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Abstract; Rhizobium meliloti 102F51, the symbiotic partner of alfalfa, was mutagenized with
N-methyl-N "-nitro-N-nitrosoguanidine (NTG) and UV-irradiation. Three group of mutants which
form white, white-pink and red nodules were selected. The acetylene reduction activity, nodulating
activity, amount of heme synthesis during the nodulation, and §-aminolevulinic acid synthetase
(ALAS) and §-aminolevulinic acid dehydratase (ALAD) activities in free living rhizobia and
bacteroid states of the each group of mutants were compared. The mutants forming white nodules
showed lower acetylene reduction activity compared to those of red nodule forming mutants. The
two key enzymes for the heme synthetic pathway, ALAS and ALAD activities of the mutants form-
ing red nodules was much higher than those of the mutants forming white nodules in bacteroid state,
however no significant difference was observed in free living state. In the nodules the ALAS was
detected only in bacteroid fraction, while ALAD was detected both in bacteroid and plant fraction.
ALAS was dramatically increased with the heme synthesis during the nodulation, while ALAD was
decreased in plant fraction but slight increase was cbserved in bacteroid fraction.
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The O,-binding hemoprotein having deep red-
brown pigmentation called leghemoglobin (Lb) is
synthesized only during development of nodules
between legume and Rhszobium symbiosis. The Lb
facilitates transport of O, to support high
respiratory rates and ATP production for the
energy requirement in nitrogen fixation (Jing ef al,
1982), while at the same time maintain O, tension
sufficiently low so as to not inhibit the O,-sensitive
nitrogenase (Legocki and Verma, 1980). Lb is in-
duced several days prior to the appearance of ni-
trogenase activity (Verma et al,, 1979, 1981) and
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represent 20-30% of the total cytoplasmic proteins
in mature nodules (Brisson ef al, 1982). Some
direct and indirect results confirm the apoLb is
host plant gene product (Hyldig-Nielsen et al,
1982; Sullivan et al., 1981) and heme is bacterium
gene product (Roessler and Nadler, 1982), but in
free living state either legume or Rhizobium cannot
synthesize Lb. The heme is synthesized in free liv-
ing Rhizobium because heme is also needed to syn-
thesize cytochrome, catalase and peroxidase, but
the amount of heme synthesis in legume-Rhi-
20bium symbiosis is increased about 10 to 20 folds
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compared to fee living Rhizobium. How the syn-
thesis of apaLb and heme is induced and regulatec
by the counterreaction of symbiotic partner is not
answered yet. In a variety of organisms,
tetrapyrrole, precursor of heme and chlorophyll,
synthesis is limited by the rate of ALA formation,
reaction product of the enzyme ALAS. Falk et al.
(1959) have reported that ALA limits the forma-
tion of heme precursors by Rhizobium japonicum,
but, on the other hand, Cutting and Schulman
(1972) propose that heme synthesis by soybean
nodule bacteroids is regulated at a step subse-
quent to ALA formation. Here we characterized a
variety of mutants having different heme syn-
thetic properties attempting to elucidate regula-
tion mechanism of heme synthesis during the
symbiotic nodulation. The acetylene reduction ac-
tivity, nodulating activity, amount of heme syn-
thesis during the nodulation, ALAS and ALAD
activities in free living rhizobia and bacteroid of
each heme synthetic mutants were compared. The
SDS-polyacrylamide gel electrophoretic pattern
and amino acid composition of the whole cell pro-
teins of the mutants were also compared.

MATERIALS AND METHODS

Rhizobium mutants and alfalfa

The symbiotic and heme synthetic Rhizobium
meliloti 102F51 mutants were obtained by the
treatment of N-methyl-N "-nitro-N-nitrosoguani-
dine (NTG), and UV-irradiation described earlier
(Cho et al., 1985) and alfalfa (Medicago sativa L.
Vernal) seeds were obtained from the Department
of Agronomy, Gyeongsang National University.
Media

AMA for the growth of Rhizobium is a yeast-

mannitol broth medium (Wacek and Brill, 1976)
and RBN is a plant nutrient solution without
nitrogen (Wacek and Brill, 1976).
Nitrogenase, nodulation and nodule color

The acetylene reduction as a nitrogenase ac-
tivity of the Rhizobium wmeliloti mutants were
measured by the procedure described previously
(Cho ef al., 1985). Specific activity is defined as
nmoles ethylene produced per hr per plant. Unless
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otherwise indicated, data for specific activities are
presented as the means of 20 plants tested + stan-
dard errors. The number of nodules, nodule
weights and nodule color were assayed from the
plants after measuring acetylene reduction ac-
tivities.
Fractionaticn of nodules

For the separation of bacteroid and plant frac-
tion from the nodules, 1 to 3g of nodules were
homogenized in a pre-chilled rnortar with 10 to
15ml of 5 M Na, K-phosphate buffer (pH 7.5)
containing :mM MgCl, and ImM B-mercapto-
ethanol as 1 described by Nadler and Avissar
(1977). The nodule debri is squeezed through two
layer of ches=se cloth and one layer of Miracloth.
Bacteroids zre collected from the filtrate by cen-
trifugation at 6.000 x g for 10 minutes. The super-
natant (plan! fraction) is decanted and used direct-
ly for determination of leghemoglobin-heme and
enzyme activities, §-aminolevulinic acid synthetase
(ALAS) an¢ #-aminolevulinic acid dehydratase
(ALAD). The pelleted bacteroid fractions are
washed, resuspended in 5m/ buffer (3mM Na,
K-phosphate, pH 7.5), and disrupted with a soni-
fier at power setting 5 for 30 seconds. The
sonified cells were centrifuged for 10 minutes at
20,000 x g. The supernatants were used for the
assay of ALAS and ALAD activities.
Enzyme preparation from free living rhizobia

The Rhizobium cells were collected from the
5ml of 24 hour AMA cultures at 30°C by the cen-
trifugation for 10 minutes at 8,000 x g. The cell
was washed twice with 0.1M Heps (pH8.0) and
finally resuspended in 5ml of Heps and sonicated
at 0-4°C for 30 seconds (3X) with power setting 5.
The sonicates were centrifuged for 10 minutes at
20,000 x g and supernatants were used for the
determination of ALAS and ALAD activities.
ALAS and ALAD activities

The assa of ALAS and ALAD activities were
followed by the procedure of Nadler and avissar
(1977). For the ALAS, a 3m/ of reaction volume
contains, in «mole: Na-phosphate (pH 7.5), 300:
BA-mercaptoerhanoi, 1.5; MgCl,, 50; Na-succinate,
300; glycine 300; ATP (2Na), 21; CoA, 0.9; py-
ridoxal phosphate, 0.9; and 1.5-3mg of enzyme
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proteins. The reaction was terminated after 3
hours incubation at 30°C by the addition of 20%
trichloroacetic acid to final concentration of 5%.
The precipitate was removed by centrifugation
and the supernatants were applied to 3.5ml col-
umn of Dowex 50-WX38, 200-400 mesh resin
equilibrated with 0.2M-Na-citrate (pH3.1). The
& -aminolevulinic acid (ALA) was eluted as descri-
bed by Beadle ef al. (1974). and converted to ALA-
pyrrole with acetylacetone for colorimetric deter-
mination with the modified Ehrich reagent of
Urata and Granick (1963). A unit of ALAS actvity
1s defined as 1 nmole of ALA formed per hour per
mg protein. For the determination of ALAD ac-
tivity, the reaction volume of 1lm/ contains, in
umole: Tris-HCI (pHB.5), 50; MgSO,, 5;
B-mercaptoethanol, 12.5; ALA, 2.5; and 0.5-
1.0mg of enzyme proteins per m/. The mixtures
were incubated for 2 hours at 30°C and the reac-
tions were terminated by addition of 0.25m/ of ice-
cold 20% trichloroacetic acid saturated with
HgCl,. The precipitate was removed by centri-
fugation and the porphobilinogen formed was
determined colorimetrically by color reaction with
the Ehrlich-Hg reagent (Nadler and Avissar,
1977). A unit of ALAD activity was difined as 1
nmole of porphobilinogen formed per/hour per/mg
protein.
Heme

Heme is determined as the pyridine-
hemochromogen (Fuhrhop and Smith, 1975) as-
suming a millimolar extinction coefficient of 20.7
for the reduced minus oxidized hemochrome.
Protein

Protein was determined by the method of
Lowry ef al. (1951) using bovine serum albumin
as a standard.
SDS-Polyacrylamide gel electrophoresis

SDS-polyacrylamide gel electrophoresis of the
Rhizobium mutants were followed by the pro-
cedure of Noel and Brill (1980) with slight modifica-
tion. The bacterial mutants were grown in 2.5m/
of AMA to early stationary phase (approximately
2% 10° cells/ml) at 30°C with shaking. Each culture
was then centrifuged at 8,000 xg for 10 minutes.
The pellet was washed once in 10mM Tris-HCl,
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pH7.6 and the cells were finally suspended in
0.1m/ of this buffer and 0.1m/ of SDS sample buf-
fer containing 10% (vol/vol) glycerol, 5% (vol/vol)
B-mercaptoethanol, 3% (wt. vol) SDS, and 62mM
Tris-HCI, pH6.8. The cell suspension was boiled
for 2.5minutes and quickly cooled on ice and
vortexed to shear DNA. The samples were loaded
without centrifugation. The acrylamide concentra-
tion of stacking and running gel were 3 and 12%,
respectively. The average current for stacking and
running gel were 10 and 15mA per plate. After
completion of electrophoresis, the gel were stained
with 0.1% Commassie blue in 25% trichloroacetic
acid for 1 or 2 hours. They were destained by diffu-
sion, first in 7% acetic acid and then in 25% ethanol
- 7% acetic acid until the backgroud was suitably
clear.

Amino acid composition

The five milliliter of AMA cultured bacterial
strains was pelleted by centrifugation at 8,000 x g
for 10 minutes and washed twice in 10mM Tris-
HCI, pH7.6. The cell was resuspended in 5m/{ of
this buffer, and added 2m{ of 6N HCl in teflon-
lined screw capped pyrex tube. The sample was
hydrolysed in 110 -- 2°C of sand bath for 24 hours,
then filtered through glass filter. The filtered
hydrolyzate was evaporated to remove chlorine
and added 3ml! of sodium citrate buffer, pH2.2,
and filtered through the membrane filter. The
filtered samples were analyzed by amino acid au-
toanalyzer (LKB 4150 Model).

RESULTS AND DISCUSSION

Heme synthesis and effectiveness of nitrogen fixa-
tion

In order to obtain mutants with different heme
synthetic properties Rhizobium meliloti 102F51,
the symbiotic partner of alfalfa, was mutagenized
by NTG and UV-irradiation. A variety of mutants
obtained could be divided into 3 groups based on
the nodule color with inoculation test, that is,
white (group 1), white to pink (group II), and red
(group III) nodule forming group. Among them 3
group I, 5 group 11, and 5 group III mutants hav-
ing relatively lower acetylene reduction activity
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Table 1. Characternstics of Rhizobum melilotr 102F57 mutants havir ‘g different heme syntheuc properties

Heme synthesis

Acetylene reduction Nodulation

Dirams Nodule color nmole/g nodule  Percentage tmmole C,H,/plant/hr) {number/plant
fresh weight to WT
102F51 (W) red 83.0:+11.2 100 54,0 °19.5 7.5°3.2
3A150 white 12.0+ 4.7 14 b} 33.0413.6
5B147 whire 11.3% 5.6 14 0 24.0412.5
LC1bb white 6.5 3.3 8 ) 2005 6.5
5A143 white-pink 17.9+ 6.2 22 1.211.0 26.6+11. 1
1B32 white-pink 10,34 4.2 12 0.810.4 2137 9.6
2C149 white-pink 25.4t 8.6 31 0 16.0 7.3
3C37 white-pink 20,01 6.8 25 0 19.1- 5.4
5C180 white-pink 25,11 7.2 30 0.6 0.4 20,5 8.2
1AY2 red 56.7 F10.4 68 27.5°17.4 16.6 1 5.8
4 A5H red 39.91 9.5 48 15,81 9.3 211 7.5
5A31 red 30,741 7.1 37 2.7 1.6 10.4-3.8
418138 red 24,410 6.1 29 b} 1.9 - 6.8
61 15.8- 9.3 211 7.5

4A56 red 50.4+11.9

Nodule color, amount of heme synthesis, acetylene reduction, and noduliting activity were assaved 4 wecks
alter inoculation. Data are mean of 20 replication t standard errors.

were selected, and the acetylene reduction, no-
dulating activity and amount of heme synthesis
were compared (Tabel 1). The amount of heme
synthesis by the group 1 mutants during the
nodulation were much lower (8-14% of wildtype’s)
than that of wildtype (33 nmole/g nodule fresh
weight). and those of group 11 and group 11 were
12-30% and 29-68% of the wildtype’s.

In acetviene reduction activity, the group |
mutants (3A150, 5B147 and 5C166) were all inef-
fective (Nod + Fix-). In group Il mutants, 2 strains
(2C 149 and 3C37) were neffective and 3 strains
(DA 143, 1B32 and 5C180 were partially effective
(Nod+ Fix+) with trn ng amount of acetylene
reduction activity. The activities of group [II
mutants showed a great variation from about a
one half of the wildtype's (54.0 nmole C,H,/
plant/hr) to almost ineffective. Generally ace-
lylene reduction activities were proportional to
amount of heme synthesis although some excep-
tional meffective mutant with relatively high
amount of heme synthesis (2C149) were observed.
This particular mutant was suggestive of defective
in »if gene with partial defective in the genes in-
volving heme synthesis.

The nodule numoer formed with alfaifa after 2,
3, and 5 weeks after inoculation were counted.
The group I mutants produced very small in size
and immature nodules although the nodule num-
bers (20-33 nodules/plant 3 weeks after inocula-
tion) were much higher than those of wildtype (7.5
nodules/plant) and the weight per nodule of the
group I muants were about 5-10% of the
wildtype's. Similarly within group I and I1], the
number of nodules per plant varied from 10 to 26
nodules. One interesting phenomenon was ob-
served that the most nodulation mutants of
Rhizobium jagonicum obtained by NTG and UV-
rradiation were slowly and infrequently nodula-
ling mutants (Stacy ¢ e, 1982), while Rhizobim
meliloti nodulation mutants obtained this experi-
ment were earlier and more frequently nodulating,
although the wize of nodules were much smaller
than wildtype's. For a moment, there are not any
reasonable explanation about this phenomenon.
ALAS and ALAD activity

For the cheracterization of the mutants defec-
tive in heme synthesis, the two liminting enzymes,
ALAS and ALAD, for heme synthetic pathway
(Fig. 1) were examned in free living Rhizobium
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Fig. 1. Heme biosyntretic pathway in Rhizobium,

(Table 2) and bacteroid state (5C166, Fig. 2). A
great decrease in ALAS and ALAD activities of
the mutants defective in heme synthesis were ex-
pected considering the nodule color and amount of
heme synthesis during the nodulation of the group
I and II mutants, but those enzyme activities of
the mutants were similar to those of wildtype in
free living states although about one half decrease
in ALAS (3A150 and 1B32) and ALAD (2C149,
5C180, 5A31 and 4B138) were observed in some
mutants. In order to observe those exzyme ac-
tivities of the mutants in bacteroid state the group
I mutant, 5C166, was inoculated to alfalfa and the
nodules with different ages were fractionated into
bacteroid and plant fractions. ALAS and ALAD
activities in bacteroid and plant fraction were
compared to those of wildtype. ALAS activity was
detected only in bacteroid fraction, in contrast to
ALAD activity was detected in both bacteroid and
plant fraction. The similar results was reported in
Rhizobium japonicum-soybean symbiosis (Nadler
and Avissar, 1977. Godfrey et al, 1975). The ALAS
activity in bacteroid fraction from nodules produc-
ed by the mutant 5C166 (white nodule forming
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Table 2. ALAS and ALAD activities of Rhizobium
meliloti 102F51 mutants having differ-
ent heme synthetic properties in free /i-

ving state.
- =
Strains Units per mg protein
ALAS ALAD
102F51 (WT) 14.9 117
3A150 8.4 10.2
58147 13.2 13.5
5C166 14. 1 11.3
54143 7.9 11. 0
1B32 16.2 6.1
2C149 12.3 10.7
3C37 10. 4 12.6
5C180 15. 1 6.5
1A92 12.5 11. 4
4A56 10. 4 8.6
5A31 14.3 71
48138 12.7 7.9
4A56 13.6 10.2

'Data are mean of 5 replication, one unit of AL-
AS=1nmole of ALA formed/hr/mg protein
prepared from cell free extract, and one unit of
ALAD= 1 nmole of porphobilinogen formed/hr/mg
prctein.

group I) was much lower than that from wildtype
although similar activity was observed in free liv-
ing Rhizobium. In wildtype, the activity was in-
creased during the nodulation and reached max-
imum activity 4 weeks after inoculation with
specific activity of about 75 (nmole &-aminolevu-
linic acid per hour per mg protein), while the ac-
tivity in the mutant 5C166 was not induced during
the nodulation with the specific activity about 7.
This suggest that ALAS induction mechanism by
the counterreaction of the symbiotic partner dur-
ing the nodulation might be interrupted in the mu-
tant. In the contrast to ALAS, the most ALAD
was distributed in plant fraction in young nodules
2 week after inoculation with specific activity 56
nmole porphobilinogen per hour per mg protein
(plant fraction) and 5 (bacteroid fraction). The ac-
tivity in plant fraction was sharply decreased dur-
ing the nodulation and reached at specific activity
about 15 after 5 week of inoculation, while the ac-
tivity in bacteroid fraction was increased gradual-
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Fig. 2. Heme synthesis, ALAS (4), and ALAD (8) activities in alfalfa root riodules inoculated R,

and ineffective white nodule forming mutant (5C166)

A: Heme (a), amount of heme synthesis by wildtype: Heme (b), anwount of heme synthesis by mutant (5C166);
ALAS (a), ALAS in bacteroid from the wildtype inoculated nodule;
ALAS (b), ALAS in bacteroid from the mutant (5C166) inoculated nodule

B: ALAD(a), ALAD in the plant fraction from the wildtype inoculated nodule;
ALAD(b), ALAD in the plant fraction from the mutant (6C166) inocualted nodule;
ALAD (c), ALAD in bacteroid fraction from the wildtype inoculated nodule; )
ALAD (d), ALAD in bacteroid fraction from the mutant (LC166) inoculated nodule

ly during the nodulation and the specific activity
reached to about 30 after 5 weeks of inoculation. In
the mutant 5C166 inoculated nodules, the tenden-
cy was similar to that of wildtype but the specific
activity was much lower in both plant and
bacteroid fraction comparing to corresponding

Heme nmole/g nodule fresh weight

R. melilots mutants

150 B 50

120~ <40

90 - =130

60 -120

30 - 10
ALAD()

1 2 3 4 5
Weeks after incubation

ALAD Activity (nmole PBG/hr/mg protein)
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eliloti 102F51 wildtype

values of wildtype. On the basis of the ALAD
distribution in the nodules during the Rhizobium
Japonicum-soybean symbiosis, Nadler and Avissar
(1977) supported Godfrey et al. 's (1971, 1985) pro-
posal that ALA and subsequent precursors of
heme are exchanged between the host plant and

Table 3. Amino acid compositions of Rhizobium meliloti 102£5) mutants

Mutants

Amino acid composition (%)

Asp Thr Ser Glu Pro Gly Ala Cys Val Met Ile Leu Tyr Phe His Trp Lys Arg

102F51 8.4 13.8 144 0.2 6.4 40 48 7.7 1.7 3.0 4.6 1.2 6.4 3.0
1A92 8.4 52 13931 85 133 - 7.0 24 51 80 1.5 3.3 50 1 3 6.3 3.0
4B138 8.1 44 168 4.1 7.3 128 - 7.3 40 4.4 7.3 1.7 2.6 52 L5 6.6 2.1
5A31 7.7 50 156736 7.7 13.4 - 6.2 46 45 7.1 16 2.9 57 13 6.1 2.9
5A143 7.7 4116430 7.9 13202 6.1 41 51 7.3 26 3.2 44 1.4 60 3.1
1B32 8.2 4.3 146 3.4 8.0 14.4 0.3 6.2 3.5 59 7.7 2.0 3.2 4.5 0.8 6.4 3.1
5C180 7.9 42 16534 7.3 141 - 6.1 46 45 7.3 1.5 3.0 48 L1 6.2 3.0
3A150 8.3 5.0 148 3.6 8.4 14.50.3 6.2 3.0 49 7.6 0.3 3.2 5.2 L2 6.0 2.9
5B147 7.9 5.3 147 2.9 84 14904 60 42 4.5 6.2 1.8 2.7 46 2.9 6.2 2.4
5Cle6 7.1 5.1 15324 7.8 13.00.6 58 4.1 3.4 6.3 2.2 2.7 82 3.4 6.2 2.7
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Fig. 3. SDS-polyacrylamide gel electrophoretic pattern of
R. melilot: 102F51 mutant defective in heme syn
thesis
PS5, molecular weight marker proteins; A, wildtype
B(1A92), C(4B1338) and D(4A31),

red nodule forming mutants:
E(4A143), F(1C32) and G(C180),
white to pink nodule forming mutants:
H(3A160), 1(56B147) and ] (5C166),
white nodule forming mutants

endosymbiont during the nodulation, in analogy to
the interchange of heme precursors between the
mitochondria and cytosel of animal cells (Sano,
1961) with some reservation for the conformation
of the proposal because ALAD in plant fraction
was sharply decreased but gradually increased in
bacteroid fraction during the nodulation. With the

2
Rhizobium meliloti 10215

| mutant Z Wi

THAA T heme A,
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lm
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{ |
x{r
o

1ol N-methyl-N’-nitro-N-nitrosoguanidine % V- %
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similar tendency observed in the Rhizobium
meliloti-alfalfa symbiosis, we could not collect suf-
ficient information for the conformation of the
above proposal,
support that Lb-heme synthesis during the nodula-

preferably those results could

tion is the result of bacterial gene products.
SDS-PAGE and Amino acid composition

The protein pattern of the whole cells of the
three heme synthetic mutant groups forming
white, white to pink and red nodules were com-
pared by SDS-PAGE (Fig. 3). A great variation
between the mutants in SDS-gel were observed,
but any common features in the same mutant
group couldn’t be discernible. In general, a great
difference between wildtype and white to pink
nodulating mutants could be detectable in lower
molecular weight area between 30,000 to 13,000
daltons. An interesting feature was appearance of
remarkably intense band with molecular weight
about 30,000 daltons in the two mutants forming
red nodules and one mutant forming white no-
dules. For a moment, we couldn’t characterize the
protein and it will be subject of future study.

The amino acid composition of the whole cell
of the mutants were also compared (Table 3). Con-
sidering the great difference in protein pattern be-
tween the mutants, some difference in amino acid
composition was expected between mutants, but
any significant difference was not observed al-
though slight variation in glutamic acid and
tyrosine content were detected.
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