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ABSTRACT
Rhizobia and legumes form a symbiotic relationship resulting in the formation of root structures known as nodules, where bacte-
ria fix nitrogen. Legumes release flavonoids that are detected by the rhizobial nodulation (Nod) protein NodD, initiating the tran-
scriptional activation of nod genes and subsequent synthesis of Nod Factors (NFs). NFs then induce various legume responses 
essential for this symbiosis. Although evidence suggests differential regulation of nodD expression and NF biosynthesis during 
symbiosis, the necessity of this regulation for the formation of nitrogen-fixing nodules remains uncertain. Here, we demonstrate 
that deletion of the Rlv3841 NodD regulatory domain results in a constitutively active protein (NodDFI) capable of activating NF 
biosynthesis gene expression without the presence of flavonoids. Optimised constitutive expression of nodDFI or nodD3 in nodD 
null mutants led to wild-type levels of nodulation and nitrogen fixation in pea and M. truncatula, respectively, indicating that 
flavonoid-regulated nodD expression is not essential for supporting symbiosis. These findings illustrate that transcriptional con-
trol of flavonoid-independent NodD regulators can be employed to drive NF biosynthesis, which holds potential for engineering 
symbiosis between rhizobia and cereals equipped with reconstituted NF receptors.

1   |   Introduction

Legumes possess the remarkable ability to form symbioses with 
rhizobial bacteria. Housed within root nodule structures, rhizo-
bia differentiate into bacteroids and fix atmospheric dinitrogen 
(N2) into NH3, which is released for assimilation by the plant 
(Poole, Ramachandran, and Terpolilli  2018). In return for a 
source of available nitrogen (N), plants provide bacteroids with 
carbon in the form of dicarboxylates (Mitsch et al. 2018). These 
rhizobia-legume root nodule symbioses (RNS) are critical to fu-
ture prospects of sustainable agriculture because legume crops 
can be grown with little to no supplementation with chemically 
synthesised N fertilisers that are costly to produce, consuming 

approximately 1% of the world's energy production, and when 
applied are harmful to the environment, facilitating N leach-
ing (Huang, Ju, and Yang  2017), soil acidification (Tian and 
Niu 2015), and evolution of nitrous oxide, a potent greenhouse 
gas (Shcherbak, Millar, and Robertson 2014).

Rhizobia infect legume nodules by either Nod factor (NF)-
dependent or independent entry, with the former strategy being 
the most common (Masson-Boivin et al. 2009). During the es-
tablishment of NF-dependent RNS, legumes exude flavonoids, 
and in some cases, methoxychalcones, aldonic acids, and be-
taines, which are perceived by rhizobial LysR family NodD 
proteins. Upon sensing an inducer, NodD drives expression of 
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strain-specific suites of nod genes that are required for synthe-
sis of lipo-chitooligosaccharides termed NFs. Nod factors are 
secreted from the rhizobia and bind compatible plant LysM 
receptor complexes (Krönauer and Radutoiu  2021), triggering 
symbiosis signalling and downstream responses such as nodule 
organogenesis and intracellular infection (Yang et al. 2022; Jones 
et al. 2007; Murray 2011). Multiple isoforms of NodD have been 
identified in rhizobia (Spaink et al. 1987). NodD in Rhizobium 
leguminosarum bv. viciae (Rlv) 3841 is activated by various flavo-
noids (Peck et al. 2013). In contrast, Sinorhizobium meliloti (Sm) 
1021 encodes three copies of NodD (Barnett et al. 2001). NodD1 
is activated by luteolin (Peck et al. 2013) and by 4,4′-dihydrox
y-2′-methoxychalcone (MCh) (Hartwig et  al.  1990), whereas 
NodD2 is activated by MCh, trigonelline, and stachydrine 
(Phillips, Joseph, and Maxwell 1992), and NodD3 is a “flavonoid-
independent” (FI) activator that is involved in a self-amplifying 
positive regulatory circuit with SyrM (Swanson, Mulligan, and 
Long 1993; Barnett and Long 2015). The stringency of rhizobial 
NodD proteins to perceive legume-derived inducers, paired with 
the stringency of legume LysM receptor complexes to perceive 
rhizobial NFs, imparts two stages of host specificity on symbi-
otic establishment (Wang et al. 2012).

Although the structure of NodD and the precise mechanism of 
action by which NodD activates expression of NF biosynthesis 
genes have yet to be functionally resolved, bioinformatic anal-
yses indicate that NodD proteins comprise two functional do-
mains, a N-terminal winged helix-turn-helix (HTH) domain 
and a C-terminal regulatory domain (RD) that presumably acts 
as a site for flavonoid interaction (Figure 1a) (Peck et al. 2013; 
Kostiuk et al. 2013). The two domains are joined by a linker helix 
(LH). Given the structural conservation of flavonoid-dependent 
NodD proteins across species and genera (Schlaman, Okker, 
and Lugtenberg 1992) and the evidence that NodD proteins can 
function to activate promoters across species (Peck, Fisher, and 

Long 2006; Kamboj et al. 2010), it seems likely that the mech-
anism of flavonoid-dependent activation would be conserved. 
Functional studies suggest that NodD forms a cyclically symmet-
ric homodimer or V-shaped homotetramer that binds two DNA 
regions of the “nod-box”, termed the distal (D)-half and proxi-
mal (P)-half on the same face of the DNA helix. When incubated 
with the cognate flavonoid, the complex activates downstream 
NF gene expression by inducing a bend in the DNA necessary for 
RNAP recruitment (Chen et al. 2005; Fisher and Long 1993; Feng 
et al. 2003; Fisher et al. 1988). Interestingly, various single point 
mutations introduced along the length of the NodD1 proteins can 
produce “class IV” mutant proteins capable of activating expres-
sion of NF biosynthesis genes in the absence of flavonoids (Peck 
et al. 2013; Burn, Rossen, and Johnston 1987; Burn et al. 1989; 
Vinardell et al. 2004). Similarly, mutation of the D-half PnodA 
nod-box prevents binding by natural isoforms of NodD, which 
permits transcriptional activation of the downstream NF biosyn-
thesis genes in the absence of the flavonoid-inducer, albeit with 
reduced affinity for activation (Feng et  al.  2003). Insertion of 
1–2 bp of DNA into both the D-half and P-half nod has an even 
more profound effect, inducing a sharp bend in the PnodA pro-
moter, which drove constitutive expression of the downstream 
genes entirely independently of NodD (Chen et al. 2005).

Evidence suggests that nodD expression and NF biosynthesis 
may be differentially regulated throughout infection and, in 
some cases, during the later stages of symbiosis. However, it 
remains unclear as to whether this regulation is critical to the 
formation of N-fixing nodules. In Rhizobium-pea RNS, nodD ex-
pression, NodD binding to nod-boxes, expression of nod genes, 
and Nod protein concentration are markedly reduced in bac-
teroids compared to undifferentiated bacteria, suggesting that 
there is repression of NF biosynthesis in this state (Schlaman, 
Lugtenberg, and Okker 1992; Schlaman et al. 1991). A NF biosyn-
thesis gene repressor, NolR, was identified in Sinorhizobium and 

FIGURE 1    |    Class IV mutations in NodDRlv generated by random mutagenesis. (a) Tertiary structure of NodD from Rhizobium leguminosarum 
bv. viceae 3841 (Rlv) modelled using AlphaFold. (b) Genetic schematic of plasmids used for Lux-based screening of mutagenised NodD proteins for 
flavonoid-independent (FI) activity. (c) Bioluminescence readout for activation of PnodARlv-luxCDABE cassette in Rlv by wild-type or mutant NodD 
proteins. Error bars represent one SEM (n = 3). (d) Primary structure of NodDRlv showing substitution mutations that imparted FI activity. Matching 
coloured mutations indicate where two mutations were found in a single allele. Underlined mutations were consistent with those identified in previ-
ous studies (Peck et al. 2013; Burn, Rossen, and Johnston 1987; Burn et al. 1989).
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Rhizobium that competes for binding with RNAP at the overlap-
ping nodD and nodABCIJ promoters (Kiss et al. 1998; Kondorosi 
et  al.  1989, 1991). Deletion of NolR in S. meliloti AK631 abol-
ished repression of nod genes and resulted in delayed nodula-
tion of Medicago sativa (Cren, Kondorosi, and Kondorosi 1995), 
indicating that this mode of regulation is critical for optimal 
RNS. In contrast, nolR mutants of S. medicae WSM419 had 
2.3-fold greater competitiveness for nodulation of M. trunca-
tula A17 compared to the wild type and showed significantly 
enhanced nodule development on M. tricycla (Sugawara and 
Sadowsky  2014). Select representatives of the Bradyrhizobium 
genus encode two nodD genes: nodD1, which functions as a 
negatively autoregulated FI transcriptional activator of the NF 
biosynthesis genes (Göttfert et al. 1992; Kosslak et al. 1987), and 
nodD2, which is a transcriptional repressor of the nodABCIJ and 
nolA genes transcriptionally controlled by nolA itself (Gillette 
and Elkan 1996; Garcia et al. 1996). Mesorhizobium loti also en-
codes two NodD proteins, but these synergistically direct NF 
biosynthesis at different stages of symbiosis with Lotus japoni-
cus (Kelly et al. 2018). NodD1 is primarily responsible for the in-
duction of nod genes within root hair infection threads, whereas 
NodD2 is primarily responsible for nod gene induction in the 
rhizosphere and nodules. Lastly, it has been demonstrated that 
the constitutive expression of Sm nodD3 from a plasmid-borne 
Plac promoter drives the nodulation of flavonoid-deficient mu-
tants of M. truncatula, although it was not determined whether 
the nodules formed were fixing N2 (Zhang et al. 2009).

Because perception of legume-exuded inducers by NodD lead-
ing to NF biosynthesis represents the earliest stage of signalling 
by rhizobia in RNS (Wang et al. 2012), establishing transcrip-
tional control of FI NodD proteins such as Sinorhizobium meli-
loti NodD3 or mutated NodD1 proteins (Peck et al. 2013; Burn, 
Rossen, and Johnston 1987; Burn et al. 1989) could be used to 
stimulate NF biosynthesis with legumes outside of the natural 
host range, or even with non-legumes such as cereals that do not 
produce compatible flavonoid profiles. The latter would repre-
sent a critical step in the engineering of RNS into cereals (Rogers 
and Oldroyd  2014; Oldroyd and Dixon  2014), as it could be 
used to activate engineered NF receptor complexes (Krönauer 
and Radutoiu  2021; Gysel et  al.  2021; Bozsoki et  al.  2020). FI 
NodD proteins could even be placed under transcriptional con-
trol by natural or engineered non-legume signals to introduce 
stringency to the interaction and prevent NF signalling with 
non-target crops. This strategy has already been used to control 
N-fixation and ammonia excretion by Azorhizobium caulin-
odans colonising engineered rhizopine-producing (RhiP) barley 
plants (Haskett et al. 2022a, 2022b; Geddes et al. 2019).

In this study, we demonstrate that removal of the Rlv 3841 NodD 
(here termed NodDRlv) regulatory domain yields a constitutively 
active protein comprised of the HTH-LH domains that alone 
drive expression of the NF biosynthesis genes in the absence of 
a cognate flavonoid inducer, albeit with reduced affinity for acti-
vation compared to the wild-type NodD protein. Both the trun-
cated nodDRlv, herein termed nodDFI (flavonoid-independent), 
and nodD3 from Sm CL150 (here termed nodD3Sm) could be 
expressed from an inducible promoter in nodD null mutants 
of the parent strains, leading to tunable control of the PnodA 
promoters upstream of the core nodABCIJ genes. Optimised ex-
pression of nodDFI or nodD3Sm from constitutive promoters in 

nodD null mutants of the parent strains resulted in wild-type 
levels of nodulation and N-fixation on pea and M. truncatula, 
respectively, demonstrating that nodD expression does not need 
to be differentially regulated by flavonoids throughout symbio-
sis to support infection of legume nodules and N-fixation. These 
findings provide new insights into the mechanism by which the 
NodD protein functions and demonstrate that transcriptional 
control of FI NodD regulators can be effectively utilised to con-
trol NF biosynthesis, which will be critical for engineering RNS 
between rhizobia and non-legumes.

2   |   Results

2.1   |   Generation of Class IV NodD Mutations by 
Random Mutagenesis

NodD proteins are highly conserved in legume-nodulating 
rhizobia and are comprised of a DNA-binding HTH domain, 
a LH, and an RD (Figure 1a), the latter of which acts as a site 
for interaction with flavonoid inducers that modulate the pro-
tein's ability to activate expression from nod gene promoters. 
Several “class IV” mutations have been characterised in rhizo-
bial NodD proteins that permit NodD to activate nod promot-
ers in the absence of flavonoids (Peck et al. 2013; Burn, Rossen, 
and Johnston 1987; Burn et al. 1989; Vinardell et al. 2004). We 
aimed to generate a collection of class IV mutant alleles for the 
Rlv3841 nodDRlv gene. To achieve this, nodDRlv and the upstream 
promoter were cloned into plasmid pBBR1-MCS2 in opposite 
orientation to the resident Plac promoter, producing pOPS1094, 
which was subjected to hydroxylamine mutagenesis and trans-
formed into E. coli. A library of approximately 7500 mutagenised 
plasmid transformants was pooled and mass conjugated with 
Rlv3841 harbouring the PnodARlv-luxCDABE reporter plasmid 
pLMB712 (Figure  1b). Single colonies of plasmid transconju-
gants were selected on TY agar supplemented with tetracycline, 
kanamycin, and gentamycin, without the cognate flavonoid 
hesperitin. Using Rlv3841 carrying unmutagenised pOPS1094 
and pLMB712 as a negative control, we screened single colo-
nies for activation of the PnodARlv-lux fusion by mutagenised 
NodDRlv using a NightOWL photon counting camera system. 
Plasmids were extracted from twenty bioluminescent rhizobial 
colonies, transformed into E. coli and conjugated into Rlv3841 
carrying pLMB712 to confirm that PnodARlv-lux activation was 
due to class IV NodDRlv activity rather than a mutation in the 
lux cassette (Figure  1c). Finally, the nodDRlv mutation(s) were 
characterised by Sanger sequencing on both DNA strands, re-
vealing that 10 of the alleles were unique (Figure 1d). Two of the 
nodDRlv alleles contained two substitutions, one in the LH and 
the other in the RD, whereas the remaining mutations existed 
in the RD of the protein. Two of the single substitutions, H195Y 
and D284N, have been previously described (Peck et  al.  2013; 
Burn et  al.  1989), whereas the remaining 8 substitutions have 
not previously been identified (Peck et al. 2013; Burn et al. 1989; 
Vinardell et al. 2004). Interestingly, one of the mutations in our 
random mutagenesis experiments substituted an arginine resi-
due for a stop codon at the C-terminus of the LH domain (R98*), 
which would produce a truncated protein only containing the 
HTH and LH domains (Figure 1a,c). This suggested that the RD 
may act as a repressor of the HTH-LH domains, which could 
alone activate expression of LCO biosynthesis genes.
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2.2   |   The NodD HTH-LH Domains Exhibit 
Flavonoid-Independent Activity

To further explore whether the NodDRlv RD was dispensable 
for activity, the native nodDRlv promoter and the first 294 bp 
(98 amino acids) of the coding sequence were amplified from 
wild-type Rlv3841 genomic DNA with primers that substituted 
R98 for a stop codon (TAA), and the amplicon was cloned 
into pOGG024, creating pOPS1331. This plasmid and a sec-
ond pOGG024-derived plasmid containing the native nodDRlv 
gene and promoter (pOPS1330) were each mobilised into a 
nod-Tn5 mutant of Rlv3841 (A1350) harbouring the PnodARlv-
lux reporter plasmid pLMB712 (Figure 1b). RlvA1350 carrying 
the truncated nodRlv allele, herein termed nodDFI (flavonoid-
independent), exhibited clear bioluminescence compared to the 
control strain in the absence of flavonoids (Figure 2a). The ac-
tivities of NodDRlv compared to NodDFI were also tested when 
flavonoids were added to the growth media in bioluminescence 
assays (Figure 2b). As expected, the addition of either 5 μM nar-
ingenin, liquitigenin, hesperitin or luteolin activated the native 

NodDRlv allele in RlvA1350 whereas NodDFI was unaffected by 
the addition of flavonoids to the growth media, and was con-
stitutively active, albeit with reduced affinity for activation of 
PnodARlv-lux compared to the activated wild-type allele.

We next tested whether NodDFI could activate a Sinorhizobium 
meliloti PnodASm-lux reporter carried on plasmid pLMB792 in 
strain MB1002 (a nodD1/nodD2/nodD3 mutant of SmCL150) 
by introducing pOPS1331 (PnodD-nodDFI) and the empty con-
trol vector pOGG024. We found a small, but statistically insig-
nificant increase in bioluminescence for the strain carrying 
PnodD-nodDFI compared to the control strain, indicating that 
NodDFI may activate PnodASm-lux in the SmCL150 background 
with low affinity (Figure 2c). To increase nodDFI expression in 
this background, we subcloned nodDFI under the control of the 
stronger constitutive Plac promoter in pOGG024 and mobil-
ised the resulting plasmid pOPS1368 into SmCL150 carrying 
pLMB792. The resulting strain showed strong bioluminescence 
compared to the control, confirming that nodDFI could activate 
PnodASm-lux in the Sm background (Figure 2c).

FIGURE 2    |    The NodDRlv HTH-LH domains activate PnodA expression independently of flavonoids. (a,b) Flavonoid-independent (FI) activa-
tion of the PnodARlv-luxCDABE reporter cassette (plasmid pLMB712) in Rhizobium leguminosarum bv. viceae (Rlv) 3841 by nodDFI. The nodDFI 
gene is comprised of the first 294 bp of nodDRlv with an introduced stop codon (TAA). The scale in a is from 500 to 8500 counts per second (cps). (c) 
Flavonoid-independent (FI) activation of the PnodASm-luxCDABE reporter cassette (plasmid pLMB792) in nod null mutants of Rlv (strain A1350) 
and Sinorhizobium meliloti (Sm, strain MB1002) by nodDFI. (d) Tunable rhizopine-inducible nodDFI and nodD3 expression in a Sm nodD null mutant 
chromosomal nodC::LacZ fusion (strain MB1003). Error bars represent one SEM (n = 3). Independent two-tailed students t-tests were used to com-
pare means. Not significant (ns p > 0.05), *p < 0.05, **p < 0.01, ***p < 0.01. Bacteria in reporter assays were induced for 24 h prior to measurement.
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2.3   |   Transcriptional Control 
of Flavonoid-Independent nodD Regulators

Establishing transcriptional control of NodDFI or similar regu-
lators such as NodD3 from Sm (here termed NodD3Sm) could 
be exploited to permit plant signal-dependent activation of rhi-
zobial NF biosynthesis in bacteria colonising non-legumes that 
do not produce adequate concentrations of cognate flavonoids 
required for native NodD activation. We had previously engi-
neered barley that excreted the signalling molecule rhizopine, 
which could be perceived by bacteria carrying rhizopine biosen-
sors in the rhizosphere (Haskett et al. 2022a). Here, we tested 
whether rhizopine control of nodDFI and nodD3Sm could be 
used to control activation of NF biosynthesis genes by cloning 
these alleles downstream of the rhizopine-inducible promoter 
(PmocB) in our biosensor plasmid pOPS1052, forming plasmids 
pOPS1090 and pOPS1091, respectively. When mobilised into 
SmMB1003 (a nodD1/nodD2/nodD3 mutant of SmCL150 har-
bouring a chromosomal nodC-lacZ reporter fusion), the addi-
tion of SI to both cultures stimulated tunable activation of the 
upstream PnodAsm promoter, with NodD3Sm exhibiting a stron-
ger affinity for activation (Figure 2d). This result indicated that 
plant signal-dependent transcriptional control over FI NodD 
regulators could be used to drive expression of rhizobial NF bio-
synthesis genes.

2.4   |   Constitutive Expression of nodDFI Supports 
Nitrogen-Fixing Symbiosis With Pea

Rhizobial LCOs matched to compatible legume LysM recep-
tors must be produced at defined concentrations to establish 
functional N-fixing symbioses between rhizobia and legumes. 
Considering this, we tested whether NF biosynthesis driven 
by constitutive expression of nodDFI in RlvA1350 would per-
mit nitrogen-fixing symbiosis with pea. For this experiment, 
nodDFI was subcloned onto the stable broad host-range plasmid 
pOGG093 under transcriptional control by one of three constitu-
tive promoters, PrpoD, PJ23115, or PJ23106, ordered by increas-
ing strength (Figure  A1). The resulting plasmids, pOPS2023, 
pOPS2024, and pOPS1538, respectively, were mobilised into 
RlvA1350 harbouring a chromosomal GFP cassette (RlvA1350-
GFP) to permit cell tracking.

Both the negative control strain RlvA1350-GFP and the same 
strain carrying PrpoD-nodDFI did not form nodules on pea at 
28 days post inoculation (dpi) (Figure 3 & Figure 4a). In com-
parison, RlvA1350-GFP carrying PJ23115-nodDFI or PJ23106-
nodDFI elicited nodule formation at the same time point. 
Nodules formed on pea plants inoculated with RlvA1350-GFP 
carrying PJ23115-nodDFI were pink, indicating the production of 
leghaemoglobin required for N fixation. Moreover, nitrogenase 

FIGURE 3    |    Constitutive expression of nodDFI in a nod null mutant of Rlv3841 drives nodulation of pea. Images were taken for whole root systems 
of N-free-grown pea plants harvested 28 days post inoculation with wild-type (WT) Rhizobium leguminosarum bv. viceae (Rlv) 3841 or nod- mutants 
(A1350) carrying nodDFI expressed from constitutive promoters varying in their strength (see Figure A1). All strains were marked with a constitu-
tively expressed GFP gene for tracking in nodules. Dashed boxes highlight white nodules. BF, bright field; GFP, green fluorescent protein.
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activity, as measured by acetylene reduction assays (ARA), 
was no different compared to plants inoculated with the wild-
type control strain Rlv3841-GFP (Figure  4b), indicating that 
RlvA1350-GFP carrying PJ23115-nodDFI formed a functional 
nitrogen-fixing symbiosis with pea. In contrast, approximately 
50% of the nodules formed by RlvA1350-GFP carrying PJ23106-
nodDFI were white (Figure 3 & Figure 4a), and nitrogenase ac-
tivity measured in whole plants equated to approximately 33% 
compared to plants inoculated with a wild-type control strain 
(Figure 4b). Both white and pink nodules on plants inoculated 
with RlvA1350-GFP carrying PJ23106-nodDFI exhibited GFP 
fluorescence under the stereomicroscope (Figure 3), indicating 
they were infected with the fluorescently marked inoculant. 
Furthermore, the mean nodule mass per plant was no different 
from plants inoculated with the wild-type control strain, sug-
gesting that the nodules had not been sanctioned (Figure  4a). 
This data suggested that nodule development on plants inocu-
lated with RlvA1350-GFP carrying PJ23106-nodDFI was delayed 
compared to the wild-type control, highlighting that correctly 
tuned expression of nodDFI is critical to the development of 
fully functional nitrogen-fixing nodules in the Rhizobium-pea 
symbiosis.

2.5   |   Constitutive Expression of nodD3 Supports 
Nitrogen-Fixing Symbiosis With Medicago

We wanted to explore whether constitutive expression of 
nodD3Sm could support nitrogen-fixing symbiosis between Sm 
and Medicago truncatula. We utilised two stable, low-copy, broad 
host-range plasmids to maintain low levels of nodD3Sm expression 
in the nodD null mutant SmMB1002—one where nodD3Sm was 
placed under control of the IPTG de-repressible Plac promoter 
(pOPS1096) and the other where nodD3Sm was expressed from 
the rhizopine-inducible PmocB promoter (pOPS1091). It should 
be noted that while both promoters are inducible, both have sig-
nificant but low background activity in the absence of the inducer 
due to the presence of strong ribosome binding sites, with Plac 
being the stronger of the two promoters in the non-induced state 
(Figure A2). M. truncatula plants grown in N-free conditions in-
oculated with the positive control strain SmCL150 formed pink 
nodules at 35 dpi, whereas uninoculated plants and those inoc-
ulated with the negative control strain SmMB1002 did not form 
nodules at this time point (Figure 5a,b). Plants inoculated with 
SmMB1002 carrying PmocB-nodD3Sm formed a similar number 
of pink nodules per plant relative to the wild-type control, whereas 

FIGURE 4    |    Constitutive expression of nodDFI in a nod null mutant of Rlv3841 permits functional N2-fixing symbiosis with pea. N-free-grown 
pea plants were harvested 28 days post inoculation with wild-type (WT) Rhizobium leguminosarum bv. viceae (Rlv) 3841 or nod- mutants (A1350) 
carrying nodDFI expressed from constitutive promoters varying in their strength (see Figure A1). All strains were marked with a constitutively ex-
pressed GFP gene for tracking in nodules. (a) Nodulation phenotypes give mass and colour-coded counts for both pink and white nodules. Nodule 
mass shown is fresh weight. (b) Nitrogenase activity as measured by acetylene reduction assays. Treatments where no nodules formed were not ap-
plicable (NA). Error bars represent one SEM. Independent two-tailed students t-tests with Bonferroni adjustment were used to compare means. Not 
significant (ns p > 0.05), *p < 0.05, **p < 0.01, ***p < 0.01, ****p < 0.001.
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plants inoculated with SmMB1002 carrying Plac-nodD3Sm 
formed fewer nodules than the wild type (Figure 5b), and these 
were white and spherical (Figure 5a), suggesting they were not 
producing leghaemoglobin required for N fixation.

Under N-free conditions, shoot dry weight measurements of inoc-
ulated plants relative to N-free N-fed control plants can be used to 
indirectly quantify nitrogen fixation. We found that the shoot dry 
weights of plants inoculated with SmMB1002 or the strain carry-
ing Plac-nodD3Sm were significantly lower than those of plants 
inoculated with the wild-type strain SmCL150 and were no dif-
ferent from the uninoculated N-free control (Figure 5c), indicat-
ing these plants did not fix N. In contrast, the shoot dry weights 
of plants inoculated with SmMB1002 carrying PmocB-nodD3Sm 
were no different from those inoculated with the wild-type con-
trol strain and were significantly higher than the uninoculated 
N-free control plants, indicating that this strain fixed a compara-
ble amount of N to the wild-type control. Thus, we conclude that 
constitutive expression of nodD3Sm can support nitrogen-fixing 
symbiosis between Sm and Medicago truncatula.

3   |   Discussion

In this study, we have shown that removal of the NodDRlv RD 
yields a constitutively active protein comprised of the HTH-LH 

domains that alone drive expression of the NF biosynthesis 
genes in the absence of a cognate flavonoid inducer, albeit with 
reduced affinity for activation compared to the wild-type pro-
tein. Thus, it seems highly likely that the RD acts to inhibit 
activity of the HTH-LH domains in the absence of the cognate 
flavonoid. These results also explain why various single substi-
tution mutations along the length of the domain can readily yield 
class IV mutant NodD variant proteins (Peck et al. 2013; Burn, 
Rossen, and Johnston 1987; Burn et al. 1989), because it is likely 
that they result in loss of function for the RD. However, we can-
not rule out the seemingly less likely alternative possibility that 
removal of the RD could permit FI activation of transcription 
by preventing NodDFI protein from forming dimers/multimers 
and (or) interacting with the distal P-half of the nod-box, both of 
which were previously shown to result in flavonoid-independent 
activation of the PnodA promoter (Chen et al. 2005; Fisher and 
Long  1993; Feng et  al.  2003). Further genetic and structural 
analysis will be necessary to resolve these two possibilities.

Although evidence suggests that nodD expression and NF bio-
synthesis are differentially regulated throughout the stages of 
symbiotic establishment in multiple rhizobia-legume symbio-
ses (Schlaman, Lugtenberg, and Okker  1992; Kiss et  al.  1998; 
Kondorosi et  al.  1989; Cren, Kondorosi, and Kondorosi  1995; 
Gillette and Elkan  1996; Garcia et  al.  1996), it was previously 
unclear whether this regulation was critical to the formation 

FIGURE 5    |    Leaky expression of nodD3Sm in a nod null mutant of SmCL150 permits functional N2-fixing symbiosis with M. truncatula. N-free-
grown Medicago plants were harvested 32 days post inoculation with wild-type (WT) Sinorhizobium meliloti (Sm) CL150 or nod- mutants (MB1002) 
carrying nodD3Sm expressed from inducible promoters varying in their strength (see Figure A2). To keep expression minimal, no inducer was sup-
plied in this experiment. (a,b) Nodulation counts are colour-coded for pink and white nodules. (b) Under N-free conditions, shoot dry weight mea-
surements were used to assess the extent of N-fixation. Error bars represent one SEM. Least Significant Difference (LSD) tests were used to compare 
means. Matching letters indicate treatments that are not significantly different from one another but are significantly different from non-matching 
letters (alpha = 0.05).
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and maintenance of effective N-fixing nodules. While we did 
not directly measure expression of nodDFI or nodD3Sm in nod 
null mutants of Rlv 3841 and Sm CL150 throughout the various 
stages of the nodule symbiosis, we observed that tuned expres-
sion from promoters that are constitutive in laboratory culture 
enables formation of fully functional N2-fixing symbioses on 
pea and M. truncatula, respectively. We do, however, acknowl-
edge that many RpoD (σ70)-dependent bacterial genes that are 
expressed constitutively in free-living culture and in the rhizo-
sphere are significantly reduced inside of N2-fixing bacteroids, 
which may also be true for the synthetic promoters tested in this 
work (Ramachandran et al. 2011; Karunakaran et al. 2009). It 
is also likely that NF biosynthesis downstream of NodD expres-
sion and activity remains subject to regulation by host factors 
other than NodD, such as NolR (Kiss et  al.  1998; Kondorosi 
et al. 1991; Kim et al. 1989). We also observed here that when FI 
nodD genes were expressed too strongly or weakly, nodulation 
and (or) nitrogen fixation with pea and Medicago were impaired. 
This is consistent with studies on S. fredii HH103, where it was 
postulated that increased NF biosynthesis due to mutation of 
nodD2, nolR, or syrM was responsible for impaired symbiosis 
with Lotus burttii, an otherwise compatible host (Acosta-Jurado 
et  al.  2020, 2019). Overall, these data support the notion that 
correctly tuned NF biosynthesis is critical throughout RNS. In 
future work, it will be important to monitor the bacterial tran-
scriptome throughout symbiotic establishment to better under-
stand the full genetic implications of NodD engineering and 
identify any potentially problematic off-target effects.

The discovery that constitutive expression of FI nodD genes 
can support N-fixing symbioses with legumes could be applied 
to expand the symbiotic host compatibility of rhizobia that do 
not perceive NF-inducing signals exuded by target legumes, as 
was achieved previously by expression of FI nodD genes with 
their native promoters in natural (McIver et al. 1989) or heter-
ologous (Ayala-García et al. 2022) hosts. Using FI nod alleles in 
this way likely requires that NF production is tuned appropri-
ately and that the correct suite of nod genes is present in the 
bacteria. The nod gene complement could exist naturally or 
could be artificially introduced by conjugal transfer of symbiotic 
plasmids (Ruiz-Sainz, Jiminez-Diaz, and Beringer 1984), ICEs 
(Haskett 2018; Hill et al. 2021; Sullivan and Ronson 1998), or by 
more targeted genetic engineering approaches. FI nodD genes 
could also be used to control NF biosynthesis in non-symbiotic 
bacteria carrying symbiotic plasmids (Brom et al. 1988), or en-
gineered nod clusters akin to nitrogenase (nif) clusters built for 
the transfer of nitrogen fixation capacity in free-living bacteria 
(Ryu et  al.  2020; Temme, Zhao, and Voigt  2012). Constitutive 
transcriptional control of FI NodD proteins could also be used 
to drive NF production by bacteria and activate engineered NF 
receptors in cereals (Krönauer and Radutoiu  2021; Bozsoki 
et al. 2020). However, control circuitry on NF biosynthesis would 
ultimately be essential to reduce metabolic burden and prevent 
silencing of the edited genes. Ideally, FI nodD genes would be 
placed under the control of plant-derived signals, introducing 
stringency to the interaction. Such signals could be naturally 
produced (Galloway et al. 2020) or could be introduced by ge-
netic modification, as is true of engineered rhizopine-producing 
(RhiP) barley plants (Haskett et  al.  2022a; Geddes et  al.  2019; 
Ryu et al. 2020). We have shown that rhizopine signalling cir-
cuitry (Haskett et al. 2022b) can be used to drive expression of 

nodDFI or nodD3Sm to stimulate expression of NF biosynthesis 
genes in free-living culture. However, Sm MB1002 carrying a 
rhizopine-inducible nodD3Sm gene formed N2-fixing nodules 
when inoculated onto wild-type M. truncatula, indicating that 
regulation of nodD3Sm needs to be tighter regulated to permit 
specific activation by rhizopine-produicing (RhiP) barley plants. 
Use of tools such as single-copy mini-Tn7 integration (Choi 
and Schweizer 2006), small RNAs (Dutta and Srivastava 2018), 
or dCas9 (Hawkins et al. 2015) could be used in the future to 
tighten this leaky expression and establish stringent rhizopine 
control of NF signalling.

4   |   Materials and Methods

4.1   |   Bacterial Strains and Plasmids

Strains used in this study are described in Table A1. Escherichia 
coli was cultured on LB media (Bertani 1951) at 37°C, whereas 
rhizobia were cultured on TY (Beringer  1974) or UMS (Poole 
et al. 1994; Brown and Dilworth 1975) media at 28°C. Plasmids 
used in this study are described in Table  A2 and were con-
structed using either golden-gate or HiFi cloning as described 
in File S1.

4.2   |   Hydroxylamine Mutagenesis and Screening 
of nodD Mutations

nodDRlv and its native promoter were initially HiFi cloned into 
plasmid pBBR1-MCS2 in opposite orientation to the native Plac 
promoter, producing pOPS1094, and this plasmid was subject to 
hydroxylamine mutagenesis (Peck et al. 2013; Amberg, Burke, 
and Strathern  2006). Aliquots of five micrograms of plasmid 
DNA were mutagenised by incubation at 70°C in 250 uL of a 2 M 
hydroxylamine HCL solution for 0, 60, 90, or 120 min. Reactions 
were purified using a NEB Monarch PCR & DNA Cleanup Kit, 
and five microlitres of the eluted, mutagenised DNA for each 
treatment were transformed into chemically competent DH5a 
cells. Transformation of plasmid DNA that was incubated for 
120 min with hydroxylamine HCL yielded less than 1% of the 
number of colonies compared to the control treatment, indicat-
ing the DNA was successfully mutagenized. nodDRlv and the na-
tive promoter were subsequently amplified and sequenced from 
10 of these colonies using the M13 primers, and the resulting am-
plicons were sequenced, revealing that there was approximately 
1 transition mutation per 2-kb plasmid DNA. We washed a total 
of 7500 transformant colonies from the LB plates to form a nodD 
mutant library, which was frozen at −80°C in 10% DMSO. This 
library was recovered and tri-parentally mass-conjugated with 
the E. coli carrying the helper plasmid pRK2013 and Rlv3841 
carrying a PnodA-luxCDABE fusion plasmid (pLMB712). Single 
colonies were screened for induction of the PnodA-lux fusion 
using a Night-Owl instrument, and 20 bioluminescent colonies 
were passaged onto selective media. Plasmids from these colo-
nies were extracted using a Neb Monarch Plasmid Miniprep Kit 
and triparentally conjugated back into Rlv3841 (pLMB712) to 
confirm nodD activity in the absence of flavonoids. The plasmid-
borne mutant nodD genes and promoters from each colony were 
finally Sanger sequenced from each end using the M13 primers 
to type the mutations present.
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4.3   |   Reporter Assays

Bacteria used in reporter assays were inoculated into non-
selective UMS media at OD600nm 0.1 and incubated with the 
relevant inducer at 28°C for 24 h prior to diluting 1:1 with UMS 
and measuring fluorescence or luminescence. Relative lumines-
cence units (OD600nm/counts per second, RLU) for lux reporter 
assays were measured using a Promega GloMax multidetection 
system. Relative fluorescence units (OD600nm/fluorescence 
intensity, RFU) for GFP and beta-galactosidase assays were 
measured with an Omega FLUOstar set at gain 1000. Beta-
galactosidase assays were performed as previously described 
(Ramsay 2013).

4.4   |   Plant Experiments

All seeds used in this study were surface sterilised by submer-
sion in 70% (v/v) ethanol for 1 min, followed by 5% (v/v) NaOCl 
for 5 min. After washing 5 times with sterile water, seeds were 
germinated on water agar in the dark for 3 days prior to sowing, 
then immediately inoculated with 5 mL of OD600nm 0.1 sus-
pension of inoculant washed from 3-day-grown agar slopes. Pea 
plants (Avola) were sown in boiling tubes containing autoclaved 
vermiculite and 15 mL of N-free nutrient solution (Haskett 
et al. 2021) as previously described. Tubes were supplemented 
with 10 mL of N-free nutrient solution weekly and harvested at 
28 dpi. Plants were grown in a growth chamber at 25°C with 
a 16-h/8-h day/night cycle. Acetylene reduction assays were 
performed on single plants as previously described (Haskett 
et  al.  2021), and whole nodules were imaged using a Leica 
DM4000 B Fluorescence Motorised Microscope.

For Medicago truncatula A17, free-draining pots containing 
fire sand (Haskett et  al.  2021) were flushed with water and 
autoclaved prior to sowing. Plants were grown 32 days post 
inoculation prior to harvesting. All N-free treatments were 
supplemented with 10 mL of N-free nutrient solution (Haskett 
et al. 2021) per week, whereas N-fed controls were supplemented 
with the same volume of nutrient solution additionally contain-
ing 10 mM KNO3. After acetylene reduction assays, nodules 
were excised and their fresh weights were measured. Roots were 
then excised from the shoot at the transition zone and dried for 
2-days at 60°C to measure shoot dry weights.

4.5   |   Statistical Data Analysis

Statistical analyses were carried out using the R package Rstatix 
(Team RC 2021). Details are outlined in the figure captions.

Author Contributions

Timothy L. Haskett: conceptualization, investigation, writing – orig-
inal draft, methodology, validation, visualization, writing – review and 
editing, formal analysis, data curation, supervision, funding acqui-
sition. Louise Cooke: investigation. Patrick Green: investigation. 
Philip S. Poole: conceptualization, investigation, funding acquisition, 
writing – original draft, methodology, validation, visualization, writing 
– review and editing, formal analysis, project administration, data cura-
tion, supervision, resources.

Acknowledgements

The authors would like to thank Prof. Sharon Long and Dr. Melanie 
Barnett for providing the Sinorhizobium mutants used in this work. 
This work was supported by the Biotechnology and Biological 
Sciences Research Council (BB/T006722/1). TLH is the recipient of a 
Royal Commission for the Exhibition of 1851 Research Fellowship 
(RF-2019-100238).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available in the ar-
ticle and its appendix.

References

Acosta-Jurado, S., C. Alias-Villegas, P. Navarro-Gómez, et  al. 2020. 
“Sinorhizobium fredii HH103 syrM Inactivation Affects the Expression 
of a Large Number of Genes, Impairs Nodulation With Soybean 
and Extends the Host-Range to Lotus Japonicus.” Environmental 
Microbiology 22: 1104–1124.

Acosta-Jurado, S., D. N. Rodríguez-Navarro, Y. Kawaharada, et al. 2019. 
“Sinorhizobium fredii HH103 nolR and nodD2 Mutants Gain Capacity 
for Infection Thread Invasion of Lotus Japonicus Gifu and Lotus 
Burttii.” Environmental Microbiology 21: 1718–1739.

Amberg, D. C., D. J. Burke, and J. N. Strathern. 2006. “Hydroxylamine 
Mutagenesis of Plasmid DNA.” Cold Spring Harbor Protocols 1:pdb.
prot4156.

Ayala-García, P., I. Jiménez-Guerrero, C. N. Jacott, et  al. 2022. “The 
Rhizobium tropici CIAT 899 NodD2 Protein Promotes Symbiosis and 
Extends Rhizobial Nodulation Range by Constitutive Nodulation Factor 
Synthesis.” Journal of Experimental Botany 73: 6931–6941.

Barnett, M. J., R. F. Fisher, T. Jones, et al. 2001. “Nucleotide Sequence 
and Predicted Functions of the Entire Sinorhizobium meliloti pSymA 
Megaplasmid.” Proceedings of the National Academy of Sciences 98: 
9883–9888.

Barnett, M. J., and S. R. Long. 2015. “The Sinorhizobium meliloti SyrM 
Regulon: Effects on Global Gene Expression Are Mediated by syrA and 
nodD3.” Journal of Bacteriology 197: 1792–1806.

Beringer, J. E. 1974. “R Factor Transfer in Rhizobium leguminosarum.” 
Microbiology 84: 188–198.

Bertani, G. 1951. “Studies on Lysogenesis. I. The Mode of Phage 
Liberation by Lysogenic Escherichia coli.” Journal of Bacteriology 62: 
293–300.

Bozsoki, Z., K. Gysel, S. B. Hansen, et al. 2020. “Ligand-Recognizing 
Motifs in Plant LysM Receptors Are Major Determinants of Specificity.” 
Science 369: 663–670.

Brom, S., E. Martinez, G. Dávila, and R. Palacios. 1988. “Narrow- and 
Broad-Host-Range Symbiotic Plasmids of Rhizobium Spp. Strains That 
Nodulate Phaseolus vulgaris.” Applied Environmental Microbiology 54: 
1280–1283.

Brown, C. M., and M. J. Dilworth. 1975. “Ammonia Assimilation by 
Rhizobium Cultures and Bacteroids.” Microbiology 86: 39–48.

Burn, J., L. Rossen, and A. W. B. Johnston. 1987. “Four Classes of 
Mutations in the nodD Gene of Rhizobium leguminosarum Biovar. Viciae 
That Affect Its Ability to Autoregulate and/or Activate Other Nod Genes 
in the Presence of Flavonoid Inducers.” Genes & Development 1: 456–464.

Burn, J. E., W. D. Hamilton, J. C. Wootton, and A. W. Johnston. 1989. 
“Single and Multiple Mutations Affecting Properties of the Regulatory 
Gene nodD of Rhizobium.” Molecular Microbiology 3: 1567–1577.



10 of 11 Environmental Microbiology, 2025

Chen, X.-C., J. Feng, B.-H. Hou, F.-Q. Li, Q. Li, and G.-F. Hong. 2005. 
“Modulating DNA Bending Affects NodD-Mediated Transcriptional 
Control in Rhizobium leguminosarum.” Nucleic Acids Research 33: 
2540–2548.

Choi, K. H., and H. P. Schweizer. 2006. “Mini-Tn7 Insertion in Bacteria 
With Single attTn7 Sites: Example Pseudomonas aeruginosa.” Nature 
Protocols 1: 153–161.

Cren, M., A. Kondorosi, and E. Kondorosi. 1995. “NolR Controls 
Expression of the Rhizobium meliloti Nodulation Genes Involved in the 
Core Nod Factor Synthesis.” Molecular Microbiology 15: 733–747.

Dutta, T., and S. Srivastava. 2018. “Small RNA-Mediated Regulation in 
Bacteria: A Growing Palette of Diverse Mechanisms.” Gene 656: 60–72.

Feng, J., Q. Li, H. L. Hu, X. C. Chen, and G. F. Hong. 2003. “Inactivation 
of the Nod Box Distal Half-Site Allows Tetrameric NodD to Activate 
nodA Transcription in an Inducer-Independent Manner.” Nucleic Acids 
Research 31: 3143–3156.

Fisher, R. F., T. T. Egelhoff, J. T. Mulligan, and S. R. Long. 1988. 
“Specific Binding of Proteins From Rhizobium meliloti Cell-Free 
Extracts Containing NodD to DNA Sequences Upstream of Inducible 
Nodulation Genes.” Genes & Development 2: 282–293.

Fisher, R. F., and S. R. Long. 1993. “Interactions of NodD at the Nod 
Box: NodD Binds to Two Distinct Sites on the Same Face of the Helix 
and Induces a Bend in the DNA.” Journal of Molecular Biology 233: 
336–348.

Galloway, A. F., J. Akhtar, S. E. Marcus, N. Fletcher, K. Field, and 
P. Knox. 2020. “Cereal Root Exudates Contain Highly Structurally 
Complex Polysaccharides With Soil-Binding Properties.” Plant Journal 
103: 1666–1678.

Garcia, M., J. Dunlap, J. Loh, and G. Stacey. 1996. “Phenotypic 
Characterization and Regulation of the nolA Gene of Bradyrhizobium 
japonicum.” Molecular Plant Microbe Interactions 9: 625–636.

Geddes, B. A., P. Paramasivan, A. Joffrin, et  al. 2019. “Engineering 
Transkingdom Signalling in Plants to Control Gene Expression in 
Rhizosphere Bacteria.” Nature Communications 10: 3430.

Gillette, W. K., and G. H. Elkan. 1996. “Bradyrhizobium (Arachis) sp. 
Strain NC92 Contains Two nodD Genes Involved in the Repression of 
nodA and a nolA Gene Required for the Efficient Nodulation of Host 
Plants.” Journal of Bacteriology 178: 2757–2766.

Göttfert, M., D. Holzhäuser, D. Bäni, and H. Hennecke. 1992. 
“Structural and Functional Analysis of Two Different nodD Genes 
in Bradyrhizobium japonicum USDA110.” Molecular Plant Microbe 
Interactions 5: 257–265.

Gysel, K., M. Laursen, M. B. Thygesen, et al. 2021. “Kinetic Proofreading 
of Lipochitooligosaccharides Determines Signal Activation of Symbiotic 
Plant Receptors.” Proceedings of the National Academy of Sciences 118: 
e2111031118.

Hartwig, U. A., C. A. Maxwell, C. M. Joseph, and D. A. Phillips. 
1990. “Effects of Alfalfa Nod Gene-Inducing Flavonoids on nodABC 
Transcription in Rhizobium meliloti Strains Containing Different nodD 
Genes.” Journal of Bacteriology 172: 2769–2773.

Haskett, T. L. 2018. “Discovery and Characterisation of Tripartite 
Integrative & Conjugative Elements.” PhD, Murdoch Univerisity.

Haskett, T. L., B. A. Geddes, P. Paramasivan, et al. 2022b. “Rhizopine 
Biosensors for Plant-Dependent Control of Bacterial Gene Expression.” 
Environmental Microbiology 25: 383–396.

Haskett, T. L., H. E. Knights, B. Jorrin, M. D. Mendes, and P. S. Poole. 
2021. “A Simple In  Situ Assay to Assess Plant-Associative Bacterial 
Nitrogenase Activity.” Frontiers in Microbiology 12: 690439.

Haskett, T. L., P. Paramasivan, M. D. Mendes, et al. 2022a. “Engineered 
Plant Control of Associative Nitrogen Fixation.” Proceedings of the 
National Academy of Sciences 119: e2117465119.

Hawkins, J. S., S. Wong, J. M. Peters, R. Almeida, and L. S. Qi. 2015. 
“Targeted Transcriptional Repression in Bacteria Using CRISPR 
Interference (CRISPRi).” Methods in Molecular Biology 1311: 349–362.

Hill, Y., E. Colombi, E. Bonello, et  al. 2021. “Evolution of Diverse 
Effective N2-Fixing Microsymbionts of Cicer arietinum Following 
Horizontal Transfer of the Mesorhizobium ciceri CC1192 Symbiosis 
Integrative and Conjugative Element.” Applied and Environmental 
Microbiology 87: e02558-20.

Huang, T., X. Ju, and H. Yang. 2017. “Nitrate Leaching in a Winter 
Wheat-Summer Maize Rotation on a Calcareous Soil as Affected by 
Nitrogen and Straw Management.” Scientific Reports 7: 42247.

Jones, K. M., H. Kobayashi, B. W. Davies, M. E. Taga, and G. C. Walker. 
2007. “How Rhizobial Symbionts Invade Plants: The Sinorhizobium-
Medicago Model.” Nature Reviews Microbiology 5: 619–633.

Kamboj, D. V., R. Bhatia, D. V. Pathak, and P. K. Sharma. 2010. “Role 
of nodD Gene Product and Flavonoid Interactions in Induction of 
Nodulation Genes in Mesorhizobium ciceri.” Physiology and Molecular 
Biology of Plants 16: 69–77.

Karunakaran, R., V. K. Ramachandran, J. C. Seaman, et  al. 2009. 
“Transcriptomic Analysis of Rhizobium leguminosarum Biovar Viciae 
in Symbiosis With Host Plants Pisum Sativum and Vicia cracca.” 
Journal of Bacteriology 191: 4002–4014.

Kelly, S., J. T. Sullivan, Y. Kawaharada, S. Radutoiu, C. W. Ronson, and J. 
Stougaard. 2018. “Regulation of Nod Factor Biosynthesis by Alternative 
NodD Proteins at Distinct Stages of Symbiosis Provides Additional 
Compatibility Scrutiny.” Environmental Microbiology 20: 97–110.

Kim, Y.-M., M. Hidaka, H. Masaki, T. Beppu, and T. Uozumi. 1989. 
“Constitutive Expression of Nitrogenase System in Klebsiella oxytoca by 
Gene Targeting Mutation to the Chromosomal nifLA Operon.” Journal 
of Biotechnology 10: 293–301.

Kiss, E., P. Mergaert, B. Olàh, et al. 1998. “Conservation of noIR in the 
Sinorhizobium and Rhizobium Genera of the Rhizobiaceae Family.” 
Molecular Plant-Microbe Interactions 11: 1186–1195.

Kondorosi, E., J. Gyuris, J. Schmidt, et al. 1989. “Positive and Negative 
Control of Nod Gene Expression in Rhizobium meliloti Is Required for 
Optimal Nodulation.” EMBO Journal 8: 1331–1340.

Kondorosi, E., M. Pierre, M. Cren, et al. 1991. “Identification of NolR, a 
Negative Transacting Factor Controlling the Nod Regulon in Rhizobium 
meliloti.” Journal of Molecular Biology 222: 885–896.

Kosslak, R. M., R. Bookland, J. Barkei, H. E. Paaren, and E. R. 
Appelbaum. 1987. “Induction of Bradyrhizobium japonicum Common 
Nod Genes by Isoflavones Isolated From Glycine max.” Proceedings of 
the National Academy of Sciences 84: 7428–7432.

Kostiuk, N. V., M. B. Belyakova, D. Leshchenko, M. V. Miniaev, M. B. 
Petrova, and E. A. Kharitonova. 2013. “Structural Characterization of 
the NodD Transcription Factor.” American Journal of Bioinformatics 
Research 3: 35–41.

Krönauer, C., and S. Radutoiu. 2021. “Understanding Nod Factor 
Signalling Paves the Way for Targeted Engineering in Legumes and 
Non-legumes.” Current Opinion in Plant Biology 62: 102026.

Masson-Boivin, C., E. Giraud, X. Perret, and J. Batut. 2009. “Establishing 
Nitrogen-Fixing Symbiosis With Legumes: How Many Rhizobium 
Recipes?” Trends in Microbiology 17: 458–466.

McIver, J., M. A. Djordjevic, J. J. Weinman, G. L. Bender, and B. G. 
Rolfe. 1989. “Extension of Host Range of Rhizobium leguminosarum Bv. 
Trifolii Caused by Point Mutations in nodD That Result in Alterations in 
Regulatory Function and Recognition of Inducer Molecules.” Molecular 
Plant Microbe Interactions 2: 97–106.

Mitsch, M. J., G. C. diCenzo, A. Cowie, and T. M. Finan. 2018. 
“Succinate Transport Is Not Essential for Symbiotic Nitrogen Fixation 
by Sinorhizobium meliloti or Rhizobium leguminosarum.” Applied and 
Environmental Microbiology 84: e01561–17.



11 of 11

Murray, J. D. 2011. “Invasion by Invitation: Rhizobial Infection in 
Legumes.” Molecular Plant-Microbe Interactions 24: 631–639.

Oldroyd, G. E. D., and R. Dixon. 2014. “Biotechnological Solutions to the 
Nitrogen Problem.” Current Opinion in Biotechnology 26: 19–24.

Peck, M. C., R. F. Fisher, R. Bliss, and S. R. Long. 2013. “Isolation and 
Characterization of Mutant Sinorhizobium meliloti NodD1 Proteins 
With Altered Responses to Luteolin.” Journal of Bacteriology 195: 
3714–3723.

Peck, M. C., R. F. Fisher, and S. R. Long. 2006. “Diverse Flavonoids 
Stimulate NodD1 Binding to Nod Gene Promoters in Sinorhizobium me-
liloti.” Journal of Bacteriology 188: 5417–5427.

Phillips, D. A., C. M. Joseph, and C. A. Maxwell. 1992. “Trigonelline 
and Stachydrine Released From Alfalfa Seeds Activate NodD2 Protein 
in Rhizobium meliloti.” Plant Physiology 99: 1526–1531.

Poole, P., V. Ramachandran, and J. Terpolilli. 2018. “Rhizobia: From 
Saprophytes to Endosymbionts.” Nature Reviews Microbiology 16: 
291–303.

Poole, P. S., N. A. Schofield, C. J. Reid, E. M. Drew, and D. L. 
Walshaw. 1994. “Identification of Chromosomal Genes Located 
Downstream of dctD That Affect the Requirement for Calcium and the 
Lipopolysaccharide Layer of Rhizobium leguminosarum.” Microbiology 
140, no. Pt 10: 2797–2809.

Ramachandran, V. K., A. K. East, R. Karunakaran, J. A. Downie, and 
P. S. Poole. 2011. “Adaptation of Rhizobium leguminosarum to Pea, 
Alfalfa and Sugar Beet Rhizospheres Investigated by Comparative 
Transcriptomics.” Genome Biology 12: R106.

Ramsay, J. P. 2013. “High-Throughput β-Galactosidase and β-
Glucuronidase Assays Using Fluorogenic Substrates.” Bio-Protocol 3: 
e827.

Rogers, C., and G. E. Oldroyd. 2014. “Synthetic Biology Approaches to 
Engineering the Nitrogen Symbiosis in Cereals.” Journal of Experimental 
Botany 65: 1939–1946.

Ruiz-Sainz, J. E. C., M. R. Chandler, R. Jiminez-Diaz, and J. E. Beringer. 
1984. “Transfer of a Host Range Plasmid From Rhizobium legumino-
sarum to Fast-Growing Bacteria That Nodulate Soybeans.” Journal of 
Applied Bacteriology 57: 309–315.

Ryu, M. H., J. Zhang, T. Toth, et al. 2020. “Control of Nitrogen Fixation 
in Bacteria That Associate With Cereals.” Nature Microbiology 5: 
314–330.

Schlaman, H. R., B. Horvath, E. Vijgenboom, R. J. Okker, and B. J. 
Lugtenberg. 1991. “Suppression of Nodulation Gene Expression in 
Bacteroids of Rhizobium leguminosarum Biovar Viciae.” Journal of 
Bacteriology 173: 4277–4287.

Schlaman, H. R., B. J. Lugtenberg, and R. J. Okker. 1992. “The NodD 
Protein Does Not Bind to the Promoters of Inducible Nodulation Genes 
in Extracts of Bacteroids of Rhizobium leguminosarum Biovar Viciae.” 
Journal of Bacteriology 174: 6109–6116.

Schlaman, H. R., R. J. Okker, and B. J. Lugtenberg. 1992. “Regulation 
of Nodulation Gene Expression by NodD in Rhizobia.” Journal of 
Bacteriology 174: 5177–5182.

Shcherbak, I., N. Millar, and G. P. Robertson. 2014. “Global Metaanalysis 
of the Nonlinear Response of Soil Nitrous Oxide (N2O) Emissions to 
Fertilizer Nitrogen.” Proceedings of the National Academy of Sciences 
111: 9199–9204.

Spaink, H. P., C. A. Wijffelman, E. Pees, R. J. H. Okker, and B. J. J. 
Lugtenberg. 1987. “Rhizobium Nodulation Gene nodD as a Determinant 
of Host Specificity.” Nature 328: 337–340.

Sugawara, M., and M. J. Sadowsky. 2014. “Enhanced Nodulation 
and Nodule Development by nolR Mutants of Sinorhizobium medi-
cae on Specific Medicago Host Genotypes.” Molecular Plant Microbe 
Interactions 27: 328–335.

Sullivan, J. T., and C. W. Ronson. 1998. “Evolution of Rhizobia by 
Acquisition of a 500-Kb Symbiosis Island That Integrates Into a Phe-
tRNA Gene.” Proceedings of the National Academy of Sciences 95: 
5145–5149.

Swanson, J. A., J. T. Mulligan, and S. R. Long. 1993. “Regulation of syrM 
and nodD3 in Rhizobium meliloti.” Genetics 134: 435–444.

Team RC. 2021. R: A Language and Environment for Statistical 
Computing. Vienna, Austria: R Foundation for Statistical Computing. 
http://​www.​R-​proje​ct.​org/​.

Temme, K., D. Zhao, and C. A. Voigt. 2012. “Refactoring the Nitrogen 
Fixation Gene Cluster From Klebsiella oxytoca.” Proceedings of the 
National Academy of Sciences 109: 7085–7090.

Tian, D., and S. Niu. 2015. “A Global Analysis of Soil Acidification 
Caused by Nitrogen Addition.” Environmental Research Letters 10: 
024019.

Vinardell, J. M., F. J. López-Baena, A. Hidalgo, et al. 2004. “The Effect 
of FITA Mutations on the Symbiotic Properties of Sinorhizobium fredii 
Varies in a Chromosomal-Background-Dependent Manner.” Archives of 
Microbiology 181: 144–154.

Wang, D., S. Yang, F. Tang, and H. Zhu. 2012. “Symbiosis Specificity in 
the Legume – Rhizobial Mutualism.” Cellular Microbiology 14: 334–342.

Yang, J., L. Lan, Y. Jin, N. Yu, D. Wang, and E. Wang. 2022. “Mechanisms 
Underlying Legume–Rhizobium Symbioses.” Journal of Integrative 
Plant Biology 64: 244–267.

Zhang, J., S. Subramanian, G. Stacey, and O. Yu. 2009. “Flavones and 
Flavonols Play Distinct Critical Roles During Nodulation of Medicago 
truncatula by Sinorhizobium meliloti.” Plant Journal 57: 171–183.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section.

http://www.r-project.org/

	Regulation of Rhizobial Nodulation Genes by Flavonoid-Independent NodD Supports Nitrogen-Fixing Symbioses With Legumes
	ABSTRACT
	1   |   Introduction
	2   |   Results
	2.1   |   Generation of Class IV NodD Mutations by Random Mutagenesis
	2.2   |   The NodD HTH-LH Domains Exhibit Flavonoid-Independent Activity
	2.3   |   Transcriptional Control of Flavonoid-Independent nodD Regulators
	2.4   |   Constitutive Expression of nodDFI Supports Nitrogen-Fixing Symbiosis With Pea
	2.5   |   Constitutive Expression of nodD3 Supports Nitrogen-Fixing Symbiosis With Medicago

	3   |   Discussion
	4   |   Materials and Methods
	4.1   |   Bacterial Strains and Plasmids
	4.2   |   Hydroxylamine Mutagenesis and Screening of nodD Mutations
	4.3   |   Reporter Assays
	4.4   |   Plant Experiments
	4.5   |   Statistical Data Analysis

	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References


