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Summary. For the production of a herbicide, 5-amino-
levulinic acid (ALA), from anaerobic digestion liquor,
the utilization of the photosynthetic bacterium, Rhodo-
bacter sphaeroides was examined. This bacterium could
produce ALA extracelularly from this liquor with the
addition of levulinic acid (LA), an inhibitor of ALA de-
hydratase (ALAD), and glycine, a precursor of ALA
biosynthesis in the Shemin pathway. Succinate (another
precursor) addition was unnecessary for ALA produc-
tion. When repeated additions of LA were made to-
gether with glycine ALA production was significantly
enhanced. However, above three additions of LA, ALA
production was not further enhanced. The maximum
value of ALA production attained was 4.2 mM (0.63 g/
1), which was over double that of other ALA producers
such as Chlorella vulgaris. Propionic acid was predomi-
nantly utilized compared with other lower fatty acids,
suggesting that this might be converted to ALA via suc-
cinyl-coenzyme A (CoA) in the methylmalonyl-CoA
pathway.

Introduction

Anaerobic digestion (methanogenesis) of swine waste is
frequently performed to treat the waste and to produce
biogas in energy recycling (Hobson and Shaw 1973;
Aubart 1983; Cooney and Wise 1975; Fisher 1981). The
effluent of an anaerobic digestor still contains relatively
high amounts of organic matter (3-5 g/1 as biological
oxygen demand [BOD]) such as lower fatty acids and
ammonia, and secondary treatment is necessary before
discharge. Conventional activated sludge treatment is
applied to treat this digestion liquor after 10-20-fold di-
lution with water (Inno et al. 1987). However, dilution
increases the volume of waste water and requires high
running costs. This liquor can be used as a fertilizer,
but, the amount in the total volume of waste is quite
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small. An activated sludge treatment process is then es-
sential (Inno et al. 1987). In place of such treatment,
Chlorella sp. (Inno et al. 1987) and photosynthetic bac-
teria (Kobayashi and Kurata 1978; Vrati 1984) have
been applied to the digestion liquor to convert valuable
biomass to an animal feedstock and agricultural fertil-
izer, at the same time reducing BOD or chemical oxy-
gen demand (COD) without dilution.

Regarding the application of photosynthetic bacte-
ria, we observed previously (Sasaki et al. 1987a) that
Rhodobacter sphaeroides produces 5-aminolevulinic
acid (ALA) extracellularly when levulinic acid (LA), an
inhibitor of ALA dehydratase (ALAD) in tetrapyrrole
biosynthesis, was added in the culture broth. ALA has
been paid attention as a new herbicide that damages
weeds but does not harm humans and other animals
(Rebeiz et al. 1984). If ALA can be produced by R.
sphaeroides using digestion liquor as the culture me-
dium, it would be advantageous because after cultiva-
tion of R. sphaeroides this liquor could be used directly
both as a fertilizer and herbicide.

In this work, ALA production from digestion liquor
using R. sphaeroides was studied. Effects of addition of
LA and illumination on the production of ALA were
examined. In addition, the role of organic components
contained in the digestion liquor, such as lower fatty
acids, for ALA production is discussed.

Materials and methods

Digestion liquor. Effluent from an anaerobic digestor (digestion
liquor) was prepared as described previously (Sasaki et al. 1987b).
Swine waste (faeces:urine:tap water=1:2:2, w/w) was digested
in a 1.5-1 fermentor (liquid volume, 11) for 5-7 days at 35°C.
After digestion, the broth was centrifuged (12000 g, 30 min) to re-
move the solid materials. The supernatant contained 0.5-1.0 g/1
cach of lower fatty acid such as acetic, propionic and butyric
acids and 2-3 g/l NHJ -N as the organic substrates. The superna-
tant obtained from several digestions was collected in one vessel
and mixed completely. Lower fatty acids were supplemented up
to 1.0 g/1 because these acid concentrations were slightly different
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in each digestion. This supernatant was stored in a freezer
(—16°C) until use as a digestion liquor. The chemical composi-
tion of this liquor after addition of lower fatty acids was as fol-
lows (g/1): COD, 5.0; BOD, 3.8; NH;-N, 2.5; acetic acid, 1.0;
propionic acid, 1.0; n-butyric acid, 1.0.

Culture of photosynthetic bacteria. Rhodobacter sphaeroides 1FO
12203 was cultivated in glutamate-malate medium (Co** and
Fe?* was eliminated) under anaerobic-light conditions (5 klx, two
tungsten bulbs, 200 watt Leff lamp, Toshiba Electric, Tokyo) at
30°C for 2 days using a 1.5-1 Roux bottle (11 liquid volume) as
described previously (Sasaki et al. 1987a). The cells were har-
vested by centrifugation (30000 g, 30 min) at late log phase (about
40 h culture) and were used immediately for ALA formation.

ALA formation. Fresh cells were resuspended in the digestion li-
quor and the cell concentration was adjusted to ca. 2 g/1. This sus-
pension was transferred into a 70-ml test tube (liquid contents,
50 ml) or 1.5-1 Roux bottle (liquid contents, 11), and cultivated for
4-7 days at 30° C under static-light conditions (light intensity: 3-
10 klx).

Levulinic acid (LA, 5-60 mM) and glycine (0-60 mM) and/or
succinate (0-60 mM) were added in various combinations. The in-
itial pH of the culture broth (or suspension) was adjusted to 6.5;
during culture, the pH was manually controlled in the range 6.5~
7.5 using 4 N HCl and 4 N NaOH solutions.

Analysis. Cell mass, ALA, LA and lower fatty acids in the culture
broth were measured as described elsewhere (Sasaki et al. 1978,
1987a). Glycine in the broth was measured by a colorimetric
method using ninhydrin solution since digestion liquor itself (gly-
cine not added) did not respond to ninhydrin reaction after being
diluted 10-20 times with deionized water.

Results and discussion
Effects of precursor additions

Glycine and succinate (succinyl-CoA) are the precur-
sors of ALA biosynthesis in R. sphaeroides (Shemin
pathway, Lascelles 1978). Therefore, the effect of ad-
ding these precursors into digestion liquor on ALA for-
mation was examined in the presence of added LA.
This bacterium did not produce ALA extracellularly
during culture without the addition of LA, while with
15 mM LA, the optimal level that inhibited ALA dehy-
dratase (ALAD), cell growth was retarded as observed
previously (Sasaki et al. 1987a) and a small amount of
ALA was formed as shown in Fig. la (cell growth is
omitted).

When glycine and succinate were added simulta-
neously (Fig. 1b), significant amounts of ALA were
formed depending on the amount of precursors added
in the range 20-60 mM. Above 80 mM, addition of pre-
cursors resulted in a negative effect on ALA forma-
tion.

With glycine alone (20-60 mM, Fig. 1c), ALA for-
mation was almost the same as in Fig. 1b (both glycine
and succinate added). On the other hand, with succi-
nate alone (60 mM, Fig. 1d), ALA formation was not
enhanced. In other experiments, adding succinate alone
(20, 40 and 80 mM), yielded almost the same results as
shown in Fig. 1d (data not shown). It is suggested that
the supply of succinate was sufficient but that glycine
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Fig. 1a-d. Effect of precursor (glycine and succinate) supple-
ments with levulinic acid (LA) on S-aminolevulinic acid (ALA)
formation from digestion liquor by Rhodobacter sphaeroides. Ini-
tial cell concentration was 2.0 g/1. LA (15 mM) and precursors (0-
80 mM) were added at the beginning of cultivation. Illumination
intensity was 5 klx. a LA. b LA plus glycine (20-60 mM) and suc-
cinate (20-60 mM). ¢ LA plus glycine (20-60 mM). d LA plus suc-
cinate (60 mM). O, no precursor; W, 20 mM of each precursor;
A, 40 mM of each precursor; @, 60 mM of each precursor; ¢,
80 mM of each precursor

supply might limit ALA formation in this culture sys-
tem. In addition, ALA formation by this cultivation us-
ing LA reached a maximum value in about 2 days and
then decreased (see, Fig. 1b, c). This phenomenon has
been observed previously (Sasaki et al. 1987a) and
might depend on the conversion of ALA to tetrapyr-
roles by residual ALAD activity in the cells.
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Fig. 2a, b. Effect of LA concentration plus added glycine on ALA
formation from digestion liquor by R. sphaeroides. Initial cell con-
centration was 2.0 g/1. Illumination intensity was 5 kIx. Solid and
open arrows indicate the addition of LA and glycine, respectively.
a Glycine (20 mM) plus LA (5-60 mM). b Glycine (60 mM) plus
LA (5-60mM). O, LA=5mM; W, LA=15mM; @,
LA=30mM; O, LA=45mM; A, LA=60 mM
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Fig. 3a-e. Effect of repeated additions of LA and glycine on ALA
formation from digestion liquor by R. sphaeroides at 5 klx. Solid
and open arrows indicate additions of LA (30 mM) and glycine
(60 mM), respectively. a LA=30mM x 1. b LA=30mM x 1, gly-
cine=60mMx1. ¢ LA=30mMx3, glycine=60mMx1. d
LA=30mMx7, glycine=60mMx1. e LA=30mMx7, gly-
cine=60mM x7. @, ALA; O, cell mass; V, residual LA

Effect of LA concentration

The effect of LA concentration on ALA formation was
examined at fixed concentrations of glycine (20 and
60 mM). At 20 mM glycine (Fig. 2a), the maximum val-
ues of ALA formation at 48 h depended on the LA con-
centration, while at 60 mM glycine (Fig. 2b), they re-
mained at almost the same level when the LA concen-
tration was above 30 mM. If ALA formation at 30 mM
LA is compared (Fig. 2a, b), ALA formation in 60 mM
glycine was ca. double (maximum 2.0 mM ALA) that in
20 mM glycine. The amount of LA should be as small
as possible since LA is expensive compared with gly-
cine.

Repeated addition of LA and glycine

Previously (Sasaki et al. 1987a), it was observed that LA
added to the medium decreased and this decrease
seemed to be related to the recovery of ALAD. For ex-
ample, ALAD activity was rapidly decreased by 30%-
50% within 3 h on addition of LA, but this activity re-
turned to the original level after 60-90 h culture in rela-
tion to a decrease in LA (Sasaki et al. 1988). Therefore,
to maintain ALAD activity at a low level, repeated ad-
dition of LA was applied. In addition, glycine was also
repeatedly added to avoid limitation of the substrate
supply for ALA formation.

As a control experiment, LA was added once at the
beginning with and without glycine; the results are
shown in Fig. 3a and 3b, respectively. With addition of
LA alone ALA formation proceeded at quite a low lev-
el, but was enhanced up to 2.2 mM after 2 days cultiva-
tion by adding glycine, even though cell growth was
more strongly retarded by glycine supplementation.

729

4 -\:\ -
I o3t / \ J
5 & L
= 2 i / \A-
5
<

1 -+

0 f—’——’—’-——-O-——O 4
0 1 2 3 4 5
Culture time ( days)

Fig. 4. Effects of light intensity on ALA formation from digestion
liquor by R. sphaeroides. Initial cell concentration was 2.0 g/1.
Solid and open arrows indicate the addition of LA (30 mM) and
glycine (60 mM), respectively: ¢, 0 kix; A, 3 kIx; @,5kix; m, 10
klx

This suggests that limitation of a precursor (glycine)
was eliminated and that generation of energy for ALA
biosynthesis was maintained in the cells even though
cell growth was retarded. However, within 2 days, the
added LA was almost consumed and ALA started to
decrease.

When LA was added three times and glycine was
supplemented only once at the beginning of the culture
(Fig. 3c), ALA formation was significantly enhanced up
to 3.9 mM, although growth retardation was almost the
same as in Fig. 3b. However, the decrease in ALA accu-
mulated was observed to correspond with the decrease
in LA. Therefore, to maintain ALAD activity at a low
level for long period, LA was added seven times (Fig.
3d). However, ALA accumulation was not enhanced
any more than in Fig. 3c. Even if LA was added re-
peatedly, ALAD was not completely inhibited, as ob-
served previously (Sasaki et al. 1988), and a large
amount of LA remained in the medium. Large amounts
of LA residue might become a problem if this culture
broth was sprayed on farms directly as a herbicide, be-
cause the toxicity of LA for plants and animals has not
been established. Therefore, excess addition of LA
should be avoided.

In Fig. 3e, glycine was also added seven times to
check the limitation of substrate supply, but no effect
was observed. It seems that supplement of 60 mM gly-
cine to this digestion liquor was sufficient for ALA pro-
duction under these conditions.

Regarding the rapid decrease in LA in Fig. 3b and
3¢, it was reported recently that a photosynthetic bacte-
rium, Rhodopseudomonas sp. no 7 could utilize LA as a
sole carbon source, i.e., LA incorporated was metabol-
ized to acetate, propionate and other unknown sub-
stances under anaerobic illuminated conditions
(Okuyama et al. unpublished data).
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Fig. 5. Profiles of ALA, cell mass, LA, lower fatty acids and gly-
cine in a culture of R. sphaeroides grown at 5 kIx on digestion
liquor. Solid and open arrows indicate additions of LA (30 mM)
and glycine (60 mM), respectively: @, ALA; O, cell mass; V, re-
sidual LA; O, glycine; O, acetic acid; A, propionic acid; O, n-
butyric acid

Effect of light intensity

The effect of light intensity on ALA formation was ex-
amined under the same conditions as Fig. 3c (LA
30 mM x 3, glycine 60 mM x 1). As shown in Fig. 4,
ALA formation increased with increase in light intensi-
ty. However, above 5 klx, ALA formation did not in-
crease further. In the dark, no ALA formation was ob-
served (Fig. 4). These results indicate that ALA forma-
tion by R. sphaeroides is light-dependent as reported
previously (Sasaki et al. 1987a).

Profiles of ALA formation from digestion liqguor

R. sphaeroides can utilize lower fatty acids such as ace-
tic, propionic and butyric acid as carbon and energy
sources (Sasaki et al. 1978). The digestion liquor used
here contained abundant lower fatty acids. Therefore,
the relationship between ALA formation and lower
fatty acid utilization was examined. In addition, in
place of test tubes, large-scale cultivation using a Roux
bottle was used, considering the practical use of the di-
gestion liquor for ALA production.

As shown in Fig. 5, up to 42 mM ALA was pro-
duced (0.63 g ALA/1) with three additions of LA in the
presence of glycine. This was almost the same as the
result obtained in Fig. 3¢ under the same conditions. It
is suggested that the results obtained using test tubes
and a Roux bottle are consistent with each other. It is
worth noting that this concentration (ca. 4 mM) is al-
most twice that obtained with R. sphaeroides in gluta-
mate-malate medium (Sasaki et al. 1987a) and that of

Chlorella vulgaris (Beale 1970), which had a reported
highest level of 2.0-2.2 mM ALA production. This con-
centration (ca. 4.2 mM) was at a level sufficient for
practical use as a herbicide (3-5 mM; see Rebeiz et al.
1984).

In Fig. 5, propionic and acetic acids were utilized
by this bacterium, but butyric acid was not. It must be
emphasized that propionic acid was predominantly uti-
lized compared with acetic acid in this cultivation, al-
though R. sphaeroides utilized acetic acid and pro-
pionic acid simultaneously under normal growth condi-
tions in aerobic-dark or anaerobic-light cultures (Sasaki
et al. 1978). It was suggested that propionic acid con-
tained in the liquor might play an important role in
ALA formation as a source of succinyl-CoA via the me-
thylmalonyl-CoA pathway (Maruyama and Kitamura
1975; Sasaki et al. 1978; Maruyama 1979).

In addition, for ALA production, we tried to use
other propionate-containing media, such as digestion
liquor from agricultural waste (mandarin orange peel)
or acetate-propionate synthetic medium (Sasaki et al.
1978). However, the ALA production was quite small
compared with that from swine waste. Some other ele-
ments in swine waste might enhance ALA production
by R. sphaeroides.

The practical use of this culture broth as a herbicide
was tested as reported by Rebeiz et al. (1984). The cul-
ture broth (ca. 10 ml, 4 mM ALA) was directly sprayed
on the leaves and stems of cucumber. After 2-7 days,
50%-100% of the leaves and stems were withered, as
also observed by Rebeiz et al. (1984). In addition, al-
most the same herbicide effects (50%-100% death)
could be observed for Artemisia princeps P., Commelina
communis L., Trifolium repens L. and Oxalis corniculate
L., all common weeds in the field. However, only a
small effect was observed on monocotyledonous weeds
such as Zoysia japonica S. and Eleusine indica L.. ALA
can therefore be used as a selective herbicide for dico-
tyledonous weeds mainly in cereal crop fields (Rebeiz
et al. 1984).

From these results, it can be concluded that diges-
tion liquor may be utilized for ALA production by R.
sphaeroides with added LA and glycine, and that the
culture broth containing ALA may be directly used as a
herbicide.

References

Aubart C (1983) Anaerobic digestion of pig and cattle manure in
large scale digestors and power production from biogas. En-
ergy Biomass Waste 7:741-766

Beale SI (1970) The biosynthesis of §-aminolevulinic acid in Chlo-
rella. Plant Physiol 45:504-506

Cooney CL, Wise DL (1975) Thermophilic anaerobic digestion of
solid waste for fuel gas production. Biotechnol Bioeng
17:1119-1135

Fisher JR (1981) The engineering, economics, and management of
a swine manure digestor. Agric Energy 2:379-384

Hobson PN, Shaw BG (1973) The anaerobic digestion of waste
from an intensive pig unit. Water Res 7:437-449

Inno Y, Kameoka T, Sakimoto M, Abe K (1987) Biomass produc-
tion and the removal of nutritional elements from the purified
water of swine waste. Mizushyorigijutsu (Jpn) 28:83-89



Kobayshi M, Kurata S (1978) Mass culture and cell utilization of
photosynthetic bacteria. Process Biochem 13:27-30

Lascelles J (1978) Regulation of pyrrol synthesis. In: Clayton RK,
Sistrom WR (eds) The photosynthetic bacteria Plenum Press,
New York, pp 795-808

Maruyama K (1979) The metabolic pathway of propionate in Rho-
dopseudomonas sphaeroides. S Agric Biol Chem 43:2385-
2386

Maruyama K, Kitamura H (1975) Some effects of propionate on
the growth of Rhodopseudomonas sphaeroides S. Agric Biol
Chem 39:1521-1524

Rebeiz CA, Montazer-Zouhoor A, Hoppen H, Wu SM (1984)
Photodynamic herbicides: 1. Concept and phenomenology.
Enzyme Microb Technol 6:390-401

Sasaki K, Hayashi M, Nagai S (1978) Growth on acetate media of
Rhodopseudomonas sphaeroides S and its vitamin B, biosyn-
thesis. J Ferment Technol 56:200-206

731

Sasaki K, Ikeda S, Nishizawa Y, Hayashi M (1987a) Production
of 5-aminolevulinic acid by photosynthetic bacteria. J Ferment
Technol 65:511-515

Sasaki K, Kidani T, Emoto Y, Hamaoka T (1987b) Experimental
methane production from swine waste and the performance of
biogas engine. J Soc Agric Struct (Jpn) 18:38-46

Sasaki K, Noparatnaraporn N, Nishizawa Y, Hayashi M, Nagai S
(1988) Production of herbicide, 5-aminoevulinic acid by a pho-
tosynthetic bacterium, Rhodobacter sphaeroides. Annual Re-
ports of International Center of Cooperative Research in Bio-
technology (Osaka University, Japan) 11:375-377

Vrati S (1984) Single cell protein production by photosynthetic
bacteria grown on the clarified effluents of biogas plant. Appl
Micobiol Biotechnol 19:199-202



