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Respiratory Chain Analysis of Zymomonas mobilis Mutants Producing
High Levels of Ethanol
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We previously isolated respiratory-deficient mutant (RDM) strains of Zymomonas mobilis, which exhibited greater growth and
enhanced ethanol production under aerobic conditions. These RDM strains also acquired thermotolerance. Morphologically,

the cells of all RDM strains were shorter compared to the wild-type strain. We investigated the respiratory chains of these RDM
strains and found that some RDM strains lost NADH dehydrogenase activity, whereas others exhibited reduced cytochrome bd-

type ubiquinol oxidase or ubiquinol peroxidase activities. Complementation experiments restored the wild-type phenotype.
Some RDM strains seem to have certain mutations other than the corresponding respiratory chain components. RDM strains
with deficient NADH dehydrogenase activity displayed the greatest amount of aerobic growth, enhanced ethanol production,
and thermotolerance. Nucleotide sequence analysis revealed that all NADH dehydrogenase-deficient strains were mutated
within the ndh gene, which includes insertion, deletion, or frameshift. These results suggested that the loss of NADH dehydroge-
nase activity permits the acquisition of higher aerobic growth, enhanced ethanol production, and thermotolerance in this indus-

trially important strain.

he Gram-negative facultative anaerobic bacterium Zymomo-

nas mobilis is known as a producer of high levels of ethanol.
This organism efficiently converts sugar to ethanol via the homo-
ethanol fermentation pathway (1, 19, 26). Ethanol production
with Z. mobilis approaches the theoretical maximum yield (97%),
whereas only 90 to 93% can be achieved with Saccharomyces
cerevisiae (23). Furthermore, Z. mobilis possesses tolerance to high
concentrations of ethanol and sugar (7). Thus, biotechnological
research on Z. mobilis has focused on its use in ethanol fuel pro-
duction.

Kalnenieks et al. generated a respiratory-deficient mutant
(RDM) of Z. mobilis for the first time, in which the ndh gene was
disrupted by the insertion of a chloramphenicol-resistant gene
(ndh::Cm" strain) (9). The strain showed a low respiration rate,
improved aerobic growth, and a high level of ethanol production.
We serendipitously isolated RDM strains during screening of high
ethanol- and glucose-tolerant mutants from various antibiotic-
resistant mutants against streptomycin, gentamicin, kanamycin,
and rifampin. Eleven RDM strains were isolated on solid medium
containing high concentrations of ethanol and glucose from these
mutants (5). Like the ndh::Cm" strain, isolated RDM strains
(RDM-1, RDM-4, RDM-7, RDM-8, and RDM-9) also showed
increased growth and ethanol production under aerobic condi-
tions (5). In addition, we showed that the strains also gained ther-
motolerance and exhibited greater ethanol production at a high
temperature (39°C) under both nonaerobic and aerobic condi-
tions. We also proposed that reducing the intracellular oxidative
stress in RDM strains might result in improved ethanol fermen-
tation under aerobic conditions, as well as the acquisition of ther-
motolerance.

Although the respiratory chain of Z. mobilis remains to be fully
clarified, this bacterium possesses a relatively simple respiratory
chain, consisting of type-II NADH dehydrogenase, ubiqui-
none-10 (Q,,), and a cytochrome bd-type ubiquinol oxidase. The
NADH dehydrogenase showed relatively strong enzyme activity
in Z. mobilis (9, 22). Furthermore, cytochrome bd-type ubiquinol

5622 aem.asm.org

Applied and Environmental Microbiology p. 5622-5629

oxidase is also the sole functional terminal oxidase (22). Glucose
dehydrogenase (25) and p-lactate dehydrogenase (8) also transfer
electrons to Q,,, but to a limited extent compared to NADH de-
hydrogenase. The Z. mobilis genomic sequence enables searches
for candidate gene sequences that may represent respiratory chain
components (21). We identified here the genes of the cytochrome
be, complex (electron transport complex IIT) and cytochrome ,
while the genes of cytochrome c oxidase (electron transport com-
plex IV) could not be ascertained (21, 22). Recently, cytochrome ¢
peroxidase was proposed as a complementary respiratory chain
enzyme, substituting for cytochrome c oxidase, in Z. mobilis (3).
Strazdina et al. disagreed regarding the participation of cyto-
chrome ¢ oxidase in a respiratory chain component of Z. mobilis
(24). These researchers suggested that the respiratory chain of Z.
mobilis has at least two branches of electron transport to oxygen.
The overall structure of the respiratory chain in Z. mobilis clarified
to date is depicted in Fig. 1.

Electron transport in Z. mobilis shows unusual physiological
manifestations. The H"-ATP synthase complex (electron trans-
port complex V) normally operates on the cytoplasmic membrane
(17), whereas this bacterium does not use its own respiratory
chain to obtain energy under aerobic conditions. Rather, its respi-
ratory chain seems to be inhibitory for this bacterium, due to the
accumulation of acetaldehyde and other toxic metabolites under
aerobic conditions (29). It is not clear whether the respiratory
chain in Z. mobilis plays any role in energetic growth. The com-
ponents of the respiratory chain might serve an alternative phys-
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FIG 1 Schematic representation of the proposed respiratory chain in Z. mobilis. The respiratory chain components are shown with the corresponding genes.

iological function with respect to electron transport (10). Re-
cently, Strazdina et al. proposed that one possible function of the
respiratory chain in Z. mobilis is the prevention of endogenous
oxidative stress (24).

In the present study, we investigated the respiratory chain de-
ficiencies of 11 RDM strains of Z. mobilis and found that an
NADH dehydrogenase deficiency results in higher aerobic
growth, enhanced ethanol production, and thermotolerance.

MATERIALS AND METHODS

Strains and culture media. Z. mobilis ZM6 (ATCC 29191) was used as the
wild-type (wt) strain, from which various RDM strains were previously
obtained (5). The culture medium used in the present study contained
0.5% (wt/vol) yeast extract (Wako Pure Chemical Industries, Osaka, Ja-
pan) and 2% (wt/vol) glucose (Sigma-Aldrich, St. Louis, MO).

Cultivation of RDM strains. Aerobic cultivations (5 ml) were per-
formed with shaking at 200 rpm in test tubes (16.5 mm [diameter] by 165
mm [length]) at 30 and 39°C (high temperature). Nonaerobic cultivations
(static culture) were carried out in the same manner without shaking.
Overnight seed cultures were inoculated for use in all growth experiments.

Analytical methods. Cell growth was monitored every 20 min as the
absorbance at 600 nm (OD-Monitor C&T; Taitec, Saitama, Japan). The
ethanol concentration was determined by using gas chromatography as
described previously (5).

Preparation of cell nembranes and cytoplasmic fractions. Cells cul-
tivated under aerobic and nonaerobic conditions in the late log phase were
harvested by centrifugation and washed with 20 mM phosphate buffer
(pH 7.5). The cells were lysed by sonication in the same buffer, and the cell
debris was removed by centrifugation at 20,600 X g for 10 min at 4°C. The
cell lysates were then ultracentrifuged at 99,000 X g for 90 min at 4°C, and
the supernatants were collected as the cytoplasmic fraction. The precipi-
tates were homogenized in the same buffer used for the cell membrane at
a concentration of 0.1 g/ml (wet weight). The membrane protein contents
were determined by the Bradford method using bovine serum albumin as
a standard (2).

Enzyme assays. NADH dehydrogenase activity was measured spec-
trophotometrically at 25°C by monitoring the reduction in absorbance at
340 nm. One unit of activity was expressed as pmol of NADH oxidized per
min, which was calculated with a millimolar extinction coefficient of 6.3
for NADH. The reaction mixture (1.0 ml) contained 20 mM phosphate
buffer (pH 7.5), 0.2 mM NADH (Sigma-Aldrich), 2 mM KCN (Sigma-
Aldrich), 25 pM Q,,, (Sigma-Aldrich) dissolved in ethanol, and 50 pg of
membrane protein.

The dehydrogenase activities of p-glucose (Sigma-Aldrich) and p-lac-
tate (MP Biomedicals, Illkirch, France) were evaluated by determining the
phenazine methosulfate (PMS) reductase activity. The activity was mea-
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sured spectrophotometrically at 600 nm with PMS (Sigma-Aldrich) and
2,6-dichlorophenolindophenol (Sigma-Aldrich) as an electron mediator
and acceptor, respectively. One unit of PMS reductase activity was ex-
pressed as wmol of 2,6-dichlorophenolindophenol reduced per min,
which was calculated with a millimolar extinction coefficient of 21.0 for
2,6-dichlorophenolindophenol. The reaction mixture (1.0 ml) contained
20 mM phosphate buffer (pH 7.5), 0.22 mM 2,6-dichlorophenolindophe-
nol, 1.3 mM PMS, and 250 pg of membrane protein.

To measure the cytochrome bd-type ubiquinol oxidase activity,
ubiquinol-10 (Q,,H,), a reduced form of Q,, (Sigma-Aldrich), was pre-
pared as described by Rieske (18). The ubiquinol oxidase activity was
measured spectrophotometrically at 25°C by monitoring the increase in
absorbance at 275 nm. The reaction mixture (1.0 ml) contained 20 mM
phosphate buffer (pH 7.5), 25 pM Q,,H,, and 100 pg of membrane
protein. One unit of ubiquinol oxidase activity is expressed as pwmol of
ubiquinol oxidized per min, which was calculated with a millimolar ex-
tinction coefficient of 12.25 for Q,,,.

To measure the ubiquinol peroxidase activity, the consumption of
Q,,H, was determined spectrophotometrically at 25°C by monitoring the
increase in absorbance at 275 nm, as described by Charoensuk et al. (3).
The reaction mixture (1.0 ml) contained 20 mM phosphate buffer (pH
7.5),25 uM Q,,H,, and 100 pg of membrane protein. In addition, 50 U of
glucose oxidase (Wako) and 1 mM glucose were used to consume dis-
solved oxygen, thereby repressing the cytochrome bd-type ubiquinol ox-
idase activity. The reaction was initiated by the addition of 0.01 mM hy-
drogen peroxide. One unit of ubiquinol peroxidase activity is expressed as
pmol of ubiquinol oxidized per min.

The alcohol dehydrogenase activity was estimated in the direction of
ethanol oxidation, as described by Neale et al. (15). The activity was mea-
sured spectrophotometrically at 25°C by monitoring the increase in ab-
sorbance at 340 nm. One unit of activity was expressed as pmol of NADH
reduced per min, which was calculated with a millimolar extinction coef-
ficient of 6.3 for NADH. The reaction mixture (1.0 ml) contained 30 mM
Tris-HCI (pH 9.0; Sigma-Aldrich), 1 M ethanol (Sigma-Aldrich), 1 mM
B-NAD™ (Wako), and an aliquot volume of the cytoplasmic fraction.

Complementation experiment. To construct the expression plasmid
of NADH dehydrogenase, cytochrome bd-type ubiquinol oxidase, and
cytochrome ¢ peroxidase, specific primer sets were designed for individual
genes containing more than 1 kbp of the 5'- or 3’-noncoding region on
the basis of genomic sequence of Z. mobilis ZM4 (see Table S2 in the
supplemental material) (21). The genes were amplified by PCR using
KOD EX neo (Toyobo, Osaka, Japan). The amplified ndh, cydAB, and ccp
genes were inserted into the pZA22 vector (30) digested with BamHI-Sall
used by an In-Fusion HD cloning kit (TaKaRa Bio, Inc., Shiga, Japan).
PZANDH carrying the ndh gene coding for NADH dehydrogenase,
PZACYD carrying the cyd gene coding for cytochrome bd-type ubiquinol
oxidase, and pZACCP carrying the ccp gene coding for cytochrome ¢ per-
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FIG 2 Cell morphologies of wt and RDM strains. The wt strain was cultivated
under aerobic (a) and aerobic plus high-temperature (c) conditions. RDM-4
was cultivated under aerobic conditions (b), while RDM-9 was cultivated un-
der aerobic plus high-temperature conditions (d). Scale bars, 10 pm.

oxidase were constructed and transformed into the corresponding RDM
strains by electroporation (27). Thus, pZANDH was transformed into
strains RDM-4, RDM-5, RDM-8, RDM-9, and RDM-11. pZACYD was
transformed into strains RDM-1, RDM-2, RDM-3, RDM-6, and RDM-7.
PZACCP was transformed into strain RDM-10. Furthermore, a vector
plasmid pZA22 was transformed into all 11 RDM strains and used as a
control. A wt strain carrying pZA22 was also generated as a control.

Preparation of total RNA. Total RNA was extracted from aerobically
cultured cells at 30°C and used for the quantitative PCR (qPCR). Cells
were grown until the late logarithmic phase and immediately treated with
RNAprotect bacterial reagent (Qiagen, Valencia, CA) for RNA stabiliza-
tion. Total RNA was extracted using an RNeasy minikit (Qiagen) accord-
ing to the manufacturer’s instructions. The quality of extracted RNA was
examined by agarose gel electrophoresis and visually quantified by using
ImageQuant TL image analysis software (GE Healthcare UK, Ltd., Buck-
inghamshire, England).

qPCR. qPCR was performed using a One-Step qPCR kit (Toyobo) as
described previously (5). The nucleotide sequences for the primers de-
signed by Primer-3 software (http://frodo.wi.mit.edu/primer3/) are
shown in Table S3 in the supplemental material.

Analysis of mutations in RDM strains. To amplify the genes respon-
sible for the respiratory chain by PCR, primer sets were designed from the
5'- or 3'-noncoding regions of individual genes (see Table S2 in the sup-
plemental material). The genes were amplified by PCR using a GoTaq
green master mix (Promega, Madison, WI). The PCR products were sub-
cloned into the pGEM-T Easy vector (Promega), and the DNA sequences
were determined by Hokkaido System Science Co., Ltd. (Hokkaido, Ja-
pan). Comparisons of the wt and RDM strain nucleotide sequences were
performed using CLUSTAL W software (6). To avoid the mutations de-
rived from PCR error, gene amplification and DNA sequencing were per-
formed in duplicate.
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RESULTS

Cell morphology of RDM strains. Recently, Charoensuk et al.
reported that the Z. mobilis mutant strain ZmcytC, in which the
ccp gene, responsible for the respiratory chain, is disrupted, exhib-
ited elongated cell morphology under a high temperature (37°C),
as well as at its optimal temperature (30°C) (3). To assess cell
morphology, RDM strains were grown under several conditions,
and the cell morphology was observed microscopically. Typical
photomicrographs of RDM strains are presented in Fig. 2. In con-
trast to the ZmcytC mutant, the lengths of all the RDM strains
were shorter than that of the wt strain, under the culture condi-
tions used (Table 1). Among these RDM strains, the cell lengths of
RDM-4, RDM-5, RDM-8, RDM-9, and RDM-11 were as short as
50 to 60% of the wt strain under aerobic conditions. The short
morphology of these RDM strains coincided with increased
growth (i.e., optical density at 600 nm [ODg,,] and biomass) and
enhanced ethanol production under aerobic conditions (see Fig.
S1A and B and Table S1 in the supplemental material). Similar to
the ZmcytC mutant, all RDM strains, including the wt strain, were
elongated under the high-temperature conditions (39°C) com-
pared to those grown at 30°C. However, the lengths of RDM-3,
RDM-4, RDM-5, RDM-8, RDM-9, and RDM-11 were much
shorter (40 to 60%) than that of the wt strain under the high-
temperature conditions. The short morphology of these RDM
strains also coincided with the increased growth and enhanced
ethanol production under the high-temperature conditions (see
Fig. S1C and D and Table S1 in the supplemental material).
RDM-2 was also shorter (57%) than the wt strain under a high
temperature, although the cells were atrophied, and some intra-
cellular components were aggregated, indicating that the RDM-2
strain was not viable.

Activities of respiratory chain enzymes in RDM strains. To
identify deficiencies in the respiratory chain of RDM strains, re-
spiratory chain enzyme activities such as NADH dehydrogenase,
cytochrome bd-type ubiquinol oxidase, ubiquinol peroxidase,
glucose dehydrogenase, and D-lactate dehydrogenase were mea-
sured using the cell membrane proteins.

TABLE 1 Cell lengths of RDM strains under various growth conditions
Mean cell length (um) * SD

Aerobic and

Anaerobic Nonaerobic ~ Aerobic high-temp

Strain conditions” conditions” conditions® conditions?

wt 9.16 = 0.89 8.81 = 1.66 9.76 = 0.97 23.09 £ 2.45
RDM-1 6.31 = 0.72 7.02 = 0.45 5.59 £ 0.71 16.42 = 2.18
RDM-2 6.67 = 0.95 7.14 = 1.06 7.14 £ 0.84 13.21 £ 0.58
RDM-3 6.78 = 0.89 7.26 = 0.95 4.17 = 0.53 13.17 £ 1.39
RDM-4 5.36 = 0.53 3.69 = 0.24 3.81 £0.29 14.04 = 1.58
RDM-5 5.11 =0.29 4.52 = 0.29 4.77 = 0.65 15.23 £ 2.05
RDM-6 5.95 = 0.75 5.00 = 0.29 6.19 = 0.61 17.85 = 1.68
RDM-7 5.24 = 0.58 6.43 = 0.87 6.55 = 0.53 18.09 * 2.18
RDM-8 5.24 = 0.95 4.64 = 0.24 4.28 = 0.45 15.47 + 3.84
RDM-9 5.00 = 0.48 4.40 + 0.48 4.05 = 0.58 9.65 = 1.61

RDM-10 5.63 £ 0.46 5.47 = 0.58 5.95 = 0.38 18.33 * 4.80
RDM-11 5.23 = 0.79 4.76 = 0.65 4.28 = 0.24 14.76 £ 1.62

“ Cells were cultivated without shaking at 30°C in a test tube in which the headspace
was occupied by nitrogen gas.

b Cells were cultivated without shaking at 30°C.

¢ Cells were cultivated at 30°C with shaking at 200 rpm.

4 Cells were cultivated at 39°C with shaking at 200 rpm.
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FIG 3 Activities of respiratory chain enzymes in RDM strains. Enzyme activ-
ities of NADH dehydrogenase (A), cytochrome bd-type ubiquinol oxidase (B),
and ubiquinol peroxidase (C) under aerobic ([J) and nonaerobic (8) condi-
tions. ND, not detected. The data are means = the standard deviations (SD)
for three experiments.

NADH dehydrogenase activities in the RDM strains were mea-
sured using NADH and Q,, as an electron donor and acceptor,
respectively (Fig. 3A). RDM-4, RDM-5, RDM-8, and RDM-9 ex-
hibited no NADH dehydrogenase activity under both aerobic and
nonaerobic conditions. RDM-11 exhibited a pronounced reduc-
tion in NADH dehydrogenase activity (as low as 10%) compared
to the wt strain under aerobic conditions. The cytochrome bd-
type ubiquinol oxidase activities of the RDM strains were mea-
sured using Q,,H, as an electron donor (Fig. 3B). RDM-1,
RDM-2, RDM-3, RDM-6, and RDM-7 exhibited a pronounced
reduction in activities (<15%) compared to the wt strain under
aerobic conditions. The enzyme activity of cytochrome ¢ peroxi-
dase was evaluated by determining the ubiquinol peroxidase ac-
tivity, which was measured using Q;,H, and hydrogen peroxide as
an electron donor and acceptor, respectively (Fig. 3C). A relatively

August 2012 Volume 78 Number 16

Respiratory Chain Analysis of Z. mobilis RDM Strains

low ubiquinol peroxidase activity was detected in the cell mem-
brane fraction compared to the NADH dehydrogenase and cyto-
chrome bd-type ubiquinol oxidase. Only RDM-10 exhibited an
extreme reduction in activity (<4%) under aerobic conditions.
The activities of the glucose dehydrogenase and p-lactate dehy-
drogenase were measured using D-glucose and D-lactic acid as
electron donors, respectively. All RDM strains fully retained the
activities of both dehydrogenases. Moreover, the dehydrogenase
activities in Z. mobilis were very low compared to the NADH de-
hydrogenase and cytochrome bd-type ubiquinol oxidase activities
(data not shown), indicating that these enzymes are not involved
in the respiratory chain in Z. mobilis (9, 22). The results obtained
here suggest that strains RDM-4, RDM-5, RDM-8, RDM-9, and
RDM-11 are NADH dehydrogenase-deficient strains. On the
other hand, strains RDM-1, RDM-2, RDM-3, RDM-6, and
RDM-7 are cytochrome bd-type ubiquinol oxidase-deficient
strains, while strain RDM-10 is the only cytochrome ¢ peroxidase-
deficient strain.

Complementation experiments of RDM strains. To examine
the deficiencies enzymes of the respiratory chains in RDM strains,
the respective plasmids carrying the ndh, cyd, or ccp genes were
introduced to the corresponding mutants, and the ethanol pro-
ductivities and cell morphologies were evaluated. The pZANDH
was introduced into strains RDM-4, RDM-5, RDM-8, RDM-9,
and RDM-11, which showed no NADH dehydrogenase activity or
an extremely low NADH dehydrogenase activity. pZACYD was
introduced into strains RDM-1, RDM-2, RDM-3, RDM-6, and
RDM-7, which showed the deficiency of cytochrome bd-type
ubiquinol oxidase activity. The pZACCP was introduced into
strain RDM-10, which showed an extreme reduction of ubiquinol
peroxidase.

These transformants expressed the respective genes at levels
greater than those for the wt strain (see Table S4 in the supple-
mental material). The ethanol productivities were measured for
these transformants under aerobic conditions compared to the
control RDM strains in which the vector plasmid pZA22 was in-
troduced. The wt strain carrying pZA22 was also included as a
control. Representative results are shown in Fig. 4A. Strain
RDM-4 carrying the vector plasmid pZA22 [RDM-4(pZA22)]
produced 1.1% ethanol; however, RDM-4(pZANDH) produced
as little as 0.4% ethanol, as did the wt strain carrying pZA22 under
aerobic conditions (Fig. 4A). Similar results were observed for
strains RDM-5, RDM-8, and RDM-11 (data not shown). With
regard to cell morphology, the cell lengths of these RDM strains
elongated to 75 to 84% of the cell length of the wt strain (pZA22)
under aerobic conditions (data not shown). These results indicate
that pZANDH complements the deficient ndh gene, resulting in
poor ethanol production and elongation of the cell size in aerobic
conditions, as does the wt strain carrying pZA22. Strain RDM-9
was the only exception. In the case of RDM-9, ethanol production
and cell lengths were almost the same for both RDM-9(pZA22)
and RDM-9(pZANDH) (Fig. 4A).

RDM-6(pZACYD) was a poor ethanol producer, as was the wt
strain carrying pZA22 (Fig. 4A), whereas RDM-6(pZA22) re-
tained a high level of ethanol production. Similar results were
observed for RDM-1 and RDM-7. With regard to the cell mor-
phology, the cell lengths of these RDM strains elongated to 73 to
82% of the cell length of the wt strain carrying pZA22 under aer-
obic conditions (data not shown). These results indicate that
pZACYD complements the deficient cyd gene, resulting in poor
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FIG 4 Ethanol production of complemented RDM strains. The cultures were
incubated for 20 h under aerobic (A) and aerobic plus high-temperature (B)
conditions. The data are means = the SD for three experiments.

ethanol production and elongation of the cell in aerobic condi-
tions, as does the wt strain carrying pZA22. However, strains
RDM-2 and RDM-3 were exceptional. In these strains, ethanol
production and cell length were almost the same for cells carrying
pZA22 and pZANDH. RDM-10(pZA22) and RDM-10(pZACCP)
produced almost the same amount of ethanol and showed similar
cell lengths (Fig. 4A). Ethanol production and cell lengths for the
above-mentioned RDM strains were similar under aerobic plus
high-temperature (39°C) conditions compared to what we ob-
served under aerobic and 30°C conditions, although the amount
of ethanol produced was reduced (Fig. 4B).

qPCR analysis of respiratory chain-enzyme genes in RDM
strains. To elucidate the defects of respiratory chain enzymes in
RDM strains, qPCR analysis was conducted for the ndh, cydA,
cydB, and ccp genes. The NADH dehydrogenase-deficient strains
of RDM-4, RDM-8, RDM-9, and RDM-11 transcribed the ndh
gene under aerobic conditions, although the expression level was
low (17 to 26%) compared to that of the wt strain (Table 2). On
the other hand, no transcription of the ndh gene was detected for
strain RDM-5 (Table 2). In contrast to ndh, the cydA, cydB, and ccp
genes of the Q,, oxidase-deficient strains RDM-1, RDM-2,
RDM-3, RDM-6, RDM-7, and RDM-10 were expressed at levels
similar to those for the wt strain (Table 2).

Analysis of mutation of respiratory chain enzyme genes in
RDM strains. The RDM strains of yeast (petite mutants) have
been well documented (14). Petite mutants frequently arise from
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normal yeast by mutation of mitochondrial genes (16). We inves-
tigated the nucleotide sequences of the respiratory genes, includ-
ing ndh, cydA, cydB, and ccp, for all RDM strains (Table 3). Strains
RDM-4, RDM-5, RDM-8, RDM-9, and RDM-11 possessed vari-
ous mutations in the ndh genes. Strains RDM-4 and RDM-8 have
the same point mutation at nucleotide G541A (amino acid
change: Gly181Ser), and RDM-11 has a point mutation at nucle-
otide T857C (amino acid change: Leu286Pro). The ndh of RDM-9
was mutated by insertion of the GAAGA sequence downstream of
adenine at the position 10. As a result, codon 41 became a stop
codon. The ndh of RDM-5 was deleted at nucleotides 391 to 1057,
at which the designed reverse primer (positions 508 to 527) of ndh
for qPCR was located. Thus, the ndh gene of strain RDM-5 was not
detectable by qPCR (Table 2).

Analysis of cydA and cydB also revealed several point mutations
in the same RDM strains. Strains RDM-1/RDM-2 and RDM-6/
RDM-7 have cydA G1285A (amino acid change: Gly429Arg) and
cydB A1160G (amino acid change: Leu386Pro) nucleotide muta-
tions, respectively. As for ccp, no gene mutations were found in
any of the RDM strains examined.

Activities of alcohol dehydrogenase in RDM strains. To eval-
uate ethanol production at the enzyme level, alcohol dehydroge-
nase activities were measured in the RDM strains using ethanol
and NAD™ as an electron donor and acceptor, respectively, under
aerobic and aerobic plus high-temperature conditions (Fig. 5).
Strains RDM-4, RDM-5, RDM-8, RDM-9, and RDM-11, which
showed higher growth (ODj, and biomass) and enhanced etha-
nol production (see Fig. S1A and B and Table S1 in the supple-
mental material, respectively), exhibited high alcohol dehydroge-
nase activities under aerobic conditions compared to wt and other
RDM strains. Furthermore, these RDM strains also demonstrated
higher alcohol dehydrogenase activities under aerobic plus high-
temperature conditions. Notably, RDM-9 showed a 70-fold in-
crease in activity compared to the wt strain (Fig. 5). These results
suggest that the greater ethanol production in these RDM strains
may be due to increased cellular metabolism compared to the wt
strain.

DISCUSSION

In an earlier study, we demonstrated that the RDM strains of Z.
mobilis acquired the capacity for increased growth and higher eth-
anol production under aerobic conditions even at a high temper-

TABLE 2 qPCR analysis of genes involved in the respiratory chain

Mean gene expression level (n-fold) = SD

Strain ndh cydA cydB ccp

wt 1.00 1.00 1.00 1.00

RDM-1 0.55 * 0.028 1.51 = 0.003 1.05 = 0.001 1.88 = 0.188
RDM-2 0.62 * 0.040 1.63 = 0.023 1.22 £ 0.140 1.93 = 0.105
RDM-3 0.26 = 0.012  0.87 £0.066  0.74 = 0.014 1.32 £ 0.066
RDM-4 0.19 £ 0.005  0.64 =0.068  0.56 = 0.130  0.89 * 0.003
RDM-5 ND“ 1.04 = 0.021 0.67 * 0.046 1.51 = 0.133
RDM-6 0.76 * 0.035 1.87 £ 0.073 1.69 £ 0.066  2.34 = 0.220
RDM-7 0.44 * 0.062 1.01 =0.005  0.79 = 0.133 1.70 = 0.154
RDM-8 0.23 £0.001  0.84 = 0.111 0.76 = 0.077 1.42 = 0.128
RDM-9 0.26 * 0.031 0.82 £ 0.007  0.78 £ 0.054 1.63 = 0.130
RDM-10  0.73 * 0.037 1.79 = 0.087  1.55 = 0.108 1.77 = 0.070
RDM-11 0.18 £0.003  0.70 = 0.059  0.54 = 0.042 1.23 = 0.053

“ND, not detected.
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TABLE 3 Analysis of mutant genes involved in the respiratory chain”

Respiratory Chain Analysis of Z. mobilis RDM Strains

ndh cydA cydB ccp

Strain Nucleotide Amino acid Nucleotide ~Amino acid Nucleotide Amino acid Nucleotide Amino acid
wt - - - — - — - -
RDM-1 — — 1285G—A  G429R - - - -
RDM-2 - - 1285G—A  G429R - - - -
RDM-3 - - - - - — _ _
RDM-4 541G—A G181S - — — - — _
RDM-5 391-1057 deletion 131-352 deletion - - - - _ _
RDM-6 - - - - 1160A—G  L386P - -
RDM-7 — — — - 1160A—G  L386P - -
RDM-8 541G—A G181S - - - — _ _
RDM-9 10-11 insertion GAAGA  Frameshift (stop at codon 41) - - - - _ _
RDM-10 - - - - — _ _ _
RDM-11 857T—C L286P - - - — _ _
@ —, no change(s).

ature (39°C) compared to the wt strain (5). In the present study,
we studied the biochemical and genetic features of these RDM
strains, focusing on the respiratory chain. The respiratory chain in
Z. mobilis has not been fully elucidated, but three major routes are
proposed (shown in Fig. 1). In these pathways, NADH dehydro-
genase is primarily involved, transferring electrons from
NAD(P)H to Q,o. Among the 11 RDM strains examined here,
respiratory deficiency was grouped into two types. Group I was
found to be NADH dehydrogenase deficient and includes the
RDM-4, RDM-5, RDM-8, RDM-9, and RDM-11 strains. Group II
was Q,, oxidase deficient and includes strains RDM-1, RDM-2,
RDM-3, RDM-6, RDM-7, and RDM-10. As previously (5), group
I strains (NADH dehydrogenase deficient) exhibit a pronounced
reduction in oxygen uptake ability. Moreover, the same strains
exhibited enhanced growth (ODg,, and biomass) and higher eth-
anol production under aerobic conditions, even at high tempera-
tures (see Fig. S1 and Table S1 in the supplemental material). On
the other hand, group II strains (Q,, oxidase deficient) also exhib-
ited reduced oxygen uptake, but to a lesser extent, showing that
the growth and ethanol production were lower than those ob-
served for group 1. These results indicate that NADH dehydroge-
nase deficiency is more involved in higher ethanol production
than Q,, oxidase deficiency in Z. mobilis. This is probably due to
the fact that NADH dehydrogenase is primarily involved in the

11000

10000 A

=

9000~

4000
3000
2000

i

1000
@@@@@Qg Q@@@@@

FIG 5 Alcohol dehydrogenase activities in RDM strains. Alcohol dehydroge-
nase activities were measured for cells grown under aerobic ([J) and aerobic
plus high-temperature () conditions. The data are means = the SD for three
experiments.

Activity [mU (mg protein) '1]
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first stage of electron transfer from NAD(P)H to Q,, pathway
(Fig. 1). Recently, cytochrome bd-type oxidase and cytochrome ¢
peroxidase-deficient mutants were reported (3, 4, 24) to act as
antioxidant enzymes. Thus, group I RDM strains may suffer from
lesser oxidative stresses, allowing them to grow well and produce
higher levels of ethanol. These mutants could be more thermotol-
erant. Deficiency in any of three branched pathways from Q,,H
(Fig. 1) could be rescued by one another. In this case, oxygen
uptake can take place using any of the three pathways, resulting in
lower growth and lower ethanol production compared to group I
strains.

The cell lengths of RDM-4, RDM-5, RDM-8, RDM-9, and
RDM-11 were observed to be shorter under all of the conditions
examined compared to the wt strain (Table 1). The ZmcytC strain
showed elongated cell length compared to the parent strain at
both 30 and 37°C (3). The authors of that study proposed that the
oxidative stress of hydrogen peroxide oxidization causes DNA
damage, resulting in the inhibition of cell division. At a high tem-
perature (37°C), all RDM strains were also elongated compared to
cells grown at 30°C, suggesting that oxidative stress affects cellular
elongation (Table 1). However, RDM strains grown under anaer-
obic or nonoxidative stress conditions showed short cell lengths
compared to the wt strain (Table 1). Thus, other mechanisms
should be considered for the short cell lengths of RDM strains, in
addition to the reduced intracellular oxidative stress. The petite
mutants of yeast RDM strains also displayed a small cell size com-
pared to the normal cells (14). In yeast petite mutants, small cell
sizes are due to extremely cellular metabolic activity. In contrast,
the RDM Zymomonas strains showed higher cellular activities
than did the wt strain. The extents of the respiratory chain defi-
ciency correlated with the cell sizes of RDM strains (Fig. 3 and
Table 1) (5). Thus, the respiration deficiency of Z. mobilis seems to
involve other events, such as cell division under the reduced oxi-
dative stress (24).

Complementation experiments were performed using the in-
troduction of plasmid-based ndh into RDM-4, -5, -8, -9, and -11,
cydAB into RDM-1, -2, -3, -6, and -7, and ccp into RDM-10. En-
zyme assays confirmed that NADH dehydrogenase, ubiquinol ox-
idase, and ubiquinol peroxidase activities were restored in all
cases. With respect to ethanol production, however, complemen-
tation was achieved for RDM-4, -5, -8, and-11 but failed for
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RDM-9. Complementation with cydAB was achieved for RDM-1,
-6, and -7 but failed for RDM-2 and RDM-3. Complementation
with ccp failed for RDM-10. Thus, RDM-2, -3, -9, and -10 carrying
the respective complementary genes retained a high level of etha-
nol production under aerobic and high-temperature conditions.
The factors influencing a high level of ethanol production in Z.
mobilis should be carefully elucidated, but it is conceivable that
these mutants may have additional mutations in other compo-
nents of the respiratory chain or in the antioxidation machinery.

Nucleotide sequencing revealed that various mutations took
place in the respiratory genes in the RDM strains (Table 3).
RDM-1 and RDM-2 had the same mutation in the cydA gene.
RDM-4 and RDM-8 also had the same mutation in the ndh gene.
This is also the case for RDM-6 and RDM-7, in which the cydB
gene was mutated at the same position. RDM-5 possessed a dele-
tion in the ndh gene. RDM-9 showed a frameshift mutation in the
same gene, whereas RDM-3 and RDM-10 did not possess any
mutations in the ndh, cydA, cydB, and ccp genes examined here.
Among the RDM mutants, RDM-4/RDM-8 and RDM-6/RDM-7
seem to be the same, respectively, considering their genotype and
phenotype. RDM-4 and RDM-8 strains exhibited similarities in
growth character (see Fig. S1A and C in the supplemental mate-
rial), ethanol production (see Fig. S1B and D in the supplemental
material), biomass (see Table S1 in the supplemental material),
cell morphology (Table 1), respiratory enzyme activities (Fig. 3),
and alcohol dehydrogenase activity (Fig. 5). This is also the case
for strains RDM-6 and RDM-7. However, strains RDM-1 and
RDM-2 are different from each other, although these two strains
apparently possess the same mutation at cydA. These two strains
exhibited major differences in growth character, ethanol produc-
tion, and complementation with the cydAB gene. Similarly, strains
RDM-3 and RDM-10, which exhibited no mutations at the ndh,
cydA, cydB, and ccp genes, were different in growth character and
ethanol production at a high temperature.

RDM-9 showed interesting features in its cell morphology and
enzyme activities. This mutant showed the shortest cell morphol-
ogy (Table 1) and exhibited very high alcohol dehydrogenase ac-
tivity at high temperature (Fig. 5). Furthermore, this mutant com-
pletely lost NADH dehydrogenase activity (Fig. 3). Thus, RDM-9
strain seems to have the lowest oxidative stress under high tem-
perature conditions. Previous microarray experiments (GEO ac-
cession no. GSE22355) also suggested that low intracellular
stresses in RDM strains exhibited higher expression of all glucose-
based metabolic genes, including the adhA gene (alcohol dehydro-
genase gene) (5). In fact, QPCR revealed that RDM-9 expressed
adhA ashigh as (16.6 =+ 3.2)-fold compared to that observed in the
wt strain under a high temperature (39°C). These data support the
reason why RDM-9 exhibited an extremely high alcohol dehydro-
genase activity.

RDM-4 and RDM-8 had point mutations in the ndh gene, in
which glycine was changed to serine at position 181. NADH de-
hydrogenase possesses two GGGXXG stretches in an ADP-bind-
ing motif, which is involved in binding to NADH and FAD (11).
The Gly181 corresponds to the first glycine of the second
BIGGGXXG" motif. According to the theoretical model of
NADH dehydrogenase (PDB ID 10ZK) (20), Gly181 is located in
the neighborhood of NADH, and the nitrogen of the main chain
of Gly181 is located close to the NO1 oxygen of NADH at 3.86 A
(see Fig. S2 in the supplemental material). The result suggests that
the deficiency of NADH dehydrogenase activity is due to the de-
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creased NADH binding ability. The ndh of RDM-11 also had a
point mutation in which leucine was changed to proline at posi-
tion 286. However, Leu286 does not situate near the binding re-
gions of ubiquinone (Thr310 to Lys324) (13), NADH (Gly181 to
Gly186), and FAD (Glyl14 to Gly19) (11). The cytochrome bd-type
ubiquinol oxidase genes (cydA and cydB) of RDM-1/RDM-2 and
RDM-6/RDM-7 had the same point mutation (Table 3). How-
ever, the mutated amino acid residues are reportedly not involve
in the binding of ubiquinol (Q-loop, Lys260 to Ser270 in CydA)
(12) and three hemes (bsos [His22], bssg [His189], and d [Met335]
in CydA) (28).

We showed that an NADH dehydrogenase deficiency allows Z.
mobilis to produce high levels of ethanol. It also causes a morpho-
logical change under aerobic and high-temperature conditions.
Further biochemical and genetic studies are under way to eluci-
date in greater detail the effect of oxidative stresses on ethanol
production and morphological change in the important Zymomo-
nas strain.
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