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The ability of bacteria to monitor their metabolism and adjust their behavior accordingly is critical to maintain competitiveness
in the environment. The motile microaerophilic bacterium Azospirillum brasilense navigates oxygen gradients by aerotaxis in
order to locate low oxygen concentrations that can support metabolism. When cells are exposed to elevated levels of oxygen in
their surroundings, motile A. brasilense cells implement an alternative response to aerotaxis and form transient clumps by cell-
to-cell interactions. Clumping was suggested to represent a behavior protecting motile cells from transiently elevated levels of
aeration. Using the proteomics of wild-type and mutant strains affected in the extent of their clumping abilities, we show that
cell-to-cell clumping represents a metabolic scavenging strategy that likely prepares the cells for further metabolic stresses. Anal-
ysis of mutants affected in carbon or nitrogen metabolism confirmed this assumption. The metabolic changes experienced as
clumping progresses prime cells for flocculation, a morphological and metabolic shift of cells triggered under elevated-aeration
conditions and nitrogen limitation. The analysis of various mutants during clumping and flocculation characterized an ordered
set of changes in cell envelope properties accompanying the metabolic changes. These data also identify clumping and early floc-
culation to be behaviors compatible with the expression of nitrogen fixation genes, despite the elevated-aeration conditions.
Cell-to-cell clumping may thus license diazotrophy to microaerophilic A. brasilense cells under elevated oxygen conditions and

prime them for long-term survival via flocculation if metabolic stress persists.

he ability of bacteria to monitor their metabolism and adjust

their behavior is critical to maintain competitiveness in the
environment. A common metabolic stress for bacteria is starva-
tion. Chemotaxis toward sources of limiting nutrients represents
an adaptive behavior of motile cells to these conditions. If condi-
tions limiting metabolism persist, most bacteria implement a va-
riety of additional strategies, such as biofilm formation, sporula-
tion, and cyst formation (1-3), which involve significant changes
in cell physiology and morphology.

Azospirillum brasilense is an alphaproteobacterium isolated
from various soils and the rhizosphere of plants worldwide. These
bacteria have a versatile oxidative metabolism, with maximum
intracellular energy being produced when cells are grown under
conditions of very low oxygen concentrations corresponding to
about 0.4% dissolved oxygen. The microaerophilic conditions
that promote the optimum growth of A. brasilense are also the best
suited for free-living nitrogen fixation (4, 5). Motile A. brasilense
cells actively seek microaerophilic conditions by aerotaxis (or taxis
in a gradient of oxygen) to accumulate in metabolically favorable
regions (5, 6). When high oxygen concentrations persist, motile
cells form clumps by cell-to-cell interactions (7, 8). Clumps cor-
respond to motile bacteria that transiently adhere at their nonflag-
ellated poles. Clumps are not observed unless the cells are grown
with vigorous shaking (7). Persisting deleterious conditions cause
the clumps to become more stable, with cells remaining adherent
for longer times (8). Mathematical modeling predicts that cell-to-
cell clumping limits the surface area-to-volume ratio, thereby re-
ducing oxygen diffusion through the cells (7). Clumping is also a
prerequisite to flocculation, a process during which motile vibroid
A. brasilense cells transition to nonmotile round cells encased in a
dense matrix of exopolysaccharides (EPS) (7, 9). Consistent with
this notion, mutants unable to clump do not flocculate and pre-
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cociously clumping mutants flocculate more than the wild type (7,
8,10, 11). Flocculation is induced under conditions of high aera-
tion, similar to the conditions that induce clumping, but it also
requires a limitation in the availability of a combined nitrogen
source (9). Flocculated cells are better able to endure various en-
vironmental stresses (9, 12), and some cells eventually become
cysts (9). Clumping is thus an uncommitted and reversible re-
sponse of motile cells to elevated oxygen concentrations, with cells
being able to return to free swimming or to flocculate, depending
on the evolution of the surrounding oxygen concentrations.
Clumping and flocculation are likely triggered by some metabolic
stress, the nature of which has not been described in much detail.
Clumping and flocculation are also directly relevant to the ability
of cells to colonize and establish within the rhizospheres of host
plants. Microcolonies and microaggregates of A. brasilense cells
formed during colonization of plant root surfaces, and strains
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TABLE 1 Strains and plasmids used in this study

Azospirillum Clumping and Flocculation

Plasmid or strain Description Reference or source
Plasmids
pRL27 Tn5-RL27 (Km™-oriR6K); Km” 22
pCR2.1 TOPO cloning vector Invitrogen
Strains
Escherichia coli
TOP10 General cloning strain Invitrogen
One Shot PIR1 General cloning strain, pir-116 (used for rescue cloning) Invitrogen
EA145 2,4-Diaminopimelic acid auxotroph, RP4 (used for mutagenesis using pRL27) Gift from A. Buchan, The University
of Tennessee

Azospirillum brasilense
Sp7 Wild-type strain (ATCC 29145)

AB7001 Sp7 exoC::Tn5; Km"

AB104 Sp7 AcheY1:Km; Km"

BS106 Sp7 A(cheBI-cheR1):Km; Km"
phbC Sp7 A(phbC)::Km; Km*
Sp72002 (ficA) Sp7 flcA=:Tn5; Km"

EJ1 (rmID) Sp7 rmID::Tn5; Km"

FAJ310 Sp7 amtB::Km; Km"

7628 (glnB)
7611 (glnZ)
7148 (ntrC)

Sp7 glnB:Km; Km*
Sp7 glnZ::); Sp* Sm*
Sp7 ntrC::Tn5-148; Km"

Laboratory collection
51
7
52
43
13
53
54
42
42
55

unable to flocculate are impaired in plant root colonization
(12, 13).

Initial cell-to-cell clumping in A. brasilense is caused by the
impaired function of the Chel chemotaxis signaling pathway,
which controls the increase in swimming speed that occurs during
chemotaxis in this species (8, 11, 14, 15). A. brasilense cells moving
along an oxygen gradient not only suppress changes in the swim-
ming direction to run for longer times and move up the gradient,
but they also swim at a significantly but transiently increased
speed. Both this increase in speed and smooth swimming com-
bined are essential for aerotaxis, and mutants unable to increase
their swimming speed are impaired in aerotaxis (8). Chel controls
this transient increase in swimming velocity in oxygen gradients
(8). Transient changes in the swimming speed in response to
changes in oxygen levels during aerotaxis also correlate with an-
other transient behavior, which we have named clumping (8, 16).
Mutants unable to increase their swimming speed in an oxygen
gradient, such as strains lacking the chemotaxis response regulator
CheY1 (strain AB104), clump quantitatively more than the wild
type under high aeration conditions. In contrast, a mutant lacking
both adaptation proteins CheB1 and CheR1 (strain BS106) swims
at a constant higher velocity and is significantly impaired in its
inability to clump compared to the wild-type strain, which clumps
at about 9 to 10 h postinoculation under clumping conditions.
The BS106 mutant may start clumping weakly, if at all, after at
least 48 h of incubation (7, 8). Mathematical modeling supports
the hypothesis that defects in swimming speed alone can account
for the difference in the propensity for clumping (16). Consistent
with the functional link between clumping and flocculation, strain
AB104 flocculates more than the wild-type strain, while strain
BS106 does not flocculate at all, unless it is incubated for extended
periods over 48 h (7). Similarly, mutations in genes that code for
receptors regulating aerotaxis (AerC and Tlp1) also result in im-
paired clumping and flocculation phenotypes (8, 11, 14). The
Chel signal transduction pathway also regulates cell size at divi-
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sion; although the underlying mechanism has not yet been eluci-
dated, it does not seem to be functionally related to clumping (7).

The transition from free swimming to clumping and then floc-
culation represents an ordered set of events in response to aeration
stress and nitrogen limitation. Metabolic stress is thus a determi-
nant of clumping and flocculation. However, the physiology of
clumping cells that makes them relate to this stress and how this
response ensures the transition to flocculation have not been char-
acterized. Here, we show that specific metabolic changes prime
clumping cells for long-term survival, with some of the metabolic
adaptations being compatible with nitrogen fixation under other-
wise prohibitive oxygen conditions. These findings, in turn, pro-
vide a rationale for how some nonflocculating A. brasilense mu-
tants have enhanced nitrogen fixation (17-19). Further, we use
mutagenesis and behavioral assays to identify and implicate addi-
tional functions in the modulation of clumping and the transition
between clumping and flocculation.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The strains and plasmids used
in this study are listed in Table 1. A. brasilense strains were grown at 28°C
with shaking in tryptone-yeast extract (TY) or MMAB medium (6). We
used a previously described procedure (7) in order to induce clumping
behavior and flocculation. Briefly, 100 wl of an overnight culture of cells
grown in TY (optical density at 600 nm [ODg,], 1) was used to inoculate
5 ml of flocculation medium (MMAB medium containing 0.5 mM so-
dium nitrate as the sole nitrogen source and 8 mM fructose as the sole
carbon source) and then grown with shaking at 28°C (7). For growth
under nitrogen fixation conditions, cells were grown in MMAB medium
supplemented with malate (10 mM) but lacking a nitrogen source and
incubated at 28°C without any shaking to ensure microaerophilic condi-
tions. To select for transposon mutants impaired in flocculation, we took
advantage of the previous observation that changes in the properties of the
cell surfaces characterize clumping and flocculation (7, 13,17, 20, 21). We
thus screened colonies for changes in the ability to bind two different dyes,
Congo red and trypan blue, that target flocculation-specific surface sug-
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TABLE 2 Primers used for functional complementation of transposon mutant strains

Primer name Restriction site

Sequence”

mannosyl_For Kpnl
mannosyl_Rev Xhol
cheA3_For Kpnl
cheA3_Rev Xhol
transp_For Kpnl
transp_Rev Xhol
noel,_For Kpnl
noel_Rev Xhol
phosp_For Kpnl
phosp_Rev Xhol
glycgpl_For Kpnl
glycgpl_Rev Xhol
tonB_For Kpnl
tonB_Rev Xhol
amyl_For Kpnl
amyl_Rev Xhol
ybgC_For Kpnl
ybgC_Rev Xhol

GGTACCAGGAGGGGCCCGTATGACCGTTGAAGCCCTTGAG
CTCGAGTCAGAACGCCTTCAGCTTCTTCCA
GGTACCAGGAGGGGCCCGTATGGCTGTCGCTGGTCGCCCGCCTG
CTCGAGTCATGCGGCACCTTTCTGCTCGGA
GGTACCAGGAGGGGCCCGTATGCTCCACGTCTTCGCCTGC
CTCGAGTTACAGCCAGCGCCGCCGCTTGAAGTA
GGTACCAGGAGGGGCCCGTATGACCGCGCTCCTCTTACGC
CTCGAGTTATGGCTCGCGCATGCCTTCCGCACG
GGTACCAGGAGGGGCCCGTATGACCGACATCGTCCAGCTT
CTCGAGTTACCAGCGCAGGCTGGGGAG
GGTACCAGGAGGGGCCCGTAATGGACGTCGAATCCCAGCT
CTCGAGTCAGCGGCCTTGCGCGGCCCG
GGTACCAGGAGGGGCCCGTATGCTGATCGTGCCGAGCCTTC
CTCGAGTCAGAAATCGACGGACACCGACAG
GGTACCAGGAGGGGCCCGTATGAGGCGCGGCGGCACGGCATCG
CTCGAGTTAAACTTCAGGTTCGTGAACTTATGA
GGTACCAGGAGGGGCCCGTATGGCGAATCTCTCGGGCTGGT
CTCGAGTCAGTCTCGCTTCTGCCTTTTGTACAA

@ Engineered restriction sites are underlined. Engineered ribosome binding sites in forward primers are indicated in italics.

ars. After transposon mutagenesis, colonies were plated on MMAB me-
dium flocculation plates supplemented with either Congo red (final con-
centration, 40 pg/ml) or trypan blue (final concentration, 50 pg/ml). The
antibiotic used was kanamycin (30 pg/ml for A. brasilense, 50 pg/ml for
Escherichia coli). The motility of the isolated mutants compared to that of
the wild type was evaluated in semisoft TY (0.3% agar) after 24 h of
incubation at 28°C.

Transposon mutagenesis and transposon mutant complementa-
tion. Transposons were inserted into A. brasilense strain Sp7 via biparental
conjugation with an E. coli strain carrying the suicide vector pRL27 essen-
tially as described previously (22). After incubation, the cells were resus-
pended in MMAB liquid medium with kanamycin (30 g/ml) but lacking
nitrogen to select against the E. coli donor strain. This transposon library
was then used to isolate mutants impaired in flocculation after enrich-
ment on the basis of flocculation, using an approach modified from that of
Katupitiya et al. (17). The transposon library was first grown in TY sup-
plemented with kanamycin to a high density (ODy, at least 1) and then
transferred to a flocculation liquid medium supplemented with kanamy-
cin. After 18 h, the cells that flocculated early were collected, and the
culture was then grown for another 24 h, at which time the cells remaining
in the supernatant (the nonflocculated fraction) were collected. The early-
flocculated fraction of the library and the nonflocculated fraction were
then separately reinoculated into TY liquid medium with kanamycin to
initiate another round of flocculation and isolation of the early and non-
flocculated fractions of the library. Five rounds of enrichment were per-
formed before each fraction was serially diluted and plated on MMAB
medium plates lacking nitrogen supplemented with kanamycin and
Congo red or trypan blue. The colonies selected (54 total) exhibited al-
tered staining with Congo red or trypan blue (pattern, intensity) after 72 h
of growth compared to the staining of the wild type on a reference plate
inoculated under similar conditions. Selected colonies were individually
retested for flocculation to confirm their mutant phenotype and checked
for growth impairment under conditions conducive to flocculation. We
used a method described by Burdman et al. (23) to quantitatively deter-
mine the extent of flocculation. This selection strategy resulted in the
identification of 32 transposon mutants. The presence of the transposon
in a mutant genome was confirmed via PCR using the inwardly directed
and transposon-specific primers tpnRL-13-1 (5'-AACAAGCCAGGGAT
GTAACG) and tpnRL-17-2 (5'-CAGCAACACCTTCTTCACGA) (22).
Rescue cloning was used to isolate the DNA regions flanking the insertion
of the transposon essentially as previously described (22). The transposon
insertions were identified by detecting the transposon sequence from the
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DNA sequences obtained from sequencing of the transposon flanking
regions from the rescue clones, as described previously (22).

For functional complementation of transposon mutants, parental
genes were cloned into the pBBRIMCS5 broad-host-range vector and
downstream of the nptII promoter available on this vector (24). Each gene
locus was amplified from the genomic DNA of the wild-type strain by
PCR, using a set of forward and reverse primers (Table 2) that included
engineered restriction sites and optimized ribosome binding sites, as we
have previously described (7), to ensure expression. PCR products were
first cloned into pCR2.1 by TOPO cloning according to the manufactur-
er’s instructions (Invitrogen, CA), verified by sequencing, and digested
with KpnlI and Xhol to isolate the genes whose sequences had been veri-
fied. Next, the isolated DNA fragments were cloned into the pPBBRIMCS5
vector that had been linearized by KpnI and Xhol digestion. Recombinant
plasmids were isolated from transformed E. coli TOP10 cells, prior to
being transferred into E. coli S17-1 for biparental mating with A. brasilense
transposon mutant recipient strains, as described previously (7). An
empty pBBRIMCSS5 vector was transferred into A. brasilense Sp7 and its
transposon mutant derivatives and used as a control for functional com-
plementation. Restoration of clumping and flocculation was tested by
growing the cells carrying empty control vectors or expressing the paren-
tal genes to be rescued under clumping and flocculation conditions, as
described above.

Proteome preparation and liquid chromatography/liquid chroma-
tography-tandem mass spectrometry. Cell pellets were collected from
cultures grown under clumping conditions (~10 h postinoculation, high
aeration, MMAB medium), weighed, and frozen at —80°C for later pro-
teome preparation. Under these conditions, the cells divide at similar rates
and the number of cells is similar between the wild type and the mutants
(7). Cells were harvested and lysed by sonication. Cleared lysate was cen-
trifuged at 10,000 rpm in a Sorvall ultracentrifuge, and the pellet was
resolubilized in 50 mM Tris-HCI, pH 7.5, to a protein concentration of 1
mg/ml. Cell pellets were resuspended at a rate of 0.1 g (wet weight) cell
pellet per 500 pl buffer in 6 M guanidine hydrochloride and lysed by
sonication. The lysate was then cleared of debris by centrifugation, and the
cleared lysate was diluted for subsequent digestion. After addition of 10
mM dithiothreitol and 1 h of incubation at 60°C, 20 jLg sequencing-grade
trypsin (Promega) was added, and the solution was incubated overnight at
37°C. An additional 20 g trypsin was added to each sample on the fol-
lowing morning, and the samples were incubated for an additional 6 h.
Digestion was halted by addition of 0.1% formic acid. The digested sam-
ples were then desalted using Sep-Pak Plus C, solid-phase extraction
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(Waters, Milford, MA) following the manufacturer’s recommendations.
Eluates were then solvent exchanged via vacuum centrifugation into buf-
fer A (high-pressure liquid chromatography-grade water [Burdick-Jack-
son], 0.1% formic acid). Samples were aliquoted into 40- .l volumes and
frozen at —80°C for later analysis. Analysis of cleaned, digested samples
was accomplished using the multidimensional protein identification
technology (25, 26), with each sample being analyzed in duplicate. Data
were acquired using an LTQ mass spectrometer (Thermo Scientific). Data
were collected under the control of Xcalibur software in a data-dependent
mode, with one parent ion scan being followed by six tandem mass spec-
trometry scans. Dynamic exclusion was enabled, with a repeat count of 1,
a repeat duration of 60 s, an exclusion list size of 300, and an exclusion
duration of 180 s being used.

Proteomics data analysis. Raw sequence files were searched, using the
SEQUEST (version 27) program (27), against the A. brasilense Sp245 ge-
nome sequence (28) (version of 19 September 2008, http://genome.ornl
.gov/microbial/abra/19sep08/) since an A. brasilense Sp7 species-specific
database is not yet available. Sequences of common contaminants were
appended to the database, as were reversed sequences of each protein in
the database, to allow estimation of false discovery rates. The database
contained data for 6,927 A. brasilense proteins, 52 contaminants, and
6,979 reversed sequences, for a total of 13,958 entries. Search parameters
were as follows: tryptic digestion, a peptide mass tolerance of 3 m/z, and a
fragment ion tolerance of 0.5 m/z. Additionally, search parameters in-
cluded two dynamic modifications: (i) methylation was represented by a
mass shift of +14 m/z on glutamate residues, and (ii) deamidation fol-
lowed by methylation was represented by a mass shift of +15 m/z on
glutamine residues. The results were then filtered and collated using the
DTASelect tool (29) with the following parameters: XCorr (cross-corre-
lation) values of =1.8 for peptides with a charge state of +1, =2.5 for
those with a charge state of +2, and =3.5 for those with a charge state of
+3, adelta CN (specificity of fit) value of =0.08, and at least 2 peptides (or
1 peptide in two different charge states) per protein identification. False
discovery rates were 1% at the peptide level and 4% at the protein level for
the Sp7 and BS106 strains and 4% and 12%, respectively, for the AB104
strain. Raw mass spectrometry data files are available at chorusproject.org
under the project name “Azospirillum brasilense.” Complete lists of the
identified proteins are provided in Table S1 in the supplemental material.

Search results were imported into Microsoft Access software for anal-
ysis. Two technical replicates of each sample were pooled for all data
analyses. Raw values of the spectrum count for each protein were adjusted
to account for shared tryptic peptides (30). Missing spectrum count val-
ues were replaced with a value of 0.3 to prevent divide-by-zero errors
when ratios were computed. The relative abundance of each protein de-
tected within a sample was determined through calculation of a normal-
ized spectral abundance factor (NSAF) for each identified protein (30).
The levels of upregulation and downregulation were determined by cal-
culating the NSAF value of each protein in the mutant cultures divided by
the NSAF value of the same protein in Sp7 control cultures. Comparisons
of protein abundance across samples were performed only for proteins
with an average spectrum count of =4 across all measurements, after
adjustment and normalization as described above. The G test (31) was
applied to pairwise comparisons of mutant and control strains, and the
Benjamini-Hochberg correction (32) was further applied with a cutoff
value of 0.05 to limit the false discovery of protein abundance changes.
Further, filter levels of a 2.0-fold change in expression were applied to
these data sets.

RT-PCR analysis. RNA was extracted from cultures grown in TY liq-
uid medium at 28°C with shaking to log phase (ODy,, of <0.5) or sta-
tionary phase (ODg,, of >0.8) using a Qiagen RNeasy kit (Qiagen, Inc.),
according to the manufacturer’s instructions. cDNA was produced using
random hexamers and a ThermoScript reverse transcription-PCR (RT-
PCR) system (Invitrogen) following the manufacturer’s recommenda-
tions. PCRs were performed using the cDNA produced as the templates,
primers specific for the transcripts to be detected, and a Failsafe PCR
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system (Epicentre Biotechnologies). The primers used were specific for
internal regions of the moaA transcripts (primers moaA-for [5'-TGAAC
GACGACGAGTTCC] and moaA-rev [5-TCATCCGCCGGTCACGCT
]), of the Fe-S ferredoxin transcripts (primers Fe-S-for [5" CGGAGGGC
TGCACGCTCT] and Fe-S-rev [5'-TCAGTGGACGCTTCCGCC]), and
of the 16S rRNA gene, used as a control (primers 16S-for [5" GGTCTGA
GAGGATGATCA] and 16S-rev [5'-TGCACCCCAGCGTCTAGC]).
PCR conditions consisted of an initial denaturation at 95°C for 3 min,
followed by 40 cycles consisting of subsequent steps of denaturation at
95°C for 45 s, annealing at 55.5°C for 30 s, and elongation at 72°C for 1
min, and these steps were followed by a final elongation at 72°C for 10
min. The PCR products were analyzed on a 1% agarose gel. The experi-
ment was repeated at least twice on independently prepared cDNA sam-
ples.

Western blotting. Cell pellets were obtained from cultures of the wild-
type strain grown in MMAB medium supplemented with ammonium
chloride (concentration, 10 mM) under flocculation conditions in floc-
culation medium or under nitrogen fixation conditions. Whole-cell pro-
tein extracts were prepared by sonication of cell pellets in phosphate-
buffered saline (PBS) buffer, adjusted to equivalent cell densities, and
resuspended and washed by centrifugation in PBS buffer. Protein concen-
trations were determined using the bicinchoninic acid method (Pierce)
and separated on a 10% SDS-polyacrylamide gel, followed by transfer
onto a nitrocellulose membrane. Western blotting assays were conducted
using a NifH antiserum (a kind gift of L. Huergo) at a 1:5,000 dilution,
essentially as described previously (11).

RESULTS

Nutrient scavenging is a hallmark of clumping cells. To charac-
terize the physiology of clumping cells, we used two chemotaxis
mutant strains, BS106 (AcheB1 AcheR1) and AB104 (AcheY1),
which, respectively, do not clump and clump significantly
more than the wild-type strain when grown under elevated-
aeration conditions conducive to clumping (Tables 3 and
4). Under these conditions, there is no detectable change in the
growth rate of these strains (7). We then used shotgun pro-
teomics to compare the physiology of these two strains with
that of the wild type, when growing under clumping condi-
tions.

The A. brasilense Sp7 control yielded 1,366 protein identifica-
tions, while mutant strains BS106 and AB104 gave 1,355 and 1,280
identifications, respectively. The three strains had 921 common
proteins, and the reproducibility between technical replicates was
63% for AB104 culture samples and 71% for both BS106 and
wild-type culture samples. The AB104 and BS106 cultures had
1,003 common protein identifications, giving a good representa-
tion of the proteins required for basic metabolic functions in both
mutant cultures. Patterns of up- and downregulation relative to
the regulation in the wild type (Tables 3 and 4) were very different
for the nonclumping BS106 strain and the hyperclumping AB104
strain, indicating that each mutant strain has a unique physiolog-
ical response under clumping conditions, as expected. No protein
identified in AB104 was inversely regulated in BS106, even though
these strains have opposite clumping. This suggests that the dif-
ferentially expressed proteins (relative to their expression in the
wild type) detected in both AB104 and BS106 are not directly
associated with clumping (Tables 3 and 4). Therefore, differences
in the patterns of protein expression among the wild type, AB104,
and BS106 likely reflect physiological changes experienced by
clumping, hyperclumping, and nonclumping cells grown under
elevated-aeration conditions.

The proteins uniquely up- or downregulated in BS106 could
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TABLE 3 Proteins upregulated during growth under clumping conditions in BS106 and AB104 relative to their levels of regulation in the wild-type

strain

Functional group, locus tag

NCBI GI
accession no.

Product

Fold change in
expression”

BS106  AB104

Amino acid metabolism
AZOBR_p110151
AZOBR_p1110080

AZOBR_p1120047
AZOBR_120050
AZOBR_100230

Carbohydrate metabolism
AZOBR_10049
AZOBR_p60069
AZOBR_p280010
AZOBR_p110080
AZOBR_p440019
AZOBR_70042
AZOBR_p110146
AZOBR_p420023

Energy metabolism
AZOBR_p110118
AZOBR_p140082
AZOBR_10053

Lipid metabolism, AZOBR_110041

Metabolism of cofactors, vitamins, AZOBR_140242

Nucleotide metabolism, AZOBR_p130122
Cell division, AZOBR_p220010
Translation

AZOBR_160012

AZOBR_110102

AZOBR_10172

AZOBR_150245

AZOBR_70161

AZOBR_150249

AZOBR_150246

Membrane transport
AZOBR_p1120016

AZOBR_p470016
AZOBR_100136
AZOBR_p440178

Motility and signal transduction
AZOBR_p1160045
AZOBR_180037

Protein turnover
AZOBR_100239
AZOBR_20015

Cell envelope biogenesis, AZOBR_140018
Protein secretion

AZOBR_p1140133

AZOBR_180276

Unknown function
AZOBR_200174
AZOBR_100025

392377302
392378209

392378339
392382411
392382078

392380562
392380456
392384431
392377233
392379933
39238167

392377297
392379838

392377271
392377731
392380566

392382289
392382705
392377557
392383868

392383025
392382348
392380677
392383000
392381783
392383004
392383001

392378310

392380221

392381988
392380086

392378761
392383138

392382087

392381054

392382489

392378687

392383362

392383617
392381887

Dihydroxyacid dehydratase, IlvD

Bifunctional (acetylornithine and succinyldiaminopimelate
aminotransferase, ArgD)

4-Aminobutyrate transaminase, GabT

Cysteine synthase, CysK2

Nitrogen regulatory protein P-II, GInB

Acetyl-CoA synthetase, AcsA
Phosphomannomutase, ExoC
Acetoacetyl-CoA reductase, PhbB
Glycogen phosphorylase, GlgP
Acetoacetyl-CoA reductase, PhbB
Granule-associated protein (phasin)
Granule-associated protein (phasin)
Pyruvate formate lyase 1, PfIB

Cytochrome ¢, CycA
Electron transfer flavoprotein alpha subunit, EtfA
Putative enzyme of heme biosynthesis (HemY-like)

Enoyl-(acyl-carrier-protein) reductase (NADH), Fabl1
Riboflavin synthase, alpha subunit, RibC

IMP dehydrogenase, GuaB

DNA-binding protein HU, Hup

508 ribosomal subunit protein L11, RplK
508 ribosomal protein L9, RplI

Putative tRNA/rRNA methyltransferase
50S ribosomal subunit protein L24, RplX
508 ribosomal protein L36, Rpm]

508 ribosomal subunit protein L16, RplP
50S ribosomal subunit protein L14, RpIN

D-Methionine ABC transporter protein, periplasmic binding
protein, MetQ2

Putative ABC transporter (substrate-binding protein)

Putative ABC transporter, periplasmic ligand-binding component

Putative RND efflux transporter, MFP subunit

Flagellin
Methyl-accepting chemotaxis protein

ATP-dependent protease Lon

Small subunit of chaperonin GroESL, GroES

Outer membrane lipoprotein of the Pal-Tol system, Omp
Type VI secretion protein

Conserved virulence factor protein

Hypothetical protein
Hypothetical protein

2.00
2.06

2.99
4.13
9.54

2.46

2.68

3.25

3.54

3.95

6.36
2.61 3.20
12.13

2.20
2.30
3.03

4.12

6.62
2.20 2.26
2.41 3.03

2.07

2.45
2.66

2.85

2.89

3.18

4.80

2.05

2.58

4.24
18.01

2.83
7.95

2.11

2.14

3.42

2.86

7.06

2.37
3.06
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TABLE 3 (Continued)

Azospirillum Clumping and Flocculation

Fold change in
NCBI GI expression”
Functional group, locus tag accessionno.  Product BS106  AB104

AZOBR_100035 392381895 Hypothetical protein 3.93
AZOBR_p140066 392377715 Hypothetical protein 4.66
AZOBR_10054 392380567 Hypothetical protein 4.80
AZOBR_p440099 392380009 Conserved protein of unknown function 4.98
AZOBR_180136 392383231 Hypothetical protein 5.13
AZOBR_p130059 392377496 Hypothetical protein 7.75
AZOBR_p1110075 392378204 Hypothetical protein 8.04 18.87
AZOBR_10026 392380539 Conserved exported protein of unknown function 6591  50.64

“ The fold change in expression was determined as described in the Materials and Methods section.

represent proteins with functions related to the compensatory re-
sponse caused by its inability to clump rather than clumping per
se. Proteins downregulated only in the BS106 strain may also rep-
resent proteins with functions whose expression is not needed by
clumping cells (Table 4). However, comparison of the up- and
downregulated proteins in clumping wild-type cells with those in

the hyperclumping AB104 strain is expected to reflect proteins
responsible for physiological traits specific to clumping cells. The
largest class of up- and downregulated proteins identified in
AB104 corresponds to proteins for which the function is un-
known. Of the proteins uniquely upregulated in AB104 relative to
their regulation in the wild type, those corresponding to amino

TABLE 4 Proteins downregulated during growth under clumping conditions in strains BS106 and AB104 relative to their levels of regulation in the

wild-type strain

Fold change in
NCBIGI expression

Functional group, locus tag accession no. Product BS106 AB104
Amino acid metabolism

AZOBR_110031 392382279 Urease, gamma subunit 5.36

AZOBR_p1110049 392378180 Aspartokinase 2.70
Carbohydrate metabolism

AZOBR_40292 392381393 Dihydrolipoyl dehydrogenase flavoprotein 2.63

AZOBR_100325 392382171 Enolase (2-phosphoglycerate dehydratase) 2.63

AZOBR_40299 392381400 Transaldolase 3.52
Energy metabolism

AZOBR_100248 392382096 NADH-quinone oxidoreductase, subunit F, NuoF 3.51

AZOBR_70054 392381682 Formate dehydrogenase, A subunit 17.34 3.05
Nucleotide metabolism, AZOBR_10040 392380553 Bifunctional PurH 2.11
Motility and signal transduction

AZOBR_10322 392380823 Putative transcriptional regulator, HTH-XRE family 3.44 15.78

AZOBR_p410056 392379767 Flagellin, Laf1 6.91 22.56
Translation

AZOBR_150112 392382875 Putative endoribonuclease L-PSP 2.25

AZOBR_40325 392381424 50S ribosomal subunit protein L27 2.97

AZOBR_150240 392382997 508 ribosomal subunit protein L6 3.45

AZOBR_p170010 392377861 Tyrosine tRNA synthetase 7.43
Membrane transport

AZOBR_p220082 392383940 Glycine betaine/proline transport system substrate-binding protein 3.19

AZOBR_120040 392382401 Amino acid ABC transporter, substrate-binding component 3.40
Protein turnover

AZOBR_10528 392381029 Putative intracellular protease 2.11 6.54

AZOBR_10367 392380868 ATP-dependent protease, component of the HslUV proteasome 7.91
Oxidative stress, AZOBR_p120093 392377402 Superoxide dismutase, iron/manganese cofactor 2.95
Unknown function, AZOBR_40088 392381199 Hypothetical protein 7.78

“ The fold change in expression was determined as described in the Materials and Methods section.
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acid metabolism, metabolism of cofactors and vitamins, motility
and signal transduction, protein turnover (chaperones), and pro-
tein secretion represented the most significant sets, since they were
specific to clumping cells, with no change in expression being
detected in the nonclumping BS106 cells (Table 3). Several key
enzymes in amino acid biosynthesis were significantly overex-
pressed in the clumping mutant AB104 relative to their levels of
expression in the wild type (Table 3). A putative urease and aspar-
tokinase were also specifically downregulated in the hyperclump-
ing AB104 (Table 4). The increase in amino acid biosynthesis co-
incident with a decreased expression of proteins implicated in
amino acid utilization during catabolism is consistent with
clumping cells adopting a metabolism aimed at conserving amino
acids. This assumption was further supported by the observation
that the expression of a tyrosine tRNA synthetase was significantly
lower in hyperclumping cells than in the wild type, suggesting that
these cells experience some amino acid limitation. The increased
expression of a PII GInB protein in hyperclumping AB104 cells is
consistent with this hypothesis, since the expression of glnB in-
creases in A. brasilense under nitrogen-limiting conditions (12).
As clumping increased, the expression of proteins implicated in
the accumulation of carbon storage materials (granules of polyhy-
droxybutyrate [PHB], glycogen, acetyl coenzyme A [CoA] synthe-
tase, phasins; Table 3) also increased. This elevated carbon storage
activity as clumping increased in AB104 was concomitant with a
reduction in the expression of several proteins involved in glycol-
ysis (dihydrolipoyl dehydrogenase flavoprotein, enolase) and the
pentose phosphate pathway (transaldolase) (Table 4). A shift in
metabolism in clumping cells was also evidenced by the decreased
expression in a major enzyme of the oxidative electron transport
chain (NuoF), the reduced expression of a superoxide dismutase
(Table 4), and the elevated expression of different enzymes in-
volved in electron transfer and energy metabolism and in the syn-
thesis of major cofactors to assist with these activities (Table 3).
The increased expression of a Lon protease and GroES subunit of
the GroESL chaperone in the hyperclumping AB104 relative to
that in wild-type cells also shows that these cells experience stress,
but it also supports the hypothesis that clumping is associated
with a nutrient-scavenging strategy. A major reorganization of the
cell’s metabolism during clumping is also suggested by the up- and
downregulation of several transporters as clumping increases (Ta-
ble 3). The elevated levels of expression of a protein belonging to
the type VI secretion system and of an outer membrane protein in
the hyperclumping strain are consistent with increased cell-to-cell
contacts and cell envelope remodeling, respectively, as clumping
progresses (Table 3). The increased levels of expression of a che-
motaxis receptor and an outer membrane lipoprotein in the hy-
perclumping AB104 relative to those in the wild-type strain fur-
ther suggest that cells experience their surroundings increasingly
differently, again linking this behavior to changes in metabolism
(Tables 3 and 4). A significant increase in the expression of several
proteins that comprise the large subunit of the ribosome exclu-
sively in hyperclumping AB104 cells is also consistent with major
changes in the cells’ physiology (Table 3). While most large ribo-
somal subunit proteins detected to be differentially expressed be-
tween the mutants and the wild-type strain had elevated levels of
expression in the hyperclumping strain, two 50S ribosomal pro-
teins were downregulated in the AB104 mutant relative to their
levels of expression in the wild-type strain. These different
changes in the expression patterns of several proteins that com-
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FIG 1 Effect of mutations in genes for cell envelope proteins and carbon and
nitrogen metabolism on clumping and flocculation. Representative images of
cells at the different times indicated at the top are shown. Black arrows, clumps
(transient clusters of motile cells); white arrows, flocs (stable aggregates of
nonmotile cells).

prise the large subunit of the ribosome may indicate specific re-
sponses of the translation machinery to the metabolic stress expe-
rienced by the cells.

Intracellular nitrogen status triggers a transition from
clumping to flocculation. Clumping is required for flocculation,
and both behaviors are induced under conditions of metabolism
imbalance triggered by elevated aeration and, for flocculation
only, limitations in the availability of a nitrogen source. The data
presented above suggest that clumping cells are scavenging nitro-
gen compounds and accumulating polyhydroxybutyrate gran-
ules. To further test this hypothesis, we analyzed clumping and
flocculation in several mutant strains affected in carbon or nitro-
gen metabolism (Table 1).

A. brasilense wild-type cells grown under conditions of floccu-
lation (elevated aeration and limited nitrogen nutrition) clumped
at about 9 h postinoculation and flocculated at about 24 h postin-
oculation (Fig. 1). A mutation in the poly-beta-hydroxybutyrate
polymerase (encoded by phbC), involved in PHB granule synthe-
sis, led to significant defects in the ability of cells to clump, while
the effect on flocculation was minimal. Mutants defective in genes
involved in nitrogen sensing and metabolism (amtB, ntrC, ginB,
and gInZ) were also tested. The amtB and ntrC mutants had a
minor clumping and flocculation phenotype, while the glnB and
gInZ mutants were impaired in clumping and severely affected in
flocculation. These data suggest that nitrogen limitation is a trig-
ger signal for flocculation. It follows that provision of a source of
combined nitrogen to flocculated cells should restore vegetative
growth. We tested this possibility by supplementing the cultures
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FIG 2 Evidence for different metabolisms in clumping and flocculated cells.
(A) Rescue of flocculation by the exogenous addition of a carbon or nitrogen
source. At 24 h, a flocculated culture of the wild-type strain was supplemented
with the indicated compound and allowed to grow for an additional 12 h. At 24
h, the initial flocculated culture is similar to that shown for the control. The
white aggregates seen in the wild-type control cultures are flocs of cells. (B)
Western blot using a crude anti-NifH antiserum against whole protein extracts
of the wild-type strain grown under the conditions indicated. A band at about
42 kDa (arrow), corresponding to the NifH subunit, could be detected in
cultures grown under nitrogen fixation or flocculation conditions but not
when ammonium chloride was present in the culture. A cross-reacting band,
the nature of which is unknown, is also seen in cultures grown under clumping
and flocculation conditions. Early clumping, cells incubated under floccula-
tion conditions for 3 h postinoculation; Clumping, cells incubated under floc-
culation conditions for 9 h postinoculation; Flocculation, wild-type cells
grown under flocculation conditions and collected at 24 h postinoculation.

of flocculated wild-type A. brasilense cells with either a preferred
carbon source (malate) or different sources of nitrogen (Fig. 2).
The addition of ammonium chloride and, to a lesser extent, glu-
tamate, which also corresponds to the reduced assimilated form of
ammonium, but no other treatment (including nitrate) was suffi-
cient to rescue flocculation. These results support the hypothesis
that flocculation is induced by fixed nitrogen (in the form of am-
monium) starvation.

Proteomics data suggested that as clumping increases, cells ex-
perience their surroundings differently, which could possibly be
related to the increased cell-to-cell contacts and cell envelope re-
modeling. We thought to test this hypothesis by analyzing clump-
ing and flocculation in cell envelope mutant strains (lacking the
rmID or the exoC gene). Both mutants analyzed were found to
clump precociously and to be significantly impaired in floccula-
tion, supporting the notion that cell envelope remodeling is re-
quired for clumping and flocculation (Fig. 1).

Proteomics also suggested that cells experience a different en-
vironment as clumping increases. We hypothesized that oxygen
diffusion may be more limited in clumping cells. We reasoned that
if this hypothesis is correct, then both clumping and flocculated
cells should express functions that are typically tightly repressed
by the presence of oxygen. We tested this hypothesis by determin-
ing, using an anti-NifH antiserum (gift of Luciano F. Huergo,
Universidade Federal do Parana, Brazil), whether the nitrogenase
enzyme, for which expression is tightly controlled by oxygen and
ammonium availability, was expressed by wild-type cells grown to
clumping or to an early flocculation stage (Fig. 2). Note that we
used cells that flocculated early after inoculation (about 24 h)
because the prolongation of growth under these conditions led to
the production of dormant cells and cysts that were very difficult
to lyse (data not shown). Consistent with our hypothesis, a faint
band corresponding to NifH was seen under conditions of nitro-
gen fixation, clumping, and early flocculation (Fig. 2). These re-
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sults suggest that intracellular conditions during clumping and
early flocculation are sufficient to induce the expression of an
oxygen-sensitive enzyme, such as the nitrogenase.

Screening of a transposon mutant library for additional
genes implicated in cell envelope remodeling. The data pre-
sented above linked clumping behavior with nutrient scavenging
for adaptation of cells to metabolically limiting elevated-aeration
conditions. To identify additional functions modulating clump-
ing and flocculation, we screened a transposon mutant library for
defects in flocculation. We enriched for mutants that were im-
paired in the extent or timing of flocculation and then selected for
those with defects in cell envelope polysaccharides, which are de-
tected by the binding of dyes specific for diverse EPS and are as-
sociated with flocculation ability (33). This approach yielded a set
of 32 mutants which were able to grow on a nitrogen-free medium
and which did not display a growth defect in the flocculation me-
dium (Table 5). Some of these mutants did not flocculate at all,
while others had only a reduced ability to flocculate. Some, but not
all mutants, were also impaired in the timing of clumping.

Transposon mutations that cause defects both in the time to
clumping and in the ability of cells to flocculate include insertions
located within genes for a putative alpha-amylase (alpha-1,4-glu-
can:maltose-1-phosphate maltosyltransferase), a putative glyco-
syltransferase (putative dolichyl-phosphate beta-D-mannosyl-
transferase), a sugar phosphatase of the HAD family, and an
acyl-CoA thioester hydrolase encoded by a gene similar to the E.
coli ybgC gene (Table 5). The last transposon is inserted in a ybgC-
like gene located upstream of a cluster of genes coding for ho-
mologs of TolAQR, similar to the genomic organization in E. coli.
All the genes affected by the transposon insertions described above
are likely impaired in the production of proteins involved in early
cell envelope structure/function, since they affect both clumping
and flocculation. A similar inference can be made regarding the
transposon insertions located within the gene for a homolog of a
TonB receptor, as well as within the genes for a magnesium/cobalt
transporter.

Transposon insertions that abolish or reduce flocculation
without any detectable effect on clumping are probably located in
genes with roles related to the transition of clumping to floccula-
tion and, thus, in later stages of adaptation to the metabolic stress
caused by exposure to persistent elevated-aeration conditions.
These include insertions in the intergenic region between the gene
for a putative molybdenum cofactor biosynthesis protein (MoaA)
and the gene for a [4Fe-4S] ferredoxin (Table 5). The latter inser-
tion causes the moaA gene to be constitutively expressed in the
transposon mutant under flocculation conditions, while it is
turned off in the wild type under these conditions (see Fig. S1 in
the supplemental material). The constitutive expression of moaA
in the mutant is likely caused by the activity of a promoter located
within Tn5, as shown in other studies (e.g., see reference 33). An
insertion within the gene for a chemotaxis histidine kinase ho-
molog encoded by a gene within a locus coding for an ACF-like
chemotaxis signal transduction system also causes a defect in floc-
culation.

Additional transposon insertions which cause specific defects
in flocculation but not clumping were located in genes encoding a
putative glycosyltransferase, a GDP-mannose dehydratase previ-
ously implicated in EPS biosynthesis in A. brasilense and named
NoeL (4, 5) (Table 5). These mutations likely affect EPS produc-
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more profound than that caused by clumping (8,9, 13, 20, 34-36).
Numerous studies have linked flocculation with resistance to var-
ious stresses, since mutations that abolish or reduce flocculation
also impair stress endurance (20, 37-40). The data obtained in the
present study provide a physiological rationale for the increased
stress resistance of flocculated cells and highlight a role for clump-
ing as a transitional and preparatory behavior for resistance to
metabolic stress.

Both clumping and flocculation are characterized by changes
in the adhesive properties of cell surfaces, including changes in the
nature of the EPS produced (7, 10, 35, 36). The results obtained
here are consistent with these previous findings. The transposon
screen for clumping and flocculation defects identified enzymes
involved in cell surface biosynthesis and remodeling, suggesting
that cell surface remodeling is a strategy to cope with metabolic
stress caused by elevated aeration. Similar changes in cell surface
properties to cope with oxidative stress have previously been re-
ported in A. brasilense (40).

The genes identified by the transposon screen used in this study
may be indirectly related only to clumping and flocculation; i.e.,
the genes may primarily affect other functions that mediate nutri-
ent stress and, as a result, promote flocculation. In fact, many of
the mutations identified in this screen likely affect general cellular
functions (e.g., alpha-amylase, TonB receptor, the YbgC ho-
molog), even if they do not affect growth under the clumping and
flocculation conditions used here. We hypothesize that the muta-
tions in these functions alter the cells’ ability to cope with oxygen
stress, hence resulting in modified clumping and flocculation be-
haviors. Similarly, several other studies have linked general cellu-
lar functions with flocculation in Azospirillum (37-41).

Our results indicate that clumping and flocculating cells are
protected from the persistent oxygen stress since these cells are
able to maintain a microaerophilic intracellular environment
compatible with the expression of an oxygen-sensitive enzyme,
the nitrogenase. While there is some level of nitrogenase expres-
sion in clumping and early-flocculated cells, we have no evidence
that the cells are able to fix nitrogen under these conditions. The
upregulation of GInB and the accumulation of PHB granules in
hyperclumping cells detected by proteomics are consistent with
these cells experiencing nitrogen limitation. The ability to rescue
flocculation by the exogenous addition of ammonium or gluta-
mate and the flocculation defect caused by mutations inactivating
PII-like proteins (GInB and GInZ), which monitor the intracellu-
lar nitrogen status (42), further support this hypothesis. PHB ac-
cumulation was previously linked to flocculation (37, 43), and
evidence indicates that PHB metabolism is regulated, in part, by
GInB, GInZ, and NtrC (44, 45). Therefore, clumping and floccu-
lating cells appear to adapt their physiology to maintain a poten-
tial for nitrogen fixation under otherwise inhibitory conditions.
Further evidence supporting this contention was obtained in a
recent study by Hou et al. (41) which identified similar stress en-
durance functions, including those implicated in PHB and nitro-
gen metabolism, nitrogen fixation, and oxygen tolerance, to be
contributors to flocculation in A. brasilense. Interestingly, some A.
brasilense mutants, including one with a mutation affecting an
orphan response regulator, FIcA (13), and another with a muta-
tion affecting a putative universal stress protein (encoded by
0rf280) (39), do not flocculate but were reported to possess an
enhanced nitrogen fixation ability (17, 18). We have previously
shown that the flcA mutant clumps but does not flocculate, which
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causes the culture to become filled with clumping cells over time
(8). Nitrogen fixation in the orf280 mutant strain was induced
under slightly elevated oxygen concentrations which were not
compatible with nitrogen fixation in the wild-type strain (18), but
the clumping phenotype of this mutant is not known. It is possible
that the enhanced nitrogen fixation abilities of the flcA mutantand
perhaps also the orf280 mutant are a direct result of their ability to
clump.

We identified a chemotaxis histidine kinase CheA-like ho-
molog to be a potential regulator of the transition between clump-
ing and flocculation. The gene for this CheA-like homolog is lo-
cated within a putative chemotaxis operon predicted to control
cellular functions other than flagellum-based directed motility
(28). Interestingly, this CheA-like protein is homologous to the
CheA3 protein of the closely related organism Rhodospirillum cen-
tenum. In R. centenum, CheA3 is also encoded by a gene within an
ACF-like operon which was shown to control cyst production
(46). The transposon mutant with a mutation within the cheA-like
gene in A. brasilense did not flocculate and was not expected to
produce cysts since flocculation is required for cyst development
(9). Similarly, an R. centenum mutant lacking CheA3 does not
produce cysts, but the underlying mechanism is not known. The
lack of flocculation in the transposon mutant identified here sug-
gests that the ACF-like CheA functions in a pathway that affects
cell envelope remodeling.

The exact mechanism by which metabolic stress is sensed by A.
brasilense to trigger clumping and flocculation is yet to be eluci-
dated. Previous studies have implicated cyclic GMP (cGMP) sig-
naling in cyst development in R. centenum and A. brasilense (47),
consistent with the identification of an R. centenum ACF-type
CheA homolog that is involved in flocculation in A. brasilense.
Further, clumping in A. brasilense is regulated by the ability of a
chemotaxis receptor protein (Tlp1) to bind cyclic di-GMP (c-di-
GMP) (14). Both c-GMP and c-di-GMP thus represent candidate
molecules for signaling metabolic stress during clumping and
flocculation. This hypothesis is also supported by the observation
that a mutant with a mutation in a phosphodiesterase (chsA::Tn5)
produces elevated levels of intracellular c-di-GMP and clumps
abundantly (14). We have no evidence that clumping or floccula-
tion is mediated by the ubiquitous starvation-signaling pp(p)Gpp
molecule. However, it is reasonable to expect the pp(p)Gpp alar-
mone to be implicated in the transition from clumping to floccu-
lation, given the role of flocculation in stress endurance (12) and
the established function of the pp(p)Gpp alarmone in the adapta-
tion of bacteria to nutritional stress (48). The observation of the
upregulation of several, but not all, 50S ribosomal proteins during
clumping and the downregulation of a few is relevant in this re-
spect. Specifically, hyperclumping cells displayed elevated levels of
expression of the L11 ribosomal protein, which interacts with the
RelA enzyme on stalled ribosomes, triggering alarmone synthesis
under conditions of nutrient limitation (49, 50). Similarly, L24 is
present at the ribosome E site, where it interacts with chaperones,
which are typically overexpressed during stress, including here in
clumping cells (49). The pattern of regulation seen in clumping
cells may thus reflect a specific adaptive response of the transla-
tional machinery to the nutritional stress experienced by the cell.

Together, the results obtained here reveal an ordered set of
physiological adaptations that couple a transient behavior with a
long-term adaptive response: metabolic scavenging during
clumping primes the cells for survival in response to additional
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stress, including a readiness for nitrogen fixation, ultimately per-
mitting long-term persistence in the presence of metabolic stress
by flocculation.
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