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ABSTRACT Bacterial fermentation of carbohydrates from sustainable lignocellulosic
biomass into commodity chemicals by the anaerobic bacterium Clostridium acetobu-
tylicum is a promising alternative source to fossil fuel-derived chemicals. Recently, it
was demonstrated that xylose is not appreciably fermented in the presence of arabi-
nose, revealing a hierarchy of pentose utilization in this organism (L. Aristilde, 1. A.
Lewis, J. O. Park, and J. D. Rabinowitz, Appl Environ Microbiol 81:1452-1462, 2015,
https://doi.org/10.1128/AEM.03199-14). The goal of the current study is to characterize
the transcriptional regulation that occurs and perhaps drives this pentose hierarchy.
Carbohydrate consumption rates showed that arabinose, like glucose, actively re-
presses xylose utilization in cultures fermenting xylose. Further, arabinose addition to
xylose cultures led to increased acetate-to-butyrate ratios, which indicated a transition
of pentose catabolism from the pentose phosphate pathway to the phosphoketolase
pathway. Transcriptome sequencing (RNA-Seq) confirmed that arabinose addition to
cells actively growing on xylose resulted in increased phosphoketolase (CA_C1343)
mRNA levels, providing additional evidence that arabinose induces this metabolic
switch. A significant overlap in differentially regulated genes after addition of arabinose
or glucose suggested a common regulation mechanism. A putative open reading frame
(ORF) encoding a potential catabolite repression phosphocarrier histidine protein (Crh)
was identified that likely participates in the observed transcriptional regulation. These
results substantiate the claim that arabinose is utilized preferentially over xylose in C.
acetobutylicum and suggest that arabinose can activate carbon catabolite repression via
Crh. Furthermore, they provide valuable insights into potential mechanisms for altering
pentose utilization to modulate fermentation products for chemical production.

IMPORTANCE Clostridium acetobutylicum can ferment a wide variety of carbohy-
drates to the commodity chemicals acetone, butanol, and ethanol. Recent advances
in genetic engineering have expanded the chemical production repertoire of C. ace-
tobutylicum using synthetic biology. Due to its natural properties and genetic engi-
neering potential, this organism is a promising candidate for converting biomass-
derived feedstocks containing carbohydrate mixtures to commodity chemicals via
natural or engineered pathways. Understanding how this organism regulates its me-
tabolism during growth on carbohydrate mixtures is imperative to enable control of
synthetic gene circuits in order to optimize chemical production. The work pre-
sented here unveils a novel mechanism via transcriptional regulation by a predicted
Crh that controls the hierarchy of carbohydrate utilization and is essential for guid-
ing robust genetic engineering strategies for chemical production.

KEYWORDS Clostridium acetobutylicum, RNA-Seq, biofuel, carbohydrate metabolism,
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he genus Clostridium is composed of Gram-positive, spore-forming, obligate anaer-

obic bacteria. While proteolytic species such as Clostridium perfringens, Clostridium
difficile, Clostridium tetani, and Clostridium botulinum are human pathogens, many are
harmless saccharolytic residents of animal intestines and soil (1). These organisms play
a vital role in the carbon cycle through fermentation of the carbohydrates found in
biomass. The capacity of solventogenic clostridia to convert carbohydrates to valuable
solvents and hydrogen gas has long been commercially harnessed in a process known
as acetone-butanol-ethanol (ABE) fermentation. ABE fermentations have traditionally
employed expensive food-based feedstocks, which made the process economically
unfavorable compared to petroleum-based production (2). Rising costs of petroleum
and global food shortages have led to increased interest in fermentation of lignocel-
lulosic biomass, such as switch grass and elephant grass, as well as waste plant matter
from agricultural and lumber industries (i.e., wheat straw, corn stover, and sawdust) (3).

Lignocellulosic biomass is the most abundant renewable resource for biofuel pro-
duction, is widely available at low cost, is generally not utilized, and can contain up to
70 to 80% (wt/wt) carbohydrates that can be readily utilized for fermentation (4, 5).
After acid pretreatment and enzymatic hydrolysis of polysaccharides to soluble sugars,
the weight/weight sugar composition of wheat straw, a representative lignocellulosic
biomass, is 56% D-glucose, 38% D-xylose, and 4% L-arabinose (6). Due to the sugar
composition of lignocellulosic biomass and the historical use of clostridia in ABE
fermentations, there has been great interest in investigating how the organism utilizes
xylose and arabinose in the presence of glucose (7, 8). A greater understanding of these
control mechanisms will potentially enable full, simultaneous utilization of hexoses and
pentoses from lignocellulosic biomass and allow for fine-tuning of preferred end
products. A schematic of the currently understood utilization pathways for these
pentose sugars is depicted in Fig. TA (9-14). Arabinose and xylose are thought to be
transported into the cell by sugar cation symporters with the catabolic pathways for the
two pentoses converging at xylulose-5-P.

The phosphoketolase pathway (PKP) was characterized in our lab and indepen-
dently by Liu et al. and was shown to be important during pentose metabolism (15,
16) (Fig. 1A). The PKP requires a single enzyme, phosphoketolase (CA_C1343). In
Clostridium acetobutylicum, the phosphoketolase is bifunctional, cleaving xylulose-
5-P to glyceraldehyde-3-P and acetyl-P, as well as fructose-6-P to erythrose-4-P and
acetyl-P (15, 16). Recent studies have investigated the roles of the pentose phosphate
pathway (PPP) and the PKP during fermentation of xylose and arabinose individually, as
well as in cofermentations of the two pentose sugars (15-18). Microarray analysis
revealed significantly higher levels of phosphoketolase (CA_C1343) mRNA in cells
grown on arabinose compared with glucose (19.4-fold) or xylose (6.7-fold), suggesting
that flow through the PKP increases when cells are grown with arabinose as the carbon
source compared to glucose or xylose (15, 19). The flux of arabinose through the PKP
has been quantified using '3C flux and confirms that the cells favor the PKP during
growth on arabinose (16-18). Aristilde et al. also observed that C. acetobutylicum, like
Escherichia coli, has a preference for arabinose over xylose (17). In addition, Liu et al. and
Sund et al. discovered that catabolic flux through the PKP in C. acetobutylicum can be
increased with higher xylose concentrations (16, 18). Recent metabolic flux analyses
corroborate our previous findings that arabinose is metabolized via the PKP to a greater
extent than xylose when grown on similar substrate concentrations (17, 18).

C. acetobutylicum, when grown on a mixture of sugars, will utilize the preferred
sugar(s) before consuming any other sugars present, as is the case for many bacteria (5).
This process of preferred sugar consumption is known as carbon catabolite repression
(CCR) (20). Glucose and mannose are favored by C. acetobutylicum, and their dominance
over xylose and arabinose is well characterized (21). In Gram-positive bacteria, glucose-
mediated CCR is governed by the phosphoenolpyruvate-dependent phosphotransfer-
ase system (PTS) and the catabolite control protein A (CcpA), which binds catabolite-
responsive elements (CRE) in the genome (20). Phosphorylation of phosphocarrier
histidine protein (HPr) at a C-terminal serine by HPr kinase results in HPr-S-P, which then
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FIG 1 Schematic of pentose catabolism and the genomic structure of the involved genes. (A) Arabinose and xylose
metabolism via the pentose phosphate pathway (PPP) (green arrows) and the phosphoketolase pathway (PKP) (red arrows).
(B) Map of arabinose and xylose metabolism-associated genes: xylose associated (yellow arrows), arabinose associated (blue
arrows), PPP genes (green arrows), and phosphoketolase (red arrow). The pattern within each arrow illustrates operon
grouping. Turquoise bars indicate AraR binding sites, purple bars indicate XyIR binding sites, and gray bars indicate CcpA
binding sites (CRE). Striped bars indicate color-respective repressor sites proposed in this article. Asterisk indicates gene
previously identified as an XylIR, but most likely incorrectly annotated. Data from references 9, 10, 23, and 28 were used and
expanded upon to construct these schematics.

binds to CcpA, generating the functional repressive complex (22). Catabolite regulation
by CcpA has been characterized in C. acetobutylicum, and genes encoding HPr and HPr
kinase are present in the genome (23, 24). In some other Gram-positive bacteria, a
second protein Crh (catabolite repression HPr) can be phosphorylated by HPr kinase
and activate CcpA (25). In contrast to CcpA, Crh proteins cannot phosphorylate enzyme
| of the PTS because of a glutamine residue present at the N-terminal histidine
phosphorylation site that is required for PTS phosphorylation (26). CRE sites are found
within the promoter or coding sequence of operons for nonpreferred carbohydrates
and allow PTS-mediated inhibition of their transcription (27). CcpA binding sites in the
C. acetobutylicum genome have been identified computationally both within and
upstream of coding regions for xylose and arabinose metabolic genes using the Bacillus
subtilis CRE consensus sequence as well as by electrophoretic mobility shift assay
(EMSA) (23, 28). C. acetobutylicum transcriptional profiles confirm that genes with
predicted CcpA binding sites are significantly repressed in the presence of glucose (14,
19). It is unknown if pentose metabolism in C. acetobutylicum can generate similar
regulation.

In C. acetobutylicum, pentoses are thought to be transported via proton symporters
and therefore are not expected to interact with components of the PTS (29). The
regulators of xylose and arabinose catabolic genes, XyIR and AraR, respectively, act as
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repressors of transcription in C. acetobutylicum (9, 30). Although two proteins have
been proposed to perform the function of the xylose repressor XylR (CA_C3673 and
CA_C2613), it is most likely that CA_C2613 is the primary xylose repressor based on
experimental findings and data presented here (10, 28, 30). XyIR binding sites have
been identified both computationally and experimentally upstream and within the
predicted CA_C2612-CA_C2611-CA_C2610 operon and computationally for the
CA_C3451-CA_C3452 operon (10, 28). Elevated transcript levels for these genes have
been recorded for cells grown on xylose compared to those grown on arabinose or
glucose, suggesting that the predicted XylR and CRE sites are functional (14, 19).
Rodionov et al. identified AraR (CA_C1340) binding sites upstream of CA_C1339,
CA_C1340, the predicted CA_C1341-CA_C1342 operon, CA_C1343, the predicted
CA_C1344-CA_C1349 operon, and the predicted CA_C1529-CA_C1530 operon (28). The
binding of AraR to these sites was confirmed by EMSA, and mRNA levels of these genes
were found to be higher in cells grown on arabinose than in xylose or glucose cultures
(9). One notable exception is CA_C1339, a proposed xylose importer gene, which has
a unique transcription profile with high mRNA levels in cells grown on xylose, moderate
levels for those on arabinose, and extremely low levels on glucose (Fig. 1B) (9, 14,
19, 28).

Pentose metabolism has been studied extensively in E. coli, a Gram-negative bac-
terium, where arabinose has been shown to be preferentially utilized over xylose
(31-34); however, this phenomenon has not been extensively explored in Gram-
positive bacteria. We previously observed a significant disparity in the growth rate of C.
acetobutylicum ATCC 824 when fermenting arabinose compared to xylose, with xylose-
fermenting cultures growing significantly slower and having a substantially longer lag
phase (19). This extended lag phase was also observed in Fig. S5 in the supplemental
material from Aristilde et al. (17), in which the carbohydrate was almost completely
consumed in an arabinose-fed culture before the culture fed with xylose began to
appreciably utilize the sugar (17). Additionally, Aristilde used '3C flux analysis to show
that there was a preference for arabinose over xylose when the organism was provided
both pentoses simultaneously (21).

Although the preferential utilization of arabinose over xylose in C. acetobutylicum
has been documented, the mechanism (or mechanisms) driving this preference is not
known. A better understanding of the mechanism behind the preferential use of
arabinose over xylose would be beneficial in order to identify methods to fully utilize
all the fermentable sugars present in readily available lignocellulosic biomass. We
hypothesized that active repression of xylose utilization via transcriptional control will
occur in the presence of arabinose. To test this hypothesis, we examined the effects of
addition of glucose, arabinose, or xylose independently to C. acetobutylicum cultures
actively growing on xylose. In addition to performing transcriptome sequencing (RNA-
Seq) at various time points after addition of supplemental sugar, we examined growth,
accumulation of organic end products, and carbohydrate utilization.

RESULTS

(i) Growth. C. acetobutylicum ATCC 824 was grown on xylose with different carbo-
hydrate supplementations during early exponential growth to measure the effects of
such additions. Noticeable effects on the cultures’ growth profiles at the beginning of
the exponential growth phase were observed when the cultures were initially grown on
0.5% xylose and subsequently supplemented with 0.25% arabinose [(+)Ara], 0.25%
glucose [(+)Glu], 0.25% xylose [(+)Xyl], or no additional sugar [(+)None] as shown in
Fig. 2A. (+)None and (+)Xyl cultures had similar doubling times, and addition of xylose
extended exponential growth in (+)Xyl by approximately 2 h beyond that seen in
(+)None. The growth rates in the (+)Ara cultures were significantly increased over the
other three culture conditions and reached their maximum doubling time by the 2nd
hour after sugar supplementation, whereas the (+)Glu cultures did not reach their
maximum doubling time until between hours 3 and 5 (Fig. 2A).
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FIG 2 Arabinose supplementation alters growth rate, global sugar consumption, and acid production in C. acetobutylicum. (A) Growth
curves of cultures after supplemental sugar addition. Error bars are standard deviations. * indicates two-tailed Student’s t test <0.01
for (+)Ara compared to (+)Glu, (+)Xyl, or (+)None. (B) Global sugar consumption in each culture was monitored after supplemental
sugar addition by quantifying the amount of each sugar in the medium at each time point. Error bars are standard deviations. (C)
Change in xylose concentration normalized to average ODg,, for each hour after supplemental sugar addition. (D) Acetate
concentrations in culture medium were monitored every hour after supplemental sugar addition, and reported values are the average
from all experiments. (E) Butyrate concentrations in culture medium were monitored every hour after supplemental sugar addition,

and reported values are the average from all experiments.

(ii) Sugar consumption. Addition of xylose increased the amount of time that it
took (+)Xyl to be completely depleted of xylose compared to (+)None, which was
expected (Fig. 2B). The (+)Ara depleted arabinose and xylose in the medium after
approximately 4 h and 8 h, respectively, while (+)Glu depleted glucose from the
medium after 5 h and still had greater than 25% of the initial xylose after 10 h of
fermentation (Fig. 2B).
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Since there were differences in growth rates between the cultures on the various
sugars, we normalized xylose consumption based on optical density at 600 nm (OD,)
and expressed it as the change in xylose concentration per the average ODy, (average
of ODg,, at beginning and end of time corresponding to AmM measurements) per hour
designated AmMM/ODgqpayvgy/h (Fig. 2C). Xylose in (+)None and (+)Xyl was depleted
initially at a rate of between 3.0 and 4.0 AmM/ODgg4ayq/h during the first 2 h
postaddition and stayed above 2.0 AMM/ODgqg(ayq/h through most of the exponential
growth phase. Xylose consumption in (+)Glu was dramatically slowed, dropping to
below 1.0 AMM/ODggp(avg/h by hour 3 and reaching 0.36 AmM/ODgg(ayq)/h at hour 5,
at which point the glucose was exhausted from the medium. Xylose consumption in
(+)Ara was even lower than was observed in (+)Glu after 2 h [1.24 versus 1.72
AmM/ODgavgy/h] and equivalent to it after 3 h [0.87 AMM/ODggqayq/h]. Once arab-
inose was depleted at hour 4, the rate of xylose consumption matched that seen in
(+)None (Fig. 2Q).

(iii) Metabolic output. Both xylose and arabinose are known to be metabolized
through the PPP (which favors butyrate production) and PKP (which favors acetate
production), and the relative flux through the two pathways is reflected in the ratio and
concentration of acetate and butyrate produced (17). Compared to the PPP, the PKP
oxidizes a lower proportion of carbon to CO,, which is coupled to a decrease in the
reduction of the electron carriers NAD* and ferredoxin. The decreased reduction of
NAD™* to NADH in the PKP lessens the need to use acetyl coenzyme A (acetyl-CoA) as
an electron acceptor to reoxidize NADH to NAD* through butyrate formation. This
allows the cells to use acetyl-CoA for ATP formation via conversion to acetate, which
yields 1 ATP/acetyl-CoA, compared to butyrate formation, which yields 0.5 ATP/acetyl-
CoA (18). Final concentrations of acetate (Fig. 2D) and butyrate (Fig. 2E) were measured
in order to infer the influence that sugar addition may have on relative flux through the
PPP and PKP. The final (+)None and (+)Xyl acetate-to-butyrate ratios were similar,
0.51 £0.06 and 0.48 = 0.03, respectively. Glucose addition resulted in a two-phase
production of acetate and butyrate and had a final ratio of 0.51 = 0.02, which is
comparable to the (+)None and (+)Xyl. Compared to the other cultures, (+)Ara had
much higher concentrations of acetate, 39 = 0.4 mM, but similar final concentrations of
butyrate, resulting in a final acetate-to-butyrate ratio of 1.3 = 0.2.

(iv) Transcriptional analysis. To measure transcriptional responses to sugar sup-
plementation of cultures actively growing on xylose, transcriptome sequencing (RNA-
Seq) was performed for each condition over a 60-min time period after supplemental
sugar addition. RPKM (Reads Per Kilobase of transcript per Million mapped reads) values
were calculated, and genes that met the statistical cutoffs described in Materials and
Methods were examined further. Hierarchical clustering of Euclidean distances for
samples and genes was performed on the filtered gene set, and the results are
presented in Fig. 3A. (+)Ara 15- and 30-min samples clustered most closely to the
preaddition samples, and (+)Ara 60 min clustered most closely with the (+)Glu (15-,
30-, and 60-min) samples, with (+)Glu 60 min clustering closest to (+)Ara 60 min.
Further analysis of the differentially expressed genes indicated that 190 and 278 genes
had altered mRNA expression levels after addition of arabinose and glucose, respec-
tively. Of the differentially expressed genes, 146 were common between arabinose and
glucose addition and 89 of these genes have been shown to be controlled by CcpA (23)
(Fig. 3B). Gene clustering showed that genes controlled by CcpA and AraR or XyIR were
clustered together, but CcpA-controlled genes that lacked AraR or XyIR control did not
show a distinct clustering pattern (Fig. 3A, columns on right-hand side). Two notable
genes are xfp (CA_C1343) and CA_C0149, which did not cluster closely with other
differentially expressed genes. Phosphoketolase is encoded by xfp, and this gene differs
from other AraR-controlled genes because it appears to lack a CRE site. CA_C0149,
which has a predicted CRE site, was the most differentially regulated gene, with mean
RPKM values of 69,182 and 61,658 for (+)Glu and (+)Ara preaddition samples, respec-
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FIG 3 Comparison of differentially expressed genes. (A) Cultures actively growing on xylose were
supplemented with an additional sugar (glucose or arabinose), and samples were taken for RNA-Seq at
15, 30, and 60 min after supplementation. Heat map and hierarchical clustering results of differentially
regulated genes from RNA-Seq samples. The columns on the right indicate the presence of CcpA, AraR,
or XyIR binding sites in coding or promoter regions of the genes. CA_C0149 (hypothetical) and CA_C1343
(xfp) are noted. Samples on the x axis are labeled by the supplemental sugar and the time point (i.e.,
Glu-T15 = glucose supplementation culture 15 min after supplemental sugar addition). (B) Venn diagram
showing overlap between genes differentially regulated after arabinose addition or glucose addition
with genes containing CcpA binding sites at 60 min after supplemental sugar addition. (C) Temporal
response of CA_C0149 after addition of supplemental sugars. Each point represents a biological replicate.
The x axis marks time after carbohydrate supplementation, and the y axis marks the CA_C0149
expression level in terms of reads per kilobase of transcript per million mapped reads (RPKM). Each panel
displays results for each different carbohydrate supplementation: glucose (Glu), arabinose (Ara), xylose
(Xyl), or no carbohydrate (None).

tively, and 1,697 and 2,040 in the (+)Glu 60 min and (+)Ara 60 min samples, respec-
tively (Fig. 3Q).

All of the differentially expressed genes were divided into groups based on the
presence and/or absence of a CcpA, AraR, and XyIR binding site (predicted and known;
see Materials and Methods), and the log, fold change (compared to preaddition
samples) of these genes was plotted for all time points to capture the temporal
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with identified CcpA, AraR, and XyIR binding sites. Each line represents a single gene, and the color of the line corresponds to the supplemental sugar added.

The other two possibilities, AraR/XyIR and XyIR, contained no differentially expressed genes and were not represented in this figure.

response to sugar addition (Fig. 4). For (+)Xyl and (+)None, there was very little change
in expression over the course of the experiment, regardless of presence or absence of
CcpA, AraR, or XylIR binding sites (see Fig. S1 in the supplemental material). There were
many genes without known or predicted CcpA, AraR, or XyIR binding sites that were
differentially expressed in response to glucose and/or arabinose addition. We removed
these genes from further analysis to focus on differential expression due to the
interplay of known transcription factors. There was a single differentially expressed
gene, CA_C1343 (xfp), with an AraR binding site and lacking CcpA and XyIR binding
sites that showed substantial changes in expression levels upon addition of arabinose
(Fig. 4A, orange line) and glucose (Fig. 4A, yellow line). Differentially expressed genes
with a CcpA binding site, but lacking AraR and XyIR binding sites, showed significant
changes in expression upon the addition of glucose, as expected (Fig. 4B, yellow lines),
and many of these genes were also modulated by the addition of arabinose; however,
the response to arabinose addition was delayed in some cases (Fig. 4B, orange lines).
Differentially expressed genes with CcpA and XyIR binding sites and lacking an AraR
binding site showed decreased expression over time upon addition of glucose (Fig. 4C,
msystems.asm.org 8
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yellow lines) and arabinose (Fig. 4C, orange lines). Differentially expressed genes with
CcpA and AraR binding sites but lacking a XyIR binding site were initially induced by
the addition of arabinose, but expression levels returned to near preaddition levels by
the 60-min time point (Fig. 4D, orange lines), whereas the expression of all of these
genes was repressed upon addition of glucose (Fig. 4D, yellow lines). The final group
analyzed were those differentially expressed genes with CcpA, AraR, and XyIR binding
sites (Fig. 4E). A single differentially expressed gene, CA_C1339, with all three binding
sites had reduced expression upon addition of glucose and arabinose, with a notable
delay in response to arabinose addition. The two other potential combinations of the
binding sites, CcpA(—)/AraR(+)/XyIR(+) and CcpA(—)/AraR(—)/XyIR(+), did not have
any genes that met the criteria for differential gene expression and consequently were
not included in this figure.

(v) Putative catabolite repression HPr (Crh). CA_C0149, encoding a putative Crh
of C. acetobutylicum, was the most differentially regulated gene upon addition of
glucose or arabinose (Fig. 3C). This gene was repressed in the presence of both sugars,
with a delayed response noticeable with addition of arabinose. Alignment of the
CA_C0149-derived amino acid sequence with Crh sequences from several Bacillus
species (Fig. 5A) shows similarity between these proteins. In the alignment, the
CA_C0149-encoded protein has a glutamine residue at position 26, which aligns with
the glutamine residues of the other Crh sequences and the histidine of the putative HPr
of C. acetobutylicum at the same position. This glutamine residue is a key difference
between Crh and HPr, as the histidine at this position is required for the HPr-mediated
phosphate transfer to the PTS (26). In addition, the CA_C0149-derived sequence
contains a serine at position 54, which aligns with serine residues of other Crh
sequences and the putative HPr of C. acetobutylicum. HPr kinase phosphorylates this
serine residue, thereby activating HPr/Crh, in turn leading to CcpA-mediated catabolite
repression in other organisms. Transcriptional levels of CA_C0149 during growth on 11
different carbohydrates were obtained from a previous study and show that expression
levels are higher during growth on less preferred carbohydrates (Fig. 5B) (19).

DISCUSSION

It has been demonstrated that C. acetobutylicum has a hierarchy of pentose utiliza-
tion, with arabinose being utilized preferentially to xylose when both sugars are present
at the beginning of the fermentation (17). This hierarchy could be due to inherent
differences in growth rates on the two pentoses as there is an extremely long lag phase
in C. acetobutylicum fermentations of xylose compared to arabinose, but there may be
other levels of regulation that play a role in arabinose preference. To further the
understanding of this pentose hierarchy, we monitored exponential-growth-phase
cultures utilizing xylose that were supplemented with one of the following sugars:
arabinose, glucose, or xylose. Measurements of growth, sugar utilization, and mRNA
transcript levels revealed that, as with glucose, addition of arabinose inhibits xylose
utilization and modulates transcription of xylose utilization genes and other CcpA-
controlled genes. Additionally, increased acetate/butyrate ratios after arabinose addi-
tion indicated that pentose metabolism likely shifted from the PPP to the PKP.

Previous studies showed that growth on glucose and arabinose is faster than on
xylose, and the experiments shown here confirm and expand upon that knowledge
(19). When arabinose was added to a xylose fermentation, the arabinose was rapidly
utilized and the growth rate increased. Glucose addition had a different effect, instead
maintaining growth comparable to control in the first 2 h with an increased growth rate
between hours 3 and 5 (Fig. 2A). This is counterintuitive to what was expected given
the growth rates on glucose or arabinose alone. The difference in the time to utilize the
two preferred carbohydrates could be due to the metabolic state of the cells upon
addition of arabinose or glucose. The machinery for glucose utilization is present and
only needs to be activated, which upon glucose addition could lead to a rapid influx of
glycolytic intermediates or generation of toxic by-products such as methylglyoxal, both
of which have been shown to inhibit metabolism (35, 36). In contrast, when arabinose
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FIG 5 Putative Crh (CA_C0149) alignment and mRNA expression levels. (A) Alignment of C. acetobutylicum HPr (HPR_CAC) and putative Crh
(CRH_CACO0149) with Crh proteins from several Bacillus species using the CLUSTALW (ver. 1.8) Multiple Sequence Alignment tool. CRH_BSU = B.
subtilis Crh, CRH_BLI = B. licheniformis Crh, CRH_BHA = B. halodurans Crh, CRH_BCL = B. clausii Crh. The blue box highlights the conserved
N-terminal histidine residue of HPr required for phosphotransfer to the PTS that is not present in the Crh proteins. The red box highlights the
conserved C-terminal serine residue that when phosphorylated promotes activation of CCR through interaction with CcpA. (B) Fold expression
of CA_C0149 in the indicated carbohydrate source relative to glucose expression in C. acetobutylicum obtained from a previous transcriptomic
study (19).

is added, importers and enzymes converting arabinose to xylulose-5-P must be syn-
thesized, causing a graded increase in arabinose uptake and utilization. We speculate
that this gradual increase in arabinose import unintuitively leads to rapid growth since
it avoids a sudden production of toxic intermediates.

Addition of glucose or arabinose reduced xylose utilization (Fig. 2B and C), thus
confirming that the presence of arabinose in the medium inhibits xylose utilization via
a mechanism that cannot entirely be due to a lower growth rate on xylose. Xylose
utilization in the (+)Ara cultures resumed rapidly upon depletion of arabinose. In
contrast, xylose utilization in the (+)Glu cultures took much longer to recover after
glucose was depleted (Fig. 2B). The difference in the time of resumption of xylose
utilization between the (+)Ara and (+)Glu is probably due to more metabolic machin-
ery for xylose utilization being present in the (+)Ara cultures than in the (+)Glu cultures
since arabinose and xylose are both metabolized via the PKP and PPP. These observa-
tions are consistent with a recent report showing that when cells are fed glucose-xylose
mixtures, the xylose is utilized only to produce PPP intermediates for biosynthetic
reactions (21). We cannot rule out the possibility that there are subpopulations that are
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consuming different sugars, as this has been observed in other bacteria and may play
a role in clostridia (31, 37, 38).

Recent publications show that arabinose favors carbon flux through the PKP com-
pared to the PPP and that the reduced oxidation of carbon to CO, when the PKP is
utilized results in an increase in acetate production (15-18). Xylose flux through the PKP
is concentration dependent, and the concentrations of xylose used in this study were
not expected to cause increased flux of xylose via the PKP (16, 18). This difference in
metabolism is reflected in the arabinose-supplemented culture, which has significantly
higher acetate production than any other condition, indicating that arabinose addition
shifted carbon flux from the PPP to the PKP (Fig. 2D). This is consistent with a recent
report by Aristilde et al., which showed high levels of flux through the PKP when cells
were fed xylose-arabinose mixtures (17). The shift to PKP metabolism is further sup-
ported by increased expression of the xfp gene upon addition of arabinose, which was
not seen under any of the other conditions (Fig. 4A). Final concentrations of acetate and
butyrate in the (+)Glu and (+)Xyl cultures are similar, which was expected because
molar equivalent amounts of carbon from glucose and xylose were converted to
acetyl-CoA and CO, through the Embden-Meyerhof-Parnas (EMP) pathway and the PPP
coupled to the EMP, respectively, resulting in nearly equivalent production of ATP and
reduced electron carriers (15).

Expression of XyIR- and AraR-controlled genes was severely reduced by 15 min after
glucose addition and continued to drop through the hour (Fig. 4). These results were
expected, since glucose-mediated CCR is well documented in C. acetobutylicum, and
the presence of CRE sequences associated with AraR- and XylR-controlled genes is the
likely mechanism for inhibition of xylose metabolism in the (+)Glu culture. Several
genes, including the PKP gene xfp (CA_C1343), lack identified CRE sites but were
repressed by glucose addition, indicating that these genes have unidentified CRE sites
or some other form of regulation (Fig. 4A). CCR mediated by glucose metabolism is well
understood, but it was not obvious how arabinose mediated repression of xylose
utilization in these cultures.

Sample clustering indicated that as time progressed, gene expression in the (+)Ara
and (+)Glu converged (Fig. 3A). There was a large overlap in the differentially expressed
genes at the 60-min time point, and many of these genes have been shown to be CcpA
controlled (Fig. 3B). The time delay between the glucose and arabinose responses is
evident in Fig. 4C when comparing the yellow and orange lines for glucose and
arabinose, respectively. The overlap between the samples indicated that arabinose was
activating CCR mediated by CcpA and Crh via the model proposed in Fig. 6. The
proposed model for arabinose activation of CCR is founded in the fact that in C
acetobutylicum arabinose metabolism is more rapid than xylose metabolism. An in-
creased metabolic rate would result in more rapid flux to the EMP pathway via
glyceraldehyde 3-phosphate (G3P), leading to higher fructose 1,6-bisphosphate (FBP)
levels and activation of HPr kinase (39) (Fig. 6). The aldolase reaction that converts FBP
into dihydroxyacetone phosphate (DHAP) and G3P has been shown to be highly
reversible in C. acetobutylicum, indicating that an increase of G3P would increase
FBP levels (40). The result would be phosphorylation of HPr and/or the putative Crh,
subsequently leading to CcpA-mediated CCR. The delay in repression by arabinose
relative to glucose was probably due to the need to produce CA_C1343 (xfp) in
order to increase flux to the EMP pathway via the PKP. This is in contrast to the
glucose utilization enzymes, which would have been present and immediately
available to metabolize glucose, consequently increasing EMP pathway flux and
resulting in CCR.

There have been very few Crh orthologues identified, and to our knowledge, the
only one putatively identified in Clostridium is in Clostridium cellulolyticum (41). In the
current and previous studies, transcript levels of the putative C. acetobutylicum Crh
gene (CA_C0149) were increased during growth on less preferred carbohydrates
(Fig. 5B). Active repression of CA_C0149 when preferred carbohydrates are added
coupled with a putative CRE site upstream of CA_C0149 indicates that expression of the
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FIG 6 Proposed role of putative Crh and mechanism of catabolite repression by arabinose in C. acetobutylicum. (A) Schematic
of central metabolic pathways and activation of CcpA-mediated CCR via phosphorylated HPr or Crh. Initial arabinose metabolic
steps are shown in red, and xylose metabolic steps are shown in green. The increased metabolic rates during growth on
arabinose compared to xylose are indicated by arrow thickness. Increased levels of FBP during growth on arabinose or glucose
compared to xylose could activate HPrK, leading to phosphorylation of HPr and/or Crh. (B) Schematic showing interactions of
repressor proteins during different nutritional states with genes having different regulatory schemes. Xylose to xylose: XyIR binds
xylose and XyIR genes are derepressed, AraR is active and repressing AraR genes, CcpA is not active. Xylose to glucose: CcpA
is activated, lack of intracellular arabinose and xylose causes repression via AraR and XyIR. Xylose to arabinose 15 min: AraR binds
arabinose resulting in derepression by AraR, XyIR binds xylose, and XyIR genes are derepressed, CcpA is not activated due to
insufficient FBP levels to activate HPrK. Xylose to arabinose 60 min: AraR is derepressed due to arabinose binding, decreased
import of xylose causes repression of XyIR genes, and CcpA acts a repressor due to increased FBP levels as a result of increased
metabolic rate following phosphoketolase activation.

gene is modulated by CcpA. The putative C. acetobutylicum Crh identified in this study
needs further investigation to verify a regulatory role of the protein and determine if it
interacts with HPr kinase and CcpA. Additionally, if Crh is involved with catabolite
repression, the different roles for HPr and Crh require elucidation.
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There is a possible second level of regulation for XylR-controlled genes. Addition of
arabinose resulted in an increase in expression of both the PKP and PPP genes, likely
due to the presence of AraR binding sites upstream of these operons/genes that enable
transcription to proceed in the presence of arabinose. This would relieve any potential
bottlenecks in xylose metabolism downstream of xylulose-5-P due to induction of the
PKP, causing a drop in intracellular xylose concentrations. Decreased intracellular xylose
concentration would alter the ratio of unbound to xylose-bound XyIR repressor, which
would promote XylR-mediated repression of the XylR-controlled gene. Reduction of
intracellular xylose concentration could be further exacerbated if the predicted sugar/
cation symporter CA_C1339 (araE1) transports both arabinose and xylose, as has been
demonstrated for many bacterial pentose transporters, such as in B. subtilis, E. coli, and
Salmonella enterica serovar Typhimurium (42, 43). Previous transcriptomic data sug-
gested that CA_C1339 (araE1) was a xylose-specific transporter; however, bioinformatic
analysis found an AraR binding site in its promoter region, implying a role in arabinose
transport as well (19). The RNA-Seq data in this study showed that CA_C3451 (xynT) and
CA_C1339 (araEl) are highly expressed in xylose-grown cultures; however, only
CA_C1339 (araE1) has increased expression in response to arabinose, suggesting that
it is involved in transport of xylose and arabinose. This expression pattern prompted us
to investigate the CA_C1339 promoter region. Emboss matcher (44) identified a site 84
bases upstream of the transcription start site that has homology to sites identified
upstream of XyIR genes and overlaps the predicted SigA binding site in its promoter
region, indicating that transcription of this predicted pentose transporter is controlled
by both AraR and XyIR (45). Promiscuous pentose transporters in other bacteria have
been demonstrated to have a higher affinity and transport rate for arabinose than
xylose. If also true in C. acetobutylicum, this could contribute to the preference for
arabinose by creating a bottleneck for xylose import and requires further investigation.

It is unclear what the metabolic advantage is, if one exists, for the hierarchy of
arabinose over xylose, but it is present among many lineages of bacteria and is
mediated by a variety of regulatory schemes. One possible explanation is the relative
availability of xylose and arabinose in the environment. While there is a higher ratio of
xylose to arabinose in lignocellulosic biomass overall, the opposite is true for one of its
components, pectin, a polysaccharide component found in primary cell walls (46).
Clostridia are well known for their pectinolytic nature in the degradation of plant
matter (47), and a selective advantage may exist for C. acetobutylicum to target the
arabinose-rich pectin before utilizing the more recalcitrant secondary cell wall compo-
nents. This strategy would be even more advantageous for consumption of the rapidly
degraded pectin-rich plant matter found in plant-derived foods, such as fruits and
vegetables (48).

The data presented here demonstrate that transcriptional regulation in C. acetobu-
tylicum is a critical component of pentose hierarchy, and provide insight into the
underpinning biochemical regulation through arabinose activation of CCR via a newly
identified putative Crh. A deeper understanding of this regulation allows informed
engineering of the organism and modulation of fermentation conditions to fine-tune
desired chemical production from C. acetobutylicum grown on pentose-rich biomass.
The ability to modulate metabolism via the PKP and PPP would provide a means to
control carbon flow and the redox state of the cells so that they match the require-
ments for chemical synthesis via natural or engineered pathways. CA_C0149 may
represent a potential control point for pentose and hexose utilization in C. acetobuty-
licum to allow full, simultaneous utilization of these abundant sugars in lignocellulosic
biomass. Additionally, the RNA-Seq data provide information about genes that are
potentially involved in pentose hierarchy mechanisms and will provide guidance for
future studies.

MATERIALS AND METHODS

Bacterial strain and growth conditions. Clostridium acetobutylicum ATCC 824 was utilized for all
studies. All growth was conducted anaerobically in a Coy anaerobic chamber (Coy Lab Products) at 37°C
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in an atmosphere containing 5% H,, 5% CO,, and 90% N,. Cells were maintained as spore suspensions
in potato glucose medium (PGM) containing, per liter, 150 g potato (shredded, boiled 1 h, and filtered
through cheesecloth), 1% glucose, 30 mM CaCO,, and 4 mM (NH,),SO, (49). Experimental cultures were
grown in clostridium growth medium (CGM) containing, per liter, 0.5% yeast extract, 15 mM (NH,),SO,,
15 mM L-asparagine, 177 mM NaCl, 5mM KH,(PO,), 3mM Mg(SO,)-H,0, 0.7 mM Mn(SO,)-H,O, 0.4 mM
Fe(SO,)-7H,0 (50).

Experimental growth and sample collection. All cultures were incubated at 37°C under anaerobic
conditions open to the environment of the anaerobe chamber, without shaking. Spores were heat shocked
at 80°C for 10 min and inoculated into CGM supplemented with 0.5% xylose. Starter cultures were subcultured
into 0.5% xylose CGM and incubated overnight. At an ODg,, of 0.2, the culture was aliquoted into milk dilution
bottles (70 ml each; four conditions in three independent biological replicates) and incubated until the ODg,
reached 0.4. Precarbohydrate supplementation RNA and metabolite analysis samples were collected. Cultures
were then supplemented with arabinose (0.25% final), glucose (0.25% final), or xylose (0.25% final), from a
50% stock solution of the respective sugars in water, or an equal volume of water (control). Separate samples
for RNA, metabolites, and OD,,, readings were taken at 0 min (no RNA collected for this time point), 15 min,
30 min, and 60 min. Cultures were monitored for an additional 9 h, and metabolite samples and OD,
readings were taken every hour. Final ODg, readings and metabolite samples were taken the following day
at 21 h after supplemental sugar addition. Samples collected for RNA isolation were immediately incubated
with 0.03 mg/ml rifampin (final concentration) on ice, pelleted, treated with RNAprotect (Qiagen, Valencia, CA)
according to the manufacturer’s protocol, and stored at —80°C until RNA extraction. Metabolite samples were
filter sterilized and stored at —20°C until analysis.

RNA extraction, purification, and rRNA depletion. Total RNA was isolated using the miRNeasy
minikit (Qiagen; 217004) according to the manufacturer’s protocol, with an additional homogenization
and mechanical disruption step using a bead beater (BioSpec, Bartlesville, OK, USA) with zirconia-silica
beads (BioSpec; 11079101z). RNA quality was assessed using the 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA, USA), RNA was quantified using a spectrophotometer (DeNovix, Wilmington, DE, USA),
and it was stored at —80°C until DNase treatment. DNA was removed using the Turbo DNA-free kit (Life
Technologies; AM1907) according to the manufacturer’s protocol. RNA was quantified and quality
assessed, as stated above, and genomic DNA depletion was confirmed using quantitative PCR (qPCR)
with 16S rRNA gene primers (19) and iQ SYBR Green Supermix (Bio-Rad; 170-8882) according to the
manufacturer’s instructions. rRNA was removed using the Ribo-Zero rRNA removal kit (Gram-positive
bacteria) (Illumina; MRZGP126) according to the manufacturer’s protocol. The quality of rRNA-depleted
samples was assessed using a 2100 Bioanalyzer prior to processing for sequencing library generation.

Sequencing library preparation. The TruSeq stranded mRNA sample preparation kit (lllumina;
RS-122-2101) was used to prepare the rRNA-depleted RNA for sequencing according to the manufac-
turer’s protocol with the adaptations suggested for purified mRNA input. Libraries were quantified using
the Kapa library quantification kit (Kapa Biosystems; KK4854) according to the manufacturer’s instructions
and then normalized and pooled for sequencing according to the Denature and Dilute Libraries Guide
for the NextSeq 500 (lllumina; document no. 15048776 v02). Pooled libraries were 1- by 75-bp sequenced
on a NextSeq 500 (lllumina, San Diego, CA, USA) in two sequencing runs.

RNA-Seq data analysis. Samples had an average of 14 million reads each, were assessed for quality
using FastQC, and were trimmed to remove lllumina adaptors and low-quality bases using Trimmomatic
(51, 52). Samples were mapped to the Clostridium acetobutylicum ATCC 824 reference genome (GenBank
accession numbers AE001437.1 and AE001438.3) using EDGE-pro (53), and differential gene expression
was evaluated using DESeq2 with default parameters (54). (+)Ara, (+)Glu, and (+)Xyl were compared to
(+)None at matching time points after supplemental sugar addition and analyzed for differential gene
expression. For validation, the same comparisons were assessed for differential gene comparison and
operon prediction using Rockhopper (55), and there was good agreement between the two pipelines.
Genes that met a P value cutoff of 0.05 and a fold change cutoff of 4 were considered to have differential
expression.

Statistical analysis. To focus on highly expressed genes, we filtered genes that had an RPKM greater
than the overall third quartile RPKM value in at least one sample. We also removed putative phage Clo1
(CA_C1113-1197) and Clo2 (CA_C1878-1957) genes from the analysis (24). R v 3.2.3 (56) was used for all
analyses, and plots were generated with ggplot2 (57). Venn diagrams were generated with the VennDia-
gram package (58). Heat maps were generated with the heatmaply package using hierarchical clustering
of Euclidean distances (59). We assigned transcriptional regulation sites (AraR and XylIR) according to
RegPrecise (60) predictions and included all downstream genes in operons (according to DOOR [61-63]
predictions). We also included CcpA site predictions from the work of Ren et al. in addition to the genes
that had differential expression after ccpA inactivation (23).

Metabolite analysis. High-performance liquid chromatography (HPLC) analysis of external metab-
olites (carbohydrates, acetate, butyrate, acetone, butanol, and ethanol) was performed on an Agilent
1200 equipped with a refractive index detector using an Aminex HPX-87H cation exchange column
(300 mm by 7.8 mm inside diameter [i.d.] by 9 um) from Bio-Rad Laboratories. Samples (20 ul) were
injected into the HPLC system and eluted isocratically with a mobile phase of 3.25mM H,SO, at
0.6 ml/min and 65°C. Quantification was based on an external calibration curve using pure known
components as standards (64).

Data availability. The raw RNA-Seq data sets and gene expression tables generated during this
study are available through NCBI's GEO database (accession no. GSE107804).
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SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/
mSystems.00064-18.

FIG S1, TIF file, 1 MB.
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