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Production of ethanol from mannitol by Zymobacter palmae
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Extracts from brown seaweeds could possibly be fermented to ethanol, particularly seaweeds harvested in the aut-
umn, which contain high levels of easily extractable laminaran and mannitol. Few microorganisms are able to utilise
mannitol as a substrate for ethanol production and Zymobacter palmae was tested for this purpose. Bacterial growth
as well as ethanol yield depended on the amount of oxygen present. Strictly anaerobic growth on mannitol was not
observed. At excessive aeration, a change in the fermentation pattern was observed with high production of acetate
and propionate. Under oxygen-limiting conditions, the bacteria grew and produced ethanol in a synthetic mannitol
medium with a yield of 0.38 g ethanol (g mannitol) ~*. Z. palmae was also successfully applied for fermentation of
mannitol from Laminaria hyperborea extracts. Journal of Industrial Microbiology & Biotechnology (2000) 24, 51-57.
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Introduction anaerobic growth on mannitol was not possible [14]. Thus,
rmentation of sugar alcohols by yeast requires a supply

oxygen. This subject has been thoroughly investigated
i

. - : n connection with ethanol production from xylose, where
algae varies con3|derat_)ly between species, throughout thrﬁetabolism of the xylitol intpermediate depenc)i/s on oxygen
year and between habitats. Brown algae exposed to se

sonal changes usually accumulate mannitol and laminar ]('jrzroeclfggt([aj’6?25265%2% rt])ingf)Izstté)algrna(;?]?erfwz;ﬁtr:)sl_
in the light season (spring to autumn), and consume thes g '

storage carbohydrates in the dark season [5]. Promine hder truly anaerobic conditions.

along the Norwegian coast are the Laminarales which stor E;ggﬁggﬂgﬁgﬁ'ﬁaﬁ?ﬁ%ﬁ??héncrlgli rt,g? b%i?]é:fn;'te d
most of the carbohydrates in the fronds. For autumn frond & y P

of Laminaria hyperboreathe mannitol and laminaran con- igoflztcrgde ?:or:qangll:r?l.sggor\‘:]%lbi@tae?m ;Fnr]r;lggt;gg ot;?é:éetr(ljum
tent may be as high as 25% and 30% of the dry weight P y P P

respectively [7]. This high carbohydrate content make pekfa(jcnélj[atlvgly .anaerﬁb[cdand aléle to ferr?er;;[ Texoslez,.
brown seaweeds a potential source for production of liqui Inke it II_ falnl] tnD—srB\cc ar Ssi:an sugar "’[‘2(]:0 0's Img ud ng
: annito . Dobson and Franzmann concluded in
fuels such as ethanol. These storage sugars can easily 5
. . 1996 that the genuBymobactewas closely related to the
teuxrtéa[cltg]d from milled seaweed atlow pH and high temperagenusl—lalomonasand proposed thatymobacteshould be

Laminaran is essentially a linear polysaccharide oftra;ﬁ;errﬁrd (t;; ;hgf t{%?;'lvy\;l:rll?vvzgat%agsgﬁj e palmaeas
(1= 3)-B-p-glucopyranose in which the chain terminates poten?ialporganism to carry out the fermenta?ion of manni-
with p-mannitol. Low levels of branching via (& 6)-6-

glucosidic linkages may occur [10B-(1 — 3)-glucanases tol in seaweed extract to ethanol. Its abilities for growth

are relatively widespread, and many microorganisms caﬁmd ethanol production in synthetic mannitol medium were

hydrolyse laminaran to its glucose monomer, which is a\llr\)vestlgated under different oxygen regimes. Experiments

good substrate for fermentation. Mannitol, the sugar alcoi:iir:” als(;)thI;JnHOIWSPO éﬁg;gﬁrw a?ngxgrl;ﬁzsde iﬁs aSUC?J?:L?;e.
hol corresponding to mannose, on the other hand is n%edigr’n of seaweed extract

readily fermented. It is oxidised to fructose by mannitol '
dehydrogenase, a reaction that generates NADH. Regener-
ation of NAD* requires oxygen (active electron transport Materials and methods

chain) or transhydrogenase, which converts NADH to

NADPH. Thus, many microorganisms are not able to carmy o bacteriumZymobacter palmad@109 (ATCC 51623)

out strictly anaerobic fermentation of mannitol [18]. . .
Both yeast and bacteria are potential organisms for ethabc-> used in all the experiments. The stock culture was

D . 0
nol production. Yeast lack transhydrogenase [18], and"namtamed at-80°C in 15% glycerol.
experiments done witBaccharomycesoncluded that pure

Brown seaweeds may have a high content of laminaran anﬁ
mannitol. Generally, the chemical composition of brown.

Microorganism

Medium

Shake bottle experiments were carried out in the medium
Correspondence: SJ Horn, Dept of Biotechnology, The Norwegian Univer- g L_l): KZHPC_)‘“ 7.0; KH;,PO, 2.0; MgSQ - 7.|_EO.’ .0'1; .
sity of Science and Technology NTNU, N-7491 Trondheim, Norway. E- (NH.).SO;, 1'02 yeast extract (as a source of mCOtm'(_: acid),
mail: sveir@chembio.ntnu.no 0.5; and mannitol, 20. The pH was adjusted to 6.0 with HCI
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medium was the same except that it contained 5.0'g L (OD) at 660 nm using water as reference. Cell dry weight
yeast extract. was determined by centrifugation (25 ml broth, 3506,

For the fermentor experiments, the following media werel0 min), washing in distilled water and heating to constant
used: (1) medium with 20 g £ carbon source (gt): weight under IR-lamps. A correlation factor, dry weight
KH,PQ,, 2.0; MgSQ- 7H,0, 0.2; (NH,),SO,, 2.5; yeast ODggo x 0.345, was calculated as an average value from all
extract, 3.0; (2) medium with 40 gL carbon source the measured samples.

(g L™): KH,PQ,, 2.5; MgSQ- 7H,0, 0.4; (NH,),S0O,, 5.0; Mannitol, glucose, ethanol and organic acids were quant-
yeast extract, 3.0. The carbon source was either glucose died by high performance liquid chromatography (HPLC)
mannitol, or a mixture of both, and the concentrations wereof samples filtered through 0.22m Millipore filter Type
chosen to mimic the seaweed extract concentrations. Th@8S. The analyses were conducted with a Shimadzu LC.9A
fermentors containing the medium were sterilised at’C21 liquid chromatograph equipped with a Shimadzu column
for 30 min. The carbon source was autoclaved separatelyoven CTO-6A, a Shimadzu autoinjector SIL-6A, a Shim-

The seaweed medium was prepared by extracting fresadzu refractive index detector RID-6A, a Shimadzu
Laminaria hyperboreafronds with water at pH 2.0 and C-R4A integrator, Biorad Aminex HPX-87H column
65°C according to Percival and McDowell [5]. One kilo- (300x 7.8 mm) and Biorad Micro-Guard cation*Hefill
gram wet weight fronds was extracted in 1 L tap water forcartridge guard column. Other conditions included: effluent,
1 h, yielding extracts with approximately 20 g'Lof both  filtered and degassed 50 mm,$0O,; flow rate, 0.6 ml
mannitol and laminaran. The extractions were carried oumin™; and column temperature 45. Calibration of the
in 3-L fermentors (Applicon, Schiedam, Netherlands) andmethod against reference compounds was performed within
the final extracts were stored a20°C. The pH was a standard error af1.5%.
adjusted to 6.0 with HC1 before autoclaving the medium
(121°C, 20 min). Results and discussion
Culture conditions and experiments Glucose as substrate
All shake bottle experiments with mannitol medium were Preliminary experiments showed that palmaecould not
performed at 38C in 50-ml Pyrex bottles, sealed or open. utilise laminaran directly as a carbon source (results not
The bottles were inoculated with 2.5% (v/v) stock cultureincluded). However, the laminaran monomer, glucose,
and incubated on a reciprocal shaker (180 cycles™min could be utilised [11]. Hydrolysis of laminaran may be ach-
amplitude 5 cm). ieved in a co-culture where laminaran is hydrolysed by

The seaweed extract experiments were carried out ianother organism. Fermentations with glucose as substrate
250-ml Erlenmeyer flasks. The flasks were inoculated withwill provide useful information of relevance for utilisation
the pellet from a culture grown on mannitol medium, giving of laminaran, as well as give indications of the organism’s
an initial biomass concentration of about 23¢.LThe  ability to produce ethanol, in comparison to other ethanol-
flasks were incubated on a reciprocal shaker &C30 producing microorganisms. Results from an anaerobic and

All other experiments were carried out in 3-L fermentorsan aerated batch fermentation are presented in Figure 1. In
(Applicon) with a 1-L working volume. The pH was auto- the anaerobic fermentation, a sharp decrease of&bs-
matically kept at pH 6.0 by controlled addition of 3 M sion rate (CER) was observed at 14.7 h, while in the aerated
NaOH; and the temperature was maintained atC30 fermentation the maximum CER at 13.8 h was maintained
reported to be the optimum conditions for growth [11]. O until 16 h, when glucose presumably was exhausted. In Fig-
in outlet gas (Binos 100.2M gas analyser, Hanauure 1 this halt in the increase of CER is reflected as a shift
Germany), stirrer speed and dissolved oxygen were loggeith the accumulated CQOcurve from a roughly exponential
automatically. The fermentors were inoculated with 30-to a more linear phase. Thus, in both fermentations there
50 ml of a preculture with a cell density of about 0.7¢.L seemed to be a halt in the increase of CER occurring before

glucose was exhausted. These maximum CERs probably
Determination of K a coincided with the halt in cell growth, although this was
The oxygen transfer coefficienk a, was determined by not clearly documented in this particular experiment due to
measuring the oxygen concentration (Rosemount, Oxynomfrequent sampling. However, glucose consumption and
100 gas analyser, Hanau, Germany) in the outlet airflonethanol production continued until glucose was depleted.
from an active stationary phase culture @f palmae Compared to growth in the anaerobic reactor, growth
Defining OUR as the oxygen uptake rate and OTR as theluring aeration was considerably faster with twice the cell
oxygen transfer rate, under steady state conditions, @UR yield, while the ethanol yield was slightly lower (Table 1).
OTR = K, a x (Cs — C), whereCg is the dissolved oxygen Maximum biomass concentrations, derived from OD
(DO) concentration in air-saturated medium, a&ds the  measurement, were 0.75 and 0.907¢ for the anaerobic
actual oxygen concentration in the medium during the ferand aerated reactors, respectively. After glucose depletion,

mentation. accumulation of acetate and propionate was observed in the
aerated fermentation (results not shown), concomitant with
Sampling and analytical methods an increase in NaOH addition rate. Increasing NaOH

Samples were taken aseptically, centrifuged (99@0Q addition was also observed in the anaerobic fermentation,
3 min), and the supernatants were stored frozen28C  but here no organic acids could be detected. In the aerated
until analysed. fermentation, biomass (48% of dry weight assumed to be

Growth was quantified by measuring the optical densitycarbon), CQ, ethanol, acetate and propionate accounted for
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a After inoculation the oxygen concentration in the aerated %3
20 _ reactor (Figure 1b) decreased below the limit of detection
) 165 & within 4 h, leading to oxygen-limiting conditions for most
g o 12 a5 of the fermentation. A separate aerobic experiment, with
£° £2  40gL*glucose in the medium and with the dissolved oxy-
g E 8 g = gen concentration (DO) maintained at 35% of saturation,
88 4 § 3 resulted in a final biomass concentration of 1.2 lAlso
0 8 in this case the biomass maximum was reached before
exhaustion of glucose. Thus, oxygen limitation was not the
Time [h] cause of the halt in cell growth. However, the maximal
growth rate was much higher in the aerobic fermentation
b (Table 1), showing a positive effect of oxygen on growth
20 = rate. No ethanol was produced, but propionate accumulated,
T 15 &  reaching a concentration of 13 g'L
8 oL Figure 1 shows thal. palmases able to grow on glucose
g0 12 =0 . . o S
£° £3 both under aerobic and anaerobic conditions, confirming
g E 8 g = the observation of Okamotet al [11] that the bacterium
Q 8 4 §2 is facultatively anaerobic. From Table 1 it is seen tjpat
® L 0 ©5§ and Yys were lower under anaerobic conditions, whiie,
0 5 10 15 20 25 30 was a little higher than in the aerated reactor. Previous non-
Time [h] agra;ed experiments withymomonas mobilibave given 3
kinetic parameters in the same range, except for specific
—¢=0D ——C02 ——3 M NaOH —a—Glucose —g~Ethanol ethanol productivity, which was three times higher than our

Figure 1 Glucose metabolism: optical density, accumulated,,Gfon- values [15].

sumption of 3 M NaOH, glucose and ethanol concentrations in (a) fer-

mentor sparged with 0.05 L NL medium min)* and (b) fermentor aer- .

ated with 0.20 L air (L medium min) (OTR=3.56 mmol Q L h-2). Mannitol as substrate _ , ,
Since oxygen may be a crucial factor in metabolism of

mannitol [14], some preliminary experiments were carried
106% of the carbon in the consumed glucose after 23 hout under different oxygen regimes. One open and five
Similar calculations for the anaerobic fermentation aftersealed bottles, containing different liquid volumes, were
47.5 h accounted for only 76% of the glucose carbon. Théncubated in a shaker for 67.5 h and end concentrations of
mismatch in the carbon balance, and the late increase ioxygen were measured (Figure 2). The results demonstrated
base consumption without accumulation of organic acidsa clear dependency on air access: the activity in the sealed
could indicate formation of a new metabolite that was notbottles increased with decreasing medium volumes, and in
detected by HPLC. the open bottle and the one with lowest liquid volume, all

Table 1 Operating constants and kinetic parameters

Figure 1A 1B 4A 4B 5A 5B 6 (big) 6 (small)
Initial substrate concentration 18G 16 G 38M 38M 16G19M 17G21M 17M 17 M
(gL™ synthetic synthetic synthetic synthetic synthetic synthetic extract extract
Air/N, 0.05N 0.20 A 0.20 A 0.20 A 0.20A  0.05N/0.10A

(LL?*h?

OTR (mmol Q L™ h'}) 0 3.56 4.75 6.19 4.19 0/2.91

Max. CER (mmol CQ L™ h™) 8.68 20.10 4.26 19.91 17.30 8.04

(h after inoculation) 24.7) (13.8) (10.5) (6.7) (10.5) (19.0)

Specific growth ratew (h™) 0.36 0.63 0.63 0.71 0.70 0.34/0°05

Specific ethanol productivitg, 0.74 0.77 0.73 0.04 1.28 0.74/0%59 0.02 0.03
(ggth™)

dSdt (g L™ h™?) 0.45 0.96 0.45 0.98 1.03/0.82 0.32/0.83 0.61 1.06
dP/dt (g L™ h™) 0.18 0.29 0.17 0.05 0.39/0.32 0.14/0.28 0.37 0.56
Ethanol yieldYps (9 g) 0.39 0.31 0.38 0.05 0.37/0.39 0.44/0.33 0.61 0.53
Biomass yieldYys (g g% 0.06 0.13 0.10 0.08 0.10 0.08/0.02

dYdt, dP/dt and Yps were calculated from end concentrations or, when substrate was totally consumed, the last sample before substrate gxhaustion.
and g, were calculated for the initial exponential phase of growth and represent maximum values. For the calculgtidionhass was estimated as

the average of two succeeding sampMs; was calculated for the growth period.

M = mannitol, G= glucose, A= air, N = nitrogen, OTR= oxygen transfer rate, CERCO, emission rate, 8= substrate consumptionPd- ethanol pro-

duction.

“Dissolved oxygen maintained at 25%. The value represents the maximum OTR, which coincided with the maximum CER.

bCalculated for the periods 0-18 h and 18-32 h. Glucose was exhausted at 18 h.

Calculated for the initial growth and the renewed growth initiated after aeration.

dCalculated for the periods 0-23 h and 47.5-75 h.
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54 20 1,0 . .
- _ experiment was stopped. However, growth was, as in the
T 15 08 _ glucose experiments, clearly inhibited before exhaustion of
2 T 1 0_65 2 mannitol. The dissolved oxygen concentration in the non-
£ T 10 4 04 g E DQ-reguIate(_j reactors quicl_<ly.(.jropped to zero after inocu-
g = 5 T E 3 lation, resulting in oxygen-limiting conditions. In the two
§ T I I - 0.2 § lowest-aerated reactors, oxygen concentration started to rise
0d : L 0.0 again about 40 h after mannitol depletion, while in the third
40ml 20ml 30ml 40ml 50ml 40 ml aerated reactor the oxygen started to rise above 25% 16 h
open closed closed closed closed syringe after substrate depletion (results not shown). This demon-
_ , strates that the cells still could maintain high metabolic
@pH oMannitol mEthanol g Dry weight activity after the substrate was exhausted, and at least some

Figure 2 Mannitol metabolism: end concentrations in six different Of this activity can be attributed to production of organic
shake-bottle experiments after 67.5 h of incubation: 40 ml medium withacids from ethanol. The ethanol concentration was gener-
'sc’gzsv SC‘ZSZV gap. 4200;]1??]71;;% rﬁ”ge;%("“{N'i?ﬁiliUsrzeigtrgog'eenset‘:vai‘ttgdssvﬁi‘t'ﬁchlIy observed to decrease after substrate depletion. The total
; ’ : hanol yield for the oxygen-limited reactors was in the
syringe to take up pressure increase. The total bottle volume was 70 mri[\nge 0.31-0.35g ethanol (g mannid)while it was
0.12 g ethanol (g mannitohin the 25% DO reactor. In this
the mannitol was consumed. Both bottles had high ethandermentation accumulation of organic acids was observed.
and biomass concentrations, a yield of 0.36 g ethanol (g The inability of mannitol to support strictly anaerobic
mannitoly* and a pH of 4.6. In all the other bottles the growth is probably caused by a deregulation of the redox
activity was very low, with almost no mannitol consump- balance [14]. Anaerobic growth on glucose is balanced
tion and a pH of 5.8. The bottle with a syringe to allow because the 2 NADH produced in the bacterial Entner—
for expansion volume showed a 3-ml volume increase du®oudoroff pathway are consumed when ethanol is pro-
to pressure rise, without affecting growth. When the sealedluced from pyruvate, thereby regenerating NABannitol
bottles were opened, growth was observed (results ndgarobably enters this pathway via fructose produced by man-
shown). nitol dehydrogenase, an enzyme that also converts NAD
Mannitol fermentation was further investigated in six to NADH. The overall result is an excess production and
reactors (Figure 3). The data confirmed the bottle experiaccumulation of NADH under anaerobic conditions, since
ments: no growth or mannitol consumption was observedegeneration of NAD presumably does not take place. The
in the two anaerobic reactors, and they were stopped aftéeason may be a lack of transhydrogenase, which converts
42 h. Increasing OTR increased both growth ratesdpd NADH to NADPH, although general textbooks claim that
in the aerated reactors. Within the total fermentation periogrocaryotes possess this enzyme [4,6]. This would lead to
of 140 h, the three aerated reactors reached a maximum deycompartmentation of the redox couples NARADH and
weight concentration: 1.0 g't after 24 h, 0.8 g * after NADP*/NADPH. NADH is predominantly a catabolic
67 h, and 0.6 gt* after 90 h. These maximum values reducing equivalent, whereas NADPH is mainly involved
coincided with the exhaustion of mannitol. In the open non-in anabolic processes [18].
aerated reactor, cell mass was still increasing when the A fermentation with an initial mannitol concentration of
38gL™? is presented in Figure 4a. Dissolved oxygen
quickly dropped below the detection limit, and a maximum
0.8glL" CER of 4.3 mmol CQL™* h™* was reached at 10.5 h, corre-
sponding to one-fifth of the maximum rate observed when
the organism was grown on glucose (Figure 1b, Table 1).
However, the CER was maintained at this level throughout
the experiment. The growth rate was very low from 20 h
and onwards, in spite of the remaining mannitol in the
medium. From Figure 4a it is readily seen that ethanol pro-
duction was not directly growth-associated, giving similar
0# S > T T T T 1 ethanol yields during both growth and stationary phases.
0 200 40 60 80 100 120 140  The total ethanol yield of 0.38 g ethanol (g mannitblyas
Time [h) the maximum achieved in mannitol medium (Table 1). Car-
bon balance at 70 h including biomass, £®thanol and
—=D0=25 % —@— Non aerated acetate accounted for 81% of the carbon consumed.
o 0.2wmN2 This mismatch in the balance could be due to evaporation
of ethanol, which is a problem in ethanol fermentations.
Carbon balances earlier in the fermentation period
Figure 3 Mannitol metabolism: optical density in six different fermentor @ccounted for more of the carbon. Concerning organic
experiments: dissolved oxygen concentration maintained at 25%, 0.2 angdcids, only traces of acetate were identified by HPLC. Thus,
0.05 L air (L medium miny' (OTR=3.50 and 1.84 mmol OL™ h™), no  \ith the carbon source present in the medium and under

aeration, and 0.2 and 0.05 L,NL medium min)?. All reactors contained P e
the same medium with initial mannitol concentration of 20d.LThe oxygen |Im|tlng conditions, there seemed to be almost no

numbers give the maximum dry weight concentrations for the three aerateBroduction of organic acids. The valuesapf dS/dt, dP/dt
cultures. vwie L (L medium miny™. andYsgswere similar to those of the anaerobic fermentation

1.0gL?’

0OD660 nm

—¢=0.2 wm air
—&—0.05 wm air + 0.05wmN2
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more than either acid alone, suggesting a synergetic effect
[16]. Although it is often assumed that the undissociated
molecule is the toxic form of weak acids, giving stronger
inhibition at low pH, dissociated acids also inhibit
microbial growth [3]. The acid production in our high-DO
fementations suggests that under aerobic conditions the
bacteria followed a different fermentation pattern than

1 under oxygen-limiting conditions. The unusual accumu-
0 10 20 30 40 50 60 70 lation of organic acids under aerobic conditions may indi-
Time [h] cate that the bacteria possess a limited respiratory metab-
olism. Mannitol fermentations with DO of 35% yielded
even higher concentrations of organic acids, while no etha-
nol was detected (results not shown). The molar
propionate/acetate ratio increased with the oxygen concen-
tration, from 1.1 at 25% DO to 6—7 at 35% DO. Propio-
nibacteria also show a high production of acetate and
propionate [9].
In all experiments cell dry weight concentration never
I L exceeded 1.3 g, irrespective of initial substrate concen-
0 5§ 10 15 20 25 30 35 tration and oxygen supply. This could be due to depletion
of an essential nutrient in the medium. The only factor that

Q
B
o

N W
o O

)
Concentr. [g L]
and 3 M NaOH [mi]

accum. CO2 [L]

OD 660nm and

o

OD 660nm and T

accum. CO2 [L]

o N RO

Concentr. [g L]
and 3 M NaOH [ml]

Time [h] is reported to be required for growth is nicotinic acid [11],

but this factor should have been supplied by the yeast

—»—0D —C0O2 —+—3MNaOH extract. However, the experiments suggest an anabolic
—e—NMannitol  —g—Ethanol - ). Acetate growth factor, since only growth is halted, not activity.
—O— Propionate Cessation of growth could also indicate product inhibition.

Figure 4 Mannitol metabolism: optical density, accumulated C€bn- Okamotoet al reported [12] that an ethanol concentration
sumption of 3 M NaOH, mannitol, ethanol, acetéte and propionate concen(—)f about 50 g,tl inhibited gfo"Yth’ but this is _far hlgher.
trations in (a) fermentor aerated with 0.20L air (L medium min) than our maximum concentrations. The halt in growth in
(OTR=152mg Q L™ h™") and (b) aerated fermentor maintained at our aerobic experiments at 25 and 35% DO was observed at
25% DO. different concentrations of acetic and propionic acid. Thus,
accumulation of organic acids was probably not the cause
on glucoseu was the same as in the aerated glucose fer(-)f |nh|b|t|on._ .
mentation, whileYys was in the range between the anaer- Ethanol yield was highly dependent on oxygen concen-
obic and aerated glucose fermentations (Table 1). tration (Table_l), because excess oxygen led to_productlon
Another fermentation in 38 g£ mannitol medium is of organic ac.|ds and thereby _reduct!on of the yield. T.hus
shown in Figure 4b. The oxygen concentration was main-the optimisation of ethanol yield will be a compromise
tained at 25% DO and the maximum CER was 19.91 mmopet".\’e?n t_he need of oxygen for NA.DH OXIdatIOI.’] and the
minimisation of organic acid production. Exhaustion of the

CO, L™t h™, similar to the maximum achieved in the aer- . ) )
ated glucose fermentor (Table 1). From this peak Va|ue§ubstrate should also be avoided, since this led to ethanol

however, the CER decreased steadily until the experimerffonsumption and production of organic acids. The best pro-
was ended at 32 h. At this point there was still mannitol inc€dure for optimisation of ethanol yield seems to be a start
the medium, only traces of ethanol and a biomass concet!P With a low OTR, and then a gradual increase in OTR
tration of 1.0 g . The high consumption of NaOH was {0 about 4.75 mmol L™ h™ in the stationary phase. A
probably associated with the pronounced production ofurther increase in OTR may also be possible as long as the
acetate and propionate, which yielded end concentratiorfulture is oxygen-limited. This would satisfy the growing
of 6.7 and 9.2 g [, respectively. At 10 h there was a clear 0Xygen demand, but at the same time avoid excessive pro-
halt in growth, at a propionate concentration of 3.5¢.L duction of organic acids. .

The tendency for the period of 10-32 h was nearly a com- Okamotoet al [11] reported thaZ. palmaeis a facultat-
plete halt in growth, accumulation of organic acids and dvely anaerobic bacterium, able to ferment a range of carbo-
gradual decrease in activity (Figure 4b). This pattern wadwydrates, including mannitol. The use of the tefenmen-
contrasted by the oxygen-limited experiment of Figure 4afation may be confusing, since it has a two-fold definition:
where only traces of organic acids were found after 70 h(1) substrate metabolised without exogenous electron
and the activity was constant for the whole period. Thisacceptor; (2) in industrial microbiologyany of a wide
suggested a first phase of inhibition of growth, followed byrange of processes carried out by microorganisms, regard-
a gradual inhibition of activity as the concentration of less of whether fermentative or respiratory metabolism is
organic acids increased. Small organic molecules hav@volved [17]. Our results confirmed an ability to ferment
inhibitory effects on microorganisms, the most commonmannitol according to the second definition, but we were
being lactic, acetic and propionic acids [1]. It has also beemot able to growZ. palmaeon mannitol under purely anaer-
reported that mixtures of organic acids reduce growth rat®bic conditions.
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% Glucose and mannitol as mixed substrate However, after initial growth and glucose consumption,

Concerning the fermentation of seaweed extract, a mixturgrowth totally ceased after 23 h, with 10.3 gtLglucose

of glucose and mannitol was used to test whether theistill remaining in the medium. The consumption of sub-
metabolism would occur simultaneously or successively. Irstrate also ceased, and in the following day only I'gL
an aerated fermentation with mixed substrate, glucose waglucose and 0.5 g mannitol were consumed. The reason
the preferred substrate, indicating catabolic repression ahay be a disturbance of the redox balance, caused by the
mannitol conversion (Figure 5a). The glucose was probablgmall consumption of mannitol. In all the other experi-
totally consumed after 18 h, indicated by a shift in CER.ments, termination of growth was not associated with a loss
The maximum CER at 10.5 h coincided with growth limi- of substrate consumption activity. In an attempt to regain
tation, but unlike aerated growth on glucose onlyactivity, the reactor was aerated after 47.5h. The cells
(Figure 1b), CER was not stabilised at this maximum. Thestarted to grow again, but now both glucose and mannitol
activity was much better with glucose still present, visual-were consumed simultaneously, with a pronounced increase
ised in Figure 5a as a shift in the GOurve at 18 h. The in mannitol consumption when all the glucose was gone.
maximum cell density at 27 h (1.3 g1 was the highest There was also an increasing mismatch in the carbon bal-
achieved in the entire series of experiments, and the totalnce throughout this experiment, accounting for only 66%
yield of 0.40 g ethanol (g glucose mannitolj* was also at 75h. A strong mismatch in the carbon balance was
the highest for an aerated reactor (Table 1). Thewas  observed in the experiments which ran for the longest time
considerably larger than in the other experiments. ThigFigures la, 4a and 5b), and could at least partly be caused
shows that the mixture of both laminaran and mannitolby ethanol evaporation.

found in a seaweed extract might have a positive effect on

the ethanol production. In such a case, however, laminaraGeaweed extract

has to be hydrolysed to glucose first. Carbon balance basdgktraction experiments in our laboratory with fresh autumn
on biomass, CQ ethanol, propionate and acetate accountedronds ofL. hyperboreaat 20% dry weight yielded extracts
for 96% of the consumed carbon in glucose and mannitolwith both mannitol and laminaran concentrations up to

An anaerobic fermentation of these mixed substrates i80 g L't. Extracts made from dried material may give
presented in Figure 5b. Based on the previous experimenthjgher concentrations.
it was expected that glucose would be consumed and that Z. palmaewas also tested for activity in this seaweed
mannitol would remain unaffected. In the first phase of theextract. In order to test if the high salt content in seaweed
experiment both COdevelopment and growth were similar [7] could inhibit Z. palmaeg shake flask experiments were
to that of the anaerobic culture on glucose (Figure la)run with mannitol medium containing 0-3% NaCl. No
inhibitory effect on growth was observed. Also, tests with
pure extract and dilutions with tap water and medium
showed that the activity af. palmaewas not inhibited by
the extract (results not shown).

Two identical shake flasks with 75 and 150 ml of sea-
weed extract were inoculated with the pellet of a preculture
grown on synthetic mannitol medium. The bacteria were
able to utilise the mannitol in the extract for ethanol pro-
duction (Figure 6). Ethanol production and mannitol con-
15 20 25 30 35 sumption were faster in the small volume, again demon-
strating dependence on oxygen transfer. Ethanol yield was
for the small volume 0.53 g ethanol (g mannitélgafter
b Aeration 11.7 h, while the large volume culture had a yield of 0.61 g
ethanol (g mannitof} after 21.9 h. These ethanol yields are
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Figure 5 Mixed glucose and mannitol metabolism: optical density, —=— Mannitol big  —a— Ethanol big

accumulated CQ consumption of 3 M NaOH, glucose, mannitol, and
ethanol concentrations in (a) fermentor aerated with 0.20 L air (L medium
min)™, OTR=134 mg Q L™ h™, and (b) fermentor sparged with 0.05L Figure 6 Metabolism of seaweed extract: mannitol and ethanol concen-
N, (L medium min)*. At 47.5h the N was changed to 0.10 L air (L trations in two identical shake flasks with small (75 ml) and large working
medium min)™. volumes (150 ml).

- -0 - Mannitol small . . - Ethanol small
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higher than the theoretical yield of 0.51 g'gindicating (Robinson and Gibbons 1952) into a single gertdalomonas and
that Z palmae can utilise other carbon sources in the placement of the genudymobacterin the family Halomonadaceae
t t Both &/t d d/dt in th f | Int J Syst Bact 2: 550-558.

e?( ract. Bo . an In the ;ma volume We'fe .3 Eklund T. 1983. The antimicrobial effect of dissociated and undissoci-
higher than in all the fermentor experiments (Table 1), indi-  ated sorbic acid at different pH levels. J Appl Bacteriol 54: 383-389.
cating higher activity in more dense cultures. After the 4 Gottschalk G. 1986. Bacterial Metabolism, 2nd edn. Springer-Ver-
depletion of mannitol, a small increase in organic acids WaSS ﬁghg’]\lxand A Jensen. 1954. Seasonal variations in the chemical com
observed. Analyses of the laminaran content showed no positions ofAlaria esculentaLaminaria saccharinaLaminaria hyper-

consumption, confirming the results of earlier shake-flask porea and Laminaria digitatafrom northern Norway. Report No. 4,

experiments. Norw Inst Seaweed Res, Department of Biotechnology, Trondheim,
Norway.
6 Ingraham JL, O Maalge and FC Neidhardt. 1983. Growth of the Bac-
Conclusions terial Cell. Sinauer Associates Inc, Sunderland, MA, USA.

7 Jensen A and A Haug. 1956. Geographical and seasonal variation in
Z. palmae metabolised glucose under strictly anaerobic the chemical composition ofaminaria hyperboreaand Laminaria

diti A bi th itol t digitata from the Norwegian coast. Rep Norw Inst Seaweed Res No.
conditons. naeropic - grow on mannitol was no 14, Department of Biotechnology, Trondheim, Norway.

observed, probably due to a deregulation of the redox bal-g kim Sy, JH Kim and DK OH. 1997. Improvement of xylitol pro-
ance. Excessive aeration led to a change in the fermentation duction by controlling oxygen sypply i€andida parapsilosisJ Fer-
pattern, with pronounced production of acetate and propi- ment Bioeng 83: 267-270.

onate. These acids also accumulated when the substrate We?st’i';ft NG¢ and JW Foster. 1995. Microbial Physiology, 3rd edn. Wiley-

depleted, Concomitant Wi_th a 00n$t_1mpti0n of etha_nOL HOW-0 Myklestad S. 19783-1,3-Glucan in diatoms and brown seaweeds. In:
ever, under oxygen-limiting conditions the bacteria readily Handbook of Psychological Methods. Physiological & Biochemical
produced ethanol in synthetic mannitol medium, yielding Methods (JA Hellebust and JS Craigie, eds), pp 133-135, Cambridge
0.38 g ethanol (g mannitoP. Z. palmaewas also success- . University Press, Cambridge.

full lied for f tati f itol fror. h 11 Okamoto T, H Taguchi, K Nakamura, H Ikenaga, H Kuraishi and K
ully applied Tor fermentation or mannitol from. nyper- Yamasato. 199%ymobacter palmagen nov, sp nov, a new ethanol-
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