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ABSTRACT

Metabolism of trehalose, a,D-glucopyranosyl-a,D-glucopyranoside,
was studied in nodules of Bradyrhizobium japonicum-Glycine max IL.I
Merr. cv Beeson 80 symbiosis. The nodule extract was divided into three
fractions: bacteroid soluble protein, bacteroid fragments, and cytosol.
The bacteroid soluble protein and cytosol fractions were gel-filtered. The
key biosynthetic enzyme, trehalose-6-phosphate synthetase, was consist-
ently found only in the bacteroids. Trehalose-6-phosphate phosphatase
activity was present both in the bacteroid soluble protein and cytosol
fractions. Trehalase, the most abundant catabolic enzyme was present in
all three fractions and showed two pH optima: pH 3.8 and 6.6. Two other
degradative enzymes, phosphotrehalase, acting on trehalose-6-phosphate
forming glucose and glucose-6-phosphate, and trehalose phosphorylase,
forming glucose and 0-glucose-l-phosphate, were also detected in the
bacteroid soluble protein and cytosol fractions. Trehalase was present in
large excess over trehalose-6-phosphate synthetase. Trehalose accumu-
lation in the nodules would appear to be predicated on spatial separation
of trehalose and trehalase.

Trehalose, a-D-glucopyranosyl-a-D-glucopyranoside, is one of
the major carbohydrates synthesized by cultured Bradyrhizo-
bium japonicum, and every species of Rhizobium examined so
far shows trehalose accumulation (26). This disaccharide has also
been reported in yeast (1, 5), in fungi (12, 22), as well as in
bacteria (3), mainly in actinomycetes (15). In soybean plants
trehalose appears to be restricted to the nodule tissue (23). Its
presence elsewhere in higher plants has not been conclusively
established (7). Previous work with soybean nodules suggests that
trehalose is synthesized by the microsymbiont (20).
The pathway for trehalose synthesis was first elucidated in

Saccharomyces cerevisiae (5) (Fig. 1). The biosynthetic enzymes
have also been reported in Lilium longiflorum pollen (8).
There appears to be more than one way of catabolizing trehal-

ose (Fig. 1). Phosphotrehalase has been reported in Bacillus
popilliae (3) and trehalose phosphorylase in Euglena gracilis
(17). Trehalase, the most widely occurring catabolic enzyme has
also been found in higher plants (6, 9, 27).

Despite the presence of large amounts of trehalose in legume
nodules its possible role is not known. To approach this question,
information on the metabolism of trehalose itself is helpful. In
this paper we report on the enzymes of synthesis and breakdown
of trehalose in extracts of soybean nodules.
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MATERIALS AND METHODS

Plant Material. Soybeans, Glycine max [L.] Merr. cv Beeson
80, were grown in a greenhouse in 26 cm wide and 27 cm deep
glazed pots of autoclaved silica sand with 20 plants/pot. Seeds
were inoculated at planting with water cultures of either B.
japonicum strain USDA 110 (low trehalose accumulator) or
61A76 (high trehalose accumulator) (26). Plants were irrigated
with nutrient solution (24) three times daily.
Nodule Fractionation. After 5 to 6 weeks the plants were

harvested, and subsequently all operations were conducted at 0
to 2°C. Five g of nodules were ground in a mortar with a pestle
in 10 ml (added in 2 ml aliquots) of grinding medium, 0.1 M
sodium phosphate buffer (pH 7.5) containing 0.15 M mannitol,
2 mm DTE, and 1 mm EDTA. The homogenate was filtered
through two Miracloth discs in a 50 ml syringe into a 15 ml
centrifuge tube.
The Miracloth filtrate was then centrifuged at 5OOg for 10

min. The resultant starch pellet was discarded and the superna-
tant fluid recentrifuged at 6,000g for 10 min to obtain the
bacteroid pellet. The supernatant fluid was centrifuged at 48,000g
for 15 min and the supernatant, cytosol fraction, was saved for
gel filtration.
The bacteroid pellet was resuspended in 8 ml of grinding

medium and centrifuged at 6,000g for 15 min. The pellet was
suspended in 5 ml of wash medium, 2 drops (16 ,ul) of 10% (v/
v) Triton X-100 were added, and the suspension was sonicated
for 2 min at 0°C. The sonicated sample was centrifuged at
48,000g for 15 min. The supernatant was called bacteroid soluble
protein fraction. The pellet was suspended in 7 ml of wash
medium and called bacteroid fragment fraction.
Two drops ofblue dextran solution were added to the bacteroid

soluble protein fraction to permit visualization of protein (leg-
hemoglobin in the cytosol fraction served the same purpose).
Each fraction was loaded onto a Sephadex G-25 column and
eluted with 0.0 14 M Na-phosphate buffer (pH 7.5) containing 1
mM DTE.

Isolation of bacteroids using Percoll gradients was carried out
according to Reibach et aL (19), except that the grinding medium
was 0.2 M Na-phosphate buffer (pH 7.5) with 2 mM DTE.

Isolation of free-living bacteria from liquid cultures (26) was
accomplished by centrifuging the cultures at 6000g for 15 min
and subsequently treating the bacterial pellet in the same way as
the bacteroid pellet above.
Enzyme Assays. All controls and assays were run in triplicate.

Uridine diphosphoglucose pyrophosphorylase (UTP: a-glucose-
1-P uridyltransferase EC 2.7.7.9) was assayed according to Berg-
meyer (2). Trehalose-6-phosphate synthetase (UDP-glucose:D-
glucose-6-P 1-glucosyltransferase EC 2.4.1.15) assay was based
on the method of Roth and Sussman (22). In the spectrophoto-
metric assay the reaction mixture (0.8 ml) contained 100 mM
Tris buffer (pH 7.5), 8 mM UDP-glucose, 30 mM glucose-6-P,
100 mM MgCl2, 3 mM EDTA, 25 mM KCI, and 0.2 ml of nodule
extract. The control tubes lacked glucose-6-P. After 30 or 45 min
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FIG. 1. Reactions of trehalose metabolism.

at 30°C the reactions were stopped by heating at 100°C for 2
min. The samples were centrifuged at 2000g for 10 min and
portions ofthe supernatants were assayed spectrophotometrically
for UDP, as follows: To a cuvette was added 1.07 ml 50 mM Tris
buffer (pH 7.0), 0.1 ml 10.5 mM phosphoenolpyruvate, 0.1 ml
500 mM MgCl2, 0.1 ml 30 mM NADH, 0.1 ml 5 mM DTE, 10 yA
100 mM ATP, 10I (10 units) dinucleotidephosphokinase. After
a baseline at 340 nm had been determined, 10 ,l of a mixture of
pyruvate kinase (10 units) and lactic dehydrogenase (10 units)
was added and the decrease in absorbance recorded.
The radioassay for trehalose-6-P synthetase was based on the

method of Lapp et al. (13). The reaction mixture (0.4 ml)
consisted of 0.25 ACi [U-'4C]UDP-glucose (205 Ci/mol, ICN,
Irvine, CA) in a final UDP-glucose concentration of 25 mM, 5
mM glucose-6-P, 4 mm MgCl2, 50 mM Tris (pH 7.5). The reaction
was stopped by boiling the mixtures for 5 min. The tubes were
then centrifuged at 3000g for 10 min, and the supernatant saved.
The precipitate was washed with 0.4 ml of Tris buffer (pH 8.0),
recentrifuged as above and the supernatant fluid was added to
that from the first centrifugation. One unit of alkaline phospha-
tase was added and the tubes incubated for 2.5 h at 37°C. The
reaction was stopped by boiling for 5 min. The tubes were
centrifuged at 2000g for 10 min, and each supernatant was put
through a column of mixed bed ion exchange resin. The samples
were eluted with 5 ml H20, and the eluate which was evaporated
to dryness and taken up in 100 ,l H20. Aliquots were then
spotted on silica gel (Whatman K6) TLC places and developed
two times in 95% ethanol:NH40H:H20 (5:3:1, v/v). The plates
were dried, sprayed lightly with a saturated KI solution, heated
at 40 to 50°C for 15 min, cooled and sprayed with a solution
containing 1 ml saturated AgNO3 + 200 ml acetone to which
H20 is added just until the precipitate dissolves. After drying,
the plates were sprayed with a solution containing 2.5 ml satu-
rated NaOH in 100 ml of 95% ethanol to which H20 is added
just until the precipitate dissolves. Trehalose spot was identified,
scraped into a liquid scintillation vial, and the radioactivity
determined.

Trehalose 6-P phosphatase (trehalose 6-P phosphohydrolase
EC 3.1.3.12) was assayed by the method of Mitchell et al. (18).
The Pi was determined according to Heinonen and Lahti (10).
Phosphotrehalase activity was measured spectrophotometrically
by the method of Bhumiratana et al. using glucose 6-P dehydro-
genase as a coupling enzyme (3). Trehalase (trehalose 1-gluco-
hydrolase EC 3.2.1.28) was asayed according to Veluthambi et
al. (27), and the glucose was determined by glucose oxidase assay
(14). Trehalose phosphorylase (proposed name: a-D-glucopy-

ranosyl-a-D-glucopyranose:orthophosphate glucosyltransferase)
was assayed in the reverse direction by the method of Marechal
and Belocopitow (17) and the Pi released was determined as
above (10). The controls used in this assay contained either /-
glucose 1-P alone or glucose alone, to account for glucose-
independent Pi release, and Pi present in the enzyme preparation,
respectively. The activity reported thus represents glucose-
dependent Pi release from #-glucose 1-P.

Protein was assayed by the method of Bradford (4).
Synthesis of Substrates. The synthesis of trehalose 6-P was

carried out by the method of MacDonald and Wong (16). Seed
crystals were generously donated by Dr. MacDonald. Our yields
were much less than theirs. Acetylation and hydrogenation
proved to be troublesome. The first problem appeared to be
solved by adding a catalytic amount (40 ul) of trifluoroacetic
acid, but incomplete hydrogenation remained a problem.
The synthesis of :-glucose 1-P was carried out following the

method of Reithel (21). The yields were much less than previ-
ously reported by Reithel (21).

Chemicals. Chemicals were purchased from Sigma Chemical
Co., except for the reagents for the synthesis of substrates which
were purchased from Fisher Scientific, Beachwood, OH. The
platinum catalyst (Adams' catalyst) was obtained from Aldrich
Chemical Co.

RESULTS

The protein content was quite similar between the bacteroid
fractions obtained from nodules formed by the two strains: For
USDA 1 10 the mean ± SE values for the bacteroid soluble protein
and bacteroid fragment fractions were 5.74 ± 0.96 and 2.58 ±
0.36 mg x (g nodule fresh weight)-', respectively, and for 6 1A76
the corresponding values were 5.82 ± 0.84 and 2.23 ± 0.39. In
the cytosol fraction the protein for USDA 110 was 10.64 ± 0.61
and for 61A76, 8.02 ± 0.54.

Considerable effort was spent in trying to establish a valid
assay for trehalose 6-P synthetase. A crucial and troublesome
aspect of the spectrophotometric assay was the hydrolysis of
UDP-glucose during the boiling of the reaction mixtures to stop
the reaction, because this step resulted in nonenzymic formation
of UDP. The boiling time was shortened to 2 min and controls
of complete reaction mixtures minus glucose 6-P were always
included with each assay condition. Four buffers were tried: Tris,
imidazole, Hepes, and phosphate (data not shown). Ofthese only
Tris gave linear rates up to 60 min. A pH 7.0 used by Marechal
and Belocopitow ( 17) was initially used, but it was later discov-
ered that pH 7.5 gave somewhat higher rates in our preparations.
The spectrophotometric assay system adopted gave excellent
agreement with the radioassay (Table I). The table also indicates
good linearity with time.
UDPG pyrophosphorylase was present in large excess relative

to trehalose 6-P synthetase in the bacteroid soluble protein
fraction. In the cytosol, the activity was well into the umolar
range (Table II).

Trehalose 6-P synthetase activity was relatively low and was
confined to the bacteroid fractions. Most of the activity was in

Table I. Trehalose-6-Phosphate Synthetase Activity in Bacteroid
Soluble Protein Fraction from 61A76 using '4C-UDPG and

Spectrophotometric Assays
Mean ± SE of duplicate samples.

Enzyme Activity
Time

[14C]UDPG Spectrophotometric
min nmol x min-' x (g nodulefresh wt)-'
0-20 8.65 ±0.14 9.04±0.09
20-40 8.99±0.16 8.73±0.17
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Table II. Enzymes of Trehalose Synthesis in Extracts ofNodules Formed by USDA 110 or 6JA76
Mean ± SE of three experiments.
Bacteroid Soluble Protein Cytosol

USDA 110 61A76 USDA 110 6IA76

nmol- min-' (g nodulefresh wt)-'
UDPG pyrophosphorylase 940 ± 230 641 ± 25 13651 ± 1381 15832 ± 290
Trehalose-6-P-synthetase 3.9 ± 0.5 7.2 ± 1.0 0 0
Trehalose-6-P-phosphatase 32 ± 11 103 ± 24 95 ± 22 86 ± 31

the bacteroid soluble protein fractions, but in some of the exper-
iments a significant proportion of activity (as high as 32% at
total activity) was also found in the bacteroid fragments. This
could indicate that the enzyme was normally associated with
membranes but was solubilized during sonication in the presence
of Triton X-100. Alternatively, it could also be indicative of
incomplete breakage of bacteroids during sonication, or enzyme
associating with the bacteroid fragments during centrifugation
following sonication. The strain 6 1A76 had 1.8 times the activity
found in USDA 110 bacteroids. This is consistent with the
relatively high trehalose accumulation seen with 6 1A76 (26).
The possibility of contamination of the bacteroids by mito-

chondria appeared negligible based on a malate dehydrogenase
assay described by Waters et al. (28). A rate of 41.3 ± 2.3 (mean
± SE) ,mol/min -g nodule fresh weight was measured for con-
trols, whereas the corresponding rates using two inhibitors (1
mM) known to inhibit mitochondrial MDH were 36.3 ± 0.8 for
iodoacetamide and 38.1 ± 1.2 for phenylmethanesulfonyl fluo-
ride after 1 h preincubation of the bacteroid soluble protein with
the inhibitors. These results would indicate that essentially no
mitochondrial malate dehydrogenase was present (28).

Purification of bacteroids using Percoll gradients (19) gave
confirming data for the localization of trehalose 6-P synthetase
activity in the bacteroids. A rate of 10.2 ± 0.1 (mean ± SE) nmol/
min-g nodule fresh weight was obtained for the soluble protein
fraction of 6 1A76, whereas the corresponding value for USDA
110was 1.4 ±0.1.
Trehalose 6-P phosphatase was present in both the bacteroid

soluble protein and cytosol fractions. The level of activity in the
bacteroid soluble protein fraction was higher in 6 1A76 than in
USDA 110 which is consistent with a greater rate of trehalose
synthesis of 6 1A76. The activities in the cytosol fraction were
fairly evenly distributed between the two types of nodules.
The low activity of trehalose 6-P synthetase was of some

concern. We, therefore, determined the activity of this enzyme
in free-living cultures of 6 1A76 to see whether it would be
sufficient to account for the observed levels of trehalose accu-
mulation. Using data in Figure 1 from Streeter (26) a value of
10.3 gg trehalose x day-' x (mg dry weight bacteria)-' was
calculated from d 5 to d 7 of the growth period. For 54-old
cultures we measured trehalose 6-P synthetase activity equivalent
to 10.5 gg trehalose x d-' x (mg dry weight bacteria)-'.

Phosphotrehalase activity was found in both bacteroid soluble
protein and cytosol fractions ofboth strains (Table III). The most
active degradative enzyme, however, was trehalase. This enzyme
exhibited two pH optima, at 3.8 and at 6.6 (25). Slightly higher
activities were found at pH 6.6 (Table III). The ratio of activities
between the two pH values was close to 2 (pH 6.6/pH 3.8) in
the bacteroid fragment fractions and close to 1 in both nonpar-
ticulate fractions. In the bacteroid soluble protein fraction,
6 1A76 had only 50% of the activity found in USDA 1 10 at pH
3.8. At pH 6.6, the corresponding percentage was 63%. A lower
activity in 6 1A76 cytosol fraction was also seen relative to USDA
110, although the difference was much less (74% at pH 3.8 and
83% at pH 6.6). Most of the trehalase activity was in the cytosol
fraction.

Trehalose phosphorylase activity was identical between the
two strains in the bacteroid soluble protein fraction. In the
cytosol, the 61A76 nodules showed an over 4-fold increase
relative to the activity in USDA 110. The activity in 6 1A76
nodules was highly variable as shown by the large standard error.

DISCUSSION
We have demonstrated the presence of the enzymes depicted

in Figure 1 in soybean nodules. The key biosynthetic enzyme,
trehalose 6-P synthetase was confined to the bacteroids, confirm-
ing an earlier report which indicated that trehalose is synthesized
in the bacteroids (20). The higher activity of this enzyme in
6 1A76 than in USDA 110 is consistent with their respective
trehalose levels in the nodules and in culture (26). Also, the
pattern of trehalose 6-P phosphatase activity in the bacteroids of
the two strains is proportional to the synthetase activities. The
trehalose 6-P phosphatase activity in the cytosol could represent
nonspecific phosphatase, as no effort was made to determine the
specificity of the phosphatase in either fraction.
Although the trehalose 6-P synthetase activity was low, our

calculations indicated that in cultured bacteria it was sufficient
to account for the observed rates of accumulation of trehalose,
assuming no trehalase activity was present. However, the rates
we measured in bacteroids could account for only 25 to 30% of
the trehalose accumulation in the nodules reported in Table 5
by Streeter (26) during 27 to 47 d after planting. This could
mean that the enzyme activity (a) was not at its maximum at the
time of harvest, (b) decreased during extraction and gel filtration,
or (c) our reactions were not run under optimal conditions. We
were unable to determine activity in the crude extracts due to
high background. The bacteroid soluble protein fraction lost 7%
of the activity when kept in ice bath for 1 h, indicating that at
least the gel-filtered preparation was fairly stable.
There is evidence in Dictyostelium discoideum that trehalose

6-P synthetase is highly regulated, and its kinetic behavior is
suggestive of negative cooperativity (12). Mg2", EDTA, and KCI
were reported to be activators of this enzyme (12). On the basis
of similar results (Table I) obtained using spectrophotometric
(+EDTA, +KCI) and radioisotope (-EDTA, -KC1) assays, it
would appear that EDTA and KCI do not have a major role in
the bacteroid enzyme activity, at least under our experimental
conditions. There was no effect of 2 mm HCO3 , which has been
shown to reverse inhibition of trehalose 6-P synthetase by my-
coribnin in mycobacteria and yeast (15) (data not shown). We
would expect a key enzyme to be rate limiting. UDP-glucose
would be in excess and participate in other reactions, whereas
trehalose 6-P synthetase is in fact the first enzyme specifically
committed to trehalose synthesis.
The presence of phosphotrehalase activity in nodules was

somewhat surprising because the enzyme has been reported
previously only in one organism (3). The activity found was
quite low, although it amounted to at least twice that of controls
(minus trehalose 6-P). Because activity was so low relative to the
activity of the phosphatase (Table II), it seems likely that most
of the trehalose 6-P formed is converted to trehalose.

Trehalase activity in the bacteroid soluble protein fraction of
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Table III. Enzymes of Trehalose and Trehalose-6-P Metabolism in Extracts ofNodules Formed by Strain
USDA 110 and 61A 76

Mean ± SE of three experiments.

BacteroidStrain Enzyme Soluble Protein Bacteroid Fragments Cytosol

nmol.min-' (gnodulefresh wt)-'
USDA 110 Phosphotrehalase 4.1 ± 1.2 NDa 7.8 ± 3.3

Trehalase pH 3.8 631.5 ± 25.6 27.6 ± 3.6 1727.1 ± 28.7
Trehalase pH 6.6 680.9 ± 12.1 46.3 ± 12.6 1960.4 ± 50.4
Trehalose Phosphorylase 63.1 ± 19.7 ND 34.5 ± 3.5

61A76 Phosphotrehalase 3.3 ± 1.4 ND 2.6 ± 1.6
Trehalase pH 3.8 316.2 ± 117.1 15.5 ± 3.6 1284.6 ± 236.2
Trehalase pH 6.6 431.8 ± 135.8 32.8 ± 21.8 1620.9 ± 203.0
Trehalose Phosphorylase 67.5 + 36.1 ND 150.5 ± 60.2

a Not determined.

61A76 was much less than the same fraction of USDA 110,
whereas in the cytosol the activities were more similar (Table
III). The enzyme from the bacteroid soluble protein fraction of
6 1A76 did have a higher Km than the cytosolic enzyme at both
pH values (data not shown). Also, the Km for trehalase from the
bacteroid soluble protein fraction increased with an increase in
pH, whereas in the case ofthe cytosolic enzyme the Km decreased.
Whether the bacteroid enzyme is in fact different from the cytosol
enzyme remains to be determined. The pH optima of 3.8 for
trehalase would appear to lack physiological relevance. It is,
however, possible that the enzyme could encounter such low pH
if it were associated with vacuoles, as has been shown in yeast
(1 1).
The other hydrolytic enzyme, trehalose phosphorylase, con-

verts trehalose to glucose and (3-glucose-l-P. This enzyme is
readily reversible in vitro, and was, in fact, assayed in the reverse
direction in this study, because of the difficulties encountered in
trying to elute (3-glucose-l-P from an ion exchange column
quantitatively when the reaction was run in the hydrolytic direc-
tion. High trehalase activity would preclude glucose analysis. It
has been suggested (17) that in vivo trehalose phosphorylase, like
other phosphorylases, acts undirectionally as a degradative en-
zyme, whereas the synthesis of trehalose would require a nucleo-
tide diP sugar as a glycosyl donor.
To our knowledge trehalose phosphorylase has previously been

demonstrated only in Euglena (17) which lacks trehalase. Al-
though the activity reported here was dependent on glucose and
(3-glucose-1-P (the a-form showed only background activity in
the presence or absence of glucose), some caution should be
exercised in interpreting the results, until they can be verified
using enzyme that has been at least partially purified from the
nodules. Furthermore, considering the high trehalase activity in
the nodules the physiological role of trehalose phosphorylase
might well be questioned.

Because trehalose has been shown to be toxic in Cuscuta
reflexa (27) it is perhaps not too surprising to find high levels of
the catabolic enzymes in the cytosol. The abundance of the
enzymes catabolizing trehalose in bacteroids and cytosol indi-
cates that trehalose can be readily metabolized. The fact that it
accumulates both in the bacteroids and cytosol requires seques-
tering of trehalose and the catabolic enzymes. A need for com-
partmentation is further emphasized by the greater activity of
trehalase compared to trehalose 6-P synthetase, and a tight
regulation of activity of the two enzymes may also be required
for trehalose accumulation to occur.

Acknowledgment-We thank Paul DeVine for technical assistance.

LITERATURE CITED
1. AVIGAD G, 0 Ziv, E NEUFELD 1965 Intracellular trehalase of hybrid yeast.

Biochem J 97: 715-722

2. BERGMEYER HU ed 1974 Methods of Enzymatic Analysis, Vol 1. Academic
Press, New York

3. BHUMIRATANA A, RL ANDERSON, RN COSTILOW 1974 Trehalose metabolism
by Bacillus popilliae. J Bacteriol 119: 484-493

4. BRADFORD M 1976 A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye bind-
ing. Anal Biochem 72: 248-254

5. CABIB E, LF LELOIR 1958 The biosynthesis of trehalose phosphate. J Biol
Chem 231: 259-275

6. GLAszIou KT, KR GAYLER 1969 Sugar transport: Occurrence of trehalase
activity in sugar cane. Planta 85: 299-302

7. GUSSIN AES 1972 Does trehalose occur in angiospermae? Phytochemistry 1 1:
1827-1828

8. GUSSIN AES, JH MCCORMACK 1970 Trehalase and the enzymes of trehalose
biosynthesis in Lilium longiflorum pollen. Phytochemistry 9: 1915-1920

9. GUSSIN AES, JH MCCORMACK, LYL WAUNG, DS GLUCKIN 1969 Trehalase:
A new pollen enzyme. Plant Physiol 44: 1163-1168

10. HEINONEN JK, RJ LAHTI 1981 A new and convenient colorimetric determi-
nation of inorganic orthophosphate and its application to the assay of
inorganic pyrophosphatase. Anal Biochem 113: 313-317

11. KELLER F, M SCHELLENBERG, A WIEMKEN 1982 Localization of trehalase in
vacuoles and of trehalose in the cytosol of yeast (Saccharomyces cerevisiae).
Arch Microbiol 131: 198-301

12. KILLICK KA 1979 Trehalose-6-phosphate synthase from Dictyostelium discoi-
deum: partial purification and characterization of the enzyme from young
sorocarps. Arch Biochem Biophys 196: 121-133

13. LAPP DF, BW PATrERSON, AD ELBEIN 1972 Trehalose phosphate synthetase.
Methods Enzymol 28: 515-519

14. LLOYD JB, D WHELAN 1969 An improved method for the enzymic determi-
nation of glucose in the presence of maltose. Anal Biochem 30: 467-470

15. LORNITzO FA, DS GOLDMAN 1965 Reversible effect of bicarbonate on the
inhibition of mycobacterial and yeast transglucosylase by mycoribnin. J
Bacteriol 89: 1086-1091

16. MACDONALD DL, RYK WONG 1964 A chemical synthesis of trehalose-6-
phosphate. Biochim Biophys Acta 86: 390-392

17. MARECHAL LR, E BELOCOPITOW 1972 Metabolism of trehalose in Euglena
gracilis. I. Partial purification and some properties of trehalose phosphoryl-
ase. J Biol Chem 247: 3223-3228

18. MITCHELL M, M MATULA, AD ELBEIN 1972 Trehalose phosphate phosphatase
from Mycobacterium smegmatis. Methods Enzymol 28: 520-522

19. REIBACH PH, PL MASK, JG STREETER 1981 A rapid one-step method for the
isolation of bacteroids from root nodules of soybean plants, utilizing self-
generating Percoll gradients. Can J Microbiol 27: 491-495

20. REIBACH PH, JG STREETER 1983 Metabolism of "C-labeled photosynthate and
distribution of enzymes of glucose metabolism in soybean nodules. Plant
Physiol 72: 634-640

21. REITHEL FJ 1945 fl-D-Galactose-l-(barium phosphate). J Am Chem Soc 67:
1056-1057

22. ROTH R, M SUSSMAN 1968 Trehalose 6-phosphate synthetase (Uridine diphos-
phate glucose:D-glucose 6-phosphate l-glucosyltransferase) and its regulation
during slime mold development. J Biol Chem 243: 5081-5087

23. STREETER JG 1981 Seasonal distribution of carbohydrates in nodules and stem
exudate from field-grown soya bean plants. Ann Bot 48: 441-450

24. STREETER JG 1981 Effect of nitrate in the rooting medium on carbohydrate
composition of soybean nodules. Plant Physiol 68: 840-844

25. STREETER JG 1982 Enzymes of sucrose, maltose, and a,a-trehalose catabolism
in soybean root nodules. Planta 155: 112-115

26. STREETER JG 1985 Accumulation of a,a-trehalose by Rhizobium bacteria and
bacteroids. J Bacteriol 164: 78-84

27. VELUTHAMBI K, S MAHADEVAN, R MAHESWARI 1981 Trehalose toxicity in
Cuscuta reflexa: Correlation with low trehalase activity. Plant Physiol 68:
1369-1374

28. WATERS JK, DB KARR, DW EMERICH 1985 Malate dehydrogenase from
Rhizobium japonicum 3Ilb-143 bacteroids and Glycine max root-nodule
mitochondria. Biochemistry 24: 6479-6486.

541


