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SUMMARY

Bacteria of the genus Pseudomonas consume preferred carbon substrates in
nearly reverse order to that of enterobacteria, and this process is controlled by
RNA-binding translational repressors and regulatory ncRNA antagonists. Howev-
er, their roles in microbe-plant interactions and the underlying mechanisms
remain uncertain. Here we show that root-associated diazotrophic Pseudomonas
stutzeri A1501 preferentially catabolizes succinate, followed by the less favor-
able substrate citrate, and ultimately glucose. Furthermore, the Hfq/Crc/CrcZY
regulatory system orchestrates this preference and contributes to optimal nitro-
genase activity and efficient root colonization. Hfq has a central role in this regu-
latory network through different mechanisms of action, including repressing the
translation of substrate-specific catabolic genes, activating the nitrogenase gene
nifH posttranscriptionally, and exerting a positive effect on the transcription of
an exopolysaccharide gene cluster. Our results illustrate an Hfq-mediated mech-
anism linking carbon metabolism to nitrogen fixation and root colonization, which
may confer rhizobacteria competitive advantages in rhizosphere environments.

INTRODUCTION

Bacteria can utilize numerous carbon substrates, and thus they can grow in a wide range of natural environ-
ments. Carbon substrates in the environment variable in type and abundance and can be utilized by bac-
teria either hierarchically or simultaneously.' Hierarchical utilization refers to catabolite repression, in which
preferred carbon sources prevent the utilization of other substrates, and a variety of mechanisms are used,
depending on the bacterial genus™?; the classic example of which is glucose-lactose diauxic growth of
Escherichia coli.” It is now well accepted that carbon catabolite repression controls the sequential catab-
olism of preferred carbon substrates, thereby enhancing the ability of bacteria to compete in their natural
habitats.” Bacteria of the genus Pseudomonas are considered generalists because they are isolated from a
wide range of niches and have the remarkable property of metabolizing a wide range of compounds as a
source of carbon and energy.’ Pseudomonas are metabolically versatile and behave as intelligent eaters
that preferentially catabolize organic acids, especially tricarboxylic acid (TCA) cycle intermediates, rather
than carbohydrates.”®? Clearly, pseudomonads use a “reverse” carbon catabolite repression compared
to enterobacteria, which may reflect better adaptation to specific environments due to the differential
evolution that occurs in different niches.

Indeed, the molecular mechanisms responsible for carbon catabolite repression differ markedly among
microorganisms. In particular, catabolite repression is mediated at the transcription level in E. coli (by
the Crp transcriptional regulator) and Bacillus subtilis (by the CcpA transcriptional regulator) while in Pseu-
domonas, carbon catabolite repression operates at the translational level.”” The current model that was
derived from studies of different Pseudomonas species showed that in this posttranscriptional repression
system, the major players are the RNA chaperone Hfg, the catabolite repression control protein Crc and
several regulatory ncRNAs.'%'? In the presence of preferred carbon sources, the translation of target
genes involved in the utilization of non-preferred carbon sources is inhibited by Hfq by forming a repressive
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and binds to target mRNAs containing a common catabolite activity (CA) motif that is located close to
the ribosome binding site'”; in contrast, Crc has no intrinsic RNA-binding activity'® but increases the
stability of the Hfq/Crc/mRNA tripartite complexes.'® Sequences that resemble the CA motif are present
in mRNAs of the oprB1, gtsABC, benR, benA, alkS, and alkB genes in Pseudomonas putida,m’w the amiE,
antR, estA, bkdR and aroP2 genes in Pseudomonas aeruginosa,””™** the xutR and xutA genes in Pseudo-
monas fluorescens,”” oprB in Pseudomonas syringae,24 and gluP in Azotobacter vinelandii,”® which are
involved in the utilization of non-preferred carbon sources. Several regulatory ncRNAs, such as CrcZ in
P. aeruginosa,'”?® CrcZ/CrcY in P. putida or P. fluorescens,”?’ and CrcZ/CrcX in P. syringae,”’ have
been identified as antagonists of catabolite repression. Synthesis of these ncRNA is under the control of
the two-component system CbrAB and the alternative sigma factor RpoN,”*?*?”? with one exception
for CrcY, in which the activation is thought to involve a different transcriptional regulator in P. putida.”’

Although carbon catabolite repression in bacteria is one of the best-studied metabolic strategies, we
are far from understanding the complexity of this regulatory system. Mechanisms that operate in carbon
catabolite repression seem to control not only the expression of the genes involved in specific catabolic
pathways but also the expression of the genes involved in microbe-plant interactions.>?” For example,
the control of catabolite repression was also found to be necessary for the growth and survival of
P. syringae DC3000 during infection®” and the mineral phosphate-solubilizing/glycine betaine-producing
ability of Acinetobacter sp. SK2°' and P. aeruginosa.®*>* Similarly, the involvement of catabolite repression
control in functions related to bacteria-plant interactions has been reported in Klebsiella pneumoniae®
and Rhizobium sp.,*” suggesting that this mechanism is widespread among rhizobacteria. In addition,
the rhizosphere is a nitrogen-limiting environment that favors the proliferation of diazotrophs; the energy
necessary to sustain root-associated nitrogen fixation is derived from the oxidation of carbon-rich exudates
available in the rhizosphere.®*?’ Therefore, another interesting emerging aspect is the connection
between carbon catabolite repression and nitrogen fixation in root-associated diazotrophs.

Bacterial species belonging to the Pseudomonas genus are very efficient colonizers of the plant rhizo-
sphere, resulting from the co-occurrence of multiple functions, such as chemotactic motility, surface attach-
ment, biofilm formation, stress response, and nitrogen fixation.*®**? One of the most representative strains
is Pseudomonas stutzeri A1501, a model diazotroph that was originally isolated from the rice rhizosphere.’
Due to its nitrogen-fixing ability, A1501 outcompetes other soil bacteria and proliferates in the carbon-rich
but nitrogen-limiting environment of the rhizosphere to colonize root surface or inner cortex, and benefit
host plant growth.”*** Several genes (e.g., cbrAB, crc, and crcZ) involved in catabolite repression have
been previously identified in P. stutzeri A1501."” A subsequent transcriptional analysis of the P. stutzeri
A1501 genome resulted in the identification of 53 ncRNAs, including crcZ and creY.*® In addition, the
chaperone gene Hfg was found to play a role in the control of nitrogen fixation, since an hfg mutant strain
displayed reduced nitrogenase activity,’®"” although the actual mechanism of this regulation remains to be
documented.

In this study, we focused on performing a detailed analysis of the genetic determinants involved in
catabolite repression control, as well as some of the target genes involved in this mechanism, to better un-
derstand the regulatory mechanisms underlying hierarchical carbon substrate utilization in root-associated
diazotrophic P. stutzeri A1501. We found that P. stutzeri A1501 preferentially catabolized succinate,
followed by the relatively less favorable substrate citrate, and ultimately glucose. Genetic studies and
microscale thermophoresis (MST) experiments showed that Hfg represses the translation of catabolic
targets for non-preferred substrates by binding directly to mRNAs while Crc interacts with Hfg, enhancing
the repression exerted by Hfq. Subsequent physiological and droplet digital PCR (ddPCR) analysis indi-
cated that non-preferred carbon sources such as glucose and benzoate substantially increased the tran-
scription of CrcZ, acting as a key antagonist of Hfg, by binding the protein and relieving the repression
of the non-preferred catabolic pathways. Finally, our finding provides empirical evidence for the molecular
mechanism by which Hfg contributes to optimal nitrogenase activity and efficient root colonization.

RESULTS
Carbon substrate utilization profile and diauxic growth

The hierarchy of carbon substrate utilization was determined by measuring the respiratory activity and
growth ability of strain A1501 grown on single or double carbon sources. We first measured the respiratory
activity on different carbon sources by using Biolog GENIII MicroPlates. Forty-three compounds that
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supported metabolism were identified and grouped by their intensities of respiratory activity into two
distinct groups (Table S1). Interestingly, many carbon sources from the MicroPlates are also present in plant
root exudates,*” such as lactate, glucose, succinate, and citrate, with strong respiratory activities from 1694
to 1175 U (Table S1).

These data agree with the fact that organic acids are known to be preferentially used over sugars and ar-
omatic compounds in Pseudomonas species. P. stutzeri A1501 displays better growth with lactate, succi-
nate, or citrate than with glucose or benzoate, as shown in Figure 1A. The results from the growth assay
were consistent with those of the Biolog assay (Table S1), except for glucose, supporting the high respira-
tory activity but poor growth of strain A1501. In addition, the carbon source preference is almost consistent
with the capacity to support nitrogenase activity (Figure 1B), except for benzoate that does not support ni-
trogen fixation. In addition, strain A1501 preferentially utilized an organic acid until it was exhausted and
then shifted to catabolism of glucose, exhibiting typical diauxic growth (Figures 1C-1E).

A1501 was previously shown to grow on 4 mM benzoate but rarely grew on 8 mM benzoate due to its toxic
effect.”® Here we observed that in the presence of 4 mM benzoate plus succinate or lactate, A1501 was able
to grow well but did not exhibit diauxic growth (Figures STA and S1B). Surprisingly, A1501 grew very poorly
on a citrate/benzoate mixture, and even more slowly on benzoate, implying that benzoate exerts a strong
inhibitory effect on citrate utilization (Figure S1C). Conversely, A1501 co-utilized glucose and benzoate,
exhibiting a much higher growth performance (the maximal ODggg of approximately 1.0) than on each in-
dividual source (the maximal ODggo of 0.30 and 0.45, respectively) (Figure 1F), as previously described for
Pseudomonas sp. CSV86 and E. coli.*”"*° Together, A1501 preferentially catabolized the top tier substrates
succinate and lactate, followed by citrate at a relatively less favorable level, and ultimately the non-
preferred substrates glucose and benzoate; however, the sophisticated mechanisms underlying this
phenomenon remain to be investigated in depth.

Mutation of the hfq/crc/crcZY genes and prediction of putative hfq-binding mRNAs

An analysis of the location of the putative regulatory genes controlling carbon catabolite repression in the
P. stutzeri A1501 genome identified seven genes that are known to be involved in this process in other
Pseudomonas species™’ and revealed a cluster carrying the cbrAB genes of the two-component system
linked to crcZ, while hfg, rpoN, crc, and crcY are not linked and belong to different clusters (Figure 2A
and Table S2). Single and double mutants were constructed to obtain insights into their biological func-
tions (Figure 2B). Growth with the preferred carbon source lactate or succinate was not impaired in any
of the mutant strains, but a similar result was not observed for citrate. Although citrate is generally consid-
ered the preferred carbon source of Pseudomonas,” the dcrcZAcrcY double mutation strongly impaired
growth on citrate as the sole carbon source (Figure 2B), suggesting that citrate utilization might be subject
to carbon catabolite repression in strain A1501. Furthermore, we found that the 4cbrA or AcbrB single mu-
tants and the dcrcZ4crcY double mutant did not grow on two non-preferred carbon sources, glucose or
benzoate (Figure 2B), suggesting that these genes play key roles in carbon catabolite repression. The dele-
tion of either crcZ or crcY had no effect on catabolite repression, suggesting that the two genes may be
functionally complementary, as described in P. putida.”” The Acrc mutant exhibited wild-type diauxic
growth, whereas the 4hfg mutant exhibited the same phenotype defect in diauxie as the 4hfgdcrc double
mutant, suggesting that Hfq has a stronger function than that of Crc in catabolite repression on glucose
utilization.

Recent studies revealed that Hfg recognizes a common catabolite activity (CA) motif that contains an
AANAANAA motif close to the AUG translation start codon of target mRNAs.'”"* An analysis of the pheno-
type of the hfg mutant helped identify the possible target genes that are involved in the utilization of non-
preferred carbon sources by P. stutzeri A1501. Glucose is metabolized by the Entner-Doudoroff pathway in
Pseudomonas species.”’ The gltR gene encodes a transcriptional regulator that interacts with different
promoters to regulate the expression of the oprB, glk, and edd genes located in different clusters in the
A1501 genome (Figure 2A and Table S2), all of which are required for glucose transport and utilization.”
As shown in Figure 2C, a CA motif was identified in the mRNAs of these genes required for glucose meta-
bolism. The characterization of the genes involved in benzoate utilization (Figure 2A) was previously re-
ported in P. stutzeri A150.*° An analysis of the mRNA sequences of these genes identified a CA motif in
benR, benF, and benK (Figure 2C). Consistent with the hypothesis mentioned above that citrate utilization
may also be controlled by catabolite repression, a CA motif was found in the mRNA of the citN gene
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Figure 1. Hierarchical utilization of carbon substrates in P. stutzeri A1501

(A) Growth of A1501 for 12 h in minimal medium K that contained 6.0 mM NH,"* as the sole nitrogen source and with the
carbon sources indicated at the following concentrations: 4 mM benzoate (Ben), 20 mM lactate (Lac), 20 mM succinate

(Suc), 20 mM citrate (Cit), and 20 mM glucose (Glu).

(B) Effect of the different carbon substrates on the nitrogenase activity of A1501 in minimal medium K devoid of a nitrogen
source and containing the same carbon substrates as in (A).

(C) Diauxic growth of A1501 in minimal medium K supplemented with 6.0 mM NH,4" and a mixture of 4 mM Suc plus 20 mM
Glu. The growth curve (ODggp versus time) is shown together with the measured concentration of glucose remaining in the
medium (orange triangles). Growth with succinate alone is shown as a control.

(D and E) Diauxic growth of A1501 under conditions similar to (C) but with 4 mM citrate (D) or 4 mM lactate (E) instead of
succinate and controls with citrate and lactate alone.

(F) Growth curve of A1501 on 4 mM benzoate plus 20 mM glucose and controls with glucose and benzoate alone. See

Figure S1 for the growth curve of A1501 on benzoate plus succinate or lactate.

Data shown in (A and B) are presented as the means + SEM (n = 9). Asterisks indicate statistical significance determined
using one-way ANOVA with Tukey's post hoc test: ****p < 0.0001, ***p < 0.001, **p < 0.01, and ns: non-significant. Data
shown in (C-F) are representative of two independent experiments and are presented as the means + SEM (n = 6).

encoding a citrate transporter (Figure 2C). These results suggest that Hfg has a major role in regulatory sys-
tems underlying hierarchical carbon substrate utilization, similar to those in other Pseudomonas species. It
was previously reported that an hfqg mutant strain displayed reduced nitrogenase activity.* Most interest-
ingly, a CA motif was also identified in the coding region of the nifH mRNA encoding a nitrogenase Fe
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Figure 2. Systematic investigation of genes involved in carbon catabolite repression and sequence alignment of putative Hfq-binding mRNAs
containing a CA motif

(A) Localization of the gene clusters on a linear map of the chromosome. See also Table S2 for a functional description of the cbrAB/hfq/crc/crcZ/crcY genes
and corresponding substrate-specific catabolic genes. Black arrows indicate genes of interest that were inactivated by homologous suicide plasmid
integration using pK18mob as a vector in this study.

(B) Analysis of the growth characteristics of P. stutzeri A1501, the corresponding mutant, and complemented strains. ® Growth was tested in K medium
supplemented with a single carbon source or mixed carbon sources, as indicated, at 30°C after 12 h. In minimal medium K containing 6 mM NH," and 20 mM
lactate, the growth performance of the mutant strains was similar to that of the wild-type A1501; ® Suc, 20 mM succinate; Lac, 20 mM lactate; Cit, 20 mM
citrate; Glu, 20 mM glucose; Ben, 4 mM benzoate; © Lac + Glu, 4 mM lactate plus 20 mM glucose; Suc + Glu, 4 mM succinate plus 20 mM glucose; Ben + Glu,
4 mM benzoate plus 20 mM glucose. d Empty vector control. +++, Maximal growth (ODggo > 2.0); ++, moderate growth (2.0 > ODggo > 0.5); +, weak growth
(0.5 > ODgop > 0.15); -, no growth (ODggp < 0.15); X, mutation that completely abolishes the diauxic growth pattern. Experiments were performed three
times with similar results.

(C) The CA motif located at the 5" untranslated region close to the translation start site of substrate-specific catabolic gene mRNAs and the coding region of
the nitrogenase Fe protein gene nifH mRNA. Sequences of CA motifs are highlighted in yellow. The putative ribosome-binding site (RBS) is underlined. The
initiation codon is indicated in red.

protein, probably as a putative target for Hfg, suggesting that Hfg-mediated control is not limited to car-
bon source utilization.

Involvement of hfq and crc in the organic acid-mediated carbon catabolite repression

To further assess the contribution of the hfg and crc genes to carbon catabolite repression, we first used
droplet digital PCR (ddPCR) to measure their absolute transcription levels under conditions that generated
strong catabolite repression. During diauxic growth of the wild type in a medium containing both succinate
and glucose, as shown in Figure 3A, the hfg mRNA level was rapidly upregulated at the first growth phase
and then downregulated remarkably during the second growth phase; in contrast, the crc mRNA level was
very low and remained unchanged during both growth phases. During the first exponential growth phase in
which the abundance of hfg mRNA was high, the glucose concentration in the culture medium barely
changed, suggesting the necessity of Hfq for catabolite repression of glucose utilization. Under the
same growth conditions, the dcrc mutant exhibited a pattern of biphasic growth, similar to that of the
wild-type strain (Figure 3B), whereas the 4hfq or 4hfgdcrc mutant strains showed no diauxie (Figures 3C
and 3D), suggesting that carbon catabolite repression was not abolished by deleting Crc. These findings
suggest that the presence of Hfg may be necessary and sufficient for catabolite repression, as reported first
in P. aeruginosa.”’

In P. aeruginosa, unlike Hfg, Crc was not found to bind CA motifs but to have an auxiliary function in
Hfg-mediated repression.'*'® Thus, we used microscale thermophoresis (MST) to analyze the ability of
both Hfg and Crc proteins to recognize predicted CA motifs in the 5" untranslated region of the target
genes, including the gltR, oprB, edd and zwf genes responsible for glucose utilization, the benR gene en-
coding a transcriptional activator for the benzoate degradation pathway, and the citN gene encoding a cit-
rate transporter. As revealed in Figures 3E, 3G, 3I, 3K, and 3M (green curve), Hfq directly bound to each of
the wild-type mRNAs. The same experiments were reproduced using mutated mRNAs devoid of the CA
motif to support these data, and the ability to bind Hfg was lost (Figures 3E, 3G, 3, 3K, and 3M, red curve).
In the presence of Crc, the binding of Hfq to target mRNAs was significantly enhanced (Figures 3F, 3H, 3J,
3L, and 3N). However, in the absence of Hfg, no binding of Crc to wild-type mRNAs was observed (Fig-
ure S2). The oligonucleotides that contained the 5'-UTR and the full-length coding region of the indicated
mRNAs used for MST analysis and sequences of the WT or mutated CA motif are summarized in Figure 30.

Other experiments were performed using strains carrying translational lacZ fusions to the gltR and edd
genes. Measurement of in vivo B-galactosidase activity in a medium containing both succinate and glucose
showed increased activities when the fusions were introduced into the Ahfq and Acrc mutant strains, but
this increase was eliminated by genetic complementation with a plasmid carrying the wild-type hfg and
crc genes (Figure S3). These in vivo experiments further support the hypothesis that Hfg and Crc act in a
coordinated manner to mediate the repression of the genes required for glucose utilization at the trans-
lation level.

CrcZ antagonizes hfg-mediated translational repression of non-preferred catabolic pathways

CrcZ and CrcY levels were reported to vary widely based on the carbon source used in P. aeruginosa and
P putida.”**" In the present study, the level of crcZ is low under conditions causing strong catabolic
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Figure 3. Hfq and Crc act as translational repressors of substrate-specific catabolic genes

(A) Absolute numbers of copies of the hfg and crc mRNAs during diauxic growth of WT A1501 on 4 mM succinate plus 20 mM glucose.

(B-D) Growth of the Acrc (B), Ahfg (C), AhfgAcrc (D) mutant strains (red) and their corresponding complemented strains (blue) that were grown on 4 mM

succinate plus 20 mM glucose. The growth curve (circle) is shown together with the measured concentration of glucose (triangle) remaining in the medium.
(E-N) Determination of the binding affinity of labeled Hfq for the target mRNAs containing the WT or mutated CA motifs in the absence and presence of
400 nM Crec. Ligand-dependent changes in MST are plotted as normalized fluorescence (Fom) values vs. ligand concentration in a dose-response curve.

Frorm Values are plotted as parts per thousand [%,] for binding affinity analysis. N: ssRNA oligonucleotides; wt: wild-type; mut: mutant.

(O) The WT or mutated oligonucleotides that contained the 5'-UTR and the full-length coding region of the indicated mRNAs were used for MST analysis.
Sequences of the CA motif (AANAANAA) are shown in boldface and underlined. Point mutations introduced into synthesized oligonucleotide derivatives are
shown in red. N, ssRNA oligonucleotide; wt, wild type; mut, mutation.

Data shown in (A-N) are representative of two independent experiments and are presented as means + SEM (n =

6). See also Figures S2 and S3.

repression, but increases substantially in the presence of glucose or benzoate as the sole carbon source
(Figure 4A). Notably, the level of crcZis also moderately increased during growth with citrate as a sole car-
bon source (Figure 4A), providing a possible explanation for the growth defect of the dcrcZ4crcY double
mutant on citrate (Figure 2B). During diauxic growth in the presence of succinate plus glucose, CrcZ levels
increase sharply during the transition from the first exponential phase to the second (Figure 4B), suggesting
that this ncRNA may be essential for abrogating Hfg-mediated translational repression. Unlike crcZ, the
level of crcY is very low and remains virtually unchanged, regardless of the carbon source used under all
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Figure 4. Functional analysis of the regulatory ncRNAs CrcZ and CrcY

(A) Absolute levels of the crcZand crcY transcripts in strain A1501 grown on succinate and other carbon substrates. Bacteria were grown in minimal medium
Kcontaining 6.0 mM NH," and supplemented with 20 mM lactate (Lac), succinate (Suc), citrate (Cit), and glucose (Glu) and 4 mM benzoate (Ben). A 4 h
incubation time was chosen for droplet digital PCR (ddPCR) assays. The absolute transcript level is reported as the number of copies per ng of total RNA.
Means + SEM (n = 6) are shown. Asterisks indicate statistical significance determined using two-way ANOVA with Tukey's post hoc test: ****p < 0.0001,
*p < 0.05, and ns: non-significant.

(B) Changes in absolute levels of the crcZ and crcY transcripts during diauxic growth. Bacterial cells were incubated in minimal medium K containing 6.0 mM
NH;" supplemented with a mixture of 4 mM succinate and 20 mM glucose, and samples were collected at regular intervals (0, 2, 4, 6, 8, 10, 12, and 14 h) for
ddPCR assays. Data are representative of two independent experiments and are presented as the means + SEM (n = 4).
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Figure 4. Continued

(C) Relative levels of the crcZ and crcY transcripts on wild-type and mutant backgrounds under the same growth conditions as in (B), which were measured
using gRT-PCR. Means + SEM (n = 9) are shown and asterisks indicate statistical significance determined using two-way ANOVA with Tukey's post hoc test:
****p < 0.0001 and ns: non-significant.

(D and E) Genetic organization of the crcZ (D) or crcY (E) regions in the P. stutzeri A1501 chromosome. The putative CbrB- or RpoN-binding sites are marked
by red boxes. +1 indicates the transcription start site based on a 5 RACE analysis. The nucleotide sequences of the crcZ and crcY genes are indicated in
boldface. Both ncRNAs have five unpaired A-rich regions (shown underlined) containing putative CA motifs to which Hfg can potentially bind. Point
mutations were introduced into the synthesized oligonucleotide that was used for the MST analysis (see Figure S5), and the corresponding mutated
sequences (indicated in red) are shown above the unpaired region.

(F-I) DNase | footprinting analysis of the crcZ (F, G) and crcY (H, I) promoter probes using purified RpoN protein added at 0 and 5.0 pg or purified CbrB
protein added at 0 and 15 pg. The RpoN- or CbrB-protected region is indicated by a dotted box, with the nucleotide sequence shown at the bottom. The
RpoN- and CbrB-binding sites are marked by red boxes.

See also Figures S4 and S5.

conditions tested (Figures 4A and 4B), implying that CrcY does not appear to play a role in adjusting the
strength of catabolite repression. However, the deletion of either crcZ or crcY led to a compensatory in-
crease in the levels of the remaining ncRNA, as also observed in P. puticla.27 For example, the levels of
crcY in the strain lacking crcZ increased more than 3.0-fold compared to the wild-type strain (Figure 4C).
This result may explain why the single deletion of crcZ or crcY had no effect on catabolite repression,
but the double mutation resulted in constitutive catabolite repression that compromised the growth of cit-
rate or glucose (Figure 2B). In particular, the level of CrcY was upregulated by about 13.4- and 4.5-fold at
high temperature (45°C) or in the presence of saline stress, in contrast to CrcZ, whose expression was
upregulated by approximately 2.2-fold under nitrogen fixation conditions (Figure S4), suggesting a
CrcZY-mediated regulatory link between environmental stresses and carbon/nitrogen metabolism.

In addition, we found that the single deletion of the cbrA, cbrB, or rpoN genes caused a significant
decrease in the expression levels of crcZ and crcY (Figure 4C), consistent with observations in other Pseu-
domonas strains.”*>° The position of the transcription start site for the promoters of both crcZand crcY was
determined by 5’RACE (Figures 4D and 4E). Further inspection of the DNA regions located upstream from
the promoters of crcZ and crcY revealed the presence of conserved sequences (at position —24/-12) typical
of a RpoN-dependent promoter and a putative CbrB binding site (Figures 4D and 4E), suggesting that both
RpoN and CbrB controlled the expression of crcZ and crcY. This hypothesis was confirmed by DNase |
footprinting assays (Figures 4F-4l). Both ncRNAs are predicted to contain five unpaired A-rich regions
with putative CA motifs to which Hfg potentially binds (Figures 4D and 4E). A set of full-length CrcZ and
CrcY ssRNA oligonucleotides containing the WT sequences (N-CrcZ-wt and N-CrcY-wt) and mutated se-
quences (the N-CrcZ-mut2 and N-CrcY-mut2 containing site-specific mutations in regions Il and V, and
the N-CrcZ-mut5 and N-CrcY-mut5 containing site-specific mutations in all five regions) were synthesized
for the MST analysis to obtain experimental evidence for the predicted interactions between Hfg and CrcZ
and CrcY individually (Figures 4D and 4E). As anticipated, both CrcZ and CrcY directly bind to Hfg, exhib-
iting Kd values of 23.7 + 2.68 nM and 22.21 + 4.68 nM, respectively (Figures S5A and S5D). The binding was
significantly weakened or was even completely lost if the CA motif was mutated (Figures S5B, S5C, S5E, and
S5F). Taken together, these experiments showed that the regulatory ncRNA CrcZ acts as a key decoy to
antagonize Hfg-mediated translational repression of the catabolic genes necessary for the consumption
of non-preferred carbon sources.

Hfq optimizes root-associated nitrogenase activity via positive regulation of nifA and nifH
expression at the transcriptional and translational levels

Under laboratory conditions, nitrogenase activity associated with host seedlings or roots, which is usually
low due to the limited carbon supply from root exudates, has been reported to increase after the addition
of carbon sources.”®”’ This result was also observed in rice roots inoculated with A1501 where no root-
associated nitrogenase activity was detected in the absence of an additional carbon source; therefore,
this condition was chosen as a negative control (Figure 5A). Interestingly, the root-associated nitrogenase
activity of A1501 incubated with succinate was increased up to 12,000 U, which was approximately 3-fold
higher than the nitrogenase activity of A1501 in the free-living state, and 6-fold higher than the root-asso-
ciated nitrogenase activity of A1501 grown on glucose (Figure 5A), indicating that nitrogenase activity was
significantly increased in the presence of roots, or more precisely certain root exudates. Next, acetylene
reduction assays were performed with mutant strains using the same conditions as with the wild type. Inoc-
ulation with dcrcZ or dcrcY strains had little effect, while the inoculation of strains carrying dcrc, 4hfq or
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Figure 5. Hfq exerts a positive regulatory effect on root-associated nitrogenase activity at the transcriptional
and translational levels

(A) Nitrogenase activity assays using wild-type and mutant strains associated with or without rice roots in the presence of
4 mM succinate (Suc) and 20 mM glucose (Glu) alone or in combination. Control 1: Rice roots without inoculation; Control
2: rice roots inoculated with A1501 but without an additional carbon source.

(B and C) The absolute copy numbers of the nifA mRNA (B) and nifH mRNA (C) under the same conditions as in (A), which
were determined using ddPCR.

(D and E) Determination of the binding affinity of labeled Hfq to nifH mRNA containing the WT (D) or mutated CA motif
(E) using microscale thermophoresis. The CA motifs are shown in parentheses, and point mutations introduced into a
synthesized oligonucleotide are shown in red. N, ssRNA oligonucleotide; wt, wild type; mut, mismatch mutation.

(F) Analysis of the nifH mRNA half-life in the WT and hfg mutant strains. Rifampicin (400 pg/mL) was added attime 0. At the
indicated times, an equal volume of frozen media was added to bring the temperature immediately to 4°C. RNA was
extracted, followed by gRT-PCR.

Data shown in (A-C) are representative of two independent experiments and are presented as means + SEM (n = 4).
Asterisks indicate statistical significance determined using two-way ANOVA with Tukey's post hoc test: ****p < 0.0001,
***n < 0.001, **p < 0.01, *p < 0.05, and ns: non-significant. Data shown in (D-F) are presented as the means + SEM
(n=6).

AcrcZY mutations led to a significant decrease in root-associated nitrogenase activities, especially in the
presence of mixed carbon sources (Figure 5A).

Knockout of hfg has also been reported to decrease the abundance of the nifH mRNA encoding a subunit
of the nitrogenase, as well as the nifA mRNA, encoding a transcriptional activator of all nif operons in Azo-
rhizobium caulinodans®® and Sinorhizobium meliloti.”” This is why we measured the nifA and nifH mRNA
levels of wild-type and hfg mutant strains associated with roots using droplet digital PCR (ddPCR).
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Consistent with the results shown in Figure 5A, an order of magnitude increases in the absolute copy num-
ber of both nifH and nifA mRNAs was observed when bacteria were grown on succinate or a mixture of
glucose with rice roots compared with the level obtained without roots (Figures 5B and 5C, red asterisks
indicate statistically significant differences). Mutation of hfg suppressed this stimulatory effect; for
example, the absolute copy number of both nifH and nifA mRNAs in the hfg mutant decreased by more
than 3.0- or 30.0-fold compared with the wild-type strain (Figures 5B and 5C), suggesting that Hfq exerts
a positive regulatory effect on the expression of both genes in bacteria associated with roots. In addition,
consistent with previous observations showing that the use of glucose as a sole carbon source poorly sup-
ports nitrogen fixation (Figure 1B), this non-preferred carbon source has no effect on the expression of both
nifH and nifA mRNAs (Figures 5B and 5C). Moreover, nifH is the only gene among all the nif genes to
contain the CA motif in its mRNA, suggesting that it is the target of Hfg (Figure 2C). As expected from
MST experiments, Hfq directly binds to the CA motif located in the nifH coding region, while mutating
this motif led to a complete lack of binding to Hfq (Figures 5D and 5E). We subsequently measured the
half-life of the nifH transcript, which was 10.5 min for the WT and 7.0 min for the Ahfg mutant (Figure 5F),
indicating that Hfq exerted a positive effect on the stability of the nifH mRNA.

Involvement of hfq/crc/crcZY genes in root colonization via the transcriptional regulation of
exopolysaccharide production

A1501 exhibited poor growth on glucose but high respiratory activity (Figure 1F and Table S1); thus, we
hypothesized that glucose is rapidly utilized not as a growth substrate but as a precursor to produce
exopolysaccharides, which have been shown to be important for colony morphology and root coloniza-
tion.“~%? Colony morphology was examined after seven days of growth with succinate and glucose alone
or in combination. A1501 exhibited an opaque, wrinkled colony morphology after being grown on dual
carbon sources, and this colony was much larger than the colony formed on each substrate alone (Fig-
ure 6A), which correlated with the amount of exopolysaccharides produced (Figure 6B). Wild-type phe-
notypes were totally abolished by the inactivation of the hfg/crc/crcZY genes (Figure 6B), suggesting
their involvement in colony morphology and exopolysaccharide production. Consistent with the function
of pslA, the first gene in the psl operon that is involved in the synthesis of Psl exopolysaccharide in
P. aeruginosa® and P. stutzeri®* the pslA mutant grown on mixed carbon sources not only produced
fewer exopolysaccharides but formed colonies much smaller than those of the WT strain (Figures 6A
and 6B). Unexpectedly, the Aglk mutant formed colonies very similar to the WT strain (Figure 6A) while
producing more exopolysaccharides than the other mutants, suggesting that sugar nucleotide precursor
synthesis in A1501 used a pathway independent of the glk gene. In addition, the production of exopo-
lysaccharides is important for biofilm formation and root surface colonization.®“** Here, pslA expression
was significantly increased by approximately 33-fold after exposure to glucose in the presence of roots
(Figure 6C). Sugar nucleotide precursors for exopolysaccharide production are generally synthesized
from glucose-6-P dependent on glucokinase, which is encoded by the glk gene in Pseudomonas.®®
When grown on a mixture of 3 mM glucose plus succinate, increasing the concentrations of glucose
from 0.4 mM to 3.0 mM led to a continued increase in both pslA expression and exopolysaccharide pro-
duction (Figures 6D and 6E). These results suggest that exopolysaccharide production depends on an
adequate supply of glucose but is not inhibited by succinate.

Furthermore, we tested the effect of different concentrations of glucose on root surface colonization
by A1501. As shown in Figure 6F, the level of colonization in the presence of 0.2 mM glucose was 2.7
times higher than that in the absence of glucose, indicating that glucose promotes root colonization.
However, higher concentrations of glucose resulted in partial or total loss of the stimulatory effect (Fig-
ure 6F). We performed co-culture and co-inoculation assays using A1501 and its mutant derivatives to
test the roles of the hfg/crc/crcZY genes. In both types of experiments, the individual mutants were
recovered at significantly lower levels than A1501, suggesting a competitive disadvantage (Figures 6G
and 6H). The Ahfg mutant was reduced to a minor fraction of the total bacteria (less than 0.1%) isolated
from co-culture (Figure 6G) or from rice roots (Figure 6H), suggesting that Hfq is crucial for root surface
colonization. Quantitative RT-PCR experiments were performed to compare the expression of the ps/
genes during root surface colonization. As shown in Figure 6l, the deletion of hfg resulted in a significant
decrease in the expression of all ps/ genes, suggesting indirect Hfg-mediated regulation since the
mRNAs of these genes do not contain the putative CA motif. These data indicate a crucial role for
Hfg in root surface colonization through the positive regulation of psl-like genes that are required for
Psl production.
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Figure 6. The contribution of hfq/crc/crcZY genes to improving root colonization

(A) The colony morphology of WT and mutant strains was evaluated on minimal medium K that was supplemented with different carbon sources during the
7-day incubation period. Images were taken with the same magnification.

(B) Effect of gene mutations on exopolysaccharide production. Suc, succinate at 50 mM; Glu, glucose at 3 mM. Asterisks indicate statistical significance
determined using two-way ANOVA with Tukey’s post hoc test: ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, and ns: non-significant.

(C) Relative expression levels of pslA in A1501 grown on various carbon substrates in the presence or absence of rice roots, as measured using qRT-PCR.
(D) Effect of different concentrations of glucose on the transcription of ps/A in A1501 grown on minimal K medium supplemented with 6 mM NH,* and 50 mM
succinate. Asterisks indicate statistical significance determined using one-way ANOVA with Tukey’s post hoc test: ****p < 0.0001.

(E) Effect of different concentrations of glucose on exopolysaccharide production by A1501 grown under the same conditions as in (D). Asterisks indicate
statistical significance determined using one-way ANOVA with Tukey's post hoc test: **p < 0.01 and ns: non-significant.

(F) The effect of different glucose concentrations on root colonization by A1501 was determined by counting colony-forming units (CFUs) per g of root.
Asterisks indicate statistical significance determined using one-way ANOVA with Tukey's post hoc test: **p < 0.01 and *p < 0.05.

(G) Strain competition experiments. The fitness deficit of the test mutants was shown by co-culturing each mutant with wild-type A1501 mixed in a 1:1 ratio,
inoculated at a starting ODggo = 0.1 and grown for 24 h in LB. At 24 h, cultures were serially diluted and plated on LB plates containing the relevant antibiotics
to enable counting of each strain. The wild-type strain was used as the competitor in all experiments. Asterisks indicate statistical significance determined
using one-way ANOVA with Tukey’s post hoc test: ****p < 0.0001, *p < 0.05, and ns: non-significant.

(H) Competitive root colonization experiments. Rice seedlings were co-inoculated with the test mutant and wild-type A1501. After 24 h of incubation, root
samples were collected, and the number of CFUs per g root was determined. The red bars represent the percentage of colonies recovered from the tested
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Figure 6. Continued

strains; the blue bars represent the percentage of colonies recovered from the competitor (wild-type) strain. Asterisks indicate statistical significance
determined using two-tailed unpaired t-tests: **p < 0.01, *p < 0.05, and ns: non-significant.

(I) Quantitative RT-PCR analysis of the transcriptional activities of psl-like genes in the wild-type and Ahfq mutant strains during root colonization.
Measurements were normalized to the wild-type values, and fold differences are plotted.

Data are the means and standard deviations of three independent experiments. Asterisks indicate statistical significance determined using two-way ANOVA
with Tukey’s post hoc test: ****p < 0.0001.

DISCUSSION

Carbon source utilization is a typically sequential process that involves external nutrient signaling, followed
by transporter-mediated uptake, and ultimately enzymatic catabolism.'’”® The induction of carbon
substrate-specific metabolic pathways depends on the combined activity of specific regulators and
node enzymes, some of which are subject to carbon catabolite repression. In the present study, we
observed that A1501 preferentially catabolized the top tier succinate and lactate substrates, followed by
relatively less favorable substrate citrate, and ultimately the non-preferred substrates glucose and
benzoate. Furthermore, genetic data show that carbon catabolite repression operates at mRNAs of various
genetic elements required for glucose utilization, including gltR encoding a transcriptional regulatory
protein, oprB encoding a carbohydrate porin, and zwf encoding a glucose-6-phosphate dehydrogenase
(Figure 3). These findings provide a plausible explanation for why glucose is the most non-preferred carbon
source for A1501. In addition, citrate is generally considered the preferred carbon source in Pseudomonas,”
as observed for A1501, which preferentially utilized citrate over glucose. The observation that citrate does
not support the growth of the dcrcZ4crcY double mutant remain puzzling; thus, citrate exhibits the char-
acteristics of a typical non-preferred carbon source (Figure 2B). This result might be explained by the fact
that Hfg binds to the A-rich motif of the citN mRNA encoding a citrate transporter (Figure 3K) while citrate
moderately induces the expression of CrcZ (Figure 4A). The subject of most interest is benzoate, a
derivative of lignin compounds and an intermediate in the catabolism of other aromatic compounds, which
substantially inhibits growth and nitrogenase activity but increases the growth rate of glucose (Figure 1).
The presumable explanation for this finding is that benzoate induced more CrcZ expression than glucose
(Figure 4A), thus effectively relieving the inhibitory effect of Hfg on glucose utilization. Another explanation
for our observations is that benzoate exerts a toxic effect on growth, and thus A1501 must evolve specif-
ically adaptive regulatory mechanisms in a rhizosphere environment rich in aromatic carbon sources, as re-
ported for the hegemonic preference of Cupriavidus pinatubonensis for benzoate.®® Therefore, this study
provides a framework for understanding the molecular mechanism of hierarchical carbon substrate utiliza-
tion in Pseudomonas. A complex model controlling this hierarchy is summarized in Figures 7 and Sé.

The rhizosphere is a hotspot for mutualistic interactions between microorganisms and host plants.®’ " In
particular, plant roots secrete large amounts of carbon-rich compounds into the rhizosphere, including
organic acids (succinic, citric, and lactic acids, among others), carbohydrates (glucose, fructose, and so
forth), and phenolics (benzoate, benzoxazinoid, and so forth), which can be utilized as carbon and energy
sources by root-colonizing pseudomonads.®’*° The metabolism of root exudates is controlled in a hierar-
chical manner by a complex regulatory system, including multiple RNA-binding proteins and ncRNAs at the
posttranscriptional level.”” However, questions remain as why root-colonizing pseudomonads would
adopt a complex strategy, as well as its physiological and adaptive advantages. In this study, ddPCR exper-
iments quantitatively indicated that Hfq and CrcZ levels vary according to the nature of the carbon sources
being used, a phenomenon that was also observed for P. aeruginosa,26 P. putida,27 and A. vinelandii.’® In
particular, the abundance of Hfq increased rapidly under conditions that provoked strong repression by
succinate (Figure 3A), whereas the synthesis of the ncRNA CrcZ was remarkably increased under non-re-
pressing conditions (Figure 4A). These opposite expression patterns of Hfg and CrcZ, together with the
fact that the Crc and CrcY levels are very low, regardless of the carbon source used, underscore the roles
of Hfg and CrcZ as a key translational repressor and antagonist pair in carbon catabolite repression.
Indeed, this posttranscriptional regulation has physiological advantages, which may allow Pseudomonas
to respond to various signals in an extremely rapid and sensitive manner and ultimately improve their

fitness and resource economy,’’ as described in P. fluorescens® and P. aeruginosa.”

In addition to specific genes subject to catabolite repression control, Hfg and CrcZY have multiple targets,
which may confer regulatory plasticity and represent a new layer of hierarchical networks in response to
nutritional and environmental cues. As shown in Figure 5, Hfq contributes to optimal root-associated nitro-
genase activity via the indirect transcriptional regulation of nifA and direct posttranscriptional regulation of

iScience 25, 105663, December 22, 2022 13



¢? CellPress

OPEN ACCESS

Carbon signals

Nitrogen signals %

Stress signals
% =

. CrcZIY pool

—= 8 Hfg/Crc complex
®

. L
7’
.7 | gitRmRNA benR mRNA
7’

'

7
7’
- 7’
v L .
nifH mRNA psl-like genes [ oprB/zwf mRNA ] [ citN mRNA ] [ benABCD ]
Nitrogenase Exopolysaccharide Glucose Citrate Benzoate
activity biosynthesis utilization transport catabolism

Novel Hfg-mediated activation pathways Carbon catabolic repression pathways

\ J

Efficient root colonization

Figure 7. Schematic representation of the regulatory network controlling carbon catabolic repression, nitrogen
fixation, and Psl exopolysaccharide biosynthesis in response to environmental signals

A1501 preferentially catabolized the top tier substrates succinate and lactate, followed by relatively less favorable
substrate citrate, and ultimately the non-preferred substrates glucose and benzoate. The Hfg/Crc/CrcZY regulatory
system orchestrates this preference. @ In the presence of preferred carbon sources, Hfq represses the expression of
catabolic targets for non-preferred substrates by binding directly to mRNAs while Crc interacts with Hfg, enhancing the
repression exerted by Hfg. @ Non-preferred carbon sources such as glucose and benzoate substantially increase the
expression of CrcZ, acting as a key antagonist to Hfq and relieving Hfg-mediated translational repression. In addition, novel
Hfg-mediated activation pathways contribute to efficient root colonization. ® Hfq optimizes root-associated nitrogenase
activity by regulating both nifA and nifH expression at transcriptional and posttranscriptional levels. @ The intracellular
glucose pool is shunted into an as-yet unidentified pathway to produce the Psl exopolysaccharide, which is regulated
positively by Hfq at the transcriptional level. Arrows and T-shaped bars indicate positive and negative regulation, respectively.
Transcriptional regulation is shown in black, and posttranscriptional regulation is shown in red. Solid lines indicate direct
regulation, whereas broken lines indicate indirect regulation through an as yet undetermined mechanism.

nifH. The expression of both crcZ and crcYis a RooN-dependent process that is activated by the CbrA/CbrB
two component sensor-regulator system (Figures 4F-4l), suggesting a carbon-nitrogen coupling regula-
tion mode. Similar to other Pseudomonas strains, A1501 possesses two ncRNAs, CrcZ and CrcY, which
can act additively or independently of each other. This functional redundancy may reduce the risk of
loss of a critical component of a regulatory pathway. For example, the deletion of either crcZ or crcY led
to a compensatory increase in the levels of the remaining sRNA (Figure 4C). Liu et al. developed a deter-
ministic model and explored the evolutionary conditions for crcY and crcZ co-existence, proposing that
both ncRNAs have different biological functions and confer distinct advantages or disadvantages under
specific environmental conditions, e.g. on plant surfaces.”” Another earlier study showed that P. putida
growing at low temperature shows increased levels of CrcZ and CrcY, implying their involvement in the
cold stress response.”? We also found that in A1501, the expression of CrcZ and CrcY was associated
with environmental stresses (Figure S4). Our data suggest that both ncRNAs might have different functions
and consequently different contributions to different stress responses. A similar phenomenon has been
described for the ncRNAs RsmY and RsmZ in P. stutzeri A1501, both of which have overlapping functions
in the regulation of biofilm formation but distinctive roles in the regulation of nitrogen fixation.**

Another level of complexity might arise from the positive and negative regulations by Hfq through different
modes of action.”" In one mode, Hfq acts as an RNA matchmaker, promoting base pairing between sRNAs
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and their mRNA targets. In a second mode, the chaperone Hfq directly binds the 5 untranslated region or
the coding region of mRNA targets, affecting their translation. Hfq is now recognized as a global regulator
of cell physiology, which particularly affects the cell response to several stresses. For example, genetic,
phenotypic, and proteomic data reveal wide-ranging effects of Hfg on the basic physiological traits of
P. putida and Pseudomonas protegens.”*’* Another genome-wide analysis of Hfg-binding RNA targets
in S. meliloti revealed that major stress response and symbiotic gene networks are extensively subject to
Hfg-mediated posttranscriptional regulation.”” Previously, the dapB-based in vivo expression system
was used to identify the diazotrophic P. stutzeri genes induced in the rice rhizosphere, one of which is
hfg, implying its role in the colonization of rice roots.** Although Hfq has been shown to act as a global
regulator, there is no information available regarding the mechanism by which this occurs. For example,
the nitrogenase complex is composed of the MoFe protein encoded by the nifD and nifK genes, and
the Fe protein encoded by the nifH gene. Some root-associated diazotrophs accumulate nitrogenase at
levels of as high as 10% of the total soluble proteins within the cells, which would require relatively high
levels of nifHDK mRNAs than mRNAs encoding other proteins.”>’® Thus, nitrogen-fixing cells must have
a robust capacity to produce nifHDK mRNAs at a level sufficient to sustain maximal nitrogenase activity,
especially under environmental conditions.**”’~? As shown in our previous studies using strain A1501,
the NfiR and NfiS, which are induced under nitrogen fixation conditions, optimize nitrogenase activity in
a cooperative manner by increasing the stabilities of the nifD and nifk mRNAs, respectively.*®’’ A reason-
able speculation is that P. stutzeri A1501 may carry an unidentified ncRNA or employ an unidentified mech-
anism that specifically targets the nifH transcript, as previously described for sSRNA154 in Methanosarcina
mazei.’® The data presented here indicated that Hfq directly binds the nifH mRNA and ultimately enhances
nitrogenase activity by increasing the half-life of the nifH mRNA, suggesting a novel Hfg-mediated
regulatory mechanism underlying the efficient synthesis of the nitrogenase complex. Additionally, the
Hfg mutation led to a significant decrease in the expression of nifA under nitrogen fixation conditions,
as also previously reported.”®*” This effect is probably indirect, as no Hfg-binding site was identified in
either the promoter or coding regions of nifA, thus markedly increasing the complexity of the regulatory
circuitry.

Numerous investigations have demonstrated that when multiple carbon sources are available, bacteria
display the following types of common growth behavior: hierarchical utilization or simultaneous
utilization.'*® Recent studies suggest that two utilization patterns can coexist during bacterial growth in
nutritionally complex environments, allowing cells to allocate cellular resources to achieve optimal
growth.”®®" Our data shown in Figures 7 and Sé provide empirical evidence of a resource allocation strat-
egy that depends on Hfg-mediated opposing regulatory effects as follows: (i) succinate is catabolized as a
good carbon and energy source for both growth and nitrogen fixation, while eliciting strong Hfg-mediated
repression of glucose utilization that depends on glucokinase encoded by the glk gene; (ii) in addition, the
intracellular glucose poolis shunted into an as yet unidentified route to produce the Psl exopolysaccharide,
which is regulated positively by Hfg and independent of the glk gene. Obviously, Hfg-mediated opposing
regulatory processes guarantee adequate supply of glucose as a raw material to produce exopolysacchar-
ides, a key factor required for the early stage of both nitrogen-fixing biofilm formation and root coloniza-
tion.®”“? We assumed that this strategy on Hfg-mediated opposing regulations may be the result of adap-
tive evolution within rhizosphere environments. As suggested by Liu et al.,?® carbon catabolite repression
confers a selective disadvantage at the plant surface, a nutritionally complex environment where various
carbon sources are present simultaneously but fluctuate in their availability. Our findings further provide
a fascinating example of sophisticated regulatory networks underlying carbon substrate utilization,
nitrogenase activity, and exopolysaccharide production, which might be a common strategy employed
by rhizobacteria to succeed in environments that are nutritionally complex and highly competitive.

Limitations of the study

Metabolically versatile pseudomonads are very competitive, as evidenced by their broad global distribu-
tions, for example as highly successful colonizers of the plant rhizosphere; however, the ecological ratio-
nale for the carbon catabolite repression strategy employed by rhizobacteria is still an open question.”’
Itis interesting to note that the carbon catabolite repression genes also participate in other important bio-
logical processes, such as biofilm formation, nutrient uptake, root colonization, and symbiotic nitrogen fix-
ation,””*”%? yet the underlying mechanisms are still far from being understood due to their complexities. A
key challenge that remains is to develop various tools that will more rapidly and quantitatively characterize
the genetic elements and regulatory pathways involved in diazotroph-plant interactions. Progress in this
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area will drive the development of new strategies to ensure the compatibility of diazotrophs with host crops
and rhizosphere environments, and exploit their potential to the maximum for improving soil fertility and
crop growth. Therefore, future studies may provide opportunities to develop synthetic biology approaches
that manipulate biofertilizer-producing diazotrophic strains widely used in sustainable agriculture.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial strains

Pseudomonas stutzeri A1501 CGMCC 0351 N/A
Pseudomonas stutzeri A1501 Ahfq This study N/A
Pseudomonas stutzeri A1501 Ahfq (pLhfq) This study N/A
Pseudomonas stutzeri A1501 dcrc This study N/A
Pseudomonas stutzeri A1501 Acrc (plcrc) This study N/A
Pseudomonas stutzeri A1501 Ahfqcrc This study N/A
Pseudomonas stutzeri A1501 Ahfqcre (pLhfq) This study N/A
Pseudomonas stutzeri A1501 Ahfgcre (plcrc) This study N/A
Pseudomonas stutzeri A1501 AcbrA This study N/A
Pseudomonas stutzeri A1501 AcbrA (pLcbrA) This study N/A
Pseudomonas stutzeri A1501 AcbrB This study N/A
Pseudomonas stutzeri A1501 AcbrB (pLcbrB) This study N/A
Pseudomonas stutzeri A1501 ArpoN Shang et al.** N/A
Pseudomonas stutzeri A1501 4rpoN (pLrooN) Shang et al.** N/A
Pseudomonas stutzeri A1501 dcrcZ This study N/A
Pseudomonas stutzeri A1501 AcrcZ (plereZ) This study N/A
Pseudomonas stutzeri A1501 dcrcY This study N/A
Pseudomonas stutzeri A1501 dcrcY (pLcrcY) This study N/A
Pseudomonas stutzeri A1501 dcrcYercZ This study N/A
Pseudomonas stutzeri A1501 dcrcYercZ This study N/A

(pLere2)

Pseudomonas stutzeri A1501 AcrcYercZ This study N/A

(pLercY)

Pseudomonas stutzeri A1501 4gIK This study N/A
Pseudomonas stutzeri A1501 ApslA Shang et al.** N/A
Pseudomonas stutzeri A1501 edd::lacZ This study N/A
Pseudomonas stutzeri A1501 gltR::lacZ This study N/A
Escherichia coli DH5a NEB Cat# C2987H
Escherichia coli BL21 NEB Cat# C2527H
Chemicals, peptides, and recombinant proteins

D-Glucose Sigma-Aldrich Cat# G8270
Succinic acid Thermo Scientific Cat# A12084.36
Sodium lactate Thermo Scientific Cat# L14500.06
Sodium benzoate Thermo Scientific Cat# 447802500

Sodium citrate

Potassium phosphate monobasic
Potassium hydrogen phosphate
Sodium chloride

Magnesium sulfate

Manganese sulfate monohydrate

Iron (Il) sulfate hydrate

20 iScience 25, 105663, December 22, 2022

Sigma-Aldrich
Aladdin
Aladdin
Aladdin
Aladdin
Aladdin
Aladdin

Cat# PHR1416
Cat# P104078
Cat# P112219
Cat# C111538
Cat# M110771
Cat# M111712
Cat# F112483

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Sodium molybdate dihydrate Aladdin Cat# 5104871

DMSO Invitrogen Cat# D12345

EDTA Aladdin Cat# E116429

EDTA-Ca Sigma-Aldrich Cat# 340073-100G

PBS MP Biomedicals Cat# PBS10X02

Tris-HCI Solarbio Cat# T8230

Yeast Extract Powder Oxoid Cat# LP0021B

Tryptone Oxoid Cat# LP0O042B

Sulfuric acid Sigma-Aldrich Cat# 258105

Ethanol Thermo Scientific Cat# 611050040

Water-Saturated Phenol Invitrogen Cat# AM9712

Gentamicin Sigma-Aldrich Cat# G1264-5G

Hygromycin B Sigma-Aldrich Cat# SBRO0039

Spectinomycin Sigma-Aldrich Cat# S9007-5G-9

Kanamycin Sigma-Aldrich Cat# E0O04000-5G

Ampicillin Sigma-Aldrich Cat# A5354

Tetracycline hydrochloride
HEPES buffer
Trimethylamine

B-Mercaptoethanol

DTT
RNAlater solution
Xba |

Sph I-HF
Nhe I-HF
EcoR I-HF
BamH | -HF
Hind Ill-HF
Nde |

Spe I-HF
Xho |

Nco I-HF

4-Methylumbelliferyl-b-D-galactoside
7-Hydroxy-4-methylcoumarin
DNase |

Biolog GENIII MicroPlate
Strep-Tactin column

Chitin Beads

Buffer W

REAGENT or RESOURCE
Buffer BXT

Sodium hypochlorite
RNAClean XP

Thermo Scientific
GIBCO
Sigma-Aldrich
Sigma-Aldrich
Thermo Scientific
Invitrogen

NEB

NEB

NEB

NEB

NEB

NEB

NEB

NEB

NEB

NEB
Sigma-Aldrich
Sigma-Aldrich
Promega

BiolLog

IBA LifeSciences
NEB

IBA LifeSciences
SOURCE

IBA LifeSciences
Thermo Scientific

Beckman coulter

Cat# 233100025
Cat# 15630080
Cat# 471283
Cat# 444203
Cat# R0861
Cat# AM7020
Cat# R0145S
Cat# R3182S
Cat# R3131S
Cat# R3101S
Cat# R3136S
Cat# R3104S
Cat# RO111S
Cat# R3133S
Cat# R0146S
Cat# R3193S
Cat# 4368814
Cat# 128724
Cat# M6101
Cat# 1030

Cat# 12-4013-001
Cat# S6651V
Cat# 2-1003-100
IDENTIFIER
Cat# 2-1042-025
Cat# 219255000
Cat# A66514

Critical commercial assays

ClonExpress Il One Step Cloning Kit

Vazyme

Cat# C112-01

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
TIANamp Bacteria DNA Kit TIANGEN Cat# DP302
M5 HiPer Multi-color Plasmid Miniprep Kit MeiSbio Cat# MF031-plus-04
CloneJET PCR Cloning Kit Thermo Scientific Cat# K1232
High-Capacity cDNA Reverse ABI Cati# 4368814
Transcription Kit
T7 High Yield RNA Transcription Kit Vazyme Cat# TR101-01
Quick Start Bradford Protein Assay Kit Bio-Rad Cat# 5000201
InnuPREP RNA Mini Kit Analytik Jena Cat# 10755-390
PowerUp SYBR Green PCR Master Mix ABI Cat# 01118369
5’ RACE System for Rapid Amplification of Invitrogen Cat# 18374-058
cDNA Ends
2 x EvaGreen ddPCR SuperMix Bio-Rad Cat# 186-4034
Ni-NTA Fast Start Kit Qiagen Cat# 30600
Protein labeling Kit RED-NHS NanoTemper Cat# LOO1
Experimental models: Organisms/strains
Zhonghua 11 (Oryza sativa L. subsp. Japonica) Chinese Academy of N/A
Agricultural Sciences
Oligonucleotides (Primers used in this study,
see Table S4)
Recombinant DNA
pRK2013 Lab collection Figurski N/A
and Helinski,**
pK18mob Lab collection Schifer et al.* N/A
pK18mobsacB Lab collection Schafer et al.®* N/A
pUX-BF13 Lab collection Choi et al.*” N/A
pMD18-T TaKaRa Cat# 6011
pLAFR3 Lab collection Staskawicz et al.?® N/A
pXY2 Lab collection Liu et al.?” N/A
pET30a Novagen Cat# 69909
pET28a Novagen Cat# 69864
pPTWIN1 NEB Cat # N6951S
pK18mob-glk This study N/A
pKatCA75 Lab collection N/A
pKatHPH4 Lab collection N/A
pKatAAD2 Lab collection N/A
pK18mobsacB-hfg This study N/A
pK18mobsacB-crc This study N/A
pK18mobsacB-crcZ This study N/A
pK18mobsacB-crcY This study N/A
pK18mobsacB-cbrA This study N/A
pK18mobsacB-cbrB This study N/A
pXY2-Pedd This study N/A
pXY2-PgltR This study N/A
pLhfgq This study N/A
pLcbrA This study N/A
pLercY This study N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

plLcreZ This study N/A

pLcrc This study N/A

pET30a-hfq This study N/A

pTW-crc This study N/A

pET28a-rpoN This study N/A

pTW-cbrB This study N/A

Software and algorithms

MEGA 6 N/A https://www.megasoftware.net
Primer Premier 5.0 N/A http://www.premierbiosoft.com/

primerdesign/

GraphPad Prism 9.0 N/A https://www.graphpad.com/
SnapGene 3.2.1 N/A https://www.snapgene.com/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Min Lin (linmin@caas.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
o All data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Bacterial strains and growth conditions

P. stutzeri A1501 and its derivatives were grown on LB medium or minimal medium K (containing 0.4 g L '
KH,PO,4, 0.1 g L7 KoHPO,4, 0.1 g L7 NaCl, 0.2 g L™" MgSQO,-7H,0, 0.01 g L™" MnSO4-H,0O, 0.01 g L™
Fex(SO4)3-H,0,and 0.01 g L~ Na,MoOy,-H,0, pH 6.8) supplemented with the indicated carbon and nitro-
gen sources.® Unless stated otherwise, growth experiments were conducted using minimal medium K con-
taining NHz" (6.0 mM) and succinate (20 mM) as sole nitrogen and carbon sources with agitation at 200 rpm
at 30°C. For diauxic measurements, minimal medium K was supplemented with an excess concentration of
glucose (20 mM) plus a preferred carbon source at a concentration (4 mM) insufficient to support full
growth, on which A1501 grow in a diauxic manner. If needed, E. coliand A1501 were grown in the presence
of 100 pg mL™! ampicillin (Amp), 10 pg mL™" tetracycline (Tc), or chloramphenicol (Cm), 50 pg mL™" spec-
tinomycin (Spc), 50 pg mL~" gentamicin sulfate (Gm), 50 ug mL~" kanamycin (Km) and 50 pg mL~" hygrom-
ycin (Hyg). The absorbance (ODgq0) was measured with a U-3010 (Hitachi) spectrophotometer.

Plant materials and growth conditions

The rice seeds (zhonghual1 from a rice-breeding program at the Chinese Academy of Agricultural Sci-
ences) were surface sterilized by a 2 min soak in 75% (v/v) ethanol, followed by 10 min in sodium hypochlo-
rite solution (10% active chlorine). The seeds were rinsed five times (5 min each time) with sterile distilled
water and germinated on humid sterile filter paper at 30°C. Three-day-old seedlings were transferred to
the beaker containing sterilized MS medium (1.65 g L=" NH,;NO3, 0.44 g L™" CaCl,-2H,0, 0.37 g L™’
MgSQOy-7H,0, 0.17 mg L™ KH,PO,4, 1.9 g L=" KNO3, 6.2 mg L' H3BO3, 0.025 mg L~ CoCl,-6H,0,
27.8 mg L™ FeSO,4-7H,0, 22.3 mg L' MnSO,4-4H,0, 0.83 mg L~' KI, 0.25 mg L™' NayMoQ4-2H,0,
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8.6 mg L™ ZnSQ4-7H,0, 36.7 mg L~ FeNaEDTA, and 0.025 mg L~" CuSQO4-5H,0, pH 6.0), and then incu-
bated in a MGC-350HP-2L plant growth cabinet (Shanghai Bluepard Instruments Co.) under a light-dark
cycle (16 h of 3000 Lux light at 28°C and 8 h of dark at 25°C, 60% relative humidity) for 12 days until further
analysis.

METHOD DETAILS
Construction of mutants and complementing strains

To generate mutant strains, an in-frame gene deletion was introduced into the Pseudomonas stutzeri chro-
mosome by homologous recombination,®" as shown in Figure S7. Appropriate oligonucleotide primers
(see Table S4) were designed to generate amplicons that were cloned into the pK18mob vector,®* and
the resulting plasmids were introduced into A1501 by triparental mating using pRK2013%* as the helper
plasmid, and chromosomally integrated upon first cross-over selection for Km and corresponding anti-
biotic resistances. Excision of the vector in the second cross-over was obtained through enrichment of
Km-sensitive cells on 10% (wt/vol) sucrose and corresponding antibiotic-supplemented plates. The Cm
resistance gene was amplified by PCR from pKatCA75 for the construction of Acrc, AcbrA, and AcbrB.
The Hyg resistance gene was amplified from pKatHPH4 for the construction of Ahfg, AcrcZ, and AcrcY.
The Spec resistance gene was amplified from pKatAAD2 for the construction of Ahfg, AcrcZ, and AcrcY.
Correct recombination was confirmed by PCR followed by nucleotide sequencing of the amplicons ob-
tained. After recombination in the host genome, genes located downstream of the insertion (when part
of the same operon) were transcribed from the promoter of the resistance gene, and the expression levels
of downstream genes in WT and mutant strains under normal growth conditions were compared using
qRT-PCR.

The complemented strains were constructed using the broad host plasmid pLAFR3. A DNA fragment
containing a WT gene with its promoter and terminator was amplified from genomic DNA of A1501 and
cloned into pLAFR3. The resulting complementing plasmid was then introduced into the WT or mutant
strain by triparental mating, generating complemented strains (Table S3). The gene expression levels in
the overexpression strains were confirmed to be higher than those in the WT strain using gRT-PCR.

The dcrcZ4crcY double mutant was constructed using the 4crcZ mutant as the parental strain. Briefly, a
fragment that contained the Cm resistance cassette located between the upstream and downstream
DNA fragments of crcY was generated by overlap extension PCR using the strategy of PCR-based fusions.®”
The fusion PCR product was then cloned into the multiple cloning site of the pMD18-T vector (TaKaRa,
Japan). The resulting plasmid DNA was double digested with Xba I/Sph | and then cloned into the same
site of pK18mobsacB.?® The resulting plasmid was introduced into the genome of AcrcZ by triparental
mating and a double recombinant was selected based on sucrose resistance. Correct recombination in
the resulting dcrcZ4crcY mutant was checked by PCR using the primers M-crcY2(up)-F and M-crcY2
(down)-R (Table S4), followed by nucleotide sequencing of the obtained PCR products. In the same way,
we also constructed the AhfgAcrc mutant using 4hfq as the starting strain. Similarly, a fragment containing
the Spc resistance cassette located between the upstream and downstream DNA fragments of crc was
cloned between the Nhe | and EcoR | sites of pK18mobsacB, generating the plasmid pK18crc, and then
was introduced into the genome of 4hfg. Correct recombination in the resulting dcrcZ4crcY double
mutant was checked by PCR.

Construction of translational lacZ fusions and B-galactosidase assay

To construct translation gene fusions, the DNA fragments that carried the respective promoter of the
target gene were amplified by using the primers edd-lacZ F/edd-lacZ R2 and gltR-lacZ F/gltR-lacZ R2
(Table S4) and cloned into plasmid pXY2, a modified version of pUC18-mini-Tn7-Gm-lacZ.?’ The recombi-
nant plasmid of pXY2 was electroporated into P. stutzeri A1501 together with pUX-BF13, and the mini-Tn7
element carrying the lacZ reporter fusion was integrated into the unique Tn7 site located downstream of
glmS.%> Specific p-galactosidase activity from bacterial suspensions growing in liquid cultures was
measured by using 4-methylumbelliferyl-b-D-galactoside (4MUG) as the enzymatic substrate. The fluores-
cent product, 7-hydroxy-4-methylcoumarin (4MU), was detected at 460 nm after excision at 365 nm using a
FlexStation 3 Plate Reader (Molecular Devices). Enzyme activity was reported as pmol 4 MU min~" mg™'
protein.
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Biolog phenotype profiling

The 96-well Biolog GENIII MicroPlate (Catalogue No.1030) was used to measure the respiratory activity of
A1501 on different carbon sources. Briefly, the cultures were incubated at 30°C until mid-logarithmic phase,
after which cells were harvested and suspended in a special “gelling” inoculating fluid (IF) at the recom-
mended cell density. A total of 100 pL of the bacterial suspension was used to inoculate each well of the
GENIIl MicroPlate. The microplates were placed in an OmniLog instrument (Biolog Inc.) programmed to
run at 30°C for 48 h. During the incubation, increased respiratory activity is observed in the wells, and cells
utilize a carbon source and generate oxidants that then oxidize tetrazolium redox dye, forming a purple
colour. The formation of formazan was recorded at 15 min intervals, and data were analysed using
OmnilLog Kinetic and Parametric software (Biolog Inc.).

Rhizosphere colonization and competition assays

The 12-day-old seedlings were transferred to 150 mL tubes (four seedlings per tube) that contained 30 mL
of minimal K medium supplemented with the indicated carbon sources, and then inoculated with the
indicated strains to obtain a final concentration of approximately 10® total CFUs/mL. In competition exper-
iments, strains were inoculated at a 1:1 ratio. To confirm starting ratios at a 1:1 ratio, colony counts were
performed on the initial inoculum. After 24 h of incubation, seedlings were harvested and the leaves
were cut off. Root tips were washed and resuspended in 10 mL phosphate-buffered saline (PBS: 137 mM
NaCl, 2.7 mM KCI, 10 mM NayHPO,, and 2 mM KH,POy,). Root-attached bacteria were recovered by vor-
texing roots for 1.0 min and plating the appropriate dilutions on LB agar plates supplemented with the
appropriate antibiotics. The plates were incubated overnight at 30°C. The amount of cells per g of root
was then determined by colony forming unit (CFU) counting. The results were normalized to the fresh
weight of the root.

Strain competition experiment

Freshly cultivated P. stutzeri wild-type strain A1501 and mutants were combined ata 1:1 ratio, inoculated at
a starting ODggp of 0.1 and grown for 24 h in LB. To confirm starting ratios at a 1:1 ratio, colony counts were
performed on the initial inoculum. After 24 h of incubation, the cultures were serially diluted and plated on
LB agar plates containing the relevant antibiotics to enable each strain to be counted.” The wild-type
strain A1501 was used as the competitor in all experiments. The mutant fitness score ratio was calculated
as the ratio of CFUs of each mutant to that of A1501.

Nitrogenase activity assays

The nitrogenase activity of bacteria in pure cultures was evaluated using the acetylene reduction assay.”
Cells from an overnight culture in LB medium were centrifuged and resuspended in a 100 mL flask contain-
ing 10 mL of minimal medium K supplemented with the indicated carbon sources at an ODgqo of 0.1. The
suspension was incubated for 24 h at 30°C with vigorous shaking under an argon atmosphere containing
0.5% oxygen, and then 10% acetylene was added. Gas samples (0.25 mL) were taken at 2-h intervals to
determine the amount of ethylene produced on a poly divinylbenzene porous bead GDX-502 column using
an SP-2100 gas chromatograph fitted with a flame ionization detector (Beijing Beifen-Ruili Analytical Instru-
ment Co. Ltd.). The ethylene content in the gas samples was determined by reference to an ethylene stan-
dard. The nitrogenase activity was expressed as nmol ethylene min™' mg ™" protein. Protein concentrations
were determined using the Bio-Rad protein assay reagent kit (Bradford, Bio-Rad).

Root-associated nitrogenase activity was measured using the acetylene reduction assay.”” The 12-day-old
seedlings were transplanted to 150 mL tubes (four seedlings per tube) that contained 30 mL of minimal K
medium supplemented with the indicated carbon sources, and then inoculated with the indicated strains at
afinal ODggp of 0.1. The tubes sealed with rubber septa were injected with 10% (vol/vol) pure acetylene, and
ethylene concentrations were measured at 2-h intervals for 24 h at 30°C under static conditions. Ethylene
production from uninoculated seedlings in the presence of 10% acetylene and inoculated seedlings in the
presence of air was also assayed to determine the background ethylene emission of rice as a plant
hormone.

Total RNA isolation and quantitative real time RT-PCR (qRT-PCR) analysis

To determine the expression of the indicated genes in pure bacterial cultures, total RNA was isolated with
an innuPREP RNA Mini Kit (Analytik Jena) according to the manufacturer’s instructions. Total RNA was
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reverse transcribed using random primers and the High Capacity cDNA Transcription Kit (Applied Bio-
systems) according to the manufacturer’s instructions. PCR was carried out with Power SYBR Green PCR
Master Mix on an ABI Prism 7500 Sequence Detection System (Applied Biosystems) according to the man-
ufacturer’s recommendations. The 16S rRNA gene was used as the endogenous reference control, and
relative gene expression was determined using the comparative threshold cycle 27227 method. Data
were analysed using ABI PRISM 7500 Sequence Detection System Software (Applied Biosystems). Primers
were designed based on the full genome sequence of P. stutzeri A1501, and they are listed in Table S4.

Twelve-day-old seedlings were transferred to 150 mL tubes (four seedlings per tube) containing 30 mL of
minimal K medium supplemented with the measured carbon sources, and then inoculated with the indi-
cated strains at a final ODggg of 0.1 to determine the expression of genes in P. stutzeri A1501 associated
with host rice roots. After 8 h of incubation, root tips were placed on 20 mL of 60% (v/v) RNAlater solution
(Invitrogen) in PBS. Root-attached bacteria were removed from roots by vortexing for 1.0 min, harvested by
quick centrifugation (18,900 x g, 1 min, 4°C), and re-suspended in cold lysis buffer (Analytik Jena). Total
RNA was isolated with an innuPREP RNA Mini Kit (Analytik Jena), and qRT-PCR was performed using
SYBR Premix Ex Taq (TaKaRa) and gene-specific primers (Table S4).

5’ rapid amplification of cDNA ends (5' RACE) to determine transcriptional start sites

The transcriptional start of CrcZ and CrcY was determined using 5’ RACE (Invitrogen) according to the
manufacturer’s instructions. Briefly, first-strand cDNA was synthesized using the primer GSP1, which was
specific for the target gene sequence. The purified cDNA was tailed with dCTP by terminal deoxynucleo-
tidyl transferase. PCR amplification was performed using the sequence-specific primer GSP2 and the
anchor primer AAP. The primers GSP1 and GSP2, which are specific for the target gene tested here, are
listed in Table S3. The 5 RACE products were cloned into the pGEM-T Easy vector (Promega) and
sequenced to map the 5 end of the transcript.

Absolute quantification of the RNA copy number using droplet digital PCR (ddPCR)
Quantification by ddPCR was performed in 20 plL reaction mixtures containing 10 pL of 2 x EvaGreen
ddPCR SuperMix (Bio-Rad) and primers at a final concentration of 0.2 pM were included. No template
controls were used to monitor contamination and primer-dimer formation. Reactions were equilibrated
for 3 min at room temperature and dispensed into each well of the droplet generator DG8 cartridge
(Bio-Rad). Each oil compartment of the cartridge was filled with 70 pL of droplet generation oil for
EvaGreen (Bio-Rad), and approximately 20,000 droplets were generated in each well using the droplet
generator (Bio-Rad, QX200). The entire droplet volume (40 ulL) was subsequently loaded onto a 96-well
PCR plate and then heat sealed with a pierceable foil in the PX1 PCR Plate Sealer (Bio-Rad). The optimal
thermal cycling conditions were used as follows: 95°C for 5 min; 40 cycles of 95°C for 30 s, 58°C for
1 min; and then 98°C for 10 min. The cycled droplets were read individually with the QX 200 droplet reader
(Bio-Rad) and analysed with QuantaSoft droplet reader software.

Microscale thermophoresis (MST) analysis

DNA templates that carried the wild or mutated crcZ (339 bp), crcY (315 bp), oprB (1254 bp), gltR (761 bp),
zwf (1486 bp), citN (1344 bp), benR (984 bp), and nifH (882 bp) were synthesized by Sangon Biotech Co. All
the synthesized DNA templates were sequenced to assure the absence of undesired mutations. For in vitro
transcription from synthesized templates, the T7 High Yield RNA Transcription Kit (Vazyme) was used
according to the manufacturer’s instructions. The resulting ssRNA oligonucleotides were purified by the
RNACIlean XP (Beckman Coulter Inc.) according to the manufacturer’s instructions. The purified Crc and
Hfg proteins were labelled with a Monolith NT™ Protein labelling kit RED-NHS according to the manufac-
turer’s instructions (No. MO-L011, NanoTemper Technologies). For the measurements, the concentration
of the labelled Hfg (20 nM) or Crc (200 nM) proteins was kept constant, while the concentrations of
non-labelled ssRNA oligonucleotides varied from 0.3 uM to 10 uM. The dissociation constants (Kq) were
calculated.”’ Data analyses were performed with NanoTemper Analysis software (NanoTemper
Technologies).

Expression and purification of Hfq for MST measurements

The Hfg protein was expressed and purified using the Strep-Tactin system (IBA Life Sciences). To thisend, a
255 bp DNA fragment containing the entire hfq ORF except the stop codon was amplified by PCR using the
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oligonucleotides str-hfg F/str-hfg R (Table S4). The resulting product was double-digested with Nde I/Xho |
and then ligated into the corresponding sites of plasmid pET30a, generating the plasmid pET31a-Hfqg. The
E. coli 4hfq strain (kindly provided by Yong Tao, the Institute of Microbiology of the Chinese Academy of
Sciences, Beijing) containing the plasmid pET31a-Hfq was incubated in LB medium containing the appro-
priate antibiotic at 37°C with shaking to reach an OD,gg of 0.6. At this point, expression of the Hfg protein
was induced by adding isopropyl B-D-1-thiogalactopyranoside (IPTG) to a final concentration of 0.5 mM.
After 6 h of incubation at 30°C, cells were harvested by centrifugation and resuspended in buffer W
(100 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1 mM EDTA). The cells were disrupted by sonication after
eliminating cell debris by centrifugation (10,000 rpm, 4°C) for 30 min, and the supernatant was loaded
onto a Strep-Tactin column (IBA Life Sciences). The column was extensively washed with wash buffer
(250 mM NaCl, 50 mM Tris-HCI, pH 7.5). The Hfq protein was eluted with wash buffer (100 mM Tris-HCI,
150 mM NaCl, pH 8.0, 1 mM EDTA, and 50 mM biotin) and analysed using SDS-PAGE. The protein concen-
tration was determined using the Bio-Rad protein assay reagent kit (Quick Start Bradford, Bio-Rad). Final
preparations were stored at —80°C in storage buffer (20 mM Tris-HCI, pH 8.0, 200 mM NaCl, and 30%
glycerol) until use.

Expression and purification of Crc and CbrB

The Crc protein was expressed and purified using the IMPACT™ (Intein Mediated Purification with an
Affinity Chitin-binding Tag) system according to the manufacturer’s instructions (New England Biolabs).
A 777 bp fragment, which covers the entire coding region of the crc gene but excludes the termination
codon, was amplified by PCR using pTW crc F/pTW crc R (Table S4). The resulting fragment was cloned
between the Nde | and Xho | sites of the Pr; expression vector pTWIN1, generating the plasmid
pTWIN1-Crc, which carries an in frame fusion at the 3'-end of the crc gene with codons for the intein/
chitin-binding domain to allow purification through a chitin column. The E. coli 4hfq strains containing
the plasmid pTWIN1-Crc were incubated in LB medium containing the appropriate antibiotic at 37°C
with shaking to reach an ODgqg of 0.6. At this point, expression of the Crc protein was induced by the addi-
tion of IPTG to a final concentration of 0.5 mM. After 6 h of incubation at 30°C, the cells were harvested by
centrifugation and resuspended in elution buffer (20 mM HEPES, 500 mM NaCl, 0.1 mM EDTA, pH 8.0). The
cells were disrupted by sonication, cell debris was eliminated by centrifugation (10,000 rom, 4°C) for 30 min,
and the supernatant was loaded onto a chitin column. The column was extensively washed with wash buffer
(20 MM HEPES, pH 8.0, 500 MM NaCl, and 0.1 mM EDTA). The Crc-intein fusion was cleaved by an overnight
treatment at 4°C with elution buffer containing 30 mM dithiothreitol (DTT). The untagged Crc protein was
eluted from the column, dialyzed against a buffer (500 mM NaCl and 20 mM HEPES, pH 8.0), and concen-
trated using 3K Amicon filtration units. The purity of the protein was as high as 90%, as judged using SDS-
PAGE. The protein concentration was determined using the Bio-Rad protein assay reagent kit (Quick Start
Bradford, Bio-Rad). Final preparations were stored at —80°C in storage buffer (20 mM Tris-HCI, pH 8.0,
200 mM NaCl, and 30% glycerol) until subsequent MST measurements.

The CbrB protein was expressed and purified using the IMPACT™ system for DNase | footprinting assays.

Expression and purification of RpoN for DNase | footprinting assays

The pET-28a expression system (Novagen) was used to produce C-terminally His-tagged RpoN within host
E. coli BL21 (DE3) cells. A fragment of rpoN was amplified by PCR using the pET28a-rpoN-F/R primers
(Table S4). The PCR product was digested with Nde | and Hind Il and ligated into the protein expression
vector pET28a, which had been digested with the same enzymes. The resulting plasmid (pET28a-RpoN)
was introduced into the E. coli BL21 strain. An overnight culture of BL21 harbouring the expression plasmid
was used to inoculate LB medium containing the appropriate antibiotics. This cell culture was incubated
with shaking at 37°C until the ODgqo was 0.6 ~ 0.9, at which point production of His-tagged RpoN was
induced by the addition of IPTG to a final concentration of 0.1 mM. His-tagged RpoN was purified using
a Ni-NTA Fast Start Kit (Qiagen, Venlo, Netherlands) according to the manufacturer’s instructions. The
purity of the protein was as high as 90%, as judged by SDS-Tris-glycine PAGE. His-tagged RpoN was
quantitated using the Bio-Rad protein assay reagent kit (Quick Start™ Bradford, Bio-Rad) and stored at
—80°C until further DNase | footprinting assays.

DNase | footprinting assays

DNase | footprinting assays were performed according to the manufacturer’s instructions (Tolo Biotech).””
The DNA probe was prepared by PCR amplification of the 264 bp CrcZ and 300 bp CrcY promoter regions
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using the primers FP crcZ F/FP crcZ R and FP crcY F/FP crcY R (Table S4), respectively. For each assay,
300 ng probes were incubated with 5 pug purified RpoN and 15 pg purified protein CbrB in a total volume
of 40 pL. After an incubation for 30 min at 30°C, 10 plL of a solution containing ~0.015 units of DNase
| (Promega) and 100 nmol of freshly prepared CaCl, were added and a subsequent incubation was
performed at 37°C for 1 min. The reaction was stopped by adding 140 pL DNase | stop solution
(200 mM unbuffered sodium acetate, 30 mM EDTA, and 0.15% SDS). Samples were first extracted with
phenol/chloroform and then precipitated with ethanol. Pellets were dissolved in 30 uL of MilliQ water.
The preparation of the DNA ladder, electrophoresis, and data analysis were performed according to the
manufacturer’s instructions,”” except that the GeneScan-LIZ600 size standard (Applied Biosystems)
was used.

Determination of nifH mRNA stability

The stability of the nifH mRNA was determined in A1501 and the Ahfq or Ahfq (pLhfq) strains grown under
nitrogen fixation conditions for 6 h followed by the addition of rifampicin (400 ug/mL, final concentration).
Aliquots were added to two volumes of RNA protect (Sigma). After incubating at room temperature for
5 min, the samples were centrifuged for 5 min at 4°C and 12,000 rpm, and the pellets were quickly frozen
in liquid nitrogen and stored at —80°C until they were ready for use. Total RNA was isolated with an innu-
PREP RNA Mini Kit (Analytik Jena) according to the manufacturer’s instructions. Full-length cDNAs were
synthesized from total RNA using a First Strand cDNA synthesis kit (Takara Bio) and were used to estimate
mRNA levels with qRT-PCR. The primers used to measure the mRNA half-life are listed in Table S4 (RT nifH
F/RT nifH R). The relative mRNA concentration was calculated by the comparative threshold cycle (2744¢T)
method with 16S rRNA as the endogenous reference. Data are presented as the percentage of nifH tran-
script levels relative to the amount of these transcripts at time point zero.

Exopolysaccharide isolation and quantification

The strains were grown in minimal medium K supplemented with 6 mM ammonium and different carbon
sources at 30°C for 24 h. Then, the cultures were treated with 10% trichloroacetic acid (1:1), homogenized
for 30 min, and centrifuged at 10,000 rpm for 30 min. Exopolysaccharides were isolated from culture super-
natants by adding two volumes of chilled absolute ethanol. After further precipitation by cold absolute
ethanol and lyophilization, purified exopolysaccharides were obtained.” The exopolysaccharides were
quantified using the phenol-sulfuric acid method” and subsequently normalized to the total cellular pro-
tein level remaining after extraction, as determined using the Bio-Rad protein assay reagent kit (Quick
Start™ Bradford, Bio-Rad). Final concentrations were expressed as mg exopolysaccharide per g bacterial
protein.

HPLC analysis of glucose consumption

Culture samples (1.0 mL) were obtained at different time points on the growth curve and were centrifuged
at 10,000 rpm for 30 min. The supernatant was collected and frozen at —80°C until HPLC analysis. The
HPLC-RID system (Waters Corp.) equipped with a refractive index (RI) detector was used for each sample.”
The injection volume was 10 pL and the mobile phase was a 50-mg/L EDTA-Ca water solution delivered at a
flow rate of 0.5 mL/min. The column temperature was set at 90°C. The chromatography running time was
15 min. The HPLC peaks were identified to be glucose by comparing the retention time between them and
the standard compound.

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless stated otherwise, experiments were performed three times with similar results. Each bar on graphs
represents a mean of biological replicates and error bars indicate the SEM (standard error of the mean), as
mentioned in figure legends for each experiment. For all assays, n represents the number of biological rep-
licates. Statistical analysis was performed using GraphPad Prism 9.0. A two-tailed unpaired Student's t-test
with a 95% confidence interval was used to evaluate the difference between two groups. For more than two
groups, one-way ANOVA was used. A probability value of p <0.05 was considered significant. Data are
presented as averages + SEM. ****: p < 0.0001; ***: p < 0.001; **: p < 0.01; *: p <0.05; and ns: non-

significant.
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