
(glucose or fructose) were added to heated and unheated cell
lysates to measure the decrease in concentration of sucrase
assay end products, no decre4se in reducing sugar concentra-
tion was detected. One unit of sucrase activity is that amount
of enzyme required to produce 1 ,umol of reducing sugar
equivalent per minute. The specific activity of sucrase is
expressed as units of sucrase activity per milligram of protein.
The same assay was used to determine the ability of S.
hyodysenteriae B204 cell lysate to hydrolyze other disaccharides
and trisaccharides by using raffinose, trehalose, or melezitose
in place of sucrose. In all assays the sugar was present at a
concentration of 20 prnpl in a 0.2-ml reaction mixture. Protein
concentrations were determined by using a modified Lowry
protein assay (14).
For determinations of the pH optimum of S. hyodysenteriae

sucrase activity, the citrate-PO4 buffer was adjusted to pH
values between 4.2 and 7.2 (6).

Sucrase activity was also assayed qualitatively by noncjena-
turing polyacrylamide gel electrophoresis. Cell lysates were
mixed 1:1 with nondenatpring sample buffer (125 mM Tris-
HCI [pH 6.8], 20% glycerol, 0.0025% bromophenol blue) and
loaded onto a prepoured polyacrylamide gradient (4 to 15%)
gel (Mini-PROTEAN II Ready Gels; Bio-Rad Laboratories,
Richmond, Calif.). Gels were run at 100 V until the bromo-
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TABLE 1. Serpulina species used in sucrase activity studies

Strain Serotype Origin Reference

S. hyodysenteriae
B78a 1 United States 3
13204 2 United States 3
B169 3 Canada 3
A-1 4 United Kingdom 3
B8044 5 United States 11
B6933 6 United States 11
Ack 300/8 7 The Netherlands 11

S. innocens
B256a NSb United States 10
4/71 NS United Kingdom 10
a Type strain.
b NS, no serotype.

phenol blue dye reached the end of the gel (approximately 100
min) and then stained for sucrase activity as described by
Gabriel and Wang (5).

Sucrase activity production over time was measured by
growing S. hyodysenteriae in a medium (200 ml) consisting of
HIS plus 0.2% glucose to an OD620 of 0.9. Then either sucrose

(see Fig. 3A) or glucose (see Fig. 3B) was added to a final
concentration of 0.4%. At 0, 30, 60, 90, 120, 240, and 480 min,
the OD620 was measured and two 7.0-ml samples were re-

moved. Sucrase activity was obtained by a chloroform extrac-
tion procedure (2) which releases all sucrase activity from
Serpulina sp. cells.

S. hyodysenteriae and S. innocens sucrase activity. S. hyodys-
enteriae strains representing seven serotypes from four coun-

tries, and two S. innocens strains, all produced sucrase activity
when grown in HIS medium containing sucrose, but only low
levels were produced in cells grown in HIS medium containing
glucose (Fig. 1). The levels of sucrase activity produced varied
among Serpulina strains. Increases in sucrase activity produced
by sucrose-grown cells compared with that produced by glu-
cose-grown cells ranged from 4.6-fold in S. innocens 4/71 to a

high of 45.9-fold in S. innocens B256. S. hyodysenteriae B204
was used to further study the production of this inducible
sucrase activity.

Sucrase activity produced by S. hyodysenteniae B204 had a
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FIG. 1. Sucrase activity produced by S. hyodysenteriae and S. inno-
cens strains grown with either glucose or sucrose as the carbon source.

Spirochete strains were grown in HIS containing 0.4% (final concen-
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FIG. 2. Polyacrylamide gradient (4 to 15%) nondenaturing gel
stained for sucrase activity. (A) Lane 1, low-molecular-weight
prestained size markers; lane 2, 5.0 U of sucrase activity (229.4 ,ug of
protein); lane 3, 2.0 U of sucrase activity (91.8 ,ug of protein). (B)
Comparison of sucrase activity bands from S. hyodysenteriae cells
grown in HIS plus sucrose (lanes 1 through 3) and S. hyodysenteriae
cells grown in HIS plus glucose (lanes 4 through 6). Lanes 1 and 4,
57.25 jig of protein; lanes 2 and 5, 114.5 ,ug of protein; lanes 3 and 6,
229 ,ug of protein.

pH optimum of 5.7 to 6.2. No extracellular sucrase activity was
detected in culture supernatant fluids following 10-fold con-
centration by ultrafiltration using a 10,000-molecular-weight
filter (Centricon-10; Amicon, Inc., Beverly, Mass.), indicating
that all sucrase activity was cell associated.
The abilities of sugars other than sucrose to induce sucrase

activity production were tested by growing S. hyodysenteriae
B204 in HIS medium containing sucrose, fructose, galactose,
glucosamine, N-acetylglucosamine, glucose, glucuronate, man-
nose, or trehalose (0.4% final concentration). Sucrose was the
only sugar to induce production of sucrase activity. Cells grown
in HIS medium containing fructose contained a level of sucrase
activity that was only 6.8% of the amount of sucrase activity
produced by sucrose-grown cells, while growth on any other
sugar resulted in sucrase activity levels that were less than 2.5%
of the induced sucrase activity levels.

Cell lysates from S. hyodysenteriae B204 cells grown in HIS
medium containing sucrose (0.4%) produced high levels of
reducing sugars in enzyme assays containing sucrose as the
substrate. Assays containing raffinose as the substrate resulted
in a level of reducing sugars that was 28% of the amount of
reducing sugars produced in sucrose-containing assays, while
trehalose- and melezitose-containing assays produced little or
no reducing sugars. Raffinose is a trisaccharide consisting of a
sucrose molecule bound by an a-1,6-glycosidic bond to galac-
tose. It is possible that the sucrase activity present in the cell
lysate is able to cleave the oa-1,4 bond in raffinose but is
partially inhibited by the presence of the galactose molecule.
Alternatively, S. hyodysenteriae may produce additional en-
zymes which can degrade raffinose. Lysates from cells grown in
glucose-containing medium produced no reducing sugars in
assays containing any of the four substrates.

Sucrase activity-stained polyacrylamide gels. Nondenatur-
ing gradient (4 to 15%) gels stained for S. hyodysenteriae B204
sucrase activity exhibited one band of activity (Fig. 2A). This
sucrase activity band migrated to a position between that of
phosphorylase B (107 kDa) and that of bovine serum albumin
(76 kDa) in this gradient gel system. The presence of a single
band of sucrase activity indicated either that one sucrase
enzyme was produced or, if more than one was produced, that
the sizes and charges of the enzymes produced were similar,
resulting in one activity band on the gel.
The specificity of the gel assay was demonstrated by elec-

trophoresing samples of cell lysates from sucrose-grown cells
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FIG. 3. Production of sucrase activity by S. hyodysentenae over time. S. hyodysentenae B204 was grown in a medium consisting of HIS plus 0.2%
glucose to an OD620 of 0.9. Then either sucrose (A) or glucose (B) was added. OD620 (A) and sucrase activity (-) were measured at 0, 30, 60, 90,
120, 240, and 480 min after the addition of the sugars.

and glucose-grown cells on a gradient (4 to 15%) gel and
staining it for sucrase activity. Lysates from sucrose-grown cells
resulted in a strong band of activity (Fig. 2B, lanes 1 through
3), while glucose-grown cell lysates had no band of sucrase

activity (Fig. 2B, lanes 4 through 6).
Induction of S. hyodysenteriae sucrase activity over time.

Increased sucrase activity was detected in cultures of S.
hyodysenteriae B204 within 30 min of sucrose addition (Fig.
3A). No change in levels of sucrase activity was found in
cultures to which glucose (0.4% final concentration) was added
(Fig. 3B). In both cases cell growth continued, as determined
by OD620, indicating that the cells were viable and metaboli-
cally active.

Sucrase activity and a recently described hydrogen peroxide-
inducible catalase activity (9) are the only two S. hyodysenteriae
enzymatic activities which have been shown to be inducible. It
is not known what role sucrose utilization plays in the ecology
and pathogenicity of S. hyodysenteriae in the pig intestine. The
ability to grow on sucrose may be important to the survival of
the spirochete either in the intestine or after it has been
excreted in the feces. Or S. hyodysentenae sucrase activity may
serve to cleave other, unknown compounds along the mucosal
surface of the intestine.

Study of this system will lead to a better understanding of
how S. hyodysenteriae controls its protein expression in re-

sponse to environmental conditions. This could also provide
valuable information concerning the pathogenic mechanisms
of S. hyodysenteriae. The environmental conditions encoun-
tered by S. hyodysenteriae cells in the large intestines of pigs are
quite different from the conditions encountered during growth
in broth media. It is likely that proteins that are not detectable
in in vitro-grown cells are expressed in vivo. Studies of the
regulation of protein expression by S. hyodysenteniae and of the
effects of environmental factors on protein expression will
enable us to further understand the disease and will provide
insights into how the spirochete survives in the pig intestine.

We acknowledge the excellent technical assistance of Margaret E.
Walker.
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