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RESUMEN

El ciclo del glioxilato es una ruta anaplerotica del ciclo de Krebs que permite a los
microorganismos crecer en compuestos de dos carbonos. Las enzimas de esta ruta son la
isocitrato liasa y la malato sintasa, codificadas por los gacefs y glcB (o aceB),
respectivamente. La isocitrato liasa transforma el isocitrato en glioxilato y succinato,
mientras que la malato sintasa condensa una molécula de acetil-CoA con glioxilato para
formar malato. Los productos finales del ciclo del glioxilato son utilizados en
gluconeogénesis u otros procesos biosintéticos. En el presente trabajo se evalué el papel
de los genesceA, glcB y SMc00767 en la vida libre y simbidtica @emeliloti. Los
resultados mostraron que 8nmeliloti, asi como en la mayoria de las bacterias, el gen
aceA es necesario para el metabolismo del acetato. Contrario a lo reportado la mutante en
malato sintasa no se ve afectada en el crecimiento en acetato, sugiriendo una ruta alterna
para la utilizacion del glioxilato generado por la isocitrato liasa. El apeA esta
formando un operén con el ORF SMc00767 que se encuentra corriente abajo. La mutante
en el gen SMc00767 muestra crecimiento pobre en acetato, sugiriendo un papel en el
metabolismo del acetato. Por medio de fusiones transcripcionales y midiendo la actividad
de isocitrato liasa en la cepa silvestre y mutante observamos que SMc00767 regula
negativamente la expresion deeA. El analisis del transcriptoma &meliloti silvestre

y mutante mostr6 que SMc00767 ademas de regulaaced también regula
negativamente la expresion de SMa2071 (proteina hipotética), SMb21456 (proteina
hipotética), SMb21473 (proteina hipotética), SMc00561 (probdhéd), SMc00769
(proteina hipotética) y SMc00772 (probalgetH). Los genesaceA y glcB no son
necesarios en la simbiogihizobium-Leguminosa. Resultados adicionales revelan que el
ciclo del glioxilato se encuentra involucrado en la utilizacién defpbidroxibutirato, lo

cual sugiere que el ciclo podria ser necesario para la sobrevivencia de la bacteria en
condiciones limitantes de carbono. Adicionalmente, el ciclo del glioxilato podria estar
operando con fuentes de carbono provistas por la raiz, ya que se conoce que el frijol
secreta grandes cantidades de acetato. El conocimiento de las condiciones naturales en las
cuales el ciclo del glioxilato opera es fundamental para entender el funcionamiento de las

vias metabdlicas en el ciclo vital de bacterias del género Rhizobium



ABSTRACT

The glyoxylate cycle is an anaplerotic route to the tricarboxylic acid cycle that enables
growth in two-carbon compounds, avoiding the decarboxylation steps of the Krebs cycle.
The main enzymes of this pathway are isocitrate lyase and malate synthase, encoded by
the aceA andglcB (or aceB) genes respectively. The isocitrate lyase breaks the isocitrate
into glyoxylate and succinate, while malate synthase transforms the glyoxylate and one
molecule of acetyl-CoA to malate. The final products of the glyoxylate cycle are used in
gluconeogenesis or other biosynthetic processes. In the present work theapeke arfid

glcB genes in free-living and symbiotic state &fnorhizobium meliloti was evaluated.

The results showed that 8 meliloti, as in most bacteria and other microorganisms, the
geneaceA is necessary for the acetate metabolism. Contrary to what has been reported,
the malate synthase mutant is not affected in growth on acetate, suggesting an alternate
route for the use of generated glyoxylate by isocitrate lyase. Theagehés forming an

operon with the ORF SMc00767 found downstream. The SMc00767 mutant shows poor
growth on acetate, suggesting a role in the acetate metabolism. Gene fusions and
enzimatic activities showed that SMc00767 negatively regulatex#ideexpression. The
transcriptome analysis @& meliloti wild type and mutant showed that SMc00767 not
only regulatesaceA but will also negatively regulates the expression of SMa2071
(hypothetical protein), SMb21456 (hypothetical protein), SMb21473 (hypothetical
protein), SMc00561 (probabk@naB), SMc00769 (hypothetical protein) and SMc00772
(probablepotH). This work also shows that genasA andglcB are not esential during

the Rhizobium-Legume interaction. Unpublished results of this investigation show that
the glyoxylate cycle is involved in the use of storage carbon sources such ds poly-
hidroxybutyrate, which suggests that the cycle is required under carbon starvation.
Additionally, the glyoxylate cycle may be operating with carbon sources provided by the
root, since it is known that bean secret large amounts of acetate. No doubt thet trying to
know the natural conditions in which the glyoxylate cycle operates in symbionts is a
fascinating task that undoubtedly generates relevant answers about the functioning of this
metabolic pathway in the life cycle Bhizobium.



INTRODUCCION

En esta seccion se presenta una revision, que abarca los aspectos bioquimicos, genéticos
y de regulacion del ciclo del glioxilato, asi como de su importancia para la virulencia de

microorganismos patogenos de plantas y animales.

Dunn, M. F.,Ramirez-Trujillo, J. A. y Hernandez-Lucas . (2009). Major roles of
isocitrate lyase and malate synthase in bacterial and fungal pathog&fiesibiology
155:3166-3175.
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The glyoxylate cycle is an anaplerotic pathway of the tricarboxylic acid (TCA) cycle that allows
growth on C, compounds by bypassing the CO,-generating steps of the TCA cycle. The unique
enzymes of this route are isocitrate lyase (ICL) and malate synthase (MS). ICL cleaves isocitrate to
glyoxylate and succinate, and MS converts glyoxylate and acetyl-CoA to malate. The end products
of the bypass can be used for gluconeogenesis and other biosynthetic processes. The glyoxylate
cycle occurs in Eukarya, Bacteria and Archaea. Recent studies of ICL- and MS-deficient strains
as well as proteomic and transcriptional analyses show that these enzymes are often important in
human, animal and plant pathogenesis. These studies have extended our understanding of the
metabolic pathways essential for the survival of pathogens inside the host and provide a more

complete picture of the physiology of pathogenic micro-organisms. Hopefully, the recent
knowledge generated about the role of the glyoxylate cycle in virulence can be used for the

development of new vaccines, or specific inhibitors to combat bacterial and fungal diseases.

Introduction

More than half a century ago, Smith & Gunsalus (1954)
reported the existence of the enzyme isocitrate lyase (ICL),
which cleaves isocitrate to glyoxylate and succinate, in
extracts prepared from Pseudomonas aeruginesa. Shortly
thereafter Ajl (1956) showed that malate synthase (MS) is
able to convert acetyl-CoA and glyoxylate to malate in
Escherichia coli. In 1957 Kornberg and co-workers demon-
strated that the synthesis of C,; dicarboxylic acids from
acetate occurs by a modified tricarboxylic acid (TCA) cycle
that was termed the glyoxylate cycle or glyoxylate bypass
(Kornberg & Krebs, 1957; Kornberg & Madsen, 1957;
Fig. 1). The pathway consists of the two initial steps of the
TCA cycle (catalysed by citrate synthase and aconitase)
followed by ICL, MS and malate dehydrogenase (Fig. 1).
The glyoxylate cycle serves to bypass the CO;-generating
steps of the TCA cycle and allow the net assimilation of
carbon from C, compounds, allowing micro-organisms to
replenish the pool of TCA cycle intermediates necessary for
gluconeogenesis and other biosynthetic processes. The net
result of the glyoxylate cycle is the production of malate
and succinate from two molecules of acetyl-CoA derived
from acetate or from the degradation of ethanol, fatty acids
or poly-f-hydroxvbutyrate (Fig. 1). During growth on
these compounds, ICL competes with isocitrate dehydro-
genase (IDH) for their common substrate, isocitrate. IDH
has a much higher affinity for isocitrate and, in bacteria, it

TThese authors contributed equally o this waork.

is inactivated by phosphorylation by a bifunctional IDH
kinase-phosphatase, thus directing isocitrate towards the
biosynthetic reactions of the glyoxylate cycle. IDH dephos-
phorylation (activation) occurs when glycolytic and TCA
cycle intermediates are present in the medium, causing
isocitrate to be directed towards the energy-yielding TCA
cycle (Cozzone, 1998).

The glyoxylate cycle is widespread and well documented in
archaea, bacteria, protists, plants, fungi and nematodes [the
latter contain an ICL-MS gene fusion (Kondrashov et al.,
2006)]. The presence of this metabolic pathway in animals
is controversial. ICL and MS activities have been reported
mn birds and amphibians (Davis et al, 1986, 1990) and a
recent comparative genomic study showed the presence of
an ICL gene in nematodes and cnidaria and an MS gene in
nematodes, cnidaria, echinoderms, amphibians, fish, and
insects. Interestingly, in placental mammals the MS gene is
a pseudogene and the ICL gene is absent (Kondrashov et al.,
2006). In addition to allowing the growth of bacteria on C,
compounds, the glyoxylate cycle is important for the
growth of higher plant seedlings under most environmental
conditions, since it participates in the conversion of stored
lipids to carbohydrates that serve as a primary nutrient
source prior to the commencement of photosynthesis
(Eastmond et al,, 2000; Kornberg & Beevers, 1957a, b). In
plants, the glyoxylate cycle enzymes are usually localized in
peroxisomes, but recent studies with protein-targeting
mutants have shown that they can also function effectively
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in the cvtosol (Kunze et al., 2002; McCammon et al., 1990;
Piekarska et al, 2008), There is evidence supporting the
expression of the glyoxylate cycle during embryogenesis of
the nematode Caenorhabditis elegans (Kahn & McFadden,
1980; Liu et al, 1997) and it was suggested that the
glyoxylate cycle may allow the growth of halophytic
archaea in hypersaline lakes (Oren & Gurevich, 1994;
Serrano & Bonete, 2001).

The genetic regulation of the glyoxylate cycle during

bacterial growth on

acetate has been reviewed (Cozzone,

1998) and in the last several years it has become evident
that the pathway is important in fungal and bacterial
pathogenesis (Lorenz & Fink, 2002; Vereecke et al, 2002a).
This review focuses on the latter aspect and summoarizes the
functional role of the glyoxylate cycle in human, animals

and plant pathogens

as well as in symbionts.

Biochemical characteristics of ICL and MS

As described above,

the glyoxylate cycle is a specialized

pathway that has been extensively studied in connection
with bacterial growth on C, compounds, and ICL and MS§
are the signature enzymes of the pathway (Fig. 1). ICL is a
homotetramer requiring Mg®”™ or Mn®" and a thiol for

activity.

During catalysis,

isocitrate is deprotonated,

forming succinate and glyoxylate. In the ICL of E colj
Lys-193, Cys-195, His-197 and His-356 are catalytic, active-
site residues, while His-184 is involved in the assembly of

the tetrameric enzyme (Dichl & McFadden, 1993, 1994;
Rehman & Mcfadden, 1996, 1997). The recent structural
determination of the ICLs from E. coli (Britton et al,
2001), Mycobacterium tuberculosis (Sharma et al, 2000)
and Aspergillus nidulans (Britton et al,, 2000) has revealed
key aspects of their functionality. For instance, a remark-
able difference between prokaryotic and eukaryotic ICLs is
the presence of an additional approximately 100 amino
acids located near the centre of the eukaryotic enzyme that
have been proposed to function in the localization of ICL
in peroxisomes. This also explains the subunit molecular
mass difference between prokaryotic (48 kDa) and eukar-
votic (67 kDa) enzymes.

The second enzyme of the glvoxylate cycle is MS, which
condenses glyoxylate with an acetyl group from acetyl-CoA
to produce malate. MS requires Mg” " for activity and is
competitively inhibited by oxalate, a glyoxylate analogue
(Dixon et al.,, 1960). Two MSs are present in E. coli: MSG
and MSA. MSG, with a molecular mass of around 80 kDa,
is a monomeric enzyme (encoded by glcB) that functions
during growth on glycolate as sole carbon source, and has
been found only in bacteria. The active site is composed of
the catalytic Asp-631, the residues that bind Mg®* (Glu-
427, Asp-455), Arg-338, which hydrogen bonds with
glyoxylate, and the residues interacting with acetyl-CoA
(Tyr-126, Pro-538, Val-18 and Pro-536) (Howard et al,
2000; Tugarinov et al, 2005). Genetic data support these
functional assignments, since a D631N mutant had no

hitp://mic.sgmjournals.org
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detectable activity and an R338K mutant showed only 6 %
of wild-type activity (Anstrom et al., 2003).

MSA is a multimeric enzyme with a molecular mass of
about 65 kDa (per subunit) that is indispensable for
growth on acetate and is found in plants, fungi and
bacteria. Lohman et al. (2008) showed recently that the
structures of MSA and MSG are very similar and that the
difference in size is due to the presence of an additional «/ff
domain in the G isoform. The active site is formed by Glu-
250 and Asp-278, which bind Mg” ", while the adenine ring
or ribose of acetyl-CoA binds to residues Pro-369, Met-
102, Thr-95 Ala-367, Asn-105, Lys-101, Tyr-154 and His-
368. MSA contains a highly conserved Cys-438 in the active
site, which corresponds to Cys-617 in MSG.

Importance of ICL and MS in fungal pathogens
Plant-pathogenic fungi

Several reports indicate an important role for ICL in fungal
virulence on plants. Studies with Leptosphaeria maculans,
causal agent of blackleg of crucifers (e.g. broccoli, canola
and cauliflower) have shown that the ic/I gene is expressed
during its infection of Brassica napus cotyledons and
inactivation of this locus causes low germination rates of
pvenidiospores, reducing the pathogenicity of the fungus
on cotyledons as well as limiting its hyphal growth on
canola. It was suggested that the reduced pathogenicity of
the mutant is due to its inability to utilize carbon sources
provided by the plant (Idnurm & Howlett, 2002). Another
role for ICL in fungal phytopathogenesis has been reported
in Magnaporthe grisea, the rice blast pathogen, which can
also infect a number of other agriculturally important
cereals including wheat, rye and barley. M. grisea
reproduces both sexually and asexually to produce
specialized infectious structures known as appressoria.
The appressoria attach to the cuticle of the host and from
them hyphae emerge and penetrate the plant, the inside of
which is rapidly colonized by the fungus, with disease
symptoms being observable in a few days. During infection
by M. grisea, significant ICL gene expression was found in
conidia, appressoria, mycelia and hyphae. Deletion of the
M. grisea ICL1 gene caused a reduction in appressorium
formation, conidiogenesis and cuticle penetration, and an
overall decrease in damage to leaves of rice and barley.
Thus ICL is essential for full virulence in this organism
(Rauyaree et al., 2001; Wang et al., 2003).

Stagonospora nodorum is a necrotropic fungal pathogen
producing leaf and glume blotch disease on wheat and
other cereals of economic importance. Infection begins by
germination of pycnidiospores on the leaf followed by
hyphal penetration of the host and sporulation at the end
of the infection cycle. In the initial steps of infection the
pathogen depends on internal, stored carbon sources and it
is thought that lipids are metabolized via the glyoxylate
pathway to produce glucose and support fungal devel-
opment. Expression analysis of the MS gene (mlsI) in this
pathogen during its interaction with wheat showed an

increased expression in ungerminated spores followed by a
dramatic decrease in transcription after germination.
Paradoxically, the opposite pattern was seen using MS
activity measurements, where activity was undetectable in
ungerminated spores but increased to a significant level
after germination. Spores of an mls] null mutant
inoculated onto wheat seedlings and leaves were unable
to induce necrotic lesions on either tissue, indicating that
this gene is essential for virulence on wheat. The biological
reason for this phenotype is that the misI-deficient strain
has dramatically decreased spore germination and a
reduction in the length of hyphae (Solomon et al., 2004).

Asakura et al. (2006) demonstrated the functional role of
ICL in Colletotrichum lagenarium, which causes anthrac-
nose on a considerable number of plants of agricultural
interest such as cucumber, watermelon, muskmelon,
cantaloupe, winter squash and bittermelon. An icl1 mutant
of C. lagenarium failed to grow on acetate or fatty acids,
similar to other ICL mutants of fungi and prokaryotes. For
the cellular localization of ICL, the encoding gene was
fused to that of the green fluorescent protein (GFP) and
icll—-gfp expression was detected in peroxisomes, conidia,
appressoria and hyphae of the fungus. The icl] mutant was
able to germinate and develop appressoria and was capable
of degrading lipid bodies as well as the wild-type strain.
However, conidia from the icll-deficient mutant inocu-
lated onto cucumber leaves and cotyledons formed a
reduced number of lesions on leaves, and especially on
cotyledons, but nevertheless remained pathogenic. In
invasive experiments such as the inoculation of conidia
into wound sites, no defect was observed in the icll
mutant, while in penetration assays on cucumber cotyle-
dons the mutant was unable to develop penetrating
hyphae, indicating a requirement for ICL at this early
stage of C. lagenarium infection.

Candida albicans

Support for the direct involvement of ICL in virulence has
also come from studies of Candida albicans, a commensal
of the mammalian microbiota inhabiting the skin, mouth,
gastrointestinal tract, gut and vagina. In immunocompro-
mised patients, this diploid fungus is responsible for
mucosal surface infections as well as life-threatening
systemic infections. C. albicans is able to survive and grow
inside macrophages. Transcriptional profiles of phagocy-
tosed populations of C. albicans showed that all the steps of
the glyoxylate cycle are induced (Lorenz et al, 2004).
Northern blot and differential display experiments with C.
albicans in the presence of macrophages revealed that both
ICL and MS are induced (Lorenz & Fink, 2001; Prigneau et
al, 2003). In addition, both enzymes are induced in C.
albicans exposed to human neutrophils (Fradin et al,
2005). High enzymic activities of ICL and MS were
detected in C. albicans strains isolated from diabetic
patients suffering from vulvovaginal candidiasis (Lattif, et
al., 2006). Furthermore, evaluation of ICL mutants in a
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mouse model demonstrated that activity of this enzyme is
essential for fungal virulence (Lorenz & Fink, 2001). In a
model that mimics C. albicans bloodstream infection, ICL
and MS were downregulated in the initial stages of
infection (10 min), upregulated beginning about 20 min
after infection and reached a 20-fold increase after 60 min,
suggesting blood-specific expression and an important
biological role for the glyoxylate cycle genes in bloodstream
infections (Fradin et al, 2003). In an interesting study
Barelle et al. (2006) showed a specific activation of the C.
albicans TCL1 when the pathogen was exposed to
neutrophils or macrophages, but because id was not
expressed in infected kidney cells it was concluded that
ICL! contributes to virulence but is not essential for
systemic infection.

A clear role for ICL in the pathogenesis of C. albicans
emerges from the data summarized above. However, the
function of this enzyme in C. albicans is peculiar because it
is probably involved in processes other than lipid
utilization or gluconeogenesis, since an ICL-deficient
mutant is unable to utilize acetate, ethanol, citrate, glycerol,
oleate, lactate, pyruvate, peptone, glutamate or alanine for
growth, unlike the parental strain (Ramirez & Lorenz,
2007; Piekarska er al, 2006, 2008; Brock, 2009). ICL
expression is also detected during growth on Casamino
acids, glutamate or peptone, and under starvation condi-
tions (Barelle er al., 2006; Brock, 2009). Interestingly a fox2
mutant lacking the second enzyme of the f-oxidation
pathway is also unable to utilize acetate, ethanol, lactate
and oleic acid and is significantly attenuated in virulence.
Therefore both the fox2 mutant and the ICL-deficient
mutant are unable to utilize nonfermentable carbon
sources and have reduced virulence in mice, indicating a
role for the p-oxidation pathway in virulence. This
contention is not supported by the finding that a mutant
in peroxisome biogenesis ( pex5), which is strongly reduced
in f-oxidation activity and is unable to utilize oleic acid, is
able to use acetate, ethanol or lactate and is not affected in
virulence (Piekarska er al., 2006). This shows that acetyl-
CoA derived from f-oxidation is not the carbon source
inducing the glyoxylate cycle in the pex5 mutant. Thus,
ICL1 expression in virulence may result not from lipid
metabolism (Piekarska et al, 2006; Ramirez & Lorenz,
2007; Brock, 2009) but from the conversion of carbon
sources such as lactate into C, units for metabolism by the
glyoxylate cycle (Piekarska et al, 2006). ICL in C. albicans,
unlike other organisms, is necessary for the utilization of a
large variety of carbon sources. The fact that ICL is
probably interconnected with multiple metabolic networks
important in virulence encourages the development of
specific inhibitors against this enzyme.

Other fungal pathogens

Upregulation of the glyoxylate cycle genes has also been
detected in other intracellular fungal pathogens such as
Paracoccidioides brasiliensis, which causes paracoccidioido-

mycosis in humans. RT-PCR analysis showed that
transcript levels of the ICL and MS genes in this fungus
increased following phagocytosis by murine macrophages
(Derengowski et al., 2008). Penicillium marneffei is a
dimorphic fungus that can cause systemic mycosis in
humans. The incidence of this fungal infection has
increased substantially during the past few years, occurring
most often in patients infected with HIV. To evaluate if the
glyoxylate cycle was involved in the virulence of P.
marneffei, Northern blot experiments were performed;
these showed that after macrophage internalization of
conidia the ICL-encoding gene (acuD) was highly
expressed, suggesting a potential role for the cycle in the
pathogen’s adaptation inside macrophages (Thirach et al.,
2008). Together, these data directly or indirectly support
the relevance of the glyoxylate pathway in fungal virulence
in plants, animals and humans,

While a functional role for the glyoxylate cycle in fungal
virulence is widespread, it is not universal. In the animal
pathogen Aspergillus  fumigatus, ICL expression was
detected in hyphae and in conidia (Ebel et al, 2006) but
tissues of patients infected with the fungus were negative
for the enzyme after immunostaining, and a mutant
deleted of the ICL gene (acuD?) was fully virulent in a
murine model (Schobel et al., 2007). Similar results were
obtained with the human-pathogenic fungus Cryptococcus
neoformans, where ICL in a rabbit meningitis model was
upregulated after 7 days in the subarachnoid space but an
icll mutant showed the same number of subarachnoidal
yeast cells as the wild-type after 10 days in immunosup-
pressed rabbits. In addition, in an inhalation model of
murine cryptococcosis, no differences in survival were
observed between an i/l mutant and the wild-type, and
similar growth was observed for both C. neoformans strains
inside macrophages (Rude et al, 2002). These findings
show a lack of correlation between ICL gene expression and
biological function in these systems.

Functional role of ICL and MS in phagocytosed
bacteria

Mycobacterium tuberculosis

The actinobacterium Mycobacterium  tuberculosis  kills
3000000 people worldwide every vear and is assumed to
utilize fatty acid degradation products when growing in the
host (Segal & Bloch, 1956; Srivastava et al, 2008). The
genome sequence of this bacterium (Cole et al, 1998)
contains more than 250 genes encoding proteins annotated
as being involved in fatty acid metabolism, providing
indirect support for the role of fatty acid degradation and
C; metabolism in the pathogenesis of M. tuberculosis. 1CL
activity increases in pellicles in synthetic media as a
consequence of fatty acid degradation (Murthy et al., 1973)
as well as under microaerophilic growth conditions
(Wayne & Lin, 1982). Increased aceA (ic]) mRNA
expression in response to human macrophages is also
documented (Dubnau et al, 2002; Graham & Clark-
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Curtiss, 1999). M. tuberculosis expresses a 50 kDa protein
during intracellular infection (Sturgill-Koszycki et al,
1997) and this was shown to be encoded by a second copy
of an ICL gene that is present in several Mycobacterium
species. Expression analysis and biochemical characteriza-
tion of ICL activity clearly show that M. tuberculosis and
Mycobacterium avium have two functional ICLs, ICL and
AceA (Héner Zu Bentrup et al., 1999). ICL seems to be the
principal enzyme in the processing of isocitrate and
McKinney et al. (2000) reported that single ICL mutations
had no dramatic effect on the growth of M. tuberculosis in
mouse lung during the first 2 weeks of infection. However,
lungs infected with the mutant showed few changes
between 2 and 16 weeks, suggesting that the ICL mutant
had a reduced ability to sustain the infection. In contrast, at
16 weeks the lungs of mice infected with the virulent
Erdman strain showed inflammatory lesions, enlargement
and multiple expanding and coalescing tubercles. id
mRNA levels markedly increase in lungs of mice (Timm
et al., 2003) and in human lung granulomas, as well as in
the lymphocyte region of necrotic granulomas. In contrast,
icl expression was not detected in the transition zone and
in the central region of necrotic granulomas, supporting
the notion that icl has a pivotal role in bacterial persistence
in the host (Fenhalls et al, 2002). Munoz-Elias &
McKinney (2005) reported that single mutations in id or
aceA had no dramatic effect on bacterial growth on fatty
acids, while an icl aceA double mutant was unable to grow
on this carbon source. The double mutant inoculated into
mice was eliminated from lungs and spleen and was unable
to induce splenomegaly or alterations in lungs. ICL activity
is thus essential for M. tuberculosis survival in the host.
Additionally, ICL and to a lesser extent AceA were required
for the growth of M. ruberculosis on propionate and on
odd-chain fatty acids as a carbon source (Munoz-Elias &
McKinney, 2005; Munoz-Elias et al., 2006). The propionate
or propionyl-CoA derived from jf-oxidation of odd-chain
fatty acids can be catabolized by the methylcitrate cycle,
consisting of the enzymes 2-methylisocitrate lvase (MICL),
methylcitrate synthase and methylcitrate dehydratase,
encoded by the prpB, prpC and prpD genes, respectively.

The M. tuberculosis genome contains homologues of prpC

and prpD, but not prpB. However, structural and
biochemical studies have demonstrated that unlike other
ICLs and MICLs, the M. tuberculosis ICL possesses dual
ICL/MICL activity and can support growth on acetate and
propionate (Gould et al., 2006). The prpC and prpD genes
are upregulated during infection of macrophages
(Schnappinger et al., 2003), suggesting that the methylci-
trate cycle could be important in M. fuberculosis patho-
genesis. However, studies with a prpC prpD double mutant
show that the methylcitrate cycle is required for M.
tuberculosis replication in non-activated murine bone-
marrow-derived macrophages, but that in IFN-y-activated
macrophages or in the lungs and spleen of inoculated mice
the double mutant shows no alteration of in vivo growth,
persistence or virulence. Thus, the functional role of ICL in
M. tuberculosis virulence is in the glyoxylate cycle rather

than the methylcitrate cycle (Munoz-Elias et al, 2006).
Recent reports show that M. tuberculosis phoP mutants are
attenuated but persist in macrophages and mouse organs
apparently because the mutant expresses higher levels of icl.
The PhoP-deficient strain would be a good candidate for
vaccine production, since prolonged exposure of the
immune system to the persistent, attenuated strain could
result in long-term immunogenicity (Gonzalo-Asensio et
al., 2008).

The single MS present in M. tuberculosis may also
contribute to pathogenicity. Studies in vitro show that
MS is secreted and enhances the adherence of the pathogen
to lung epithelial cells, supporting the notion that it may
function as an adhesin as well as an enzyme (Kinhikar et
al., 2006). MS can also be used as a biomarker because it is
recognized in the humoral response of tuberculosis
patients, making possible its use in serodiagnostic assays
for identification of this pulmonary disease (Achkar et al,
2006; Melo Cardoso Almeida et al, 2008; Samanich et al.,
2001; Wanchu et al., 2008).

Other bacterial pathogens

The importance of a functional glyoxylate cycle in some
intracellular human pathogens such as Salmonella has been
evaluated, and the results obtained with an ICL-deficient
strain of Salmonella enterica serovar Typhimurium show
that ICL is required for persistence during chronic
infection, but not for acute lethal infection in mice (Fang
et al., 2005; Kim et al., 2006; Tchawa Yimga et al., 2006). In
Brucella suis, the glyoxylate cycle has been shown to be
unnecessary for virulence (Kohler et al, 2002). The
pathogens Yersinia enterocolitica and Yersinia pseudotuber-
culosis induce ICL and MS during growth on acetate but
not on xylose, while Yersinia pestis synthesizes both
enzymes on both carbon sources (Hillier & Charnetzky,
1981b). A natural mutation in idR, encoding a repressor
protein, explains why Y. pestis constitutively produces ICL
(Sebbane et al, 2004), and this constitutive enzymic
activity has been used to identify Y. pestis in humans,
animals, water, soil and food (Hillier & Charnetzky, 1981a;
Quan et al, 1982). Sebbane et al. (2004) showed that
mutations in the sole ICL gene (aceA) of Y. pestis prevented
growth on acetate but did not affect pathogenesis in a
mouse model.

Rhodococcus equi is a Gram-positive intracellular bacillus
causing pneumonia and enteritis in foals and is also able to
infect cats, dogs and pigs, producing submandibular
adenitis. R. equi causes infection in immunocompromised
humans and is easily isolated from soil contaminated with
faeces. The fact that R. equi uses acetate (Kelly et al., 2002)
and probably lipids as carbon sources in soil and within
macrophages suggests that it may utilize the glyoxylate
cycle in its interaction with foals. To wvalidate this
hypothesis an ICL-deficient (aceA mutant) strain of R
equi was evaluated in macrophages (Wall et al., 2005). The
population of the ICL-deficient strain increased in macro-
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phages after 12 h but then declined significantly, indicating
that ICL is essential for long-term survival and prolifera-
tion in macrophages, consistent with the finding that the
aceA mutant was partially attenuated in a mouse model. In
foals, the wild-type R. equi strain induced severe lesions of
suppurative to pyogranulomatous bronchopneumonia in
lung, while the aceA mutant was unable to produce any
alteration, probably because the mutant population was six
orders of magnitude lower than that of the wild-type strain
(Wall et al., 2005).

Another pathogen infecting lungs is Pseudomonas aerugi-
nosa, which produces lung dysfunction and mortality in
humans with cystic fibrosis. P. aeruginosa upregulates genes
in vivo that are needed for replication in the lung
environment, including those encoding enzymes for fatty
acid and lipid metabolism (alcohol dehydrogenase),
choline metabolism (betaine aldehyde dehydrogenase),
amino acid degradation (arginine deiminase), nitrogen
metabolism (respiratory nitrate reductase) and the glyox-
ylate cycle (ICL). These metabolic genes almost certainly
contribute to carbon and nitrogen nutrition, allowing the
replication and persistence of P. aeruginosas inside the host
(Son et al., 2007). Support for this hypothesis was obtained
by a study in which several metabolic mutants of P.
aeruginosa were isolated and evaluated on alfalfa seedlings
and in a mouse model (Lindsey et al., 2008). An ICL (aceA)
mutant derived from strain PAO1 displayed reduced
virulence on alfalfa seedlings and a reduction in his-
topathology in rat lungs. Thus the glyoxylate cycle has a
pivotal role in the interaction of P. aeruginosa with both
plant and mammalian hosts.

Inhibitors of ICL and MS

The development of specific inhibitors against ICL and M$
s an attractive prospect, since in a variety of human-
pathogenic bacteria and fungi the expression of the
glyoxylate cycle genes is detected in specific stages of the
interaction (Table 1). Several inhibitors of ICL have been
identified, including itaconate, itaconic anhydride, bromo-
pyruvate, nitropropionate, oxalate and malate (Honer Zu
Bentrup er al, 1999; McFadden & Purohit, 1977).
However, these are not pharmacologically suitable for use
in vivo since they are toxic and non-specific. For instance,
nitropropionate inhibits ICL but also inhibits succinate
dehydrogenase, a pivotal enzyme of the TCA cycle (Alston
et al.,, 1977; Fig. 1). Efforts to isolate natural ICL inhibitors
from plants revealed that extracts of IlMlicium verum and
Zingiber officinale inhibit the ICL of Mycobacterium
tuberculosis (Bai et al., 2007).

Because the glyoxylate cycle is important in many types of
fungal pathogenesis, natural inhibitors of fungal ICLs have
been sought. Those isolated from the tropical sponge
Hippospongia sp. are halisulfates that are able to inhibit ICL
activity, appressorium formation and C, utilization in the
rice blast fungus Magnaporthe grisea (Lee et al, 2007).
Natural glyoxylate cycle inhibitors such as 5-hydroxyin-

dole-type alkaloids are potent inhibitors of the Candida
albicans ICL (Lee et al., 2009).

It was recently proposed that instead of ICL or MS, other
enzymes could make better targets for bringing about
inhibition of the glyoxylate cycle. For instance, inactivation
of the kinase-phosphatase that phosphorylates and inacti-
vates isocitrate dehydrogenase would be a good candidate,
since its absence would promote carbon flow through the
full TCA cycle and avoid its assimilation by ICL (Singh &
Ghosh, 2006). Other proposed targets for indirect inhibi-
tion of the glyoxylate cycle are the enzymes of the PHB
cycle, since this metabolic route can provide acetyl-CoA in
a manner that circumvents the link between glycolysis and
the TCA cycle (Purohit er al., 2007).

Roles of ICL and MS in other plant=bacteria
interactions

The functionality of the glyoxylate cycle was evaluated in
the plant pathogen Rhodococcus fascians, which causes leafy
gall disease on a variety of monocots and dicots, including
Nicotiana tabacum (tobacco). A malate synthase mutant of
R. fascians gave a diminished number of bacteria inside
symptomatic tobacco tissues in comparison to tissues
infected by the wild-type (Vereecke et al, 2002a, b). In the
plant pathogen Xanthomonas campestris, MS was induced
during infection of tomato plants and a MS-deficient strain
induced fewer and smaller lesions on 75 % of inoculated
leaves as compared to the wild-type strain (Tamir-Ariel et
al., 2007). Thus, in these two pathogens the glyoxylate cycle
has an important role in the plant-microbe interaction.

Carbon metabolism has long been studied in Rhizobium
spp., bacteria that form a nitrogen-fixing symbiosis with
leguminous plants. Large quantities of acetate and fatty
acids were reported in soybean nodules formed by
Bradyrhizobium japonicum (Johnson et al, 1966), and
radiorespirometric studies of B. japonicum bacteroids
indicated that up to 50 % of the acetyl-CoA entering the
TCA cycle was metabolized via MS (Stovall & Cole, 1978).
It was also shown that acetate can be used by isolated B.

japonicum bacteroids to support ex planta nitrogen fixation

(Peterson & LaRue, 1981, 1982). The existence of a
complete glyoxylate cycle in nitrogen-fixing bacteroids is
in doubt because ICL activity is not detected in the
microsymbionts isolated from soybean, pea, alfalfa and
clover nodules (Green et al., 1998; Johnson et al., 1966).
However, ICL activity has been detected in bacteroids from
senesced nodules formed by B. japonicum (Wong & Evans,
1971). In contrast, MS activity was found in bacteroids
isolated from pea, alfalfa and clover nodules, and
substantially higher activities were detected in bacteroids
isolated from bean, cowpea and soybean nodules (Green
et al., 1998; Johnson et al., 1966). Based on these data we
decided to genetically evaluate the role of the glyoxylate
cycle in the Rhizobium-Leguminosae symbiosis. We
showed that neither MS nor or ICL is required for
symbiosis, since MS (gleB) mutants of Rhizobium legumi-
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Table 1. ICL and MS gene expression and mutant virulence phenotypes during interactions with host organisms

Colletotrichum lagenarium  Cucumber  id

Organism Host Gene* Expressionf Mutant phenotype Reference
virulencet
Aspergillus fumigatus Human icl Hyphae and conidia Virulent Schobel et al. (2007)
Brucella suis Human id ND Virulent Kohler et al. (2002}
Candida albicans Human icl Macrophages Less virulent Lorenz & Fink (2001)
ms Macrophages ND
Cryptococcts neoformans Human icl Rabbit subarachnoid Virulent Rude et al. (2002)
space
Mycobacterivan tuberculosts  Human icd]  Lung of mice and human  Double mutant (&l icl2}  McKinney et al. (2000)
id? Avirulent Munoz-Elias & McKinney (2005)
s Lung ND Kinhikar er al. (2006)
Paracoccidioides brasiliensis  Human i Macrophages ND Derengowski et al. (2008)
s Macrophages ND
Penicllium marneffei Human il Macrophages ND Thirach er al. (2008)
Pseudomonas aeruginosa Human ic ND Less virulent Lindsey et al. (2008)
Salmonella enterica serovar  Human icl ND Vimlent Fang et al. (2005); Kim er al.
Typhimurium (2006)
Yersinia pestis Human ic Constitutive Virulent Sebbane er al. (2004)
s Constitutive ND
Rhodococcus equi Foals icl ND Avirulent Wall et al. (2005)

Appressorium, conidia,

hyphae
Leptosphaeria maculans Canola id Cotyledons
Magnaporthe grisea Rice idd Appressorium, conidia,

mycelia, hyphae
Rhodococcus fascians Tobacco ms  ND
Stagonaspora nodorum Wheat ms Ungerminated spores
Xanthomonas campestris Tomato ms ND
Rhizobiwm leguminosarum  Pea s ND
Rhizobiwm tropici Bean ic ND
Sinorhizobivm melilori Alfalfa id ND

ms ND

Less virulent Asakura ef al. (2006)

Idnurm & Howlett (2002)
Wang et al. (2003)

Less virulent
Less virulent

Vereecke et al. (2002)

Solomon ef al. (2004)
Tamir-Ariel et al. (2007)
Garcia-de los Santos ef al (2002)
Ramirez-Trujillo et al. (2007}
Ramirez-Trujillo et al. (2007}
Ramirez-Trujillo er al. (2007}

Less virulent

Avirulent

Less virulent

No effect on symbiosis
No effect on symbiosis
No effect on symbiosis
No effect on symbiosis

*Various names have been used in the literature for the genes encoding ICL and MS in different organisms; for clarity, the designations icl and ms

are used here.
D, Not determined.

nosarum evaluated during their interaction with Pisum
sativum have the same levels of nitrogen fixation and
nodulation as the wild-type strain (Garcia-de los Santos
et al, 2002). Similarly, a glcB mutant of Sinorhizobium
meliloti is able to normally nodulate and fix nitrogen in
svmbiosis with Medicago sativa. To evaluate the role of ICL,
null mutants were constructed in S. meliloti and Rhizobium
tropici and their symbiotic performance was evaluated on
M. sativa and Phaseolus vulgaris, respectively. The results
demonstrated that in both symbiotic models ICL is not
involved in nodulation or nitrogen fixation (Ramirez-
Trujillo er al,, 2007).

Conclusions

The study of the metabolic pathways involved in the
pathogenesis of bacterial and fungal infections is critical for
public health, crop productivity and animal welfare. The

glyoxylate cycle is an important metabolic pathway in this
regard, since substantial evidence supports its importance
in many host-pathogen systems, The knowledge generated
about the role of this pathway in pathogenesis is important,
since it provides the opportunity to develop specific
inhibitors of ICL and MS that could be used to combat
fungal and bacterial discases.
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Fijacion de Nitrégeno

A pesar de que el 80% de la atmOsfera terrestre es nitrdgeno, este compuesto es inerte y
no puede ser aprovechado directamente por la mayoria de los seres vivos. El nitrégeno es
incorporado a la biésfera por medio de la fijacion de nitrogeno. Este prpuoede

ocurrir de forma abidtica como consecuencia de tormentagrie#s y procesos de
combustion. Ademas, la transformacion de nitrégeno en anssniealizadale forma
biolégica por bacterias que poseen la enzima nitrogenasa. Algunas bacterias como
Klebsiella, Anabaena, Azotobacter y Azospirillum lo fijan en vida libre en condiciones de
microaerobiosis para satisfacer sus requerimientos nitrogenados (Bxtealin 1991,
Mylonaet al., 1995) Las bacterias del géneRbizobium fijan el nitrégeno en asociacion
simbidtica con plantas leguminosas. Actualmente se conoce que 10 géneros
pertenecientes a lasi-proteobacterias Agorhizobium, Bradirhizobium, Devosia,

Mezor hizobium, Methyl obacterium, Ocrhobactrum, Phylobacterium, Rhizobium, Shinella

y Snorhizobium) y 3 géneros pertenecientes a [aproteobacterias Birkholderia,
Cupriavidus y Herbaspirillums), son capaces de establecer simbiosis y fijacion de
nitrégeno con leguminosas (Weir, 2008; ICSP Subcommittee on the taxonomy of

Rhizobium andAgrobacterium diversity, phylogeny and systematics, 2008).

Simbiosis

Los eventos iniciales de la simbiosis entre plantas leguminos&bizpbium se
caracterizan por un continuo intercambio de sefiales. Este proceso culmina en la
formacion del nédulo, dentro del cual se realiza la fijacion biologica de nitrégeno. Los
flavonoides producidos por las leguminosas son la primera sefial captdtazpbium,

a traves de la proteina NodD, un miembro de la familia LysR, que activa la expresion de
los genesod, nol y noe, los cuales codifican para enzimas requeridas en la sintesis y
transporte del factor de nodulacion (factor Nod) (Petret., 2000). El factor Nod es
sintetizado por NodA, NodB y NodC. La enzima NodC cataliza la polimerizaciéon de

oligbmeros de N-acetil-D-glucosamina (usualmente cuatro o cinco residuos) unidos por
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enlaceg31-4 (Spaink, 2000), mientras que NodB remueve el grupo acetilo del azlicar en
el extremo no reductor, lugar donde NodA agrega un &cido graso. Las modificaciones al
factor Nod pueden incluir la adicioe un residuo de azucar y/o de grupos acetato,
sufato, carbamato y metilo en varias posiciones del esqueleto. Dra@icaciones son
realizadas por los gena®odH, nolO, nodPQ, nodS nodX, nodZ, lo cual resulta en
diferentes estructuras del factor de nodulacién imprimiendo especificidad al proceso
simbidtico (Denariet al., 1996; Long, 1996; Spaink, 2000).

El factor Nod, al ser secretado por las bacterias, induce la alteracién en el citoesqueleto
de los pelos radiculares, el enroscamiento del pelo radicular y la formacién del primordio

nodular. Las bacterias atrapadas en el pelo radicular inducen la formacion del hilo de
infeccién, un canal de origen vegetal por el cual las bacterias llegan hasta el nédulo en

donde se diferencian a bacteroides y realizan la fijacion de nitrégeno (Brewin, 2002).

Los bacteroides realizan la fijacion de nitrdgeno por medio de la enzima nitrogenasa, la
cual transforma el Nen amoniaco (N§J como se muestra en la siguiente ecuacion:
N,+ 8H" + 8¢ + 16Mg-ATP— 2NHs+ H,+ 16Mg-ADP + 16Pi

La enzima nitrogenasa esta constituida por dos componentes protéicos, el componente | 0
dinitrogenasa (proteina-FeMo), un tetramero de 220-240 kDa, el cual es producto de los
genesnifD y nifK, contiene el sitio activo para la reduccién del Bl componente 1l 6
dinitrogenasa reductasa (proteina-Fe), es un dimero de aproximadamente 60 kDa
codificado por el genaifH. Este dimero realiza la hidrdlisis del ATP asi como la
transferencia de electrones al componente |. La reaccion catalizada por la nitrogenasa
requiere de una gran cantidad de ATP y poder reductor. El primer producto estable que se
obtiene de la fijacion de Ms el amonio. Varias pruebas indican que la asimilacion del
amonio para formar compuestos de nitrogeno lo realiza principalmente la planta. (Waters
et al., 1998; Allawayet al., 2000; Lodwiget al., 2003).
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Metabolismo del Carbono en Simbiosis.

Durante la fijacion simbidtica de nitrégeno, la planta provBaizobium con fuentes de
carbono necesarios para cubrir la demanda energética que requiere este proceso, mientras
que la bacteria provee a la planta con el nitrégeno fijadmntinuacion se presenta una

sinopsis del metabolismo del carbondREzobium durante lassimbiosis.

M etabolismo de Carbohidratos

Se ha observadque enRhizobium creciendo en vida libre pueden operar las rutas
Entner-Doudoroff, Embden-Meyerhof y pentosa fosfato en el catabolismo de azlcares
(Dilworth y Glenn, 1984; Irigoyewt al., 1990; McDermott al., 1989; Udvardi y Day,

1997). Sin embargo, a pesar de que los azlicares son muy abundantes en el nddulo, existe
evidencia experimental que indica que no son esenciales para realizar una eficiente
simbiosis, ya que los bacteroides Bejaponicum no pueden transportar glucosa y
aparentemente no poseen una ruta glicolitica completa. Los bacteroiBbszabeum
leguminosarum no transportan ni metabolizan hexosas ni disacéridos. Ademas, varias de
las enzimas necesarias para el metabolismo de azUcdrbizabium sp. NGR234 estan
ausentes en bacteroides (Glenn y Dilworth, 1981; Hudman y Glenn 1980).
Adicionalmente, mutantes dBhizobium afectadas en el metabolismo de azlcares
retienen la habilidad de nodular y fijar nitrdgeno simbioticamente (Cervenansky y Arias
1984; Glenret al., 1984; Glenret al., 1984).
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Metabolismo de acidos dicarboxilicos

Los acidos dicarboxilicos tales como el malato y succinato se encuentran en
concentraciones altas en el nédulo y son considerados la principal fuente de carbono para
el bacteroide ya que estimulan la fijacion de nitroOgenuitro (Bergersen y Turner,

1967, Streeter, 1987; Rosendadtl al., 1990; Fougerest al., 1991). Mutantes de
Rhizobium en el sistema transportador de estos compuestos fond@uios inefectivos

en chicharo, alfalfa y trébol (Glenn y Brewin, 1981; Ronegoal., 1981; Finaret al.,

1983; Arwaset al., 1985; Arwast al., 1986; Engelket al., 1987; Engelket al., 1989;
Watsonet al., 1988).

Sigema transportador de acidos dicarboxilicos

El sistema transportador de acidos dicarboxilicos es relevante en simbiosis y esta
codificado gendctA. En respuesta a la presencia de los &cidos dicarboxilicos, las
proteinas DctB y DctDcodificados pordctB y dctD respectivamente, activan la
trascripcion del germictA que codifica para la proteina transportadora, permitiendo la
entrada al bacteroide de compuestos como malato, succinato o fumarato (@@hson

1984; Watson, 1990). Las mutantes en el g#m& de Rhizobium tropici CFN899 son
incapaces de crecer en malato y fumarato, sin embargo, poseen la habilidad de crecer en
succinato, lo que indica la presencia de un sistema alterno para el transporte de este
compuesto. Las plantas inoculadas con esta mutante forman nédulos con una baja fijacion
de nitrégeno (29% con respecto a la cepa silvestre) (Bdtigta 2001) En S. meliloti

se sugiere qudctA se transcribe independientementedd#D, ya que mutantes en el
sistema de dos componentdstBD) son capaces de fijar nitrogeno (Engedkal., 1989;
Yaroshet al., 1989; Watson, 1990).
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Ciclo de Krebs.

El ciclo de Krebs se encuentra ampliamente distribuido en la escala filogenética (figura
1). Esta via metabdlica constituye una parte medular del funcionamiento celular. El ciclo
de Krebs es la ruta central del metabolismo de los acidos dicarboxilicos requeridos para
la fijacion de nitrogeno (Dunn, M., 1998). La oxidacion de compuestos a traves del ciclo
de Krebs provee poder reductor, ATP, asi como intermediarios para la biosintesis de

aminoacidos y otros metabolitos.

El ciclo de los &cidos tricarboxilicos inicia con la condensacién de acetil-CoA y
oxaloacetato para producir citrato, en una reaccion enzimatica catalizada por la citrato
sintasa. EnRhizobium tropici CFN299 se identificaron dos geng&sA y ccsA, que
codifican para la enzima citrato sintasa y se observd que la mutaciébn en ambos genes
induce la formacion de nddulos desprovistos de bacteroides (Hernandezet atas

1995). Dado que las mutantes Saorhizobium meliloti y S fredii en el gen que codifica

para la enzima citrato sintagitA) producen nédulos inefectivos (Mortimgral., 1999;
Krishnanet al., 2003), se concluye que la actividad de GItA es esencial para la fijacién de
nitrégeno en nodulo (Grzemsdtial., 2005).

La enzima aconitasa es codificada por el @@ y cataliza la isomerizacioén de citrato a
isocitrato. Las mutantes d@zadyrhizobium japonicum en este gene presentan un 30% de
actividad de aconitasa con respecto a la cepa silvestre (Thény-Meyer y Kiinzler, 1996), lo
que indicaria la presencia de un segundoageA. Debido a que la mutante en aconitasa

es capaz de fijar nitrogeno eficientemente en simbiosis con soya (Thony-Meyer y
Kinzler 1996), no se ha podido esclarecer el verdadero papel de esta enzima en el

metabolismo del bacteroide.

La isocitrato deshidrogenasa codificada por eligércataliza la oxidacion de isocitrato a
a-cetoglutarato, la actividad de esta enzima es alta en bacteroiBesegeminosarum,
S meliloti y B. japonicum (Mckay et al., 1989; Milleret al., 1991; Greeret al., 1998).

Mutantes en este gen & meliloti inducen bacteroides incapaces de fijar nitrogeno
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(McDermott y Kahn, 1992). Sin embargo, mutantes Blgaponicum en este gen
provocan un retraso en la nodulacién, pero en cuanto a la fijacion de nitrégeno no se

observan alteraciones (Shah y Emerich, 2006).

Acetil-CoA
CS Fix-
Oxaloacetato Citrato
ACN
MDH NADH+H*
Fix-  Malato Isocitrato
Fix- S. meliloti
IDH _ o
Fix*B. japonicum
FUM co,
NADH+H*
Fumarato a-Cetoglutarato Fix~ S. meliloti y R.
leguminosarum
FADH, Fix*B. japonicum
NADH+H* a-CDH
Fix- SDH
co,
Succinato Succinil-CoA
SCS
GTP

Figura 1. Reacciones enziméaticas del ciclo de Krebs. Abreviaturas: CS, citrato sintasa;
ACN, aconitasa; IDH, isocitrato deshidrogenas&DH, a-cetoglutarato deshidrogenasa,
SCS, succinil-CoA sintetasa; SDH, succinato deshidrogenasa; FUM, fumarasa; MDH,
malato deshidrogenasa. Fix Fix representa los fenotipos simbi6ticos observados con

diferentes mutantes en genes del ciclo de Krebs
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El complejo enzimético de kacetoglutarato deshidrogenasa, el cual esta codificado por
los genessucAB, cataliza la descarboxilacion oxidativa decetoglutarato a succinil-
CoA. En R leguminosarum, S. meliloti y M. loti los genessucAB estan acoplados
transcripcionalmente a los gemegh y sucCD (Figura 2) (Poolet al., 1999; Kaneckat

al., 2000; Galiberet al., 2001; Dymowet al., 2005) los cuales codifican para la malato
deshidrogenasa y la succinil-CoA sintetasa, respectivamente. Este egt@réontrolado

por un solo promotor corriente arriba del gedh (Pooleet al., 1999; Dymovet al.,
2005)

mdh ) sucC )isucD SUCA sucB

Figura 2. Organizacién genética de los genes que codifican para las enzimas malato
deshidrogenasanflh), succinil-CoA sintetasasiicCD) y a-cetoglutarato deshidrogenasa
(sucAB).

Las mutantes d& meliloti y R. leguminosarum ena-cetoglutarato deshidrogenasadp)
forman nddulos inefectivos en alfalfa y chicharopeetivamente (Duncan y Fraenkel,
1979; Walshavet al., 1997), indicando que este paso del ciclo de Krebs es necesario en
simbiosis. Sin embargo, mutantes Bejaponicum en a-cetoglutarato deshidrogenasa
forman nodulos funcionales en soya (Gredfmerich, 1997a; 1997b), sugiriendo que no

se requiere un ciclo de Krebs completo para la fijacion simbiotica de nitrdgeno o que
existe una ruta alternativa para la degradacionoaemdtoglutarato erB. japonuicum.
Greenet al. (2000) sugieren que el fenotipo Fign B. japonicum es debido a quel a-
cetoglutarato es metabolizado mediante-zetoglutarato descarboxilasa y la succinato

semialdehido deshidrogenasa para formar succinil-CoA en nédulos

El succinil-CoA se hidroliza a succinato mediante la accion de la enzima succinil-CoA
sintetasa codificada por los gersesCD. Una mutante d&®. leguminosarum en sucD

forma nodulos inefectivos en chicharo, probablemente debido al efecto polar en los genes
corriente abajsucAB. Esta mutante mantiene una actividad sustancial de succinil-CoA

sintetasa (Walshaet al., 1997) sugiriendo quie. leguminosarum posee un segundo gen
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sucD. Basado en estos datos no es posible asignar un papel durante la simbiosis para el

producto del gensucD.

El complejo succinato deshidrogenasa (SDH) codificado por los gém@ssdhD, sdhA

y sdhB cataliza la oxidacién del succinato a fumarato. Las mutant&srddiloti y R.
leguminosarum en la succinato deshidrogenasan incapaces de usar succinato como
unica fuente de carbono, pero crecen bien en fumarato y malato. Estas mutantes forman
nodulos inefectivos en sus respectivas plantas huésped EFmanl981; Gardiokt al.,

1982; Gardiokt al., 1987).

En la siguiente reaccion del ciclo de Krebs el fumarato es hidratado para formar malato
por medio de la enzima fumarasa codificada por el gem€. Accunaet al. (1991)
clonaron e inactivaron un géamC deB. japonicum. Se encontrd que la cepa mutante es
capaz de nodular y fijar nitrégeno eficientemente, debido a la presencia de tres genes mas

gue codifican para fumarasasknaponicum (Kanekoet al., 2002).

El paso final en el ciclo de Krebs regenera oxaloacetato a partir del malato por medio de
la enzima malato deshidrogenasa, codificada por el gaie Como se mencion6
anteriormente, los genasdh y sucCDAB se encuentran formando un operéon Rn
leguminosarum y S. meliloti (Pooleet al., 1999; Dymovet al., 2005), lo cual dificulta
determinar la naturaleza de la mutacionmeh debido al efecto polar que ocasionaria en

los genessucCDAB. Sin embargo, Dymoet al. (2005) obtuvieron una mutante 8e
meliloti en mdh usando un Tn5 que posee un promotor Tac, lo cual permite la
transcripcion de los genescCDAB. Se observé que el crecimiento en vida libre de esta

mutante es lento y forma nodulos inefectivos en alfalfa (Dyehak 2005).
El ciclo de Krebs posee rutas anapleréticas que lo mantienen activo en diferentes

condiciones. A continuacion resumimos los estudios de estas vias metabodlicas en la

simbiosisRhizobium-Leguminosa.
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Enzima mélica y piruvato deshidrogenasa.

El metabolismo de los acidos dicarboxilicos requiere que se generen oxaloacetato y
acetil-CoA a partir del malato. La enzima malica cataliza la descarboxilacion oxidativa
del malato a piruvato, el cual posteriormente es transformado en acetil-CoA por la
piruvato deshidrogenasa (Figura 3). Erjaponicum, R. leguminosarum y S. meliloti se

han identificado dos tipos de enzimas malicas, una dependiente dedsdificada por

el gendme (DME) y otra dependiente de NADRodificada por el getme (TME). La
regulacion y la actividad de estos genes ha sido estudiada extensivantemelgati y

B. japonicum (Kouchi et al., 1988; Copeland et al1989; Tomaszewska y Werner, 1995;
McKay et al., 1988; Driscoll y Finan, 1993).

Driscoll y Finan (1997) caracterizaron mutantes sencillas y dobles en los d®reas

tme. En las plantas de alfalfa, la mutante sencitte asi como la doble mutantine-

tme forman nodulos pequefios incapaces de fijar nitrégeno, la mutante semeiia fue
afectada en su funcionamiento simbidtico. Interesantemente la enzima maélica
dependiente de NADse induce en bacteroides. Al clonar el tea bajo el control del
promotor dme no se restaura el fenotipo de la mutantedee, por lo tanto DME es
requerida en simbiosis. El piruvato formado por la enzima malica es transformado en
acetil-CoA por el complejo enzimético piruvato deshidrogenasa, el cual esta codificado
por los genepdhAa, pdhAB, pdhB, y Ipd. Una mutacion en el gerpd en S. meliloti
presenta una disminucion de 16 veces en la actividad de piruvato deshidrogenasa y
presenta un fenotipo FixSotoet al., 2001).
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PDH
Piruvato ——p Acetil-CoA

DME o TME

NAD o NADP Malato

Figura 3. Reacciones enzimaticas de la ruta anptarptira la generacién de acetil-CoA
a partir de malato. Abreviaturas: DME, enzima malica dependiente NAD; TME, enzima

malica dependiente NADP; PDH, piruvato deshidrogenasa.

Metabolismo del PHB

El PHB o polihidroxibutirato es una excelente reserva de carbono. La ruta para la
biosintesis del PHB eRhizobium inicia con la condensacion de 2 moléculas de acetil-
CoA para formar acetoacetil-CoA, paso catalizado por la enzima cetotiolasa codificada
por el genphbA (Figura 4). Posteriormente, el acetoacetil-CoA es transformggio a
hidroxibutiril-CoA por la enzima acetoacetil-CoA reductasa codificada por gblgeh
Finalmente el B-hidroxibutiril-CoA es transformado en PHB por la enzima PHB sintasa
codificada por el gerphbC. En Rhizobium los genesphbA y phbB se encuentran
formando un operén, mientras que el gphleC se encuentra de manera independiente.
Los bacteroides de nédulos formados Borjaponicum y R. etli, producen grandes
cantidades de PHB durante la fase activa de fijacion de nitrégeno (Wong y Evans 1971;
Karr et al. 1984; Bergersen y Turner 1991). Una mutant®detli en el genghbC es
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mas eficiente en simbiosis, ya que presenta una actividad de nitrogenasa mayor a la cepa
silvestre. Las plantas inoculadas con la cepa deficiente en eplggDeresentan mayor

peso seco y las semillas contienen mas nitrégeno, en comparacion a las inoculadas con la
cepa silvestre (Cevall@s al., 1996).

La degradaciéon de PHB inicia con la accién de la enzima PHB depolimginbZa Y da

por resultado la formacion de mondmeros pdieidroxibutirato (Figura 4) (Trainer y
Charles 2006). Posteriormente, fehidroxibutirato es oxidado a acetoacetato por la
enzimap-hidroxibutirato deshidrogenaskdhA). En el siguiente paso el acetoacetato es
transformado a acetoacetil-CoA por la acetoacetil-CoA sintetesA?). Finalmente,

este compuesto es transformado en acetil-CoA por medio de la enzima cetotiolasa (Cai
al., 2000). Los nédulos daupinus angustifolius incubadas en oscuridad muestran niveles
bajos de PHB, un incremento en la actividad de BdhA y una disminucion de la fijacion de
nitrégeno, lo cual sugiere que las reservas de PHB en los nddulos pueden ser utilizadas en
condiciones de poca disponibilidad de carbono (Geesah, 1978). Se ha especulado

que el PHB proporciona el combustible necesario para realizar el proceso de infeccién en
S meliloti (Charles et al. 1997). Se piensa que en este organismo las reservas
intracelulares de PHB pudieran servir como una fuente de energia para la division celular
y el crecimiento durante la invasion e infeccion de la (@fzarles et al. 1997Sin
embargo, el PHB no es crucial para el proceso simbiotico, ya que mutar8aseidoti

en los geneddhA y acsA pueden establecer una simbiosis eficiente (Aneja y Charles,
1999; Caiet al., 2000).
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PHB
PHBs/ PHB-despolimerasa

B-hidroxibutiril-CoA B-Hidroxibutirato
Acetoacetil-CoA B-hidroxibutirato
reductasa deshidrogenasa
Acetoacetil-CoA Acetoacetato
\_/
Cetotiolasa Acetotoacetil-CoA

sintetasa

Acetil-CoA

Figura 4. Reacciones enzimaticas del ciclo del PHB. En azul se muestran las reacciones

de biosintesis y en rojo se muestran las de degradacion.

Biosintesis y metabolismo de aminoacidos en el nédulo.

La ruta predominante para la asimilacion de amonidR@zobium es a través de la
glutamino sintetasa (GS) y la glutamataetoglutarato deshidrogenasa (GOGAT). El
glutamato es aminado a glutamina por la enzima glutamino sintetasa. La glutamina es
posteriormente desaminada por la GOGAT, que transfiere un grupo amiao al
cetoglutarato obteniendo dos moléculas de glutamato. Existen tres isoformas de la enzima
GS enS méeliloti, R. leguminosarum, R. etli y M. loti: GSI, GSII y GSllI, codificadas por

los genesgInA, ginll y gInT, respectivamente. La supresion de la actividad de GS

originada por la mutaciéon de los gerg@sA y gInll en S meliloti produce nddulos
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efectivos; sin embargo, se ha detectado actividad residual de GS en bacteroides, debida a
la presencia de la GSIII (de Bruipt al., 1989). En contraste, las mutantesghmA y
glnll deB. japonicum son incapaces de nodular soya (Carktat., 1987). ErS. meliloti

la mutacion en GOGAT no afecta el proceso simbi6tico (Lewis et al., 1990).

La aspartato aminotransferasa (AatA) cataliza la transaminacion de glutamato a
oxaloacetato para obtener aspartato-getoglutarato. La bacteri@ meliloti posee tres

genes que codifican proteinas con actividad de aspartato aminotransferasa; sin embargo,
solamenteaatA estd conservado en otrdsizobium (Alfano y Kahn, 1993; Kaneket al.,

2000; Galibertet al., 2001; Kanekeet al., 2002; Gonzaleet al., 2006; Younget al.,

2006). Las mutantes d& meliloti y R. leguminosarum en el geraatA nodulan pero no

fijan nitrogeno, lo que sugiere que el aspartato podria ser una importante fuente de
carbono en simbiosis (Rastogi y Watson, 1991; Lochval., 2003).

La aspartasa cataliza la desaminacion reversible del aspartato para obtener amonio y
fumarato. Se ha observado que la actividad de aspartasa es alta en bacteRidésyde

B. japonicum indicando que en el nédulo podria existir cierta degradacién de aspartato
via aspartasa. Sin embargo, la actividad de esta enzima no es esencial para realizar una
simbiosis eficiente, ya que una mutanteRdetli en aspartasa, nodula y fija nitrégeno al

igual que la cepa silvestre (Koudahial., 1991; Huerta-Zepeda al., 1997).

El ciclo del glioxilato

Este ciclo fue descubierto en 1957 por Kornberg ybKres una ruta alterna al ciclo del
acido citrico que evita los pasos de descarboxilacion, permitiendo la formacion de
esqueletos carbonados, sin la pérdida de carbono en forma,d&sI®ciclo comparte
varias enzimas del ciclo de Krebs; sin embargo, posee dos enzimas exclusivas, la
isocitrato liasa y la malato sintasa, cuya funcion es evitar los pasos de descarboxilacion
del ciclo de los &cidos tricarboxilicos. La isocitrato liasa transforma el isocitrato en

succinato y glioxilato, la malato sintasa transforma el glioxilato y una molécula de acetil-
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CoA en malato (Figura 5). Dos moléculas de acetil-CoA son introducidas en el ciclo del
acido glioxilico, dando como resultando una molécula extra de malato la cual mantiene al
ciclo operando, de tal manera que una molécula de malato sintetizada puede ser usada
para gluconeogeénesis. En diferentes microorganismos las dos enzimas especificas del
ciclo del glioxilato se inducen cuando la bacteria crece en acetato o etanol como Unica
fuente de carbono, mientras que en presencia de carbohidratos, el ciclo del acido
glioxilico es inhibido (Cozzone, 1998). Encoli los genes estructurales de la isocitrato
liasa y la malato sintasacgA y aceB, respectivamente) constituyen un operén junto con
aceK que codifica para una isocitrato deshidrogenasa cinasa/fosfatasa la cual controla el
flujo del isocitrato hacia el ciclo del glioxilato (Cozzone, 1998; Cozzone y El-Mansi,
2005).

El ciclo del glioxilato opera en aves, reptiles, arqueas, bacterias, hongos, plantas y
nematodos (Kondrashat al., 2006; Daviset al., 1990; Morgunoet al., 2005; Davist

al., 1986). En mamiferos el gen de la malato sintasa es un seudogen y el de la isocitrato
liasa se encuentra ausente (Kondrasti@l., 2006). Recientemente se ha observado que

el ciclo del glioxilato es relevante en la patogénesis de organismoshysuloacterium
tuberculosis (McKinney et al., 2000), Rhodococcus equi (Wall et al., 2005),
Pseudomonas aeruginosa (Son et al., 2007; Lindseyet al., 2008) Candida albicans
(Lorenz y Fink, 2001)l_eptosphaeria maculans (Idnurm y Howlett, 2002)Magnaporthe

grises (Wang et al., 2003) Colletotrichum lagenarium (Asakura et al., 2006)
Rhodococcus fascians (Vereeckeet al., 2002; 2002a)Xanthomonas campestres (Tamir-

Ariel et al., 2007) yStagonospora nodorum (Solomonet al., 2004).
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Acetato Etanol Acidos grasos Poli- -hidroxibutirato

N/

Acetil-CoA
Gluconeogénesis

Oxaloacetato Citrato
/ ACN
NADH+H*
Acetil-CoA

Malato ICL isocitrato

Glioxilato IDH
FUM co
NADH+H* 2
Fumarato a-cetoglutarato

FADH,
NADH-+H* a-CDH
SDH
co,
Succinato Succinil-CoA

SCS

GTP

Figura 5. En negro reacciones del ciclo del glioxilato. Abreviaturas: CS, citrato sintasa;
ACN, aconitasa; SDH, succinato deshidrogenasa; FUM, fumarasa; MDH, malato
deshidrogenasa; ICL, isocitrato liasa; MS, malato sintasa. En gris se muestran reacciones
exclusivas del ciclo de Krebs. IDH, isocitrato deshidrogenas@DH, a-Cetoglutarato

deshidrogenasa; SCS, succinil-CoA sintetasa.
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El ciclo del glioxilato enRhizobium.

Rhizobium en su forma simbiotica depende completamente de la planta huésped por el
suministro de carbono. Aunque se ha observado que los acidos dicarboxilicos tales como,
el malato, succinato y fumarato son una fuente importa de compuestos carbonados
proporcionados por la planta como fuente de energia para la fijacion de nitrogeno, la
planta podria proveer al bacteroide con cantidades significantes de acetato. El acetato es
uno de los acidos organicos mas abundantes en el nddulo (Jackson y Evans, 1966) y
puede cruzar eficientemente la membrana peribacteroidal que separa a los bacteroides del
citosol del nédulo (Udvardi y Day, 1989). Ademas, se ha observado que el acetato
adicionado exdgenamente a bacteroide8.deponicum aisladospromueve la fijacion

de nitrégencex planta (Udvardi y Day, 1989). En bacteroidesBlgaponicum, la tasa de
incorporacién de acetato y la actividad de las enzimas involucradas con la transformacion
del acetato en acetil-CoA (acetato cinasa, fosfotransacetilasa y acetil-CoA sintetasa)
incrementa con la fijacion de nitrégeno (Prestnal, 1989; Smithet al., 1994),

implicando un incremento en la utilizacion de acetato.

En nddulos senescentes de soya y en nodulos de plantas de soya que fueron incubadas en
la oscuridad, se observa un decremento en la cantidad de PHB y un incremento en la
actividad de isocitrato liasa, lo que sugiere que el acetil-CoA producto de degradacion del
PHB es metabolizado por medio del ciclo del glioxilato (Wong y Evans, 1977). Sin
embargo, en nodulos de plantas creciendo en condiciones favorables el funcionamiento
del ciclo del glioxilato no se ha confirmado, ya que no se ha detectado la actividad de la
isocitrato liasa en bacteroides de soya, chicharo, alfalfa ¢ trébol (@rekn 1998;

Jonsonet al., 1966). En vida libre la actividad de isocitrato liasa solamente ha sido
detectada en medios conteniendo acetato u oleato (&ralen1998; Duncan y Fraenkel,

1979; Mandal y Chakrabartty, 1992).

A diferencia de la isocitrato liasa, la actividad enzimatica de malato sintasa se ha

detectado en bacteroides de chicharo, alfalfa, trébol, frijol y soya (Jonson et al., 1966;

Mandal y Chakrabartty, 1992). La actividad de malato sintasa parece ser constitutiva, ya
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que se ha detectado en extractos de células creciendo en acetato, glucosa, arabinosa,
piruvato y malato (Duncan y Fraenkel, 1979; Gretesd., 1998; Mandal y Chakrabartty,

1992). Hasta el momento solo se ha estudiado en simbiosis una mutante de malato sintasa
de R. leguminosarum la cual forma nédulos vy fijan nitrégeno eficientemente (Garcia-de

los Santost al., 2002) sin embargo no se hizo un analisis de esta mutante en vida libre
creciendo en acetato como Unica fuente de carbono. Aunque los genes patefivps

glcB, estan anotados en la secuencia del genom&@ deliloti (Figura 6) y otros
Rhizobium, el papel de estos genes en la utilizacibn de acetato y la interaccion
Rhizobium-Leguminosa no ha sido evaluado. Para entender mejor el papel del ciclo del
glioxilato en la interacciémhizobium-Leguminosa es necesario el andlisis de mutantes

en los genes que codifican para las proteinas involucradas en dicho ciclo.

A

potl potH potG potF SMc00769 aceA SMc00767 SMc00766

(KKK

SMc02579 SMc02580 glcB SMc02582 SMc02583

B |

Figura 6.- A) organizacion genética de los geae y SMc00767. B) organizacion

genética del geglcB.
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HIPOTESIS

Se conoce que en el nbédulo existe una gran cantidad de acetato superado en

concentracion solo por malato y que en los bacteroides se encuentran activas las enzimas
que transforman el acetato en acetil-CoA, asi como la malato sintasa, ademéas también se
ha observado que los bacteroides pueden usar acetato como fuente de energia para

soportar la fijacién de nitrégeno, por lo tanto el ciclo del glioxilato podria estar operando

enRhizobium durante la simbiosis con leguminosas.

OBJETIVO GENERAL

Caracterizacion funcional de los genes que codifican para las enzimas isocitrato liasa y

malato sintasa d&norhizobium meliloti en vida libre y en simbiosis.

OBJETIVOS PARTICULARES

Construccion de mutantes &morhizobium meliloti en los genes que codifican para la

isocitrato liasadceA) y malato sintasagl(cB).

Evaluar el papel de los genes del ciclo del glioxilato en vida libre mediante curvas de

crecimiento de las diferentes mutantes.

Evaluar el papel de la isocitrato liasa y la malato sintasa en la simbiosis con alfalfa.
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RESULTADOS

En esta seccidon de resultados se presenta un articulo publicado en la revista journal of
bacteriology. En este trabajo se evalud la contribucién de los productos de los genes
aceA, glcB y SMc00767 d&inorhizobium meliloti en vida libre y simbiosis.

Ramirez-Trujillo J. A., Encarnacion $ Salazar E Garcia-de los Santos.,ADunn M
F., Emerich D W., Calva E, y Hernandez-Lucas R007. Functional characterization of
Snorhizobium meliloti acetate metabolism genaseA, SMc00767 andjlcB. J Bacteriol
189:5875-5884.

38



JourRNAL OF BACTERIOLOGY, Aug. 2007, p. 5875-5884
0021-9193/07/$08.00+0  doi:10.1128/JB.00385-07

Vol 189, No. 16

Copyright © 2007, American Society for Microbiology. All Rights Reserved.

Functional Characterization of the Sinorhizobium meliloti Acetate
Metabolism Genes aceA, SMc00767, and glcB"¥

. . - ] - » . 2
J. A. Ramirez-Trujillo," S. Encarnacién,” E. Salazar,” A. Garcia de los Santos,” M. F. Dunn,’
. : 3 - 4
D. W. Emerich,” E. Calva,' and 1. Hernandez-Lucas'

Departamento de Microbiologia Melecular, Institute de Biotecnologia, Universidad Nacional Auténoma de México, Cuernavaca,

Morelos 62210, Mexico'; Centro de Ciencias Genomicas, Universidad Nacional Autonoma de Mexico, Cuemavaca,
Morelos, México®; and Department of Biochemistry, University of Missouri, Columbia, Missouri 65211°

Received 15 March 2007/Accepted 17 May 2007

The genes encoding malate synthase (gleB) and isocitrate lyase (aced) and a 240-bp open reading frame
(SMc00767) located downstream of aced were isolated and functionally characterized in Sinorhizobium meliloti.
Independent and double interposon mutants of each gene were constructed, and the corresponding phenotypes
were analyzed. ace4 mutants failed to grow on acetate, and mutants deficient in SMc00767 were also affected
in acetate utilization. In contrast, mutants deficient in glcB grew on acetate similar to wild-type strain RmS000.
Complementation experiments showed that aced and SMc00767 gene constructs were able to restore the growth
on acetate in the corresponding single mutants. aced-gleB, aced-SMc00767, and gleB-SMc00767 double knock-
outs were also unable to grow on acetate, but this ability was recovered when the wild-type aced-gicB or
aceA-SMc00767 loci were introduced into the double mutants. These data confirm the functional role of aced
and SMc00767 and show that gleB, in the absence of SMc00767, is required for acetate metabolism. Isocitrate
Ivase and malate synthase activities were measured in strain Rm3000, the mutant derivatives, and comple-
mented strains. aced and gleB were able to complement the enzymatic activity lacking in the corresponding
single mutants. The enzymatic activities also showed that SMc0767 represses the activity of isocitrate lyase
in cells grown on acetate. Gene fusions confirmed the repressor role of SMc00767, which regulates aced
expression at the transcriptional level. Comparison of the transcriptional profiles of the SMc00767 mutant and
wild-type strain Rm35000 showed that SMc00767 represses the expression of a moderate number of open
reading frames, including aced; thus, we propose that SMc00767 is a novel repressor involved in acetate
metabolism in S. meliloti. Genetic and functional analyses indicated that aced and SMcl0767 constitute a
functional two-gene operon, which is conserved in other a-proteobacteria. Alfalfa plants infected with the aced
and glcB mutants were not impaired in nodulation or nitrogen fixation, and so the glyoxylate cycle is not

required in the Rhizobium-legume symbiosis.

Bacteria of the genera Rhizobium, Sinorhizebium, Mesorhi-
zobium, and Bradyrhizobium fix nitrogen within nodules that
they form in symbiotic association with legumes. Sinorhizobium
meliloti, the bacterium that interacts with alfalfa plants, has
been used as a model to study the Rhizobium plant-microbe
interaction. An aspect that has been investigated in §. meliloti
is carbon metabolism, both in free-living cells and in the sym-
biotic state. Several rhizobial enzymes, such as citrate synthase
(29), isocitrate dehydrogenase (37), succinate dehydrogenase
(24), and malate dehydrogenase (17), are essential for N, fix-
ation, indicating that a functional tricarboxylic acid (TCA)
cycle is important in symbiosis (16). Anaplerotic pathways,
such as the glvoxylate shunt, are essential for growth on C,
substrates, such as acetate, allowing bacterial cells to replenish
the pool of TCA cycle intermediates necessary for supporting
gluconeogenesis and other biosynthetic processes (9, 10, 30).
This bypass is widespread in prokaryotes and plants (2, 18) and
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is encoded by two principal genes, aced (encoding isocitrate
lyase [ICL]) and gleB (encoding malate synthase [MS]). ICL
cleaves isocitrate to glyoxylate and succinate, and MS con-
denses glyoxylate with acetyl coenzyme A (acetyl-CoA) to pro-
duce malate. Two isoenzymes of MS have been described in
Escherichia coli; MSA encoded by the aceB gene is part of the
ace operon (91 min), which is required for growth on acetate,
and MSG encoded by the gleB gene mapped in the gle locus
(64.5 min), which is inducible by glycolate (9). The presence of
large amounts of acetate and fatty acids in soybean nodules
encouraged early studies on the glyoxylate cycle (30). The role
of this pathway in symbiosis was also supported by radiorespi-
rometric studies of Bradyrhizobium japonicum bacteroids
which indicated that as much as 50% of the acetyl-CoA enter-
g the TCA cycle is metabolized via MS (48). It was also
shown that acetate can be used by isolated B. japonicum bac-
teroids to support ex planta nitrogen fixation (42, 43). The
existence of the glyoxylate cycle in bacteroids is in doubt be-
cause the activity of ICL has not been detected in bacteroids
isolated from soybean, pea, alfalfa, and clover nodules (27, 30).
However ICL activity has been detected in bacteroids from
senesced nodules formed by B. japenicum (53). S. meliloti and
B. japonicum cells grown on acetate contain ICL activity as
well (15, 27, 36). In contrast, MS activity was found in bacte-
roids isolated from pea, alfalfa, and clover nodules, and sub-
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pg/ml), and potassium acetate (2 mM or 5 mM) as a carbon source. To deter-
mine growth rates on acetate, 5. meliloti cells were grown to saturation in PY
medium and then transferred o minimal medium with acetate. When required,
the following antbiotics were added: rifampin (50 pg/ml), spectinomycin (25
pg/ml), tetracycline (2 pg/ml), streptomycin (25 pg/ml), and gentamicin (30
pe/ml). E. coli strains were grown in LB supplemented with 25 pg/ml spectino-
mycin, 10 pa/ml terracycline, 20 pg/ml gentamicin, and 100 pg/ml ampicillin
when needed. E. coli and rhizobia were grown at 30°C. Conjugation experiments
were performed in the presence of the helper strain E. coli HB101 containing
pRE2013 (20} as previously described (6).

DNA manipulations, Plasmid purification and genomic DNA extraction were
performed according to published protocols (45). For hybridization, DNA was
digested with EcoRI or Pstl and then transferred from agarose gels to nylon
membranes. Probes were labeled with *2P by polymerase extension using random
primers, and hybridization was carried out under high-stringency condirions (47).
For sequencing, double-stranded DNA was purified with a High Pure plasmid
isolation kit (Boehringer Manheim, Germany), and sequencing was performed
with an automatic Perkin-Elmer/Applied Biosystems 377-18 system.

Sequence analysis, primers, and PCR amplification. The S. melilori ORFs
designated SMc00768 and SMc02581 were annotated in the genome as the
glyoxylate cvele genes aced and gle B, respectively. For SMcl0767, which encodes
a small hypothetical protein, no functional homologs were identified. Sequence
analysis was carried our with the GCG programs from the Genetics Computer
Group program suite (12). For DNA manipulations the aced, gleB. and
SMc00767 genes were amplified by PCR using genomic DNA from wild-type
strain Rm5000. The following primers were used: for aced, ace A3 (5'-GAGAT
TCAAATAGGAAGGAG-3) and aceAR (5'-ACAGTCATCGGAGTGCT-3');
and for glcB, gleB210 (5'-CAAGGACGGCTCGGGACA-3), gleB3973 (5'-GC
TCACAGACCACGACCACG-3"), msg387 (5 -CAATGCCCGCTGGGGCTC
GCT-3), and ms139 (5 -ATCGCCCACATGCCCTTG-3"). To amplify aced-
SMc00767, primers aceA3 and sm3 (3-AATTCGGCATGAGCCTCCAG-3')
were used. PCR amplifications were performed in a 9700 thermocycler (Perkin-
Elmer) with the following conditions: initial denaturation at 94°C for 3 min,
followed by 34 cvcles of denaturation (94°C, 2 min ), annealing (55°C, 2 min}, and
extension (72°C, 3 min) and a final extension at 72°C for 5 min. PCR samples
were electrophoresed through 0.8 1o 1% agarose gels in Tris-acetate-EDTA
buffer and stained with ethidium bromide.

Generatlon of mutants and complementation experiments. To generate re-
combinant plasmids for mutagenesis, 1,755-bp, 1,154-bp, and 2,162-bp PCR
products corresponding 1o aced, gleB, and aced-SMcO0767 were cloned in
pCR2.1 (Invitrogen) to obtain plasmids pHL76, pHL96, and pHLAY, respectively
(see Fig. S1A.L, 51AY9, and 51B.1 in the supplemental material). The antibioric
resistance cassettes pHP450) Sp/Sm and pHP45 Te (19) were inserted into the
aced and gleB genes o generate plasmids pHL 7% and pHLY7 (see Fig. S1A.3 and
51A.10 in the supplemental material), and the interrupred genes were subcloned
into the pJQO200mp18 vector (44), peneraring plasmids pHLY95 and pHLY8 (see
Fig. S1A4 and S1A 11 in the supplemental material). To generate a construct for
SMel0T67 muragenesis, the aced and SMel0T67 genes from plasmid pHLRO
were subcloned into pJQ200mpl8, generating plasmid pHL9Y (see Fig. S1B.5 in
the supplemental material). This plasmid was digested with Mlul and filled in
with the Klenow fragment, and then the antibiotic resistance cassette (Sp/St)
previously digested with Smal was inserted into the SMc00767 gene to generate
plasmid pHL100 (see Fig. S1B.6 in the supplemental material).

Recombinant plasmids harboring the interrupted genes were introduced into
Rm35000, and mutants generated by double crossover were selected for each
gene. To generate the aced-glcB double knockout, the interrupted gleB gene was
rransferred into the aced-deficient murant. To generate the gleB-SMcO0T6T
mutant, the interrupted SMc00767 gene was transferred into the gleB-deficient
strain, and then mutants generated by double recombination events were iso-
lated. To obtain knockouts, we used the sacREB selection sysiem (44) and the
appropriate antibiotics. Gene replacement was confirmed by PCR using appro-
priate primers and Southern blot hybridization.

To complement the mutant phenotypes, a 3,783-nucleotide PCR fragment
corresponding to gleP and flanking sequences was cloned in pCR2.1, generating
plasmid pHLE6 (see Fiz S1AT in the supplemental material). The aced, gleB,
and aced-5SMcl0767 genes from plasmids pHL 76, pHLS6, and pHLEY were then
subcloned into pBBRIMCS-3, generating plasmids pHL85, pHLS7, and pHL90,
respectively (see Fig. S1A.2, SIAS, and S1B.2 in the supplemental marterial). To
complement the aced-gicB double mutant, plasmid pHL&6 was digested with
Xbal and Spel, and the liberated glcB gene was cloned into plasmid pHLES,
generaring plasmid pHLES, which contains aced and gieB (see Fig. S1A.6 in the
supplemental material). Additionally, the aced glcB mutant was complemented
with plasmid pHLY0 carrying the aced and SMc00T67 genes (see Fig. 51B.2 in
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the supplemental material). To complement the SMc00767 mutant, the
SMcl0767 pene was excised from plasmid pHLEY with Stul and Xbal and then
ligated into pBBRIMCS-5, generating plasmid pHLY1 (see Fig S1B4 in the
supplemental material). Alternartively, this mutant was complemented with plas-
mid pHL92 (see Fig. 51B.3 in the supplemental material). To obtain this plas-
mid, pHL90 was digested with Stul and Nrul and relegated 1o abrain a 720-bp
internal deletion of the aced gene.

Growth curves, Bacterial strains were grown in PY medium overnight, and 4
ml was transferred to 50 ml of M9 mediuvm with 2 mM acetate and cultivated
overnight at 30°C at 200 rpm. Cells from the 2 mM acetate culure were used to
inoculate 50 ml of MY medium containing 5 mM acetate to an inital optical
density at 595 nm (ODsg;) of 0.05. The cultures were incubated at 30°C ar 200
rpm, and growth was followed by measuring the ODsq5 every 24 h.

Preparation of cell extracts. To determine ICL activities, cells were grown o
an OD o5 of 0.7, harvested by centrifugation, washed with a saline solution, and
resuspended in breaking buffer [20 mM N-tris{hvdroxymethyl)methyl-2-amin-
oethanesulfonic acid (TES) (pH 7.0}, 100 mM NaCl, 5 mM MgCl;, 0.4 mM
EDTA, 1.5 mM dithiothreitol, 2% (wijvol) glycerol] (27). The cells were soni-
cated on ice five times for 45 s with 45-s rest periods using a Soniprep 150 (MSE).
The homogenate was centrifuged, and the supernatant was used for activiry
measurement. To determine MS activities, cells were grown to an ODsg; of 0.7,
harvested by centrifugation, washed, and resuspended in 100 mM Tris-HCI (pH
7. 5). The cells were sonicated on ice three times for 15 s with 1-min rest periods
(23). The lysate was centrifuged to remove cell debris, and the supernatant was
used for MS activity measurement. The protein concentrations in cell extracts
were determined by the Bradford method (4), using bovine serum albumin as the
standard.

Enzyme assays. ICL activity was measured as described by Dixon and Korn-
berg (14). The assay mixtures (1 ml) contained 500 mM morpholinepropanesul-
fonic acid (MOPS) (pH 7.3), 5 mM MgCl, | mM EDTA, 4 mM phenylhydrazine
HCL, and 8 meliloti extract. Isocitric acid was added to a final concentration of
12.5 mM toinitiate the reaction. The increase in the level of the phenylhydrazone
derivative of glvoxyltate was measured at 324 nm. MNegative controls without
isocitrate were included in each experiment. MS activity was monitored by
determining the glyoxylate-dependent release of free CoA from aceryl-CoA (36).
The assay mixtures (0.5 ml) contained 100 mM Tris HCI (pH 7.5), 10 mM MgCl,,
25 mM glyoxylic acid, and S. meliloti extract. The reaction was initiated by
addition of aceryl-CoA to a final concentration of 0.43 mM. After incubation for
5 min at room temperature, the reaction was stopped with 1 ml of 6 M urea.
Color was developed by addition of 5.5"-dithiobis( 2-nitrobenzoic acid) to a final
concentration of 10 mM, and absorbance was determined at 412 nm. Negative
controls without glyoxylate were included in each experiment. Enzymatic assays
of ICL and MS activities were repeated four imes.

Constructlon of transcriptional aced-gusd reporter fuslons. An 5 meliloti
aced-gusd transcriptional gene fusion was constructed as follows. Plasmid
pHLES (see Fig. SIA.Z in the supplemental material) harboring the aced regu-
latory region as well as the entire aced gene was digested with Stul (rthe restric-
tion site was located 490 bp downstream of the aced start codon), and plasmid
pWM&6 (38) was digested with Smal to obtain a 3,727-bp fragment containing the
gusd reporter gene. The 3,727-bp frapment was inserted into the Sl restriction
site of plasmid pHLS5, generating plasmid pHL93 (see Fig. 51A5 in the sup-
plemental material). The pHL93 plasmid containing the aced :gusd fusion was
inrroduced into wild-type strain Rm3000, as well as into the SMcOO0T6T mutant
RH421, generating strains RH465 and RH467, respectively.

B-Glucuronldase activity measurement. To measure B-glucuronidase activiry,
separate cultures were grown in MY containing 5 mM acetate 1o OD, .5 of 0135,
0.7, and L. A 1-ml aliquot of culture was centrifuged and resuspended in a sal
wash solution supplemented with chloramphenicol (100 pg ml~). Quantitative
B-glucuronidase assays were performed with the p-nitrophenyl glucuronide sub-
strate as described previously (52). Data were normalized to the total cell protein
concentration by the Bradford method (4). The results presented below are the
means of three independent experiments.

RNA Iselatlon, synthesls of labeled cDNA, and micrsarray bybridization,
Sinorhizobium strains were grown at 30°C in M9 medium containing acetate to an
0D, of 0.7. Bacterial cells ( 100 ml) were collected, and total RNA was isolated
by acid hot-phenol extraction as described previously (13). The concentration of
RNA was determined by measuring the absorbance at 260 nm. The integrity of
RMNA was determined by running a 1.5% agarose gel. Ten micrograms of RNA
was labeled differentially with Cy3-dCTP and Cy5-dCTP wsing a CyScribe First-
Strand cDNA labeling kit (Amersham Biosciences). Pairs of Cy3- and Cy3-
labeled cDNA samples were mixed and hybridized to the array as described by
Hegde et al. (28). After washing, the arrays were scanned using a pixel size of 10
wmwith a Scan Array Lite microarray scanner ( Perkin-Elmer, Boston, MA). The
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FIG. 1. Functional role of aced, SMc00767, and glcB in acetate utilization by S. melilori. Bacteria were grown in M9 minimal medium
supplemented with 5 mM potassium acetate. The OD, . was measured every 24 h over a 96-h period. The bacterial strains used were wild-type
strain Rm3000, aced mutant RH190, SMc00767 mutant RH421, gleB mutant RH218, an aced mutant complemented with the wild-type aced gene
(RH198), an SMcl767 mutant complemented with the SMc0786 gene (RH435), an SMcO0767 mutant complemented with the wild-type
SMc0767 gene and the intact aced promoter region (RH442, gleB-SMc767 double mutant RH419Y, a gleB-5Mcl0767 double mutant comple-
mented with gleB (RH429), a glcB-SMc(0767 double mutant complemented with SMc00767 (RH436), a gleB-5Mc00767 double mutant comple-
mented with the aced promoter region and SMc00767 (RH443), aced gicB double mutant RH222, an aced-gleB double mutant complemented with
aced-gleB (RH312), an aced-gleB double mutant complemented with aced-SMc00767 (RH327), an aced mutant complemented with aced-
SMc00767 (RH326), and an aced mutant complemented with aced-gleB (RH462). Growth kinetics were determined at least four times, and the

graphs show the averages of all experiments.

5. meliloti 6205 T0-mer oliponucleotide set was acquired from QIAGEN (Hilden,
Germany) (https:www.operon.com/arrays/oligosets_sinorhizobivm.php). The
oligonucleotide set was resuspended and spotted in duplicate on SuperAmine-
coated slides (25 by 75 mm; TeleChem International, Inc.) by a high-speed robot
at the microarray facility at the Cellular Physiology Insutute (Universidad Na-
cional Autdnoma de México).

DNA microarray analysls. Spot detection, mean signals, mean local back-
ground intensities, image segmentation, and signal quantification were deter-
mined for the microarray images using the Array-Pro Analyzer 4.0 sofrware
(Media Cybernetics, L.P). Microarray data analysis was performed with genArise
software, developed in the Computing Unir of the Cellular Physiology Institute
at Universidad Nacional Autdnoma de México  (httpy/www ifc.unam. mx
fgenarisef). This software identifies diffierentially expressed genes by calculating
an intenmsity-dependent z-score. It uses a sliding window algorithm to caleulate
the mean and standard deviation within a window surrounding each data point
and defines a z-score where z measures the number of standard deviations that
a data point is from the mean: z; = [R, - mean(R)]/sd(R), where z; is the z-score
for each element, mean(R) is the mean log ratio, R, is the log ratio for each
element, and sd{R) is the standard deviation of the log ratio. With this criterion,
the elements in all experiments with a z-score of =2 standard deviations were
considered significantly differentially expressed genes. DNA microarray experi-
ments were performed three times with RNA isolated from independent cul-
tures.

Plant nodulatien experiments. Seeds of Medicago sativa were surface sterilized
for 15 min in sulfuric acid and for 5 min in 1.57% sodium hypochlorite and washed
in sterile distilled water. They were germinated for 48 h on 0.75% agar at 30°C
in the dark. Fourteen seedlings were transplanted into a pot containing vermic-
ulite. For nodulation experiments, each plant was inoculated with 1 » 10F

bacteria. After inoculation, the plants were transferred 1o a growth chamber and
incubated at 21°C with a photoperiod consisting of 16 h of light and 8 h of
darkness. After 35 days, nitrogen fixation was determined by examining acetylene
reduction by using a gas chromatograph (5). Nodules were surface sterilized and
then crushed in a sterile saline solution and plated on PY medium. One hundred
colonies were replica plated with the appropriate anribiotic to ensure that cross-
contamination had not taken place.

RESULTS AND DISCUSSION

Growth rates of aced, SMc00767, and glcB mutants on ace-
tate. Mutants with mutations in the glyoxylate cycle genes were
constructed and analyzed in liquid minimal medium supple-
mented with 5 mM potassium acetate as the carbon source
(Fig. 1). The ace4 mutant RH190 failed to grow on acetate, in
contrast to wild-type strain Rm5000 and the complemented
aceA mutant RH198, which contains the entire aced gene (Fig.
1A). This result supports the essential role of aced in the
glyoxylate shunt. Downstream of and contiguous with aced is a
gene encoding a small hypothetical protein (79 amino acids)
annotated SMc00767 (22) which appears to be part of a tran-
scriptional unit with aced. In order to evaluate if SMcD0767
has a functional role in acetate metabolism, an SMc00767
mutant (RH421) was constructed. Growth profiles of mutant
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RH421 show that it was able to grow on acetate, albeit at a very
reduced rate (Fig. 1B), indicating that the SMc00767 gene has
a role in acetate metabolism. Complementation experiments
with SMc00767 mutant RH421 were performed. The inter-
genic region between aced and SMc00767 is 111 bp long.
Based on this organization, we complemented SMc00767 mu-
tant RH421 with plasmid pHLY91, which contains the entire
SMc00767 ORF and sequences 800 bp upstream and 200 bp
downstream (see Fig. S1B.4 in the supplemental material). The
complemented SMc00767 mutant strain, designated RH435,
had the same growth rate as the parental SMc00767 mutant
RH421 strain on acetate (Fig. 1B). This result suggested that
SMc00767 transcription may require the aced promoter. To
validate this assertion, pHL92, a derivative plasmid of pHL90,
was constructed. pHL92 has an internal deletion (720 bp) in
the aced structural gene and contains 485 bp of the aced
putative promoter, 570 bp of the aced structural gene, and the
entire intergenic ace4-SMc00767 region, as well as the com-
plete SMc00767 gene (see Fig. S1B.3 in the supplemental ma-
terial). Conjugal transfer of pHL92 into the SMc00767 mutant
RH421 generated complemented strain RH442. The growth
rate of the complemented SMc00767 mutant RH442 on ace-
tate was the same as that of the wild-type strain (Fig. 1B). This
finding indicates that expression of SMc00767 requires the
promoter region of aced and that these two genes are orga-
nized in an operon. In contrast to the ace4- and SMc00767-
deficient strains, the glcB mutant RH218 grew similar to the
Rm5000 wild-type strain on acetate (Fig. 1C), indicating that
single mutations in glcB do not affect acetate utilization.

Our results showed that the ace4 mutant was unable to
growth on acetate, while the growth rate of the SMc00767
mutant was reduced 65% in comparison to the growth rate of
the wild- tvpe strain. This observation indicated that another
gene besides SMc00767 was involved in acetate utilization.
Other data supporting the presence of an additional compo-
nent for acetate utilization include the fact that the mutation in
aceA had a polar effect on SMcD0767, and so a second genetic
component must be involved in the growth of the comple-
mented aced strain RH198 on acetate. In order to identity the
additional genetic locus involved in acetate metabolism, an
SMc00767-glcB double mutant, RH419, was constructed. glcB
was chosen because it is involved in acetate metabolism in
many bacterial species, although we have shown that the gleB
single mutant was not affected in acetate utilization (Fig. 1C).
The growth profiles of the SMc00767-glcB double mutant (Fig.
1D) show that this strain is unable to grow on acetate, indicat-
ing that glcB has a functional role in the absence of SMc00767.
This result indicates that aced itself is unable to restore growth
on acetate and demonstrates the necessity of SMc00767 or gleB
for growth on acetate. To support this hypothesis, we trans-
ferred plasmids pHL92 (harboring the aced promoter and the
SMc00767 structural gene), pHL87 (containing the glcB gene),
and pHL91 (harboring the SMc00767 gene without the aced
promoter) (see Fig. S1B.3, SIA.8, and S1B.4 in the supplemen-
tal material) independently to the SMc00767-glcB double mu-
tant RH419, obtaining the complemented strains RH443,
RH429, and RH436, respectively. The growth of the
SMc00767glcB double mutant complemented with the aced
promoter and the SMc00767 structural gene (RH443) and the
growth of the strain with glcB (RH429) were partially reestab-
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lished on acetate. In contrast, the SMc00767-glcB mutant com-
plemented with SMc00767 without the aced promoter was
unable to restore growth (Fig. 1D). The results of these exper-
iments support the hypothesis that SMc00767 and gleB have a
functional role in acetate metabolism and provide further ge-
netic evidence of the ace4-SMc00767 operon organization. To
ascertain the requirement for SMc00767 and gleB for growth
on acetate, an aced-glcB double mutant (RH222) was con-
structed. The aceA-SMc00767 mutant strain RHI90 (see
above) and the aced-gleB mutant strain RH222 were evaluated
for growth on acetate. Neither mutant was able to grow on
acetate as a carbon source (Fig. 1E). Complementation exper-
iments with the aced-glcB RH222 mutant strain were per-
formed. Plasmid pHL38 (see Fig. S1A.6 in the supplemental
material), which harbors the aced and glcB genes, was trans-
ferred to the aced-gleB RH222 mutant, generating the RH312
derivative. The complemented aced-glcB mutant strain RH312
exhibited growth similar to that of the wild-type strain on
acetate (Fig. 1E). In addition we generated the complemented
strain RH327 by introducing plasmid pHL90 (see Fig. S1B.2 in
the supplemental material), which contains aced as well as
SMc00767, into aceA-gleB mutant RH222. As shown in Fig.
1E, the aceA-glcB mutant, complemented with the wild-type
aced and SMc00767 genes, also reestablished growth on ace-
tate. The ace4-SMc00767 double mutant RH190 was also com-
plemented with plasmid pHLSS, which contains ace4 and glcB,
and plasmid pHL90, which contains ace4 and SMc00767 (see
Fig. SIA6 and Fig. SIB.2 in the supplemental material)
(strains RH462 and RH326, respectively). The growth profiles
on acetate (Fig. 1F) of the aceA-SMc00767 mutant comple-
mented with aced-gleB or aced and SMc00767 are similar to
those of wild-type strain Rm5000 (Fig. 1F). These results show
that ace4 and SMc00767, as well as glcB, are involved in ace-
tate metabolism in S. meliloti. In order to determine if aceA,
SMc00767, and glcB are functional with other carbon sources,
growth rate experiments were performed with different carbon
compounds. Previously, we reported (23) that glcB was induced
on minimal medium supplemented with arabinose as the car-
bon source, and it has also been reported that GlcB activity was
detectable in minimal medium supplemented with succinate,
arabinose, or malate (15, 27). To evaluate if glcB has a func-
tional role in the utilization of these carbon compounds, we
performed growth rate experiments with the gleB mutant
RH218 and the complemented glcB strain RH302 in minimal
medium supplemented with arabinose, succinate, or glucose
and in PY medium. With the different carbon sources tested,
the growth of the glcB mutant and the complemented RH302
strain was identical to the growth of the wild-type Rm5000
strain (data not shown). This indicates that gicB is not essential
for arabinose, succinate, glucose, or PY medium utilization.
Growth rate experiments were also performed with the aced
mutant RH190 and the SMc00767 mutant RH421 in minimal
medium supplemented with glucose and in PY medium. We
found that the growth of the ace4 mutant RH190 and the
growth of the SMc00767 mutant RH421 were similar to the
growth of the Rm5000 wild-type strain (data not shown), indi-
cating that the ace4 and SMc00767 loci are not involved in
glucose or PY medium utilization.

Activity of glyoxylate cycle enzymes. A series of enzymatic
assays were carried out with cell extracts of mutants and com-
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TABLE 2. ICL and MS activities in cell extracts of 5. meliloti strains®

Enzyme sp act (nmol min~!
mg protein=*)

Strain Genotype

ICL Ms
Rm5000 Wild type 138 £ 21 179 + 27
RH19%0 Rm5000 ace4::02Sp/Sm 6.7 43
RH198 RmS000 aced ::005p/Sm, pBBR1IMCS-5 aced 1,080 = 190 172 + 21
RH218 RmS000 gleB:0Tc 297 * 26 ND
RH222 RmS5000 aced ::0dSp/Sm glcB::{)Te ND ND
RH302 Rm5000 gleB::0Tc, pBBRIMCS-5 glcB 190 = 18 230 + 25
RH312 Rm5000 aced ::005p/Sm gleB:{¥Te, pBBRIMCS-5 aced-gicB 1,030 = 209 251+ 26
RH326 RmS000 aced ::05p/Sm, pBBR1IMCS-5 aced-SMcD0767 341 x£22 115+ 24
RH327 RmS000 aeed :0Sp/Sm gleB::{)Te, pBBRIMCS-5 aced-SMc00767 443 * 50 ND
RH419 Rm5000 gleB:4¥Tc SMc00767::(0Sp/Sm 1210 ND
RH421 RmS5000 SMc00767::QSp/Sm 685 * 39 132+ 19
RH429 Rm3000 glcB::0¥Tc SMc00767::00Sp/Sm, pPBBRIMCS-5 glcB 731 = 37 907 *+ 220
RH435 Rm5000 SMc00767::0Sp/Sm, pBBRIMCS-5 SMc00767 657 = 36 141 £ 2
RH442 RmS000 SMc00767::Q5p/Sm, pBBRIMCS-5 aced-SMc00767 with an internal 700-bp deletion 96 £ 18 116+ 6

in aceA that leaves wild-type SMc00767 and the intact aced promoter region
RH443 RmS5000 gleB:02Tc SMc00767::025p/Sm, pBBRIMCS-5 ace4-SMc00767 with an internal 700-bp 216 £ 31 ND
deletion in aced that leaves wild-type SMc00767 and the intact aced promoter region

RH462 RmS000 aced ::0Sp/Sm, pBBRIMCS-5 aced-gleB 832+ 194 1,343 + 303

® Bacteria were grown in M9 medium supplemented with 5 mM porassium acetate as the carbon source. In most cases the values are the averages of at least four
separate experiments; the exception is the values for strain RH190, for which only one experiment was done. ND, not detected.

plemented strains growing on acetate as the carbon source.
Table 2 shows the loss of ICL activity in the aced mutant
RH190. The complemented aced mutant RH198, harboring
the single aced gene, had eightfold more ICL activity than the
wild-type strain (Table 2). The glcB mutant RH218 lacked MS
activity, while the gleB mutant complemented with glcB
(RH302) exhibited a level of MS activity similar to that of the
wild-type strain (Table 2). These results indicate that the in-
ability of the ace4 mutant to grow on acetate was due to the
aceA mutation (Fig. 1A). The null activity of the glcB mutant
and the restored activity of the complemented strain showed
that a single MS gene was present in §. meliloti, The activities
of the glyoxylate cycle enzymes ICL and MS were also mea-
sured in the aced-glcB double mutant RH222. The double
mutant was unable to grow on acetate (Fig. 1E) and had no
ICL and MS activities (Table 2). The aced-glcB mutant com-
plemented with aced and gleB (strain RH312) exhibited
growth on acetate (Fig. 1E), as well as ICL and MS activities,
and in the case of ICL, it had sevenfold more activity that the
wild-type RmS5000 strain. The aceAd-glcB double mutant com-
plemented with aceA-SMc00767 (strain RH327) also exhibited
ICL activity, but it showed only a threefold increase in ICL
activity compared to the wild type (Table 2).

These results show that in the absence of SMc00767 ICL
overexpression occurs, suggesting that SMc00767 is a repressor
of the aced gene. To validate this suggestion, ICL activities
were measured. The aced-SMc0D767 mutant RH190, as men-
tioned above, has no ICL activity, but when it was comple-
mented with the aced and SMc0767 genes (strain RH326), it
exhibited a twofold increase in ICL activity compared with the
wild type (Table 2). In contrast, mutant RH421, lacking
SMc00767, had five times as much in ICL activity as the wild
type (Table 2). The SMc00767 mutant complemented with the
SMc00767 gene without the ace4 promoter (strain RH435)
showed no reduction in ICL activity, while the SMc00767 mu-
tant complemented with the aced promoter and the SMc00767

gene (strain RH442) had a reduced level of ICL activity similar
to the level of wild-type strain Rm5000. In addition, when
gleB-SMc00767 mutant RH419, which showed no growth on
acetate (Fig. 1D), was complemented with glcB (strain
RH429), it showed a fivefold increase in ICL activity, while the
gleB-SMc00767 mutant complemented with the aced promoter
and the SMc00767 gene (strain RH443) had ICL activity sim-
ilar to that of the wild type. Together, these data indicate that
SMc00767 repressed aced expression. To determine if the
glyoxylate cycle activities were present during grown on other
carbon sources, ICL and MS enzymatic assays were performed.
In PY medium, ICL activity was not detected in wild-type
strain Rm5000 or in the SMc00767 mutant RH421 (which
overexpressed ICL activity in the presence of acetate), sup-
porting the specificity of ICL activity in acetate metabolism. To
evaluate if MS activity was present during grown on other
carbon sources, wild-type strain Rm5000 and the glcB mutant
RH?218 were grown with glucose, arabinose, or succinate as the
sole carbon source. The gleB mutant RH218, as expected, had
no MS activity on any carbon source tested. In contrast, on
arabinose, succinate, and glucose, wild-type strain Rm5000 had
MS activities that were 20, 15, and 17% of the activity on
acetate. Together, the growth rate experiments and the MS
activities suggest that this enzyme is not required for arabinose,
succinate, or glucose metabolism.

SMc00767 regulates aced expression on acetate. The enzy-
matic data indicate that SMc00767 represses aced expression.
To evalvate if this repression occurs at the transcriptional
level, gene fusions were constructed in which the gusA reporter
gene was inserted downstream of the aced promoter of plas-
mid pHLS5 to obtain plasmid pHL93 (see Fig. SIA.5 in the
supplemental material). The resulting ace4 promoter-gus4 fu-
sion plasmid was introduced into wild-type strain Rm5000 and
the SMc00767 mutant to generate strains RH465 and RH467,
respectively. B-Glucuronidase activity was determined for both
strains in M9 minimal medium supplemented with 5 mM ac-
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FIG. 2. g-Glucuronidase activities of RH465 (wild-type strain
Rm5000 containing the aced:gusd fusion) and RH467 (SMcl0767
mutant RH421 harboring the aced.:gusA4 fusion) grown in M9 medium
containing acetate. The cultures were collected at ODgg.s of 0.35, (L7,
and 1. The values are the means of three independent experiments
performed in duplicate. PNF, p-nitrophenyl; GUS, B-glucuronidase.

etate. The transcriptional assays revealed that at three different
culture ODs,ss (0.35, 0.7, and 1), the strain with the aced
promoter in the absence of SMc00767 had significantly greater
[B-glucuronidase activity than wild-type strain Rm5000 harbor-
ing the aced promoter-gusA fusion plasmid (Fig. 2). Thus, we
demonstrated, by using expression assays of the aced promoter
as well as by examining ICL enzymatic activity, that SMc00767
is a repressor of the aced gene. To determine if SMc00767
repressed aced expression in the presence of other carbon
sources, PB-glucuronidase assays were performed with these
strains using succinate-, arabinose-, and glucose-grown cul-
tures. At three different ODsgss (0.35, 0.7, and 1), aced ex-
pression was not detected with arabinose, glucose, or succinate
in RH465 and RH467 (data not shown), supporting the hy-
pothesis that ace4 and SMc00767 have a specific role in acetate
metabolism.

Transcriptional profiling of the S. meliloti wild-type Rm5000
and SMc00767 mutant strains grown on acetate. The enzy-
matic and transcriptional results presented above indicate that
SMc00767 is a novel regulator involved in acetate metabolism
in rhizobia. To investigate the role of the SMc00767 gene in the
global regulation of acetate metabolism and to identity further
putative target genes of SMc00767, transcriptional profiles of
wild-type strain RmS5000 and the SMc00767 mutant were com-
pared. These strains were grown on 5 mM acetate to an OD <4
of 0.7, the bacteria were collected, and the total RNA was
isolated, labeled, and hybridized with slides that contained the
genome oligonucleotide set acquired from QIAGEN. We
found that in the SMc00767 mutant seven genes were overex-
pressed with a z-score of =2 standard deviations (Table 3).
These genes correspond to four hypothetical proteins, dnab,
potH, and aceA. These genes are dispersed in the 8. meliloti
genome: SMb21456 and SMb21463 are encoded on pSymB,
SMa2071 is encoded on pSymA, and aced, SMc00769, potH.
and draB are encoded on the chromosome. Interestingly, one
of the genes encoding a hypothetical protein (SMc00769) and
potH are located downstream of aceA. In S. meliloti, SMc00767
is clustered with aced, SMc00769 potF, potG potH, and potl,
and the microarray data show that three of these genes are
overexpressed in the SMcD0767 mutant, suggesting that this
cluster of genes is involved in acetate utilization. The reason
why the microarray experiments failed to detect all the genes
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of this cluster could be RNA degradation, RNA instability, or
low mRNA levels. However, with the exception of aced. the
genes overexpressed in the microarray experiments represent
novel genes for acetate metabolism in 8. meliloti. Additional
work is necessary to assign specific roles to these genes. The
moderate number of overexpressed genes obtained with the
microarray experiments shows that SMc00767 is a local repres-
sor of acetate metabolism in 8. meliloti. In agreement with the
enzymatic data and expression analysis of the aced gene, the
microarray experiment also shows that SMcl00767 represses
aceA transcription: thus, we considered aced a good internal
control to validate the effect of the SMc00767 gene on the
expression of other S. meliloti genes.

SMc00767 regulates the expression of a conserved cluster of
genes in rhizobia. The enzymatic data and the transcriptional
results show that SMc00767 regulates the expression of aceA,
and the microarray experiments indicate that SMc00767 also
regulates the expression of two genes located downstream of
aced. To determine if the genes repressed by SMc00767 are
conserved in rhizobia, genomes of several w-proteobacteria
were analyzed. The alignment in Fig. 3 shows that the tran-
scriptional repressor SMc00767, as well as aced, SMc00769,
potF, potG, potH, and potl, are contiguous in Agrebacterium
tumefaciens (26, 34), Brucella melitensis (11), Brucella suis (41),
Rhizobium etli (25), Rhizobium leguminosarum (55), and 5.
meliloti (22). This finding, in light of the S. meliloti microarray
data, suggests that these genes have a role in acetate metabo-
lism in a-protecbacteria.

Symbiotic phenotypes of the S. meliloti aced and glcB mutants.
Recently, studies with Candida albicans (35). Magnaphorte
grisea (51), Mycobacterium tuberculosis (39), Rhodococcus equi
(50), Rhodococcus fascians (49), and Stagonospora nodorem
(46) showed that the glyoxylate bypass is essential for virulence
in both animal and plant pathogens. However, the functional
role of this pathway in the Rhizobium-legume symbiosis has not
been explored. To determine if the glvoxylate cycle has a role
in symbiosis, plant nodulation experiments were performed.
Fourteen alfalfa plants were inoculated independently with the
ace4 mutant, the gleB mutant, and the ace4-gleB double mu-
tant and analyzed to determine the number of nodules, acet-
ylene reduction, and dry weight 42 days postinoculation. The
results show that the wild-type Rm5000 strain produced 18
nodules per plant and the aced, gleB, and aced-gicB mutants
formed 19, 17, and 15 nodules per plant, respectively. Wild-

TABLE 3. Genes significantly induced in the SMc00767 mutant as
detected by microarray analysis

Fold change in

ORF Description and/or gene SMCOU.%?.
murant vs wild

vpe
SMa2071 Hypothetical protein 6
SMb21456  Hypothetical protein 24
SMDb21473  Conserved hypothetical protein 2.9
SMc00561 Probable replicative DNA helicase 35

protein, dnall

SMc00768  ICL protein, aced 4.6
SMc00769  Conserved hypothetical protein 2.6
SMc00772  Probable putrescine transport system 2.0

permease protein, potH
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FIG. 3. Genome context of the SMc00767, aced, SMc00769, potF, potG, potH, and pod genes in different members of the a-protecbacteria. In
all cases, SMcl(767 is clustered in this group of genes, suggesting that they are involved in a common process. Genes and intergenic distances are

drawn in proportion. The figure was generated using GeCont (7).

type strain Rm5000, the ace4 and glcB mutants, and the aceA-
glcB double mutant had nitrogenase specific activities of 0.063,
0.096, 0.087, and 0.078 pmol of acetylene - plant™" » h™", re-
spectively. The dry weights of the 14 plants inoculated with
wild-type strain Rm5000 and the aced, glcB, and aceA-glcB
mutants were 17.5, 19.5, 22, and 23.6 mg, respectively. To-
gether, these data indicate that the glyoxylate cycle genes in S.
meliloti are not involved in nodulation and nitrogen fixation.
The glyoxylate bypass has been established in several rhizo-
bia (23, 27, 30, 36), but little research has focused on the
functionality of this pathway in these organisms. The enzymatic
activities of ICL and MS in several Ririzobium species indicated
that the glyoxylate shunt was functional (15, 27, 30, 36). How-
ever, systematic studies of mutants with mutations in each of
these genes have not been done until now. In this report we
show that aced and a 240-bp ORF designated SMc00767 are
the principal genes for acetate metabolism in S. meliloti. The
results obtained indicate that in rhizobia, as well as in other
bacterial species, aceA is required in the glyoxvlate cycle, since
mutations in this gene completely abolish growth on acetate. A
remarkable and interesting finding of this work was the iden-
tification of SMc00767, which is present only in symbionts,
plant and animal pathogens such as 8. melilodi, R. etli, R. legu-
minosarum, A. tumefaciens, and different Brucella spp. In all
the organisms analyzed, SMc00767 is downstream of aced in
an operon, indicating that in rhizobia these genes operate in
the same metabolic process. Our results support this hypoth-
esis, since we show that the presence of SMc00767 is essential
for optimal growth on acetate and that it regulates aced tran-
scription. Our results indicate that the C, metabolism in rhi-
zobia is completely different from that in other bacteria, such
as E. coli (31, 40). This assertion is also supported by the fact
that §. meliloti glcB mutants are able to grow on acetate; this is
an important result since until now most studies of acetate
metabolism have shown that glcB mutants are unable to grow
on acetate, while in 8. meliloti gleB has a secondary role in the
utilization of C; compounds. This result is similar to that ob-
tained by Comah et al. (8), who reported that 4rabidopsis
mutants lacking MS are capable of gluconeogenesis from ac-
etate. These authors suggested that a new metabolic pathway
to metabolize acetate to sugars in the absence of MS is present
in Arabidopsis seedlings, and recent studies with Rhodobacter
sphaeroides (1) and Methylobacterium extorquens (32. 33) pro-
vided evidence of alternative acetate assimilation pathways.
Thus. the possibility of new metabolic pathways for C, com-
pounds in rhizobia exists. In the case of §. melilori we believe
that the primary route for acetate utilization depends on aced

and SMc00767, but in the absence of SMc00767, aceA and gleB
are able to support growth on acetate, indicating that §. meliloti
is able to utilize acetate in these two ways.

The symbiotic performance of the S. meliloti ace4 and glcB
mutants shows that these genes are not involved in the inter-
action with alfalfa plants. Recently, we isolated and sequenced
two gqced genes from Rhizobium fropici, one located on the
chromosome and the other encoded on the symbiotic plasmid.
An R. tropici aceA double mutant was constructed, and analysis
of the symbiotic performance on bean plants (Phaseolus vul-
garis) showed that this mutant was not affected in nodulation
or nitrogen fixation (data not shown). Thus, aced does not
appear to be involved in the S. meliloti-altalfa and R. rropici-P.
vulgaris symbioses.

Previous reports showed that MS activity is present in bac-
teroids from pea, alfalfa, and clover, and substantially higher
activities were detected in bacteroids from bean, cowpea, and
soybean. However, our results show that MS is not involved in
nodulation or nitrogen fixation in the interaction of 8. meliloti
with alfalfa plants, and we previously reported that pea plants
inoculated with an R. leguminosarum glcB mutant showed no
significant differences in nitrogen fixation (23). Thus, we have
demonstrated that glcB is dispensable in plant-microbe inter-
actions in two symbiotic systems.
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Figura S1. Material suplementario del articulo en donde se esquematiza la construccion de los

plasmidos para la mutagénesis, complementacién y las fusiones transcripcionales.
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RESULTADOS ADICIONALES

Papel de los genes del ciclo del glioxilato en ayuno de carbono.

Una de las caracteristicas 8endliloti es la habilidad de acumular p@Haidroxibutirato en vida

libre en condiciones de limitacion de nutrientes. EI PHB es convertido en acetoacetato,
posteriormente es transformado en acetil-CoA, la cual puede ser utilizada mediante el ciclo de
Krebs o por medio del ciclo del glioxilato. Para determinar si el ciclo del glioxilato esta
involucrado en el metabolismo del acetil-CoA producto de la degradacién del PHB se realizaron
experimentos de crecimiento en MM sin fuente de carbono. Las cepas silvestre (Rm5000), la
mutante en la isocitrato liasaeA (RH190), la mutante en malato sintgteB (RH218), la doble
mutante aceA-glcB (RH222), la mutante en SMc00767 (RH421) y la doble mutgluB-
SMc00767 (RH419) fueron cultivadas bajo condiciones de acumulacion de PHB en medio YM
(manitol y extracto de levadura); posteriormente, los cultivos de estas cepas fueron transferidos a
medio minimo M9 sin fuente de carbono. La densidad 6ptica medida a lo largo de la curva de
crecimiento indica que la cepa silvestre RM5000, asi como las mutantes sencillas en SMc00767
(RH421) yglcB (RH218) poseen la habilidad de crecer en MM sin fuente de carbono (Figuras 7,
8 y 10); sin embargo, la mutante &eA (RH190) y las dobles mutantaseA-glcB (RH222) y
glcB-SMc00767 (RH419) fueron incapaces de crecer en medio minimo sin fuente de carbono
(Figuras 7,9y 11).
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Densidad 6ptica a 595 nanémetros

Tiempo (dias)

Figura 7. Curva de crecimiento en medio M9 sin fuente de carBomeliloti Rm5000—e— ;S.
meliloti mutanteaceA—=—; S meliloti mutanteaceA complementada caaceA —a—.

0+ ‘ ‘ ‘ ‘ ‘
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Densidad éptica a 595 nanémetros

Tiempo (dias)

Figura 8. Curva de crecimiento en medio M9 sin fuente de carl®nailoti Rm5000—— ;S
meliloti mutanteglcB —o—.
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Densidad 6ptica a 595 nanémetros

0 4 8 12 16 20
Tiempo (dias)

Figura 9. Curva de crecimiento en medio M9 sin fuente de carBomeliloti Rm5000—e— ;S.
meliloti doble mutant@ceA-glcB ——; S meliloti doble mutanteceA-glcB complementada con
aceA-glcB —a—; S mdiloti doble mutant@ceA-glcB complementada coeceA-SMc0076 77— .

Densidad 6ptica a 595 nanémetros

0 4 8 12 16 20

Tiempo (dias)
Figura 10. Curva de crecimiento en medio M9 sin fuente de carbono. S niRIMSH00—e— ;

S mdiloti mutante SMc00767—-e— S mdliloti mutante SMc00767 complementada con
SMc00767 con el promotor @eeA —e—.
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Densidad 6ptica a 595 nanémetros

0 4 8 12 16 20
Tiempo (dias)
Figura 11. Curva de crecimiento en medio M9 sin fuente de carbono. S niRi&000—e— ;

S mdiloti doble mutanteglcB-SMc00767 —&— ;S meliloti doble mutanteglcB-SMc00767
complementada con SMc00767 con el promotaaicgé —— .

Los resultados anteriores indican que bajo condiciones de movilizacién o degradacion de PHB,
aceA, SMc00767y glcB se necesitan para asimilar el acetil-CoA liberado. Se realizaron
experimentos de complementacion, los cuales revelan que el crecimiento de la doble mutante
aceA-glcB (RH222) se reestablece con los geresA-glcB (RH312) y aceA-SMc00767
(RH327) (figura 9). Por otra parte, la mutante SMc00767 (RH421) y la doble mgteBte
SMc00767 (RH419) fueron complementadas con el gen SMc00767 generando las cepas RH442
y RH43, respectivamente. En todos los casos el fenotipo de crecimiento en MM minimo se
reestablece (Figuras 10 y 11). Estos datos muegtiamos genesceA, glcB y SMc00767 son
necesarios para el crecimiento en PHB. Para determinar si realmente se acumula PHB y los
genesaceA y glcB estan involucrados en la asimilacion del producto de degradacion (el acetil-
CoA) de este polimero, se realizaron experimentos de cuantificacion y degradacion de PHB a lo
largo de una curva de crecimiento en MM sin fuente de carbono. Los resultados muestran que la
mutante enaceA, asi como la doble mutantaceA-SMc00767 yaceA-gilcB no degradan

completamente el PHB.

Las cepas anteriormente mencionadas al ser complementadas con los respectivos genes silvestres

recuperan el fenotipo de crecimiento utilizando el PHB de reserva, indicando que los genes del
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ciclo del acido glioxiliccaceA, glcB y SMc00776 estan involucrados en la utilizacion del acetil-
CoA producto de degradacion de este polimero de reserva (Figuras 12 y 13). A continuacion se
muestran los experimentos de degradaciéon de PHB. Las cepas fueron crecidas en medio YM
(manitol y extracto de levadura) para la acumulacion de PHB y posteriormente fueron

subcultivadas en medio minimo M9 sin fuente de carbono.

Experimentos de degradacion de PHES@orhizobium meliloti.

Utilizacién de PHB
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Figura 12.- Utilizacion de PHES. meliloti Rm5000—e— ;S. meliloti mutanteaceA—s—; S
meliloti mutanteaceA complementada caaceA —a—.
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Figura 13.- Utilizacion de PHBES. meliloti Rm5000—e— ;S meliloti doble mutanteaceA-glcB
——; S meliloti doble mutanteceA-glcB complementada coaceA-glcB —a—; S meliloti doble
mutanteaceA-glcB complementada casceA-SMc0076 77— .
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DISCUSION

El metabolismo del carbono juega un papel determinante en la vida libre y simbiética de
bacterias del géner®hizobium, estudios sobre rutas metabdlicas centrales tales como la
glicdlisis, y el ciclo de Krebs han sido realizados, sin embargo, el conocimiento actual sobre el
papel de las rutas anapleroticas del ciclo de Krebs es muy limitado. En este trabajo se estudi6 el
ciclo del glioxilato enRhizobium. Reportes previos han demostrado la funcionalidad en vida

libre como en simbiosis de las principales enzimas del ciclo del glioxilato, isocitrato liasa y
malato sintasa. Sin embargo, no se habian realizado estudios sistematicos con mutantes en cada
uno de los genes antes mencionados. Los resultados de este trabajo demueStnaalitote

asi como en la mayoria de las bacterias el gen que codifica para la isocitrato liasa, es necesario
para el metabolismo del acetato. En esta investigacion nosotros también demostraame& que

es relevante para usar como fuente de carbono el PHB.

Una aportacion relevante de este trabajo es la caracterizacion del gen SMc00767, el cual esta
presente en simbiontes, patdégenos de plantas y animales. En todos los organismos analizados, el
ORF SMc00767 se encuentra corriente abajo debgehy, formando un operdén. En Beliloti
SMc00767 es relevante durante el crecimiento en acetato o en ayuno de carbono (utilizacién de
PHB). Adicionalmente, SMc00767 regula negativamente la expresioacefe Datos de
actividad enzimatica asi como fusiones transcripcionales y microarreglos validan el papel de
SMc00767 como un regulador negativo®meliloti. Este regulador ademas de regulaced

también regula negativamente a los genes SMa2071 (proteina hipotética), SMb21456 (proteina
hipotética), SMb21473 (proteina hipotética), SMc00561 (Probable DNA helicas8),
SMc00769 (proteina hipotética) y SMc00772 (probable sistema transportador de putrecina,
potH). Se propone que estos genes dependientes de SMc00767 podrian tener algun papel en el
crecimiento deRhizobium en acetato. El tercer componente descrito en esta investigacion
corresponde al gergtcB el cual codifica para la enzima malato sintasa. Las mutaciones en este
gen no afectan el crecimiento en acetat&eneliloti. Sin embargo, mutaciones en el gen de la
malato sintasale Aspergillus fumigatus (Olivas et al., 2008), E. coli (Pelliceret al., 1999),
Pseudomonas aeruginosa PAO1 (Roucourtet al., 2009),Rhodococcus fascians (Vereeckeet al.,

2002) yRhizobium leguminosarum Bv. viciae (Karunakaraat al., 2009) son incapaces de crecer
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en acetato como Unica fuente de carbono. Estos datos indican §uaetioti existe otra ruta
metabdlica por la cual el glioxilato generado por isocitrato liasa es transformado en algun

precursor biosintético que permite el crecimiento en ausencia de malato sintasa.

En S meliloti se encuentran dos posibles rutas adicionales a la de malato sintasa por las cuales el
glioxilato podria incorporarse al metabolismo central, la ruta de la serina glioxilato
aminotransferasa, codificada por el ggaA (SMa2139), la cual transforma a la serina y al
glioxilato en glicina e hidroxipiruvato. Posteriormente, una hidroxipiruvato reductasa, codificada
por ttuD3 (SMal406) atuD1 (SMc04389), transformaria el hidroxipiruvato en glicerato, este
compuesto es fosforilado por la enzima glicerato cinasa, codificadtup@r(SMb20678) para
producir 3-fosfoglicerato el cual es utilizado directamente en glicélisis. La segunda ruta alterna
podria ser la via del glicerato, en esta via el glioxilato es transformado por la glioxilato
carboligasa, codificada por el ggd (SMb20681), a tartronato semialdehido, el cual a su vez es
metabolizado a glicerato por la tartronato semialdehido reductasa, codificadglxRor
(SMb20679), el glicerato es fosforilado por la enzima glicerato cinasa para producir el
intermediario glucolitico 3-fosfoglicerato. De manera interesante, todos los genes de las vias
metabdlicas propuestas para la utilizacion del glioxilato se encuentran preseBteseléoti.

En la figura 14 se esquematizan las rutas propupatada utilizacién del acido glioxilico &h

meliloti.

Como se menciond anteriormente cepas deficientes en malato sinfRdagieninosarum son
incapaces de crecer en acetato, probablemente debido a que las rutas antes mencionadas se
encuentran ausentes & leguminosarum, sugiriendo que eis meiloti las vias propuestas

podrian funcionar para la utilizacién del glioxilato en ausencia de malato sintasa.
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Otra aportacion relevante de esta investigacion es la demostracion de que lesefenes
SMc00767 yglcB se requieren para la utilizacion de PHB en bacterias simbioticas.
Rhizobium es habitante normal del suelo por lo tanto posee caracteristicas metabdlicas
para sobrevivir en condiciones limitantes de carbono. En este sentido el acetil-CoA
derivado del PHB podria ser utilizado por el ciclo del glioxilato en condiciones de ayuno
de carbono para la sobrevivencia bacteriana en su ambiente natural. Por otra parte se ha
observado queS. meliloti acumula PHB durante su paso por el hilo de infeccion, sin
embargo, durante la diferenciaciébn a bacteroide los granulos de PHB desaparecen,
implicando que el ciclo del glioxilato podria tener algun papel en esta etapa de la
simbiosis. Adicionalmente, el ciclo del glioxilato podria estar operando con fuentes de
carbono provistas por la raiz, ya que se conoce que el frijol secreta grandes cantidades de
acetato. Finalmente, consideramos que el presente trabajo ha generado informacién
relevante sobre una ruta anaplerética del ciclo de Krebs y que sin duda este trabajo
constituye un soélido marco de referencia para futuras investigaciones, las cuales nos
ayudaran a entender de una forma global el metabolismo en bacterias del género
Rhizobium
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CONCLUSIONES

Los datos de este trabajo muestran que ehgehes necesario paameliloti durante el
crecimiento en acetato y PHB. Contrari@aA, el genglcB no es necesario paf

meliloti durante el crecimiento en acetato. También se demostré que atefey el

ORF SMc00767 de 240pb, forman una unidad transcripcional funcional y que el ORF
SMc00767 esta involucrado en el metabolismo del acetato actuando como un regulador
negativo de la transcripcion de su propio operén, asi como la de los ORF's SMa2071
(proteina hipotética), SMb21456 (proteina hipotética), SMb21473 (proteina hipotética
conservada), SMc00561 (Probable proteina replicativa DNA helidaaB), SMc00769
(proteina hipotetica conservada) y SMc00772 (Probable permeasa, sistema transportador
de putrescinapotH). Por otra parte también se observo que el ciclo del glioxilato no es
necesario par& meliloti durante la simbiosis con la leguminddedicago sativa ya que

las mutantes en los gereeeA y glcB nodulan y fijan nitrdgeno eficientemente.
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PERSPECTIVAS

El presente trabajo de investigacion revela informacion relevante sobre el metabolismo
del carbono en bacterias del géndrbizobium; sin embargo, consideramos de
importancia la identificacién de la ruta metabdlica mediante la cual se metaboliza el acido
glioxilico en ausencia de la enzima malato sintasa, este objetivo se puede cumplir
mediante la mutacion de los genes de la ruta del glicerato y de la serina glioxilato
aminotransferasa, los resultados esperados serian que cepas deficientes en estos genes
fueran incapaces de crecer en acetato como Unica fuente de carbono. Otra alternativa que
podria indicarnos cuales son los genes relevantes para el crecimiento en acetato es la
mutagénesis al azar en una cepa deficiente en malato sintasa. Adicionalmente, seria
interesante realizar el metaboloma 8emeliloti en presencia de acetato, esto nos
indicaria cuales son los compuestos sintetizados en esta condicidon de crecimiento y nos
daria una idea de cuales son las enzimas involuci@dasideramos relevante establecer

si los genes reprimidos por SMc00767 (SMa2071, SMb21456, SMb21473, SMc00561,
SMc00769 y SMc00772) identificados en los estudios transcripcionales pudieran tener

algun papel en el crecimiento en acetato.

Como una segunda perspectiva de investigacion seria interesante determinar el
mecanismo de regulacion que controla la expresion del oparéSMc00767.
Consideramos relevante determinar si SMc00767 interactia de manera directa con la
region promotora daceA. Si la regulacion fuera directa se podrian mutagenizar las zonas
de pegado y se determinaria el sitio de interaccion de SMc00767. Seria interesante
determinar si las regiones reguladoras de los gewe&, SMa2071, SMb21456,
SMb21473, SMc00561, SMc00769 y SMc00772, los cuales son reprimidos por
SMc00767, poseen algun consenso o0 algun sitio de reconocimiento para SMc00767.
Consideramos también importante evaluar si realmente el ciclo del glioxilato opera de
manera similar en patdégenos de humanos o patdgenos de plantas. Nuestros datos indican
que esto podria ocurrir; sin embargo, esta hipotesis requiere ser validada en estudios

posteriores.
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