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ABSTRACT Lipids from microbes offer a promising source of renewable alternatives
to petroleum-derived compounds. In particular, oleaginous microbes are of interest
because they accumulate a large fraction of their biomass as lipids. In this study, we
analyzed genetic changes that alter lipid accumulation in Rhodobacter sphaeroides.
By screening an R. sphaeroides Tn5 mutant library for insertions that increased fatty
acid content, we identified 10 high-lipid (HL) mutants for further characterization.
These HL mutants exhibited increased sensitivity to drugs that target the bacterial
cell envelope and changes in shape, and some had the ability to secrete lipids, with
two HL mutants accumulating ~60% of their total lipids extracellularly. When one of
the highest-lipid-secreting strains was grown in a fed-batch bioreactor, its lipid con-
tent was comparable to that of oleaginous microbes, with the majority of the lipids
secreted into the medium. Based on the properties of these HL mutants, we con-
clude that alterations of the cell envelope are a previously unreported approach to
increase microbial lipid production. We also propose that this approach may be
combined with knowledge about biosynthetic pathways, in this or other microbes,
to increase production of lipids and other chemicals.

IMPORTANCE This paper reports on experiments to understand how to increase
microbial lipid production. Microbial lipids are often cited as one renewable replace-
ment for petroleum-based fuels and chemicals, but strategies to increase the yield
of these compounds are needed to achieve this goal. While lipid biosynthesis is of-
ten well understood, increasing yields of these compounds to industrially relevant
levels is a challenge, especially since genetic, synthetic biology, or engineering ap-
proaches are not feasible in many microbes. We show that altering the bacterial cell
envelope can be used to increase microbial lipid production. We also find that the
utility of some of these alterations can be enhanced by growing cells in bioreactor
configurations that can be used industrially. We propose that our findings can in-
form current and future efforts to increase production of microbial lipids, other fuels,
or chemicals that are currently derived from petroleum.

KEYWORDS Rhodobacter, bioreactors, cell envelope, fatty acids, lipid synthesis, two-
component regulatory systems

he recent advances in genome, systems, and synthetic biology, when coupled with

the diverse metabolic activities of microbes, provide an opportunity to produce
valuable compounds from renewable resources. Lipids derived from microbes offer a
promising source of renewable fuels and chemicals, to offset petroleum usage and
reduce CO, emissions (1, 2). A major challenge to producing microbial replacements for
oils that are cost-competitive with petroleum products is increasing the yield of these
lipids, which are energetically expensive for cells to produce and thus tightly regulated
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(3, 4). One approach for microbial oil production is the use of oleaginous microbes,
defined as those accumulating over 20% of their dry cell weight (DCW) as lipid (1).
However, even though very high oil content (up to 90%) can be observed under some
experimental conditions, lipid content is usually not high under nutrient-replete con-
ditions (4, 5). Genetic and process engineering strategies are being investigated to
further increase the biomass lipid content and yield of oleaginous microbes (1, 5).
However, although biosynthetic pathways for fatty acids and lipids are well understood
in some microbes, identifying and bypassing the mechanisms regulating lipid accumu-
lation in oleaginous strains remain a challenge (1, 4, 6).

An alternative approach to increase production of lipids in microbes is transgenic
engineering of lipogenic pathways into nonoleaginous but robust and genetically
tractable hosts (7). Many enzymes that convert fatty acids, or pathway intermediates,
into products with desirable fuel properties have been investigated (8-13). However,
achieving industrially relevant lipid production levels and yields can require genetic
and metabolic engineering steps that are not feasible in many hosts (7).

This paper reports on experiments to acquire new knowledge about how microbes
control lipid production. To do this, we study Rhodobacter sphaeroides, a facultative
purple nonsulfur bacterium. Unlike the case with many well-studied facultative bacte-
ria, changes in O, tension cause significant morphological changes in the cell envelope
of this Gram-negative bacterium (14-16). In response to low O, tension, R. sphaeroides
increases its intracellular membrane surface area, developing specialized intracytoplas-
mic membrane (ICM) invaginations that protrude into the cytoplasm (14-16). This cell
envelope remodeling under low-O, conditions increases the cellular phospholipid
content ~3-fold (17). Thus, we sought to gain an increased understanding of the native
ability of R. sphaeroides to regulate lipid content.

To do this, we screened for R. sphaeroides mutants with increased lipid production.
Many of these high-lipid (HL) mutants were found to have increased sensitivity to drugs
that target the cell envelope and have altered cell shape, and several of them secreted
cellular lipids. When we grew one of the highest-lipid-secreting strains in a fed-batch
bioreactor, fatty acids represented 33% of the DCW of this culture. Thus, by genetically
altering cell envelope functions we can increase lipid production and have identified
some mutations that convert R. sphaeroides into an oleaginous bacterium. We propose
that changes in cell surface or envelope functions can be used to increase production
of lipids and additional bioproducts in other microbes.

RESULTS

Identification of HL mutants. We sought to leverage the native ability of R. spha-
eroides to alter its fatty acid content (17) in order to understand systems that control
bacterial lipid accumulation. Our approach was to identify mutant strains that had
increased levels of fatty acid at high O, when cells normally lack an ICM (14-16) and
have a lower lipid content (17). We chose not to screen for mutants that have low lipid
levels at reduced O, tensions because previous analyses have shown that such muta-
tions would likely interfere with ICM production for other reasons (17-19). We used a
parent strain (A0382) that is unable to make the hydrophobic polymer polyhydroxy-
butyrate (PHB) (20) so that we could use the fluorescence intensity of Nile red-stained
cells as a proxy of lipid content.

To identify potential high-lipid (HL) mutants, we screened a library of ~11,400 strains
generated by Tn5 transposon mutagenesis. Previous genetic analysis of R. sphaeroides
indicates that a library containing ~10# insertions is sufficient to obtain a representative
set of mutants (21). When the fatty acid content of the top 30 Nile red-staining mutants
was quantified by gas chromatography-mass spectrometry (GC-MS), we found a set of
10 unique strains (named HLMO1 to HLM10) that had a =1.5-fold increase in fatty acid
content per cell when grown at high O, (Fig. 1). Two mutants (HLMO1 and HLM02) had
an ~6-fold increase in fatty acids over the parent strain grown at high O, (Fig. 1), an
increase twice that observed when the parent strain was grown at low O, (Fig. 1).
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FIG 1 Fatty acid content of parent strain grown at high and low O, compared to high-lipid (HL) mutants
grown at high O,. Data shown represent the means from three or more independent cultures = standard
deviations.

Genes and processes disrupted in HL mutants. The transposon insertion sites
identified in these 10 HL mutants (Table 1) did not reveal disruption of genes typically
targeted for increasing lipid accumulation, such as those for central carbon metabolism
or fatty acid biosynthesis and degradation (22, 23). Instead, the genes inactivated in the
HL mutants encoded a diverse group of proteins, including a transcription factor, a
chaperone, proteases, and putative secreted and cell envelope proteins.

To gain insight into how the disrupted genes products affect lipid content, we used
chemical sensitivity analysis to characterize what cellular processes were affected in the
HL mutants (24). To do this, we tested the impact on growth of a set of compounds that
affect protein synthesis, folic acid biosynthesis, membrane integrity, peptidoglycan
biosynthesis, and DNA integrity (see Table S2 in the supplemental material). For some
compounds, such as the protein synthesis inhibitor neomycin, we saw no growth
difference between the HL mutants and the parent strain (Fig. S1A). For other com-
pounds, including the detergent sodium dodecyl sulfate (SDS), many or all of the HL
mutants showed increased sensitivity (Fig. S1B), while for others, such as the
peptidoglycan-active antibiotic amoxicillin, we saw increased sensitivity in one or more
HL mutants compared to the parent strain (Fig. S1C). By analyzing the relative growth
of all the HL mutants treated with compounds having common cellular targets, we
observed that these strains were most sensitive to compounds active on the cell or
outer membranes (OMs) (62% of the parent cell growth).

Clustering of the mutants and the compounds based on relative growth in the
presence of these chemicals (Fig. 2) showed that strains HLM01, HLM02, and HLMO05

TABLE 1 Transposon insertion sites in HL mutants?

mBio’

FA inc. Sig.
Strain (fold) Insertion site ORF(s) disrupted, with annotation pep. TM helix
HLMO1 6.7 Chr1: 1471645 RSP2839, NtrY sensor signal transduction histidine kinase No 5
RSP2840, NtrX response regulator No None
HLMO02 6.1 Chr1: 1469665  RSP2840, NtrX response regulator No None
HLMO03 2.7 Chr2: 274987 RSP3218, cob(ll)yrinic acid a,c-diamide reductase/5,6-dimethylbenzimidazole synthase No None
HLM04 2.7 Chr1: 2814885 RSP1056, signal transduction histidine kinase No 2
HLMO5 2.6 Chr1: 2970757 RSP1200, uncharacterized conserved protein YkwD Yes None
HLMO06 1.8 Chr2: 938456 RSP1422, chromosome partitioning protein, ParB family No None
HLMO7 1.7 Chr1: 2086261 RSP0355, periplasmic serine protease DegP No 1
HLMO08 1.7 Chr1: 1189239 RSP2545, stationary-phase survival protein SurE No None
RSP2544, protein-L-isoaspartate O-methyltransferase (pcm) No None
RSP2543, peptidoglycan pp-endopeptidase Yes None
HLM09 15 Chr1: 1395725  RSP2745, Stealth protein No None
HLM10 1.5 Chr1: 916649 RSP2293, ClpA, ATP-dependent Clp protease ATP-binding subunit No None

aStrains are sorted from highest to lowest fold increase in total fatty acid (FA inc.) compared to the parent strain. The presence of a signal peptide (Sig. pep.) was
predicted by SignalP 4.1 (http://www.cbs.dtu.dk/services/SignalP/), and the number of predicted transmembrane helixes (TM helix) was determined by TMHMM

Server v.2.0 (http://www.cbs.dtu.dk/services/TMHMMY/).
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FIG 2 Chemical sensitivity analysis of HL mutants. Cluster A shows increased sensitivity to a group of
compounds that report on membrane integrity (*). Cluster B shows increased sensitivity to a group of
peptidoglycan active compounds (**). The color scale indicates relative fitness compared to the parent
strain. A value of 1 (black) indicates no change relative to the parent, <1 (blue) indicates increased
sensitivity to the compound, and >1 (yellow) indicates increased resistance to the compound. MMS,
methyl methanesulfonate.

formed a cluster separate from the other strains (labeled A in Fig. 2). Two of these
strains, HLMO1 and HLMO02, have mutations in genes that are predicted to act in the
same pathway (the NtrYX two-component system [Table 1]), and so it is not surprising
that they behave similarly in this analysis. The third strain in this cluster (HLMO5) has a
mutation in a conserved uncharacterized membrane protein (see Discussion). These
three HL mutants are sensitive to a cluster of compounds (marked * in Fig. 2) containing
membrane-targeting detergents and ionophores, as well as the RNA polymerase in-
hibitors rifampin and rifaximin and the protein synthesis inhibitors erythromycin and
clarithromycin. The latter 4 compounds do not target the membrane, but it is known
that decreased membrane integrity can sensitize cells to these hydrophobic drugs (25).
Thus, these three HL mutants share increased sensitivity to compounds that are
associated with decreased membrane integrity.

A second cluster of HL mutants (HLM04 and HLMO7, labeled B in Fig. 2) share
increased sensitivity to a group of compounds that inhibit peptidoglycan biosynthesis
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FIG 3 TEM of whole mounts of the parent strain (A and E) and HL mutants (B to D and F to H). The bottom
row of panels (E to H) shows views of extracellular material from these strains. Similar micrographs of the
parent strain and other HL mutants are shown in Fig. S2 and S3 in the supplemental material. The arrow
in the inset (F) indicates a stacked structure typical of liposomes; bar for this inset panel, 50 nm.

(amoxicillin, aztreonam, bacitracin, and ceftriaxone, marked ** in Fig. 2). This suggests
that the mutations in these two HL strains alter the integrity of the peptidoglycan cell
wall.

The isolation of HL mutants with sensitivities to different classes of bioactive
compounds suggests that there may be multiple mechanisms causing increased lipid
production. While the HL mutants HLM03, HLM06, and HLM08 to HLM10 showed
increased sensitivity to some other compounds (e.g., hydrogen peroxide for HLMO03),
these data did not support predictions of specific processes that might be impaired in
these strains. In sum, the chemical sensitivity analysis showed that many of the HL
mutants had increased sensitivity to compounds that act at the cell envelope, either at
the membrane or at the cell wall.

Morphological changes in HL mutants. Based on the above finding, we used
transmission electron microscopy (TEM) of whole-mount cells to assess morphological
changes in the cell envelope of the HL strains. This analysis revealed that those HL
mutants which are sensitive to membrane-active compounds (cluster A; HLMO1,
HLMO02, and HLMO5) produced extracellular material adjacent to (Fig. 3B to D) and
separated from (Fig. 3F to H) the cells that was not seen in the parent strain (Fig. 3A and
E). Samples of HLMO5 had round extracellular structures in the range of 20 to 50 nm
(Fig. 3H), while samples from HLMO1 and HLMO02 contained round and irregular
structures, as well as some stacked structures that are often observed when liposomes
are in aqueous solution (Fig. 3F and G) (26). Another HL mutant (HLM08) produced
extracellular material, some of which was organized in stacked structures (Fig. S2A and
B). Two other HL mutants (HLM03 and HLMO9) lacked a significant amount of extra-
cellular material but instead had structures that appeared to derive from and adhere to
the cell surface (Fig. S2C and D). The membrane protrusions and secretions seen by TEM
analysis of HLMO1 to HLMO03, HLMO05, HLM08, and HLMO9 are consistent with alterations
in the cell envelope predicted for some of these strains by chemical sensitivity analysis.

TEM of the two HL mutants that are sensitive to cell wall-active compounds (cluster
B; HLM04 and HLMO07) did not show evidence of extracellular material but instead
suggested that they had a different shape than the parent strain (Fig. S3A to C).
Measurement of cell dimensions of HLM04 and HLMO7 by superresolution structured
illumination microscopy (SIM) (Fig. S3D to F and S4) showed that they were shorter than
the parent cells but that the cell width was similar to that of the parent (Table 2).
Overall, SIM analysis showed that 8 out of the 10 HL mutants had differences in cell
length and/or width from the parent strain (Table 2), providing additional support for
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TABLE 2 Measurements of cell length and width of Nile red-stained cells by
superresolution fluorescence microscopy?

Strain Length (pum) Width (pm) n Difference(s)
Parent 1.72 = 0.38 0.72 = 0.05 75

HLMO1 1.70 £ 0.41 0.76 = 0.06* 259 Wider

HLMO02 1.68 * 0.46 0.73 = 0.05 205

HLMO03 232 + 0.51* 0.71 = 0.05 91 Longer

HLMO4 1.22 = 0.22* 0.73 = 0.05 148 Shorter

HLMO5 236 *= 0.49* 0.75 = 0.06* 11 Longer and wider
HLMO06 1.79 * 0.36 0.73 = 0.06 88

HLMO7 141 = 0.27* 0.73 = 0.06 86 Shorter

HLMO08 1.73 £ 033 0.67 = 0.06* 102 Narrower

HLMO09 1.83 * 0.46 0.70 = 0.05** 126 Narrower

HLM10 1.60 = 0.30*** 0.74 = 0.06 104 Shorter

Parent with low O, 227 + 0.72* 0.83 = 0.08* 83 Longer and wider

9Measurements are expressed as means =+ standard deviations, with n being number of cells measured.
Significant differences from the parent strain are indicated as follows: *, P < 0.0001; **, P < 0.002; ***, P <
0.03.

the hypothesis that changes in the cell envelope were a common feature among many
of these strains.

Lipid secretion by HL mutants. Since we observed materials on the surface or the
outside of the HL mutants by TEM, we stained the medium with Nile red to test for the
presence of hydrophobic compounds. We found that media from all but one of the HL
mutants had increased Nile red staining compared to that from the parent strain
(Fig. 4A). In particular, cluster A strains (HLM01, HLM02, and HLMO5) that had the largest
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FIG 4 Analysis of the extracellular material of parent and HL mutant strains. (A) Nile red staining of the
media from parent and HL mutant cultures. (B) Fatty acid content of parent and HL mutant cultures
separated into cell and medium fractions, shown as a stacked bar graph. (C) Percentage of total fatty acids
found in the medium fraction for data shown in panel B. (D) Fatty acid content of cell and medium fractions
for parent and HLMO2 strains compared to HLMO02 with a plasmid expressing NtrX (HLMO02 + NtrX) and the
parent strain with a deletion of ntrY and ntrX (ANtrYX), shown as a stacked bar graph. Data shown represent
the means from three or more independent cultures * standard deviations. P values are for the difference
of each HL mutant from the parent strain.
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amount of extracellular material by TEM had 13- to 40-fold increases in fluorescence
over that of the parent strain (Fig. 4A).

We tested if the increased Nile red staining of the HL mutants was due to the
presence of extracellular lipid by quantifying fatty acid levels in culture supernatants.
For the parent strain, a low level (0.2%) of the fatty acid in the total culture (cells plus
supernatant) was present in the medium (Fig. 4B and C), likely representing incomplete
separation of cells and medium. In contrast, 9 of the 10 HL mutants had a statistically
significant increase in fatty acid in the medium compared to the parent strain. Consis-
tently with the large amount of extracellular material observed by TEM, strains HLMO1,
HLMO02, and HLMO5 had the highest percentage (=35%) of the total fatty acid present
in the medium (Fig. 4B and Q).

To further characterize the secreted material, we analyzed fatty acid and lipid
phosphorus levels in the culture supernatants of HLM01, HLM02, and HLMO5. For all
three of these HL mutants, the fatty acid-to-lipid phosphorus ratio of the supernatants
was 1.5, close to the 2:1 ratio expected for phospholipid (Fig. S5A). We also quantified
lipopolysaccharide (LPS) in the supernatants and found that LPS-associated fatty acids
accounted for less than 1% of the secreted fatty acid for HLMO1 and HLMO02 (Fig. S5B).
Therefore, we conclude that the secreted lipid is composed primarily of phospholipid.

The two mutants with the highest levels of lipid secretions, HLMO1 and HLMO02, both
have insertions in genes encoding components of the NtrYX two-component system
(Table 1). To verify that disruption of these genes was causal of the HL phenotype, we
showed that fatty acid levels and secretion were restored to wild-type levels by
complementation with a plasmid expressing NtrX (Fig. 4D). We also showed that
deleting ntrX and ntrY from the parent strain (ANtrYXpd) caused a similar increase in
fatty acid content and secretion as that seen in HLM01 and HLMO2 (Fig. 4D).

Fatty acid productivity of an HL-secreting strain. Extracellular lipid accumulation
by some HL mutants could make them attractive for production of biofuels or bio-
products. To assess fatty acid production, we chose HLMO2 for further study since it is
one of two HL mutants with the highest level of extracellular lipid.

When we compared the fatty acid productivity (grams fatty acid per liter) of HLM02
cultures to that of the parent strain, they produced similar amounts of intracellular lipid
(Fig. 5A), when grown in batch culture with succinate as a carbon source. However, if
one includes cellular and secreted lipids, total fatty acid productivity was 2.7-fold higher
in the HLMO2 culture than in the parent strain (Fig. 5A) (P < 0.001). This increase in total
fatty acid productivity for HLMO02 is smaller than the increase observed when measuring
fatty acid content per cell (Fig. 1) because HLM02 does not achieve as high a cell
density in batch culture as does the parent strain.

R. sphaeroides can metabolize a wide variety of carbon substrates (27), and so we
also tested fatty acid productivity in cultures containing a different organic acid (lactate,
which is a common fermentation by-product [28]), as well as sugars (glucose and
xylose, which are abundant in cellulosic biomass hydrolysates [29]). Fatty acid produc-
tivity was increased in HLM02 compared to the parent strain when using each of these
carbon sources (Fig. 5A), with ~50 to 55% of the total fatty acid found in the culture
supernatant. For each of the carbon sources tested, the cellular fatty acids represented
5 to 6% of the dry cell weight (DCW) in the parent and HLMO2 strain. However, when
the secreted lipid was included in the calculations, the total fatty acid content of HLMO02
was 15 to 20% of the DCW (Fig. 5B).

Another common metric for analysis of production strains is product yield per
amount of carbon source consumed. For the parent strain, the total fatty acid yield from
each of the carbon sources tested was 1.0 to 1.4% (wt/wt) (Fig. 5C). For the HLMO02
mutant, the fatty acid yield increased 2.9- to 3.7-fold (P = 0.01 for all substrates) to 3.5
to 5.0% (wt/wt) (Fig. 5C). There was no significant difference in fatty acid yield of HLM02
between the different carbon sources tested. The maximum theoretical yield, if all of
the carbon substrate were converted into fatty acids by R. sphaeroides, is ~35% for
glucose, xylose, and succinate and ~28% percent for lactate. Thus, the total fatty acid
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carbon sources. (A and B) Fatty acid productivity per culture volume (A) and fatty acid content as a
percentage of dry cell weight (DCW) (B). For each condition, the cell and medium fractions are stacked.
(C) Fatty acid yield per carbon substrate consumed. Data shown represent the means from three or more
independent cultures * standard deviations.

yields (cellular plus secreted) for batch cultures of HLM02 were 11 to 14% of the
theoretical yield on these carbon sources.

Extracellular production of novel fatty acids. The utility of a lipid-secreting
mutant would be increased if it also produced novel fatty acids extracellularly. R. spha-
eroides has recently been reported to make a furan-containing fatty acid, 10,13-epoxy-
11-methyl-octadecadienoic acid (19Fu-FA), which has several potential uses (30). Ele-
vated levels of 19Fu-FA are found in a mutant that lacks the ChrR anti-sigma factor (30).
In order to test if R. sphaeroides could secrete 19Fu-FA, we deleted chrR from the
ANtrYXpd strain (AChrRANtrYXpd). We found that 19Fu-FA was ~3 to 4% of the total
fatty acids in both the cellular and the supernatant fractions of the AChrRANtrYXpd
strain (Table S3). From this, we conclude that the HL mutants can also secrete novel
fatty acids into the medium.

Increasing fatty acid production of an HL mutant by high-density growth.
Given the extracellular production of lipids by some HL mutants, we wanted to test if
the productivity of these strains could be increased by the use of high-density cultures.
We reasoned that, if product (fatty acid) formation is tied to cell number, then
increasing culture density should increase the culture productivity. We opted to use a
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FIG 6 Fed-batch reactor production of fatty acids by HLM02 mutant compared to the parent strain, grown
with xylose as a carbon source. (A and B) Total biomass (A) and fatty acid content (B) in the fed-batch
reactor. (C) Productivity of fatty acids. (D) Yield of fatty acids per xylose consumed. Data are shown from
a representative bioreactor run for each strain; cell and medium fractions are stacked; error bars represent
standard deviations between technical replicates.

fed-batch bioreactor (31-33) to test this hypothesis, since it can bypass the negative
impacts of high (toxicity) or low (limitation) nutrient availability.

In these experiments, we used real-time measurement of reactor dissolved O, (DO)
as an indicator of substrate limitation (34), since decreased cellular respiration should
cause an increase in DO. This is illustrated for an R. sphaeroides xylose-fed culture in
Fig. S6: when the DO increases, nutrients are provided to the reactor, causing the DO
to decrease again, presumably when cellular respiration increases. This feeding cycle is
repeated iteratively throughout the reactor run in order to obtain high-density cultures.

When cells were grown in a fed-batch reactor using this feeding regimen and xylose
as a carbon source, cell density increased for ~120 h and then plateaued. Under these
conditions, the parent strain culture reached a maximal density of 7.9 g DCW/liter
(Fig. 6A), which had increased from 1.0 g DCW/liter in xylose batch culture, and the fatty
acid content was stable at ~7% of DCW (Fig. 6B), comparable to the ~5% observed in
a xylose batch culture (Fig. 5B). This small increase in fatty acid content of the parent
strain likely reflects lower O, tension in the fed-batch reactor than in the batch cultures.
However, growth in the fed-batch reactor increased total fatty acid productivity 10-fold,
from 0.05 g/liter in batch culture (Fig. 5A) to 0.50 g/liter (Fig. 6C). In addition, the fatty
acid yield from xylose increased from 1.4% (wt/wt) in the batch culture (Fig. 5C) to a
maximum of 3.6% in the fed-batch reactor (Fig. 6D).

To analyze the utility of using fed-batch reactors to increase product yield, we again
used HLMO2 since this was one of the two HL mutants with the highest productivity in
batch culture (see above). Under identical conditions, the HLM02 mutant grew at a
lower rate and to lower final cell density than the parent in the fed-batch reactor (4.7
g DCW/liter, an ~6-fold increase from 0.8 g DCW/liter in a xylose-fed batch culture)
(Fig. 6A). Despite this, HLM02 produced more than twice as much total fatty acids as the
parent strain (~1.3 g/liter at 120 h [Fig. 6C]), which is ~9 times the amount of fatty acid
produced by HLMO2 in batch culture. This demonstrates that growth in a fed-batch
bioreactor can be used to increase fatty acid productivity by some HL mutants, even
though there are differences in growth rate and total biomass production between this
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and a parent strain. We also found that the fatty acid content of the HLM02 mutant
increased over time, reaching ~33% of DCW at 100 h (Fig. 6B). This represents an
~5-fold increase in fatty acid content of HLM02 compared to the parent strain under
the same conditions and an 85% increase compared to the fatty acid content of HLMO02
grown on xylose in a batch culture. In addition, a higher percentage of the fatty acids
produced by HLMO02 were secreted in the fed-batch reactor than in the batch culture
(up to 69% of the total fatty acids [Fig. 6C]). When these cells were examined by TEM,
we observed extracellular structures around and away from the cells (Fig. S7), at a level
that appears higher than that of the same strain grown in batch culture (Fig. 3C and F).

Finally, we found that fatty acid yield per xylose consumed (percent [wt/wt]) in the
fed-batch bioreactor was more than doubled in HLM02 compared to the parent strain
at all time points tested (Fig. 6D). The maximum fatty acid yield observed for HLMO02 in
the fed batch reactor (8.4%) represents ~24% of the maximum theoretical yield from
cells using xylose as a carbon source (35% [see above]).

DISCUSSION

The diverse lifestyles and metabolic activities of microbes make them attractive
hosts for the production of fuels, chemicals, and other compounds. In order to achieve
high-enough yields to be cost-competitive alternatives, a combination of metabolic
engineering and process optimization, often tailored to the organism and product, is
necessary.

Microbial lipids are an example of molecules that have advantages for use as fuels
or chemicals that are currently derived from petroleum (7). In this study, we took a
unique approach to understanding how to increase accumulation of microbial lipids.
We sought to use a well-studied bacterium, R. sphaeroides, which has a native ability to
increase its lipid content, to increase the synthesis of lipids. We identified a set of
mutations that increase the lipid content of R. sphaeroides, with several of these leading
to the secretion of lipids and one HL mutant producing lipids at levels found in
oleaginous microbes.

Properties of the HL mutants. The HL mutants that we identified had increased
sensitivity to cell wall- and membrane-targeting drugs, changes in cell shape, outer
membrane (OM) protrusions, and secreted lipids. These phenotypes suggest that many
of the HL mutants have cell envelope alterations which in some strains lead to release
of cellular lipids. It is noteworthy that increased lipid production by wild-type R. spha-
eroides involves changes in the cell envelope: cells increase their inner membrane
surface area by creating ICM vesicles that protrude into the cytoplasm (15). We are not
aware of other reports of changes in the cell envelope leading to increased cellular lipid
content. It is also unknown whether any genes disrupted in the HL mutants play a role
in assembly of the ICM, which normally occurs at low O, tensions in this bacterium.

Genetic links of HL mutants to the cell envelope. While none of the genes
disrupted in the HL mutants have previously been studied in R. sphaeroides, many of
them had predicted functions associated with the cell envelope. RSP0355 (inactivated
in HLMO07) encodes one of several periplasmic serine protease (DegP) homologues in
this bacterium, a protein that in other bacteria functions in protein quality control,
degrading misfolded periplasmic proteins (35). RSP2543 (inactivated in HLMO08) en-
codes a putative periplasmic cell wall hydrolase that contains a signal peptide (Table 1),
a LysM peptidoglycan binding motif (36), and a Gly-Gly endopeptidase domain, sug-
gesting that this protein plays a previously unreported role in peptidoglycan remod-
eling. RSP2745 (inactivated in HLMO09) is a putative Stealth family protein (37), which in
bacteria can function in exopolysaccharide synthesis (37). Finally, the gene inactivated
in HLM10 (RSP2293) encodes the ClpA subunit of the Clp protease that functions in
cellular protein quality control and can function in in numerous processes. ClpA
mutants in some Pseudomonas species have cell envelope-related phenotypes (38, 39).

The HL mutants that secrete lipid into the medium (HLMO1, HLMO02, and HLMO5)
map to two loci. The gene inactivated in HLMO5 (RSP1200) encodes an uncharacterized
conserved protein that contains a CSP/antigen 5/Pr11 (CAP) domain. Homologues of
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RSP1200 are typically secreted, acting extracellularly in signal transduction or protein
modification (40); some family members are known to bind lipids (41, 42). HLMO01 and
HLMO2 contain disruptions in a sensor histidine kinase (NtrY) and its cognate response
regulator (NtrX). The most recent phylogenetic analysis indicates that NtrX homologues
are found across the bacterial phylogeny, with most homologues found in alpha-, beta-,
gamma-, and deltaproteobacterial genomes (43). In systems where it has been studied,
the NtrYX pathway has been implicated in controlling exopolysaccharide production
(44), as well as regulating respiratory and anaerobically induced processes (45-49).
Future analysis of R. sphaeroides NtrYX target genes can determine how they impinge
on the cell envelope, lead to the HL phenotype, and result in extracellular production
of fatty acids and possibly other membrane-associated compounds.

Finally, some HL mutants disrupt genes whose products cannot be linked to the cell
envelope at this time. RSP3218 (inactivated in HLMO03) encodes a nitroreductase that is
predicted to function in vitamin B,, biosynthesis, RSP1422 (inactivated in HLMO6)
encodes a chromosome-partitioning protein, and RSP1056 (inactivated in HLMO04) is a
putative histidine kinase, but its cognate response regulator and cellular function are
unknown. In these cases, additional experiments are needed to understand how these
mutations lead to their phenotype. It is also possible that loss of the Tn5-mutated gene
is not directly responsible for the observed HL phenotype. We have shown that loss of
NrtYX leads to the HL phenotype observed in HLMO1 and HLMO02; however, other
mutants may contain a secondary mutation causing or contributing to the observed
phenotype.

Lipid secretion by some HL mutants. When R. sphaeroides naturally increases its
lipid content, it sequesters the lipids in intracellular membranes, and so it was unex-
pected to find that several HL mutants secreted lipids. From analysis of other bacteria,
lipid secretion often occurs by export of free fatty acids or outer membrane vesicle
(OMV) formation (50-52). For the HL mutants with the highest levels of secreted lipid
(HLMO1, HLMO02, and HLMO05), lipid phosphorus assays indicated the presence of
extracellular phospholipid (Fig. S5). The extracellular structures in HLMO1 and HLMO02
cultures (Fig. 3B, C, F, and G) do not resemble bacterial OMVs, which typically appear
as 20- to 250-nm spherical vesicles (53). However, the medium of HLMO5 does contain
spherical vesicles in the 20- to 50-nm range (Fig. 3H). Further studies are needed to
analyze the process of lipid secretion and the chemical composition of the secreted
material.

R. sphaeroides as an oleaginous bacterium. The ability of R. sphaeroides to
increase production of hydrophobic compounds has led to its use as a source of
isoprenoids, quinones, and other chemicals (32, 54, 55). The utility of bacteria as
microbial sources of valuable products is often enhanced by the ability to grow cells to
high cell density. Growing HLMO02 in a fed-batch bioreactor increased total fatty acid
productivity ~8-fold over what is observed in batch culture. Additionally, in the
fed-batch bioreactor, the total fatty acid content of HLM02 was ~33% of DCW, classi-
fying this strain as an oleaginous bacterium. We are not aware of any previous
examples of a microbe accumulating over 20% of its biomass as phospholipid; typically,
oleaginous organisms accumulate triacylglycerols or wax esters (1, 56). The fatty acid
yield for HLMO02 in the fed-batch bioreactor was 24% of maximum theoretical yield, a
substantial improvement over wild-type cells when one considers that this strain
contains only one genetic lesion. Further increases in lipid productivity in this and other
HL mutants may be possible with additional metabolic engineering, introducing other
gene disruptions identified in this study (Table 1) or strategies that have been success-
ful in other organisms to increase flux through fatty acid biosynthesis or decrease
B-oxidation (22, 23).

Several of our observations may help increase the feasibility of lipid production,
either in this or in other bacteria that can be engineered to contain cell envelope
changes. First, bioproduct secretion can increase production beyond the amount that
can fit within the cell and minimize any toxicity of the product. Second, bioproduct
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secretion could simplify harvesting, separation, and subsequent product processing
(57, 58). In addition, at least one of the HL mutants (HLM02) retained its phenotype
when grown on several different carbon sources, suggesting that its utility as a host will
be retained when cells are grown on more complex media. Finally, we found that the
HLMO02 mutant could overproduce and secrete a novel furan-containing fatty acid that
has potential value in the biofuel, biochemical, and pharmaceutical industries.

In sum, we have increased our knowledge of factors that control lipid production
and created an oleaginous strain of R. sphaeroides, HLM02. We propose that in many of
the HL mutants, alterations in the cell envelope lead to increased lipid content. The
novel properties of these HL mutants also suggests that similar changes in the cell
envelope could be used to increase production of lipids or hydrophobic products in
other microbes.

MATERIALS AND METHODS

Bacterial strains and growth conditions. R. sphaeroides strains (see Table S1 in the supplemental
material) were grown in Sistrom’s minimal medium (SIS) (59), with 4 g/liter succinate or, where indicated,
glucose, xylose, or lactate. Aerobic batch cultures of 10 to 20 ml were grown in 125-ml flasks with shaking
at 200 rpm, at 30°C. For liquid photosynthetic growth (anaerobic), completely filled screw-cap tubes were
incubated in front of an incandescent light box with a light intensity of 10 W/m2? measured through a red
glass filter. Cultures were grown to an optical density at 600 nm (ODgq,) of 0.5 to 1.5 for analysis.
Escherichia coli strains were grown at 37°C in LB broth (60). When necessary, media were supplemented
with 50 pg/ml kanamycin, 25 ug/ml spectinomycin, 30 or 50 ug/ml trimethoprim (for R. sphaeroides and
E. coli, respectively), and 10 uM isopropyl-B-p-1-thiogalactopyranoside (IPTG).

Transposon mutagenesis and Nile red screening. The transposon delivery plasmid pRL27 (61) was
conjugated into R. sphaeroides A0382 using E. coli donor strain BW20767. Individual exconjugant colonies
from SIS agar plates were inoculated into 200 ul SIS plus kanamycin in 96-well plates, grown in a
humidified incubator with shaking at 30°C to saturation (3 days), and diluted into SIS containing 5ug/ml
Nile red in Nunc 96-well black optical-bottom plates (Thermo Scientific). After ~14 h of incubation,
fluorescence (excitation, 530 nm; emission, 580 nm) and absorbance (650 nm and 850 nm) were
measured in an Infinite M1000 plate reader (Tecan). For strains with fluorescence divided by ODg, that
was =60% higher than the plate average, Nile red staining was repeated with replicates before cellular
fatty acid analysis (see "Analytical procedures” section below). Transposon insertion sites were identified
by cloning transposon-containing fragments from BamHI-digested genomic DNA (61).

Chemical sensitivity analysis. Compounds (Table S2) were tested for their effects on growth of the
parent strain to determine the highest doses that cause <30% growth reduction. Parent and HL mutant
strains were grown in the presence of the chemicals, or dimethyl sulfoxide (DMSO) as a control, in 96-well
plates at 30°C with shaking for 48 h. Final ODs were read at 595 nm on an Infinite F500 microplate reader
(Tecan). For each strain, final ODs for each treatment were divided by the OD of the DMSO control for
that strain to determine relative cell growth, and then the growth value for each treated culture was
normalized by the parent strain growth under the same condition. Two-way clustering was performed
with Cluster 3.0 and visualized with Java TreeView software (62).

Fed-batch bioreactor cultures. Fed-batch cultures were grown in an Applikon biofermentor (3-liter
autoclavable microbial BioBundle; Applikon Biotechnology) using an adapted SIS medium (ASIS). ASIS
contained a 20-fold-higher concentration of xylose, a 25-fold-higher concentration of ammonium sulfate,
a 2-fold-higher concentration of dipotassium phosphate, and 5-fold-higher concentrations of all other SIS
components. For inoculation, 1 liter SIS was mixed with 50 ml of a succinate-grown batch culture. During
operation, pH, DO, and temperature were monitored and controlled by external programmable logic
controllers (ez-Control; Applikon Biotechnology). The pH was maintained between 6.95 and 7.05 with
additions of 1 M H,SO, or 10 M KOH, compressed air was used to provide aeration, temperature was
maintained at 30°C, and ASIS medium was used to provide nutrients. DO was maintained below 5% of
saturated air by fixed aeration rate and feeding ASIS.

Analytical procedures. As indicated, analysis was performed on either the whole culture or on the
cells or medium after centrifugation (10,000 X g for 15 min at 4°C). Samples from the fed-batch reactor
were diluted with deionized water before lipid extraction. Lipid extraction with chloroform-methanol,
esterification, gas chromatography-mass spectrometry (GC-MS) analysis, and quantification were per-
formed (63) using 2.5-ml samples. For lipid phosphorus measurements, dried lipid extracts from 2.5-ml
samples were digested with perchloric acid before measuring phosphorus content (64). Organic acids
and sugars were analyzed by high-performance liquid chromatography (HPLC) (65, 66). Samples were
prepared by filtering aliquots of the culture with an 0.22-um filter before injection into the HPLC. DCW
was calculated by measuring chemical oxygen demand (COD) per liter and using the conversion factor
of 1.47 g COD/g DCW, which was determined from the composition of R. sphaeroides 2.4.1 biomass (27),
adjusted for the lack of PHB in the parent and HL mutant strains, C;Hg.450,.,3N0.,,50.4,P0.,,. COD was
analyzed using high-range COD test kits (Hach) according to the manufacturer’s protocols. Medium
fractions were stained with 5 ug/ml Nile red, and fluorescence was measured as described above for Nile
red screening. LPS was measured using the Pierce Limulus amoebocyte lysate (LAL) chromogenic
endotoxin quantitation kit (Thermo Scientific) according to the manufacturer’s protocol. To estimate
LPS-associated fatty acid levels, the following conversion factors were used: 1 endotoxin unit (EU) of LPS
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equals 100 pg, T mol LPS equals 10,000 g, and R. sphaeroides LPS contains 5 acyl chains per molecule (67).
P values for statistical significance were calculated by unpaired t test using GraphPad QuickCalcs.

Microscopy. For TEM whole mounts, 5 ul of cell suspension was applied to a TEM grid, poststained
with a negative stain (NanoW; Nanoprobes), blotted after 30 s, and allowed to air dry. TEM samples were
examined using a Tecnai T-12 TEM (FEI) operating at 120 kV with a LaB6 filament. Images were collected
digitally with a 2x2K Ultrascan 1000 charge-coupled device (CCD) (Gatan).
For SIM analysis, cells were fixed by being added to an equal volume of 4% paraformaldehyde,
incubated for 45 min, and washed twice with phosphate-buffered saline (PBS). For staining, 2.5 ul cell
suspension, 42.5 ul PBS buffer, and 5 ul Nile red stock solution (1 mg/ml in ethanol) were mixed,
incubated for 10 min, centrifuged, and resuspended in PBS. Samples were dropped onto polylysine-
coated glass coverslips. Superresolution fluorescence images were collected with a Zeiss Elyra S1
structured illumination microscope. The 63X oil immersion objective, 488-nm wavelength laser fluores-
cence excitation source, and emission 495- to ~550-nm band-pass filter were used. Seventy-five or more
cells per sample were measured by custom Matlab scripts.
Strain construction. Deletion of the ntrX and ntrY genes (RSP2839 and RSP2840) was used to create
the ANtrYXpd strain using the nonreplicable integration vector pK18mobsacB (68). Both open reading
frames (ORFs) plus ~1 kb of flanking DNA sequences on either side were amplified from genomic DNA
with primers containing Xbal and Hindlll restriction sites. This PCR product was inserted into
pK18mobsacB to create plasmid pKCL20. The entire coding regions of RSP2839 and RSP2840 were
deleted from the plasmid by performing PCR with primers facing outward from the upstream end of
RSP2839 and the downstream end of RSP2840 and ligation of the resulting fragment with T4 DNA ligase
(Promega) to create pKCL21. E. coli S17-1 was used for conjugation of pKCL21 into R. sphaeroides A0382
(20). Single crossovers were selected by kanamycin resistance, and double crossovers were selected by
loss of sucrose sensitivity. The AChrRANtrYXpd strain was created by deleting chrR using plasmid
pJDN27, as described previously (69).

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/mBio
.00513-17.
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