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Abstract

mobilis.

Background: Furfural and acetic acid are the two major inhibitors generated during lignocellulose pretreatment and
hydrolysis, would severely inhibit the cell growth, metabolism, and ethanol fermentation efficiency of Zymomonas
mobilis. Effective genome shuffling mediated by protoplast electrofusion was developed and then applied to Z

Results: After two rounds of genome shuffling, 10 different mutants with improved cell growth and ethanol yield
in the presence of 5.0 g/L acetic acid and 3.0 g/L furfural were obtained. The two most prominent genome-shuffled
strains, 532 and 533, were further investigated along with parental strains in the presence of 7.0 g/L acetic acid

and 3.0 g/L furfural. The results showed that mutants 532 and 533 were superior to the parental strain AQ8-1 in the
presence of 7.0 g/L acetic acid, with a shorter fermentation time (30 h) and higher productivity than AQ8-1. Mutant
533 exhibited subtle differences from parental strain F34 in the presence of 3.0 g/L furfural. Mutations present in

10 genome-shuffled strains were identified via whole-genome resequencing, and the source of each mutation was
identified as either de novo mutation or recombination of the parent genes.

Conclusions: These results indicate that genome shuffling is an efficient method for enhancing stress tolerance in Z.
mobilis. The engineered strains generated in this study could be potential cellulosic ethanol producers in the future.
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Background

Lignocellulosic biomass, the most abundant, inexpen-
sive alternative to food crop resources, represents a pos-
sible feedstock for renewable chemicals and fuels [1].
However, inhibitors (furans, weak acids and phenols) are
inevitably formed during pretreatment and hydrolysis of
lignocellulosic substrates [2] and are harmful to Zymo-
monas mobilis growth and ethanol fermentation. Furfural
and acetic acid are the two major inhibitors present in
lignocellulosic hydrolysates. Furfural is considered the
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most potent inhibitor owing to its high abundance (1.0—
5.0 g/L), strong toxicity and synergistic effect with other
inhibitors. Growth of wild Z. mobilis ZM4 was signifi-
cantly inhibited by 1.5 g/L furfural, and furfural affected
Z. mobilis cells in many ways, including destruction of
membrane integrity, conversion of dsDNA to ssDNA as
a mutagen, a decrease in NADH and ATP concentra-
tions, and direct restriction of intracellular central car-
bon metabolism [3—-5]. Acetic acid is the most abundant
weak acid in lignocellulosic hydrolysates, and its concen-
tration can reach 10.0 g/L [6]. However, the growth of
wild Z. mobilis ZM4 was significantly inhibited by 3.0 g/L
acetic acid. Acetic acid affects Z. mobilis cell growth in
several ways, including decreasing the pH (disrupting the
function of cellular membranes), inducing the accumula-
tion of reactive oxygen species (ROS), increasing the lag
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phase duration and diverting ATP from cellular growth
and maintenance [7, 8]. One way to overcome furfural
and acetic acid inhibitors is to physically or chemically
remove them from the biomass after pretreatment, which
requires additional equipment and increases the overall
production cost [9]. Another method utilizes inhibitor-
tolerant strains, which is a cost-effective method.

Currently, the known metabolic furfural detoxification
mechanism involves converting furfural to the less toxic
compounds furyl alcohol and furyl acid through NAD(P)
H-dependent reductive pathways [10-12]. Due to lim-
ited knowledge of furfural toxicity towards Z. mobilis,
most reviews have focused on random mutation method,
and few have addressed by genetic manipulation. For
instance, through three rounds of adaptive laboratory
evolution (ALE), the mutant ZMF3-3 was selected and
demonstrated to tolerate 3.0 g/L furfural [15]. Error-
prone PCR of the RpoD gene (global transcription fac-
tor) in Z. mobilis ZM4 resulted in a mutant, ZM4-MF2,
which tolerated 3.0 g/L furfural [13]. Mutants F211 and
F27, resulting from error-prone PCR-based whole-
genome shuffling of Z. mobilis CP4, also survived in
3.0 g/L furfural [14].

Besides, the overexpression of ZMO0976 (putative
aldose reductase) and ZMO1771 (NADPH-dependent
alcohol dehydrogenase) in Z. mobilis have been reported
to be responsible for converting furfural to the less toxic
compound furyl alcohol [16, 17].

Acetic acid enters cells via passive diffusion and dis-
sociates into an acetate anion and a proton, lowering the
pH and causing an accumulation of anions, Z. mobilis
cells expel protons via plasma membrane H"-ATPase,
which is driven by abundant ATP used in cellular growth
and metabolic cycles [7]. Rational modifications and ran-
dom mutagenesis have been applied to enhance acetic
acid tolerance in Z. mobilis. Expression of the exogenous
gene Pbp, a 24-amino acid proton-buffering peptide,
could improve the transient tolerance of Z. mobilis CP4
to low pH and acids [18]. Via multiplex atmospheric and
room-temperature plasma (mARTP) mutagenesis, the
two Z. mobilis mutants AQ8-1 and AC8-9, which could
tolerate 8 g/L acetic acid, and the mutant PH1-29, which
could tolerate pH 3.5, were generated [19].

Furthermore, some attempts to treat multi-inhibitor
resistance have been successful. The transcriptional regu-
lator Afg, an RNA-binding protein, has been confirmed
to enhance cellular tolerance against furfural and ace-
tate in experiments involving its knockout mutant, AcR
[20]. The flocculant mutant strain ZM401, which has
improved tolerance to inhibitory compounds, especially
acetic acid and vanillin, in the hydrolysate, was selected
through N-methyl-N-nitro-N-nitrosoguanidine (NTG)
mutagenesis [21]. However, although rational metabolic
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engineering and classical non-recombinant methods
are effective for improving the resistance of phenotypes
of Z. mobilis strains to inhibitors, lignocellulosic hydro-
lysates are complicated and contain furfural, weak acids,
and vanillin together. The levels of tolerance reached by
genetic manipulation, i.e., editing one or more genes, are
not sufficient for the high concentrations of inhibitors
present in lignocellulosic hydrolysates, and most genetic
manipulations were performed for only one phenotype.
Traditional methods for generating Z. mobilis strains
that are resistant to inhibitors are generally laborious
and time-consuming. Thus, we attempted to improve the
stress resistance of Z. mobilis using an effective genome
shuffling method, which has been successfully applied
in rapid strain improvement for both eukaryotic and
prokaryotic cells [22-29].

Genome shuffling is a powerful technique for rapid
phenotypic improvement and recombines whole
genomes of selected multi-parental strains with proto-
plast fusion. The classic mutagenesis approach requires
a long period of continuous screening, rarely obtains
strains with multiple excellent traits and after repeated
rounds of mutagenesis, shows very little improvement
in production. Genome shuffling, after iterative rounds
of genome recombination, eliminates negative muta-
tions and increases productivity, thus greatly making
up for the defects of the classical mutagenesis method
[23, 26]. Two rounds of genome shuffling in Strepto-
myces fradiae increased its production of the antibiotic
tylosin; in contrast, this increase required 20 rounds
of classical strain improvement (CSI) [26]. After five
rounds of genome shuffling, Lactobacillus not only with-
stood acid stress (pH 4.0), but also produced threefold
more lactic acid than the wild type [24]. Three different
mutagens improved yields of four lipopeptides in Bacil-
lus amyloliquefaciens strains that were obtained from
parental strains after two rounds of genome shuffling; a
high-yielding strain that produced 179.22 mg/L lipopep-
tides was selected [27]. Additionally, genome shuffling is
widely applied in Saccharomyces cerevisiae, Clostridium
acetobutylicum and Lactobacillus delbrueckii [22, 28, 29].

Recently, our group first used mARTP mutagenesis on
Z. mobilis and obtained the most acetic acid-resistant
strain, AQ8-1, which can tolerate 8.0 g/L acetic acid [19],
and F34, which can resist the stress from 3.0 g/L furfural.
We attempted to use genome shuffling to enhance the
tolerance of AQ8-1 and F34 to two inhibitors (furfural
and acetic acid), and after two rounds of genome shuf-
fling, 10 mutants that could tolerate 5.0 g/L acetic acid
and 3.0 g/L furfural were obtained.



Wang et al. Biotechnol Biofuels (2019) 12:288

Results

Tolerance characteristics of parental strains

Strain AQ8-1 grew in 5.0 g/L acetic acid with 2.0 g/L
furfural and in 6.0 g/L acetic acid with 1.5 g/L furfural
within 5 days and in 7.0 g/L acetic acid with 1.0 g/L fur-
fural within 10 days. Furthermore, strain F34 grew in
5.0 g/L acetic acid with 1.0 g/L furfural and in 3.0 g/L ace-
tic acid with 1.5 g/L furfural within 5 days and in 2.0 g/L
acetic acid with 2.5 g/L furfural within 10 days. However,
ZM4 only grow in 3.0 g/L acetic acid with 1.0 g/L furfural
within 5 days and in 3.0 g/L acetic acid with 1.5 g/L fur-
fural within 10 days. Although these three strains were
resistant to both acetic acid and furfural, AQ8-1 showed
higher tolerance to furfural than F34 and the wild-type
strain ZM4 under acetic acid stress (Additional file 1: Fig-
ure S1).

Protoplast electrofusion

The fusion of Z. mobilis cells occurs in two steps: cells
adhere to each other, aligning themselves in a line, and
then they fuse. Each process requires optimal conditions
to ensure fusion success. The main function of an alter-
nating current (AC) is to induce dielectrophoretic force
and polarization of cells. In this study, when the AC field
strength is set to 400 V/cm, up to 90% of the cells can
be aligned in a chain, then after the DC was applied, the
cells began to change form, becoming oblong in align-
ment with the direction of the two electrodes, the cells
membrane fused and the genomes of these cells are shuf-
fled. The last column of Additional file 1: Table S1 shows
the fusion rate for each run. The range analysis in Addi-
tional file 1: Table S1 shows that the optimal electrofu-
sion conditions were as follows: pulse-field density 8 kV/
cm (A2), pulse time 25 ps (B2), and pulse number 3 times
(C3). The R-value represented the effects of the three fac-
tors, and the effect order was as follows: pulse-field den-
sity > pulse number > pulse time.

Screening of fusions

Depending on the parental strains’ resistance to the two
inhibitors, we designed four gradient plates for screen-
ing: 7.0 g/L acetic acid and 1.5 g/L furfural, 6.0 g/L acetic
acid and 2.0 g/L furfural, 5.0 g/L acetic acid and 3.0 g/L
furfural, and 3 g/L acetic acid with 2.5 g/L furfural. After
each test of electrofusion conditions, recombinants
grown on regeneration plates (RMSG agar plates) were
washed and diluted to ODgy,=1.0 (10° cells/mL), and
then 100.0 puL was spread on screening plates with
parental strains and wild-type strain ZM4 for contrast.
After 1 week, 39, 1, 4 and 563 clones survived on 7.0 g/L
acetic acid and 1.5 g/L furfural, 6.0 g/L acetic acid and
2.0 g/L furfural, 5.0 g/L acetic acid and 3.0 g/L furfural,
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and 3.0 g/L acetic acid with 2.5 g/L furfural plates,
respectively. After these clones were cultured in RM
liquid medium with the corresponding concentrations
of inhibitors for 10 generations, 20 fusions that always
showed resistance to 7.0 g/L acetic acid and 1.5 g/L
furfural and 4 fusions that always showed resistance to
5.0 g/L acetic acid and 3.0 g/L furfural were used for
further screening. Based on the results of cell growth,
the 4 strains that grew best with 7.0 g/L acetic acid
and 1.5 g/L furfural (data not shown) were retained,
and the 4 fusions withstanding 5.0 g/L acetic acid and
3.0 g/L furfural were denoted F1. Then, the F1 strains
and parental strains AQ8-1 and F34 served as the start-
ing pool for the second round of mating and selection.
We chose 8.0 g/L acetic acid and 1.0 g/L furfural, 7.0 g/L
acetic acid and 2.5 g/L furfural, 7.0 g/L acetic acid and
2.0 g/L furfural, 6.0 g/L acetic acid and 3.0 g/L furfural,
and 5.0 g/L acetic acid with 3.0 g/L furfural as selection
concentration combinations. Surprisingly, we obtained
one clone tolerant to 8.0 g/L acetic acid and 1.0 g/L fur-
fural. However, this strain grew only on a solid plate, but
in liquid medium with 8.0 g/L acetic acid and 1.0 g/L
furfural. At the same time, we obtained three additional
clones on 7.0 g/L acetic acid and 2.5 g/L furfural, and
these strains showed poor stability after 5 generations.
We successfully obtained 10, 3 and 3 clones against
7.0 g/L acetic acid and 2.0 g/L furfural, 6.0 g/L acetic
acid and 3.0 g/L furfural, and 5.0 g/L acetic acid with
3.0 g/L furfural, respectively. All strains showed good
stability and growth performance under these stress
conditions. In particular, strains against 5.0 g/L acetic
acid and 3.0 g/L furfural grew well on the correspond-
ing solid plates only after 4 days. In summary, after two
rounds of genome shuffling, we obtained 20, 10, 3 and
7 strains against 7.0 g/L acetic acid and 1.5 g/L furfural,
7.0 g/L acetic acid and 2.0 g/L furfural, 6.0 g/L acetic
acid and 3.0 g/L furfural, and 5.0 g/L acetic acid with
3.0 g/L furfural, respectively (Fig. 1).

Furfural is derived from the over-degradation of
pentose during lignocellulose pretreatment. The high
abundance of furfural can cause strong toxicity and syn-
ergistic inhibition with other inhibitors, the reported
highest concentrations of furfural Z. mobilis could tol-
erate was 3.0 g/L. We chose fusions that could tolerate
3.0 g/L furfural for further analysis of fermentation and
whole-genome sequencing. Ten strains were involved,
including the first round of electrofusion strains against
5.0 g/L acetic acid and 3.0 g/L furfural (strains 271, 272,
273 and 274), the second round of electrofusion strains
against 5.0 g/L acetic acid and 3.0 g/L furfural (strains
411, 532, and 533), and the second round of electro-
fusion strains against 6.0 g/L acetic acid with 3.0 g/L
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Fig. 1 The procedure of genome shuffling for improved resistant to acetic acid and furfural of Zymomonas mobilis. Details on the mutagenesis

furfural (strains 631, 633, and 635), and the relative
performances of the best-performing strains, 532 and
533, were analyzed using the inhibitors furfural and
acetic acid individually and in combination.

Profiling of cell growth and ethanol yield under different
stress conditions
First, 532, 533, parental strains AQ8-1 and F34, and
wild-type strain ZM4 were investigated with 5.0 g/L
acetic acid and 3.0 g/L furfural. In the case of the same
initial ODg,,, when strains were cultivated for up to
36 h, the ODy, values of 532 and 533 were increased by
76.81+19.1% compared with the wild-type strain ZM4
(Fig. 2¢). Besides, 532 and 533 consumed 97.8+1.4% of
the initial glucose within 42 h, while the parental strains
AQS8-1 and F34 consumed only 40.9 & 2.0% of the glucose
and ZM4 consumed 20.8 £1.2% of the glucose (Fig. 2f).
The ethanol productivities of 532 and 533 were 0.5+0.01
and 0.51+0.01 g/L/h, which were 88.54+19.5% higher
than that of parental strains, and 130.5£17.5% higher
than that of wild-type strain ZM4 (Fig. 2i and Table 1).
These results indicate that 532 and 533 truly exceeded
the parental strains AQ8-1 and F34 in their tolerance and
showed excellent fermentation performance in the pres-
ence of the two inhibitors.

Second, we tested 532, 533, parental strains AQ8-1 and
F34, and wild-type strain ZM4 in single-inhibitor condi-
tion (7.0 g/L acetic acid). Strains 532 and 533 performed

better than the parental strain AQ8-1. Strains 532 and
533 were observed to grow after 6 h of culture, while
AQ8-1 was observed to grow after 12 h. With the same
initial ODg,, when 532 and 533 were cultured for 18 h,
their cell densities increased by 154+35% compared
with AQ8-1 (Fig. 2a). Strains 532 and 533 consumed
98.07+0.4% of the initial glucose after fermentation for
30 h, and in less than 12 h, AQ8-1 consumed 98.2+0.1%
of the glucose (Fig. 2d and Table 1).

Third, we further tested 532 and 533 under 3.0 g/L fur-
fural and compared their performances with those of the
parental strains AQ8-1 and F34 and the wild-type strain
ZM4. The growth performance of 533 was slightly better
than that of F34, and the growth performance of 532 was
higher only than that of AQ8-1 and ZM4. With the same
initial ODy, after fermentation for 48 h, the OD,, of
532 and 533 were increased by 144 £ 57% compared with
wild-type strain ZM4 (Fig. 2b). The ethanol productivi-
ties of 533 and F34 were the same (Fig. 2h and Table 1),
and no difference was found between 533 and F34 in glu-
cose consumption (Fig. 2e), and these strains consumed
98.03 +0.3% of the initial glucose in 36 h.

Genetic changes in genome-shuffled double-resistant
strains

Multiple mutations compared to the wild-type strain ZM4
were found in each mutant strain. Nineteen identical single
nucleotide variants (SN'Vs) were identified in all 10 mutants
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Fig. 2 Conversion of glucose to ethanol in Z. mobilis under acetic acid and/or furfural stresses. Growth is indicated by ODg, value, glucose indicates
the concentration of the sugar remained in cultures, EtOH indicates the concentration of ethanol produced. Three replicates were performed for

(Table 2), of which six were located in the coding sequence
(CDS) and 13 in the intergenic regions. The SNVs in CDS
regions led to synonymous and non-synonymous amino
acid (AA) changes, including two non-synonymous AA
changes in ZMO_RS00235 (glutamine-fructose-6-phos-
phate aminotransferase) and ZMO_RS02620 (DNA repair
protein RadA), one non-synonymous AA change and one
synonymous AA change in ZMO_RS03765 (arginine-
tRNA ligase), and two non-synonymous AA changes in
ZMO_RS09165 (IS5/1S1128 family transposase). Intergenic
SNVs detected in all 10 mutants were targeted in regions
between genes ZMO_RS09160 and ZMO_RS09165,
ZMO_RS04290 and ZMO_RS04295, and ZMO_RS07065
and ZMO_RS07070. The position of the mutation sites in
the genome is shown in Fig. 3.

Eleven indels were detected in 10 mutants (Table 3),
of which 10 were located in the CDSs and one in the
intergenic regions. Two single nucleotide deletions
in the CDS of ZMO_RS04405 (ABC transporter sub-
strate-binding protein) caused a frameshift mutation.

Two distinct deletions (— 28 bp and — 21 bp) occurred
in the different locations of the gene ZMO_RS05590
(hypothetical protein-coding gene) and the nucleotide
sequence of the — 21 bp deletion mutant was identical
to that of the 5’-end of the —28 bp deletion mutant.
Among the 11 indels detected, five independent indels
(—40 bp, —32 bp, —24 bp, — 16 bp, and — 8 bp) were
identified in the gene ZMO_RS09180 (hypotheti-
cal protein-coding gene). It is noteworthy that the
sequence of both these indels was “ACGGGCAG’
and the former 7 bp nucleotides sequence (ACGGGC
A) was a mirror structure of the indel sequence. The
—7 bp deletion identified in ZMO_RS07255 (carba-
moyl phosphate synthase large subunit) and the — 1 bp
deletion detected in all 10 mutants occurred between
ZMO_RS06410 and ZMO_RS06415. The position of
the mutation sites in the genome is shown in Fig. 3.
Besides, five strains (272, 273, 274, 532, and 633)
experienced internal migration of chromosomes,
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Table 1 Conversion of glucose to ethanol in Z. mobilis under acetic acid and/or furfural stresses
Strain Fermentation time Glucose Ethanol Theoretical
(h) consumed (g/L) value ratio
Titer (g/L) Yield (9/g glucose) Productivity (g/L/h) (%)
50 g/L glucose + 7 g/L acetic acid
533 30 50.23+£0.22 2326+1.16 0463+£0.02 0.77 £0.04*** 90.0
532 30 50.26+£0.17 22964038 0456£0.01 0.76 £0.01%** 89.2
AQ8-1 42 50.37+0.28 23.13+0.27 0459+0.00 0.55+£0.01%** 89.8
F34 48 50.27£0.05 22.80£0.99 0453+£0.02 048+ 0.02** 88.6
M4 60 5046£0.18 22.73£0.49 0.450+£0.01 0.38+0.01 88.1
50 g/L glucose + 3 g/L furfural
533 36 50.25+0.39 22.73+£132 0.452+0.02 0.63 +0.04*** 88.5
532 36 50.13+0.24 22374054 0.446+0.01 0.62£0.02%** 87.2
AQ8-1 48 50.24£0.09 22.67£0.26 0451£0.00 047 +£0.01*** 88.2
F34 36 50.36£0.22 22.73£0.17 0451£0.00 0.63 £ 0.00%** 88.2
M4 72 50.52£0.07 22.72£0.17 0449+£0.00 0.31+0.00 87.8
50 g/L glucose + 5 g/L acetic acid 4 3 g/L furfural
533 42 50.72+0.17 21494059 0423+£0.01* 0.51£0.071%** 82.8
532 42 50.81£0.05 21.14£024 0416£0.00 0.50+£0.01*** 814
AQ8-1 78 50.63+£0.02 20.51+0.16 0.405+0.00 0.26 £ 0.00%*** 79.3
F34 78 50.54£0.11 20.86+1.32 0412£0.03 0.27+£0.02* 80.6
M4 90 50.72+£0.09 20.03+£052 0.395+0.01 0.22+£0.01 77.2

Three repeats were performed for each strain, and error bars indicated standard deviation

P values calculated by one-way ANOVA, * P<0.05; ** P<0.01;*** P<0.001

involved the gene ZMO_RS01090, which encodes a Bap
domain-containing protein (Table 4).

Discussion

Tolerance to inhibitors present in hydrolysates of ligno-
cellulosic biomass is important for the bio-production of
ethanol. In this study, we successfully applied protoplast
electrofusion-mediated genome shuffling to generate
recombinants from the previously generated acetic acid-
and furfural-tolerant Z. mobilis strains AQ8-1 and F34,
respectively, with an aim to improve the tolerance of Z.
mobilis to the two inhibitory by-products present in lig-
nocellulosic hydrolysates.

Our best-performing recombinants, 532 and 533, were
investigated for their relative performance in the pres-
ence of 7.0 g/L acetic acid, 3.0 g/L furfural, and 5.0 g/L
acetic acid plus 3.0 g/L furfural. 532 and 533 were supe-
rior to the parental strain AQ8-1 in the presence of
7.0 g/L acetic acid, with a shorter fermentation time
(30 h) and higher productivity than AQ8-1. Strains 532
and 533 utilize glucose more rapidly compared to the
acetic acid-tolerant strain A7-2, which was obtained by
three rounds of ALE [15], and consumed 96% of the ini-
tial glucose in the presence of 7.0 g/L acetic acid in 48 h.
The flocculent mutant Z. mobilis ZM401 obtained by
NTG mutagenesis showed strong tolerance to acetic acid.
Its ethanol productivity in the presence of 8.4 g/L acetic

acid reached 2.0 g/L/h [30], which is higher than those of
532 and 533 in the presence of 7.0 g/L acetic acid. In that
study, the pH was adjusted to 6.0 [30], while in our study,
when RM was supplemented with 7.0 g/L acetic acid, the
pH was 3.92, without adjustment, for the whole fermen-
tation. The low productivity of 532 and 533 recombinants
in this study could be due to the dual effect of anion accu-
mulation and low pH due to acetic acid supplementation.
Furthermore, 532 and 533 greatly shortened the fermen-
tation time compared with the acetic acid-tolerant strain
Z. mobilis AC8-9 in the presence of 7.0 g/L acetic acid,
which completed the fermentation of the initial 50.0 g/L
glucose in 56 h [19]. Compared to the Z. mobilis mutants
with reported resistance to high concentrations of acetic
acid, mutants 532 and 533 demonstrated higher fermen-
tation efficiency.

Recombinant 533 used glucose more quickly compared
to the furfural-tolerant strain F3-3, which was obtained
after three rounds of ALE and consumed 80% of the ini-
tial glucose in the presence of 3.0 g/L furfural in 48 h [15],
and ZM4-MF2, which was obtained by rewiring a sigma
factor (RpoD protein) [13] and consumed 92.8% glucose
in the presence of 3.0 g/L furfural in 54 h.

The Z. mobilis mutant AcRIMO0347, an acetate-
tolerant strain (AcR) with an /fg gene insertion, is
resistant to 0.75 g/L hydroxymethylfurfural (HMEF),
1 g/L furfural, and 1 g/L vanillin for 16, 19, and 21 h,
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Table 2 SNVs in ten genome-shuffled mutants and parental strains

Locus Ref SNV Ten genome-shuffled AQ8-1 F34 Gene/product
strains
DS
51967 @ T + - ZMO_RS00235/glutamine-fructose-6-phos-
phate aminotransferase
590452 G A + - ZMO_RS02620/DNA repair protein RadA
849208 C T + + ZMO_RS03765/arginine-tRNA ligase
849311 C A + +
971308 A G + + ZMO_RS09165/1S5/151182 family transposase
971369 A G + -
Intergenic regions
971059 T A + + ZMO_RS09160-ZMO_RS09165
IS5/151182 family transposase
975503 T G + + ZMO_RS04290-ZMO_RS04295
975506 G A + + Monofunctional biosynthetic peptidoglycan
975509 C T + + Transglycosylase/cytochrome c
975523 @ T + +
975525 A T + +
975528 T G + +
975532 A T + +
975537 A @ + +
975540 G T + +
975547 T G + +
1612575 G A + + ZMO_RS07065-ZMO_RS07070
Alpha/beta hydrolase/tRNA-Met
2055763 T C + + ZMO_RS09095-END

Uroporphyrinogen decarboxylase/END

+/—, the presence/absence of variation in the genome, respectively

respectively [20]. Additionally, the mutant AcRIM0347
demonstrated resistance to inhibitors; however, the
assay did not investigate the effect of mixtures of inhib-
itors on the inhibitor resistance of mutant AcRIM0347.

Sequencing data revealed that the 10 genome-shuf-
fled mutants are likely to be progenies of AQ8-1 and
F34. Nineteen identical SN'Vs were identified in all 10
mutants, and 18 of them were identical to SN'Vs in the
parent strains AQ8-1 or F34, which demonstrated the
utility of genome shuffling by combining the genetic
traits of both parents. Particularly, two (2 SNVs in
CDS), 15 (3 SNVs in CDS and 12 SNVs in intergenic),
and one mutation were derived from AQ8-1, F34, and
either AQ8-1 or F34, respectively. It is noteworthy that
the intergenic SNVs detected in all 10 mutants may
have been derived from strain F34. Of the 11 indels
detected in 10 mutants, five could be derived from
AQS8-1 or F34, and 5 independent indels in the same
gene (ZMO_RS09180) cannot derive from the paren-
tal strain. In general, the SNVs or InDels mutations
in 10 genome-shuffled strains, most came from the
recombination between two parents.

Genome shuffling revealed that several genes likely
contributed to acid/furfural tolerance. The gene ZMO_
RS00235 encodes a glutamine-fructose-6-phosphate
aminotransferase that was reported to be critical for cells
against organic acid stress, and gene ZMO_RS02620
encodes a DNA repair protein RadA, which is essential
for the survival when cells suffer from the acid stress [31].
Jeong et al. [32] found that strand breaks occurred in E.
coli O157:H7 under acid stress and that DNA integrity
was maintained through physical protection by Dps and
RecA-mediated repair, suggesting that DNA repair may
play an important role in acid tolerance. Besides, gene
ZMO_RS03765 encodes an arginine-tRNA ligase, and
ZMO_RS07255 encodes a CPSase large subunit (partici-
pating in arginine biosynthesis), which are both related to
arginine biosynthesis and may relate to acid stress. Ryan
et al. [34] found that arginine deiminase (ADI) genes can
help Listeria monocytogenes survive under acidic condi-
tions and that their expression is increased at low pH and
in the presence of arginine. Huang et al. [35] found that
L-arginine can inhibit the biofilm formation of Strepto-
coccus mutants and that although no direct evidence has
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indicated a role of biofilms in acid tolerance, the cell wall/
membrane is essential for maintaining cellular integrity.
What's more, ZMO_RS04405 encodes an ABC transporter
substrate-binding protein was reported to be critical for
cells against furfural stress. Ask et al. [33] demonstrated
that PDR5 and YOR1 in S. cerevisiae code for ABC trans-
porters that function in the efflux of ions and xenobiotics,
are under transcriptional control of Pdrlp and Pdr3p, and
can probably function in transporting furfural out of the
cell, thereby relieving the stress caused by this agent.

The important mutations located in the CDS regions
of AQ8-1 were inherited by the 10 mutants, but muta-
tions in the intergenic regions between ZMO_RS04270
and ZMO_RS04275 [19] were not. However, intergenic
SN'Vs detected in all 10 mutants were targeted between
ZMO_RS04290 and ZMO_RS04295 genes, which
encode monofunctional biosynthetic peptidoglycan

transglycosylase (MBPT) and cytochrome c, respec-
tively. MBPT catalyzes the formation of the glycan
chain in bacterial cell walls from peptidoglycan subu-
nits; the role of MBPT is similar to the role of poly-
merases in DNA construction, i.e., synthesizing or
repairing the cell wall and fixing mistakes in the struc-
ture of the cell wall [36], which is essential for main-
taining cellular integrity and resistance to inhibitors.
To summarize, we have demonstrated that genome
shuffling is an efficient method to create Z. mobilis
mutants with enhanced tolerance to double inhibitors
from the perspective of fermentation performance and
that the sequences of the 10 genome-shuffled mutants
contrast with those of the parental strain genomes.
The phenotypes of the mutants should be a focus for
future research. In the next phase of our studies, we
plan to combine RNA sequencing and chromosome
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Table 3 InDels in ten genome-shuffled mutants and parental strains

Locus Type 271 272 273 274 411 532 533 631 633 635 AQ8-1 F34  Gene/product
CDS
1002280 D1 + - + - - - - + - - + + ZMO_RS04405
1002287 D1 - + - + + + + - + + + - /ABC transporter substrate-
binding protein
1266074 D28 - — - + - + + + - - - - ZMO_RS05590/hypothetical
protein
1266081 D21 + + + - + - - - + + - +
1517128 D40 - — — - + - - — - - - — ZMO_RS09180/hypothetical
protein
1517136 D32 — - - - - - + + - + - -
1517144 D24 — + - - - - - - - - - -
1517152 D16 - - + + - + - - + - - -
1517160 D8 + - - - - - - - - - - -
1657469 D7 + + + + + + + + + + + + ZMO_RS07255/carbamoyl

Intergenic regions
1448818 D1 + + + + + + +

phosphate synthase large
subunit

ZMO_RS06410-ZMO_RS06415

FUSC family protein/DNA
polymerase Il subunit delta

+/—, the presence/absence of variation in the genome, respectively

Table 4 Structural variation in different mutant strains

Strains Post1 Post2 Type Size
272 245,068 245,542 ITX 251
273 245,071 245,652 ITX 256
274 245,074 245,604 ITX 257
532 244,367 244,691 ITX 266
245,058 245,690 ITX 262
633 245,065 245,594 ITX 247

Post1 position of the front end reads anchor area, Post2 position of the back end
reads anchor area, Size the estimated SV size, indicates that a SV of about size is
occurring between pos1-pos2, ITX internal migration of chromosomes

conformation capture methods to explore the mecha-
nism underlying the genome-shuffled strains.

Materials and methods

Microorganisms and culture conditions

The Z. mobilis mutant strains AQ8-1 and F34 served
as parental strains for genome shuffling. A concise
summary of the process that led to AQ8-1 and F34
was as followed. ZM4 cells treated by the first round
of ARTP mutagenesis were screened in RM supple-
mented with 7.0 g/L acetic acid and 3.0 g/L furfural,
respectively. Two resulting mutants A7 and F34 were
obtained, then A7 was selected for the second round
of ARTP mutagenesis, and one resulting mutant
AQ8-1 showed dramatically enhanced tolerance to 8.0

g/L acetic acid screened. The operating conditions of
ARTP were input power 120 W, gas helium 10 SLM,
and jet temperature 22 °C for 30 s.

The glycerol stocks of AQ8-1 and F34 were grown
at 30 °C and maintained on two agar rich medium
(RM) containing 50.0 g/L glucose, 10.0 g/L yeast
extract, 2.0 g/L KH,PO,, 2.0 g/L MgSO, and 1.0 g/L
(NH,),SO,. A single colony was in 5.0 mL of RM and
grown overnight at 30 °C without shaking. Cell pellets
were harvested by centrifuged at 3000 rpm for 4 min at
4 °C and then inoculated in 50.0 mL of RM in a 100 mL
flask with or without inhibitors. All growth and fer-
mentations were carried out in triplicate.

Tolerance characteristics of parental strains

For further screening of genome-shuffled mutants,
we first tested AQ8-1 and F34 under a gradient of
acetic acid and furfural concentrations. 100.0 pL of
resuscitated cultures of AQ8-1, F34, and ZM4 at the
same ODg, (1.0) were spread on RM agar plates sup-
plemented with different concentrations of inhibitors
(Additional file 1: Figure S1) and incubated at 30 °C
for 2 weeks. The tolerance of parental strains and ZM4
was tested five times independently, with the results of
the plates recorded every 2 days.
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Protoplast isolation and electrofusion

Protoplasts of Z. mobilis were formed using a previously
reported method [37]. AQ8-1 and F34 were pre-activated
and then inoculated into 50.0 mL of fresh RM liquid
medium in 100 mL flasks at 30 °C for 8 h without shak-
ing. When the ODy, reached 1.0, cells were harvested by
centrifugation at 3000xg for 5 min. The precipitates were
washed twice with 0.01 M Tris—HCI buffer (pH 8.0) and
resuspended in SMM buffer to a final concentration of 10
cells/mL. Then, 0.4 mL of 3.0 mg/mL lysozyme was added
per milliliter of the above cell solution, and the samples
were incubated for 5 min at 37 °C. Next, 0.05 mL of 0.1 M
EDTA was added, and the samples were incubated with
gentle agitation for an additional 18 min, centrifuged,
resuspended in 50.0 mL of RMSG (10.0 g/L glucose,
10.0 g/L yeast extract, 2.0 g/L KH,PO,, 0.05 g/L MgSO,,
1.0 g/L (NH,),SO,, 40.0 g/L glycine and 91.09 g/L sorbi-
tol) and incubated at 30 °C for 4 h.

Protoplasts of AQ8-1 and F34 (500.0 pL each) were
mixed and centrifuged at 3000xg for 5 min. Precipitates
were washed twice using SMM buffer and then resus-
pended in freshly prepared electrode buffer containing
0.5 M sorbitol and 0.2 mM CaCl,. The suspension (20.0
uL) was placed between separate parallel electrodes, and
electrofusion was performed using a CFB16-HB Cell
electrofusion device (BEX Co., Ltd., Japan). The AC was
designed as 100, 200, 300, 400, 500, and 600 V/cm, dura-
tion 120 s, and determined by the length of aligned cells.
The other three parameters, pulse-field density, pulse
time and pulse number, were chosen as the variables
tested in single-factor experiment and orthogonal design
experiment with protoplast fusion rate as a response,
which was calculated as follows:

R=M/N x 100%,

where M represents the number of colonies counted on
selection plates (washed from RMSG plates with saline)
after electrofusion, and N represents the number of colo-
nies counted on RMSG plates after electrofusion.

In the single-factor experiments, the pulse-field density
was set at 6000, 8000 and 10,000 V/cm successively; pulse
time was 5, 25 and 40 ps separately, pulse number was 1,
2 and 3. By comparing the fusion rate under different con-
ditions, the best value for each factor was selected. Based
on the results of the single-factor experiments, an L9
(3% orthogonal test was designed to study the optimum
conditions for protoplast electrofusion. The three factors
were designated A, B and C and prescribed to have three
levels, which were coded 1, 2 and 3 for low, intermediate
and high values, respectively (Additional file 1: Table S1).
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Selection of putative genome-shuffled strains

with improved inhibitor tolerance

Recombinants were washed from regeneration plates with
saline and then diluted to 10° cells/mL; 100.0 uL of this
mixture was spread on screening RM plates containing a
certain concentration of acetic acid and furfural (exceed-
ing parental resistance), with parental strains and wild-
type strain ZM4 for contrast. After incubation at 30 °C
for 5 days, colonies growing on RM plates with inhibi-
tors were assessed individually for growth in liquid RM
medium (containing the corresponding concentration of
acetic acid and furfural) and fermentation in 5.0% (w/v)
glucose. To ensure the stability of these tentative hybrids,
they were passaged for 10 generations, and the residual
sugar content, fermentation rate, biomass, and ethanol
production were evaluated every generation. Unstable
strains were eliminated gradually, while the strains show-
ing similar characteristics for all 10 generations were
considered genetically stable and retained for further
screening. Then, we selected the strains most resistant to
acetic acid and furfural, labeled them F1, and along with
parental strains AQ8-1 and F34, used them for the sec-
ond round of electrofusion. Screening concentration was
equal to or higher than that in first selection (Fig. 1).

Analytical methods

Cells were harvested when the ODg,, was 1.0, and then
a Bacterial DNA Kit (Omega Biotek, USA) was used to
isolate genomic DNA. The quality of genomic DNA was
checked via 0.7% agarose gel electrophoresis run for
45 min at 120.0 V/cm.

Genomic DNA of the 10 genome-shuffled mutants
and parental strain F34 was sequenced by an Illumina
HiSeq instrument (Illumina, San Diego, CA, USA), and
the reference genome of strain ZM4 (GenBank No.
NC_006526.2) was mapped. Annotation for potential
SNVs, indels, and SVs was performed by ANNOVAR
(V21 Feb 2013). The sequencing was completed by Gen-
Wize, Inc. (Suzhou, China).

Fermentation supernatant was centrifuged at
13,500 rpm for 5 min, and the precipitate was discarded;
the supernatant was then passed through a 0.22 pum
membrane and used to determine the concentrations of
glucose and ethanol in the fermentation. High-perfor-
mance liquid chromatography (HPLC, Agilent 1200) was
applied to assess glucose and ethanol concentrations with
5 mM H,SO, at a flow rate of 0.6 mL/min and a column
temperature of 35 °C. The injection volume was set at
20.0 pL. The cell density was determined by a spectro-
photometer detector (Jingke UV765, Shanghai) at wave-
length 600 nm. Differences between the fermentation
profiles of each genome-shuffled strains and the control
strain were tested by one-way ANOVA.



Wang et al. Biotechnol Biofuels (2019) 12:288

Conclusion

Ten mutant strains that can tolerate 5.0 g/L acetic acid
and 3.0 g/L furfural have been generated via two rounds
of genome shuffling. In this study, we demonstrated that
the protoplast electrofusion method efficiently enhances
the tolerance of Z. mobilis. Genome re-sequencing fur-
ther revealed that 10 mutants combine the genetic trait of
both parents. The mutant strains generated in this study
will not only serve as potential bio-ethanol producers but
also help in understanding stress response and regulation
in bacteria.
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