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Symbiosis between Rhizobium leguminosarum and Pisum sati-
vum requires tight control of redox balance in order to main-
tain respiration under the microaerobic conditions required
for nitrogenase while still producing the eight electrons and
sixteen molecules of ATP needed for nitrogen fixation. Fix-
ABCX, a cluster of electron transfer flavoproteins essential
for nitrogen fixation, is encoded on the Sym plasmid (pRL10),
immediately upstream of nifA, which encodes the general
transcriptional regulator of nitrogen fixation. There is a sym-
biotically regulated NifA-dependent promoter upstream of
fixA (PnifA1), as well as an additional basal constitutive pro-
moter driving background expression of nifA (PnifA2). These
were confirmed by 59-end mapping of transcription start sites
using differential RNA-seq. Complementation of polar fixAB
and fixX mutants (Fix− strains) confirmed expression of nifA
from PnifA1 in symbiosis. Electron microscopy combined
with single-cell Raman microspectroscopy characterization of
fixAB mutants revealed previously unknown heterogeneity in
bacteroid morphology within a single nodule. Two morpho-
types of mutant fixAB bacteroids were observed. One was
larger than wild-type bacteroids and contained high levels of
polyhydroxy-3-butyrate, a complex energy/reductant storage
product. A second bacteroid phenotype was morphologically
and compositionally different and resembled wild-type infec-
tion thread cells. From these two characteristic fixAB mutant
bacteroid morphotypes, inferences can be drawn on the
metabolism of wild-type nitrogen-fixing bacteroids.

Keywords: bacteroid morphology, dRNA-seq, electron transfer
flavoproteins, fixABCX, NifA regulation, nitrogen fixation, PHB,
polyhydroxy-3-butyrate, redox balance, Rhizobium leguminosarum
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Nitrogen fixation by Rhizobium-legume symbioses provide a
significant fraction of the biologically available nitrogen in the
biosphere, making it agronomically and ecologically important.
Inside nodules on legume roots, dinitrogen is reduced to ammo-
nium by specialized bacterial cells (bacteroids) (Udvardi and
Poole 2013). Upon bacterial infection of legumes such as pea,
rhizobia enter the host via plant-derived infection threads before
release into plant cells and terminal differentiation into bacteroids.
Bacteroid differentiation is accompanied by morphological and
transcriptional changes as the bacteria change shape and increase
in size (Mergaert et al. 2006), undergoing genome endoreduplica-
tion to become polyploid. Expression of bacterial genes involved
in motility and cell division is down-regulated, while expression
of those involved in nitrogen fixation is up-regulated (Barnett
et al. 2004; Becker et al. 2004; Karunakaran et al. 2009; Tsukada
et al. 2009). Most genes required for successful symbiosis, nodu-
lation (nod), and nitrogen fixation (nif and fix) are clustered on a
symbiotic plasmid (pSym) or on the chromosome as genomic
islands, the genetic organization of which varies between bacte-
rial strains and host plants (Finan 2002; Poole et al. 2018)
The genes in the fixABCX cluster, encoded on pSym or on

symbiotic islands, are widely distributed in rhizobia and have
been shown to be essential for nitrogen fixation in several rhizo-
bia, including Ensifer meliloti (Batut et al. 1985; Dusha et al.
1987; Earl et al. 1987; Hirsch and Smith 1987), Bradyrhizobium
japonicum (Gubler et al. 1989), and Azorhizobium caulinodans
(Kaminski et al. 1988). FixA and FixB show homology to the b
and a subunits, respectively, of mammalian electron transfer fla-
voproteins (ETFs) (Arigoni et al. 1991; Tsai and Saier 1995),
while FixCX shows homology to the ETF cognate acceptor
ETF-quinone oxidase (ETF-QO) (Edgren and Nordlund 2006;
Watmough and Frerman 2010). ETF-QO proteins typically pass
electrons onwards to terminal electron acceptors and are highly
conserved across the kingdoms of life. It has been suggested
that FixABCX is involved in electron transfer to nitrogenase
(Terpolilli et al. 2016) and has been shown experimentally that
purified FixABCX from Azotobacter vinelandii bifurcates
electrons from NADH to flavodoxin and coenzyme Q (CoQ)
(Ledbetter et al. 2017). Electron bifurcation from a two-electron
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donor flavin adenine dinucleotide to a single electron high-
potential acceptor CoQ as well as a single low-potential acceptor
(flavodoxin or, potentially, ferredoxin), makes the overall reac-
tion energetically favorable (Lubner et al. 2017; Weghoff et al.
2015). A variety of electron transfer pathways to nitrogenase are
found in the genomes of diazotrophs (Garcia Costas et al. 2017;
Poudel et al. 2018). Within nitrogen-fixing bacteroids, the high
electron requirement of nitrogen fixation requires careful coordi-
nation with other cellular processes to maintain the correct redox
balance. Carbon storage sinks, such as polyhydroxy-3-butyrate
(PHB), glycogen, and lipids, have an important role in maintain-
ing redox balance (Lodwig et al. 2005; Terpolilli et al. 2016).
The NifA transcription factor, which coordinates the expres-

sion of components of the nitrogen-fixation machinery, is essen-
tial for symbiosis across rhizobial species (Fischer et al. 1986;
Hirsch and Smith 1987; Labes et al. 1993). NifA is a member of
the enhancer-binding protein family and acts together with its
cognate sigma factor (r54) RpoN (Salazar et al. 2010; Sullivan
et al. 2013). The NifA-RpoN regulon acts on −24/−12 type
promoters recognizing canonical upstream activator sequences
(UAS) bound by NifA (59-TGT-N10-ACA-39). In Rhizobium
leguminosarum bv. viciae, many genes on pSym, including those
encoding nitrogenase (NifHDK) and the electron transfer protein
cluster FixABCX, are under NifA control (Agron et al. 1992;
Salazar et al. 2010), with nifH and fixA among the most highly
upregulated genes in mature bacteroids compared with free-living
bacteria (Karunakaran et al. 2009). Also under NifA control are
genes of pathways less directly involved with symbiosis and are
often strain- or species-specific, e.g., uptake hydrogenases (Brito
et al. 1997) and rhizopine synthesis (Heinrich et al. 2001).
The microaerobic conditions found in nodules are needed for

optimum functioning of the oxygen-labile nitrogenase and are
facilitated by the presence of the oxygen-binding protein leghe-
moglobin (Ott et al. 2005). Rhizobia exhibit tight oxygen-
dependent control of expression of genes involved in nitrogen
fixation, the final stages of which are mediated by NifA (Rutten
and Poole 2019). Regulation of NifA occurs at both the tran-
scriptional level and through modulation of its activity posttran-
scriptionally, although this varies depending on the rhizobial
species (Rutten and Poole 2019). In Ensifer meliloti, there is
transcriptional control of nifA through an oxygen-responsive reg-
ulator cascade consisting of FixLJ-FixK (David et al. 1988;
Ditta et al. 1987). In Ensifer meliloti, there is a FixJ binding site
immediately upstream of nifA (Ferri�eres and Kahn 2002) that
enables partial expression of nifA under low oxygen concentra-
tions in laboratory cultures. In Bradyrhizobium japonicum, nifA
expression is not regulated by FixLJ but, instead, by the redox-
responsive RegS-RegR system (Bauer et al. 1998; Lindemann
et al. 2007). R. leguminosarum bv. viciae has a different regula-
tory cascade consisting of hFixL-FxkR and FixK (Zamorano-
S�anchez et al. 2012). It also employs an additional oxygen-
responsive protein, FnrN, that is essential for nitrogen fixation
(Guti�errez et al. 1997). However, there are no binding sites
upstream of nifA to indicate it is regulated by either hFixL-FxkR
or FnrN in R. leguminosarum. This begs the question how is
nifA expression kick-started? Studies on expression of nifA in R.
leguminosarum bv. viciae UPM791 showed that, under symbi-
otic conditions, a 5.1-kb mRNA is generated covering the gene
cluster orf71 orf79 fixW orf5 fixABCX nifAB (Mart�ınez et al.
2004). The transcription start site (TSS) was experimentally
determined to be upstream of orf71, and an RpoN-dependent
promoter including the NifA UAS (91 bp upstream of transcrip-
tion start) was mapped (PnifA1). A second promoter (PnifA2) pro-
viding basal levels of nifA expression and lying upstream of the
fix-nifA intergenic region (IGR) was postulated by Mart�ınez et al.
(2004).

We observed that, in R. leguminosarum bv. viciae 3841
(Rlv3841), nifA expression is strongly upregulated during symbi-
osis compared with that in free-living bacteria (Karunakaran
et al. 2009). We also demonstrate that there is autoregulation of
nifA expression from a promoter upstream of the putative fix-
ABCX operon during symbiosis with its host, Pisum sativum.
Under free-living conditions, we can detect oxygen-independent
basal expression, possibly from one or more promoters within
fixC, and show that, during symbiosis, this basal expression is
sufficient to maintain nitrogen fixation, albeit at a reduced rate.
We have investigated the effects of fixABCX mutations in
Rlv3841, confirming that these genes have an essential role in
nitrogen-fixing symbiosis with its host P. sativum. Ultrastruc-
tural analysis of these Fix− bacteroids show changes during
development that lead to heterogeneous bacteroids within nod-
ules, differing in morphology and composition. These ultrastruc-
tural studies are supported by biochemical characterization of
these two cell phenotypes by single-cell Raman microspectro-
scopy (SCRM). Implications for the metabolism of bacteroid
storage compounds are explored.

RESULTS

Promoters are present in the fixABCXnifAB region
upstream of fixA and nifA.
In Rlv3841, the fixABCX cluster (pRL100200 to pRL100197)

is located upstream of nifA (pRL10196), with pRL100201,
divergently transcribed from pRL100200, lying 1,070 bp
upstream (Fig. 1). The organization of this cluster on Rlv3841s
pSym plasmid is different from that of the well-studied R. legu-
minosarum UPM791 (Mart�ınez et al. 2004), with Rlv3841 lack-
ing orf71 orf79 fixW and orf5 immediately upstream of fixA.
From sequence analysis, it is apparent that the first gene in the
fixABCX cluster, fixA, has two upstream putative UAS (59-TGT-
N10-ACA-39) at positions −725 (distal) and −148 (proximal) as
well as one putative RpoN-binding site (59-TGGCAC-N6-
TGCT-39) at −68 (Fig. 1B) (Salazar et al. 2010). To investigate
this IGR, it was cloned in its entirety, as well as different trun-
cated versions lacking the putative UAS and RpoN-binding
sites, upstream of a promoterless luxCDABE cluster in the Lux
bioreporter plasmid pIJ11268 (Frederix et al. 2014). Potential
promoter regions PfixA.1 to PfixA.6 (Fig. 1B) were cloned, giv-
ing plasmids pPfixA.1 to pPfixA.6 (Supplementary Table S1),
and were conjugated into wild-type Rlv3841. During free-living
bacterial growth in rich medium (tryptone yeast [TY]) under
aerobic conditions, of these potential promoters, PfixA.6 showed
no luminescence above background at either 21 or 1% O2, while
luminescence of PfixA.1 to PfixA.5 (< 0.5 × 103 relative lumines-
cence units per optical density at 595 nm [RLU/OD595]) was >2
orders of magnitude lower than the positive control (Pneo)
(approximately 0.5 to 2 × 105 RLU/OD595nm) (Fig. 1C). How-
ever, in pea nodules (in planta) PfixA.1 expression (approxi-
mately 2.5 × 103 counts per second per nodule [cps/nodule])
was as high as the Pneo positive control (Fig. 1D). This result
agrees with previous microarray analyses showing that fixA is
expressed only during symbiosis and not during free-living
growth (Karunakaran et al. 2009). Both the proximal (−148)
UAS and the single (−68) RpoN-binding sites were required for
promoter activity in bacteroids, as their deletion in PfixA.5 and
PfixA.6, respectively, abolished luminescence. Interestingly,
regions lacking the distal (−725) UAS site (PfixA.2, PfixA.3, and
PfixA.4, approximately 6 × 104 to 1.1 × 105 cps/nodule) gave
higher luminescence than the full-length PfixA.1, suggesting
competitive effects between these two UASs or a change in
topology of the plasmid-cloned fragment leading to changes
in expression. This distal UAS may be involved in regulation
of the divergent gene (pRL100201, encoding a nonessential
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uncharacterized protein) that has been shown to be highly
expressed under symbiotic conditions (Karunakaran et al. 2009).
Expression from PfixA.3 is lower than from PfixA.4, suggesting
that the region from −709 to −175 may facilitate NifA binding
or have additional regulatory effects. However, PfixA.3 (283 bp)
defines the minimal region needed for at least wild-type levels
of fixA expression (Fig. 1).

Previous studies in R. leguminosarum UPM791 mapped the
main NifA-regulated promoter PnifA1 to a location upstream of
orf71 within the gene cluster containing nifA (Mart�ınez et al.
2004). Although Rlv3841 gene organization is different (lacking
the four genes upstream of UPM791 fixA) the nucleotide
sequence of the 250 bp directly upstream of Rlv3841 fixA shows
99.95% identity to the region upstream of orf71 in UPM791,

Fig. 1. Genetic map of fixABCX and nifA gene clusters and investigation of the promoter activity of the region upstream of fixABCX. A, Genetic map of
fixABCX and nifA on pRL10 of Rlv3841. Transcription start sites (TSS) are indicated with a filled arrow for primary start sites and an empty arrow for
secondary start sites. The position of the TSS labeled with a gray arrow (−43 bp) is given relative to the fixA open reading frame (ORF), while the posi-
tions of the TSS indicated by numbered red arrows are given relative to the nifA ORF. B, The intergenic region between pRL100201 and fixA harboring
two upstream putative upstream activator sequence sites (59-TGT-N10-ACA-39), indicated by red boxes at positions −725 and −148, and one putative
RpoN-binding site (59-TGGCAC-N6-TGCT-39), indicated by a blue box at −68 (positions relative to the start site of nifA). The hatched area indicates a
250-bp region showing 99.95% identity to that sequenced by Mart�ınez et al. (2004), despite being in a different location. The minimal 175-bp region
identified to drive expression of fixA is shown with a blue rectangle. Lines below indicate fragments from the Rlv3841 genome cloned to assess pro-
moter activity (PfixA.1 to PfixA.6), with line breaks indicating that 16 bp of the corresponding binding site have been deleted. The table indicates coordi-
nates and sizes of these fragments. C, Maximum specific luminescence (relative luminescence units per optical density at 595 nm [RLU/OD595]) driven
by fragments PfixA.1 to PfixA.6 in free-living cells, with the cloned Pneo (constitutive promoter) as a positive control and the empty vector as a negative
control. Assays performed in free-living cultures grown at 21% O2 and 1% O2. Values are the mean ± standard error of the mean (SEM), expressed as
RLU/OD595. Biological replicates: n = 9 for 21% O2, n = 6 for 1% O2. D, Nodule mean luminescence driven by fragments PfixA.1 to PfixA.6 in pea nod-
ules at 21 days postinoculation, with the same controls as C; luminescence values expressed as relative counts per second per nodule (cps/nodule) ±
SEM, n = 30 to 70.
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including the RpoN- and UAS sites (Mart�ınez et al. 2004)
(Fig. 1A).
Differential RNA-seq (dRNA-seq) was performed on

Rlv3841 at different growth and developmental stages, i.e., free-
living growth in 14 different media, in the rhizosphere of peas
and as bacteroids, from the base, body, and tips of pea nodules
at 28 days postinoculation (dpi), allowing the mapping of TSSs.
The results and TSSs identified within this region of pRL10 are
shown in Table 1. Upstream of fixA at position −43 bp, there is
a TSS in samples from the body and tips of 28-dpi nodules
(Fig. 1A; Table 1). This agrees very well with the location of
the transcription initiation site of the UPM791 PnifA1 promoter
(Mart�ınez et al. 2004), which lies only 2 nt further upstream.
We designated this Rlv3841 promoter PnifA1 to maintain consis-
tency of nomenclature.
However, this leaves the question of whether, as in UPM791,

there is also a basal promoter upstream of nifA enabling low-
level background expression that can be upregulated in the nod-
ule when required (possibly triggered by low O2). In UPM791,
PnifA2 was mapped to the fixX-nifA IGR upstream of nifA
(Mart�ınez et al. 2004). It is possible that this replaces FixK regu-
lation of nifA, which is observed in Ensifer meliloti but absent
from R. leguminosarum (David et al. 1988; Ditta et al. 1987).
To answer this, several regions of DNA immediately upstream
of nifA (PnifA.1 to PnifA.6) were cloned in the Lux reporter
plasmid pIJ1268 (Fig. 2A). The largest fragment cloned,
PnifA.1, gave significant luminescence compared with back-
ground in free-living conditions at 21% O2 (approximately 2.5 ×
104 RLU/OD595) (Fig. 2B). This contrasts with previous studies
in R. leguminosarum UPM791 showing expression only within
nodules (Mart�ınez et al. 2004). In free-living Ensifer meliloti
cells, nifA expression is induced by a microaerobic environment
(Ditta et al. 1987), so luminescence was measured at 1% O2 to
determine whether nifA expression in Rlv3841 is affected by the
oxygen tension. No significant difference is seen between the
luminescence driven by cloned PnifA.1, PnifA.2, PnifA.5, and
PnifA.6 at 21 and 1% O2 (2 × 104 to 3 × 104 RLU/OD595),
while luminescence is lower (<1 × 104 RLU/OD595) for PnifA.3
and PnifA.4 (Fig. 2B). This would suggest that PnifA.3 and
PnifA.4 lack some signal for expression present in the other
cloned fragments. From examining their sequence (Fig. 2A), it
is not readily apparent what this might be; although PnifA.4 is
the smallest fragment, PnifA.3 is larger than both PnifA.5 and
PnifA.6, which show activity (Fig. 2B and C), and PnifA.3

through PnifA.6 all contain the TSS at −177 bp (Fig. 2A).
Although further experiments could be performed at even lower
O2 concentrations in vitro, R. leguminosarum grows only poorly
under such conditions and we moved on to examining biologi-
cally relevant expression in planta. Luminescence was measured
in bacteroids from pea nodules at 28 dpi (Fig. 2C). Levels of
luminescence from PnifA.1 to PnifA.6 (<1 × 103 cps/nodule
[Fig. 2C]) are up to 12-fold lower than those from the cloned
fragments PfixA.1 to PfixA.4 (up to 1.1 × 104 cps/nodule [Fig.
1C]), showing that PnifA promoters (cloned regions immediately
upstream of nifA) are much less active than PfixA promoters
(cloned regions immediately upstream of fixA) during symbiosis.
This is consistent with the entire putative fixABCXnifAB operon
being autoregulated by NifA binding to PnifA1 (with TSS at −43
bp [Fig. 1]) during symbiosis, with some, potentially constitu-
tive, nifA expression driven from the fixX-nifA IGR.
From the dRNA-seq data, transcription initiating at −177 bp

upstream of nifA (within the fixX-nifA IGR) was found in the
free-living pooled samples and in the nodule base (Table 1).
Transcription starting at this site can explain the luminescence in
free-living bacteria driven by cloned PnifA.1 to PnifA.6. For con-
sistency with Mart�ınez et al. (2004), we can make a tentative
assignment of the TSS upstream of nifA at −177 bp as PnifA2
(Figs. 1A and 2A). Examination of the nucleotide sequence
upstream of PnifA2 shows potential −35 and −10 RpoD-binding
sites (Supplementary Fig. S1) with similarity to the Rlv3841 con-
sensus, 59-TTGNNN-N16-CNANNT-39, predicted from genome-
wide TSS analysis. Only the first two nucleotides (TT) in the
−35 are present, although there is excellent consensus
(59-CNANNT-39) in the −10 region and in the spacing between
them (-N16-), but, overall, the lack of a clear −35 consensus
would contribute to poor recognition and unstable binding, lead-
ing to low-level transcription by RpoD. Other TSSs were identi-
fied by dRNA-seq in Rlv3841 (Table 1). A secondary TSS at
−757 bp (within the coding region of fixC [Fig. 2A]) is seen only
in the combined sample (but is statistically significant by both
analytical methods), suggesting it is active, albeit at a lower
level, as it fails to be statistically relevant under any specific con-
dition. It may be that expression from this TSS is responsible
for the higher luminescence driven by PfixA.1 and PfixA.2 in
nodules (Fig. 2C), as these cloned fragments are the only ones
that contain this TSS (Fig. 2A). Two further secondary TSSs
were identified at −1,494 (inside fixC) and −3,467 bp (inside
fixA) (Fig. 2A) in the combined sample by TSSAR (Amman et al.

Table 1. Differential RNA-seq used to predict transcription start sites (TSS) in samples of Rlv3841w

Typex/TSS (pRL10)/
Relative distance

from gene start (bp) Gene

TSSer

TSSAR
Combined

Free-living
mixedy Rhizosphere

Nodule area 28 dpi

CombinedzTips Body Base

Primary
201896 −43 fixA X X X X
198227 −177 nifA X X X X

Secondary
198807 −757 nifA X X
199544 −1,494 nifA X
201517 −3,467 nifA X

wMethods used for analysis were TSSer (Jorjani and Zavolan 2014) and TSSAR (Amman et al. 2014), as described by Rutten et al. (2021). dpi = days
postinoculation.

x A gene has a primary or main TSS and may have one or more secondary or condition-specific TSS.
y Free-living mixed sample is from bacteria grown in 14 different media or conditions as follows: tryptone yeast, acid minimal salts (AMS) 20 mM
succinate 10 mM ammonia, AMS 10 mM glucose 10 mM ammonia, AMS 10 mM mannitol 10 mM ammonia, AMS 30 mM pyruvate 10 mM
ammonia, AMS 10 mM arabinose 10 mM ammonia, AMS 10 mM inositol 10 mM ammonia, AMS 3 mM protocatechuate 10 mM ammonia, AMS
3 mM catechol 10 mM ammonia, AMS 10 mM glucose 5 mM phenylalanine 5 mM NH4Cl, AMS 10 mM glucose 10 mM ammonia, pH 5.75, AMS
10 mM glucose 10 mM ammonia grown in steady state at 0.1% O2, AMS 10 mM glucose 10 mM ammonia 100 mM NaCl, AMS 10 mM glucose
10 mM ammonia 100 lM H2O2.

z Data from all samples combined before bioinformatic analysis.
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2014) (Table 1). No obvious promoter consensus sequences are
apparent in alignment of nucleotides upstream of secondary TSS
at −757, −1,494, and −3,467 bp (Supplementary Fig. S1).

The fixABCX operon is essential for nitrogen fixation.
Once expression of the fixABCX operon was characterized

under free-living and symbiotic conditions, we analyzed the role
of this cluster in symbiosis with P. sativum by generating
mutants. Mutants in fixAB (LMB771, fixAB::XSpec) and fixX
(LMB829, fixX::XSpec) were constructed by inserting an omega
spectinomycin (XSpec) cassette, which has a polar effect on the
expression of downstream genes. Nonpolar in-frame deletion
mutants were made in fixAB (LMB777, DfixAB), fixC
(OPS0280, DfixC), and fixX (OPS0469, DfixX) (cloning details
are provided in Supplementary Figure S2 and strain specifica-
tions in Supplementary Table S1). As measured in plants by

acetylene reduction at 28 dpi, all mutants demonstrated a Nod+

Fix− phenotype compared with wild-type Rlv3841 (Table 2; Fig.
3A through F). At 28 dpi, plants inoculated with these fix
mutants were stunted and chlorotic, due to lack of nitrogen fixa-
tion, and the nodules from these nonfixing mutants were small
and white, due to the lack of plant-derived leghemoglobin (Fig.
3H through L). Using light microscopy, nodule sections stained
with toluidine blue showed that the nodules from the fixAB
mutant were noticeably stunted (0.5 to 1 mm) compared with
wild-type (2 to 3 mm), with fewer plant cells accommodating
bacteroids (Supplementary Figs. S3 and S4).
To confirm genetic linkage of the observed phenotypes with

the corresponding gene mutations, complementation experiments
were performed with plasmids based on pJP2 (Prell et al. 2002).
The stability of this plasmid allows consistent gene expression in
planta. Plasmid pJP2 is a mini-RK2 derivative with a low copy

Fig. 2. Investigation of promoter activity in the region upstream of nifA. A, Map of genes immediately upstream of nifA in Rlv3841. Transcription start
sites (TSS) are indicated by red arrows; filled arrows for primary start sites and empty arrows for secondary start sites with numbers indicating the coor-
dinates relative to the first base of the nifA open reading frame (ORF). The lines below indicate the fragments cloned from the Rlv3841 genome to assess
promoter activity (PnifA.1 to PnifA.6), with line breaks indicating deletion of fixX (296 bp deleted). The table indicates the coordinates relative to the
start site of the nifA ORF and the sizes of cloned fragments. B, Maximum specific luminescence (relative luminescence units per optical density at 595
nm [RLU/OD595]) driven by fragments PnifA.1 to PnifA.6 cloned upstream of luxCDABE, in free-living bacterial cultures. Pneo (a constitutive promoter)
was the positive control and an empty vector was the negative control. Assays done in free-living cultures grown at 21% O2 and 1% O2; values
expressed in RLU/OD595 ± standard error of the mean (SEM). n = 3. C, Nodule mean luminescence (counts per second per nodule [cps/nodule]) driven
by fragments PnifA.1 to PnifA.6 cloned upstream of luxCDABE in pea nodules at 21 days postinoculation, with the same positive and negative controls
used in B; luminescence expressed as cps/nodule ± SEM, n = 30 to 70.
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number of three to seven copies per cell in gram-negative bacteria
(K€ues and Stahl 1989). Plasmid pLMB811 contains cloned fixAB
and pLMB826 contains fixABCX, in both cases under control of
the native promoter PnifA1 (Supplementary Table S1).
Acetylene reduction assays showed that the mutation in strain

LMB777 (nonpolar in-frame deletion of fixAB, DfixAB) is par-
tially complemented by cloned fixAB (pLMB811) and fully com-
plemented by cloned fixABCX (pLMB826) (Table 2). Lack of full
complementation by fixAB (pLMB811) may be due to a stoichio-
metric imbalance or caused by the expression of fixAB from a
multicopy plasmid compared with fixCX expression from the
native pSym (pRL10). The mutation in strain LMB771 (polar
fixAB deletion mutant, fixAB::XSpec) is not complemented by
cloned fixAB (pLMB811). This mutation was also complemented
by cloned fixABCX (pLMB826), albeit with a slightly reduced
rate of fixation (Table 2). This confirms the operonic nature of
the fixABCX cluster and is consistent with XSpec polarity affect-
ing expression of downstream genes, i.e., nifA and nifB. We have
shown above that nifA has one or more basal constitutive pro-
moters causing some nifA expression in free-living cells, which
would occur despite the polar XSpec insertion in fixAB.

The nonpolar fixX in-frame deletion (DfixX, OPS0469) is fully
complemented by cloned fixABCX (pLMB826) (Table 2). This
could be predicted from the promoter analysis, since fixX con-
tains no promoters (Fig. 1), and secondary promoters within the
fixX-nifA IGR and as well as fixC expression from PnifA1 would
enable full expression of nifA. However, the polar fixX deletion
(fixX::XSpec, LMB829) is not complemented by cloned fixABCX
(pLMB826) (Table 2). This also agrees with our promoter ana-
lysis, as a polar fixX mutant would block expression from the
secondary promoters of nifA, located in fixC, as well as expres-
sion from PnifA1. Further experiments were carried out to comple-
ment fixX mutations with a plasmid containing cloned fixXnifA
under the control of PnifA1 (pOPS0303) (Supplementary Table
S1). Plasmid pOPS0303 (cloned fixXnifA) complements the muta-
tion in OPS0469 (in-frame DfixX) but is unable to complement
that in LMB829 (polar fixX deletion, fixX::XSpec) (Table 2).
This suggests that nifB expression is also needed for full nitro-
gen fixation activity. Although attempts were made to clone
the fixABCXnifAB region, this proved problematic by Golden
Gate cloning. The nifB gene encodes an oxygen-sensitive radical
S-adenosyl methionine enzyme providing the metal cluster

Table 2. Acetylene reduction of Rlv3841 and mutant strains on pea plantsz

Strain

Complementing plasmid

None
[pLMB811] cloned

fixAB
[pLMB826] cloned

fixABCX
[pOPS0303] cloned

fixXnifA

Experiment 1
Rlv3841 wild type 3.5 ± 0.3 − − −

LMB771 (fixAB::XSpec) 0.0 ± 0.0 − − −

LMB777 (DfixAB) 0.0 ± 0.0 − − −

OPS0280 (DfixC) 0.0 ± 0.0 − − −

LMB829 (fixX::XSpec) 0.0 ± 0.0 − − −

OPS0469 (DfixX) 0.0 ± 0.0 − − −

Experiment 2
Rlv3841 wild type 4.1 ± 0.4 a 4.3 ± 0.3 a 5.2 ± 0.3 b −

LMB771 (fixAB::XSpec) 0.0 ± 0.0 c 0.0 ± 0.0 c 3.3 ± 0.3 e −

LMB777 (DfixAB) 0.0 ± 0.0 c 2.0 ± 0.2 d 5.6 ± 0.2 b −

Experiment 3
Rlv3841 wild type 2.8 ± 0.5 − 3.0 ± 0.3 2.9 ± 0.1
LMB829 (fixX::XSpec) 0.0 ± 0.0 − 0.0 ± 0.0 0.1 ± 0.0
OPS0469 (DfixX) 0.0 ± 0.0 − 3.0 ± 0.2 2.4 ± 0.1

z Acetylene reduction assays were carried out on pea plants at 28 days postinoculation. Rates are in micromoles ethylene per plant/h ± standard error of
the means, n ³ 4. Lower case letters a to e represent statistically distinct groups (P £ 0.05) determined using one-way analysis of variance and Tukey’s
multiple comparisons test. − indicates not determined.

Fig. 3. Symbiotic phenotype of Pisum sativum plants inoculated with Rhizobium leguminosarum strains at 28 days postinoculation. A to F, Plant shoot;
scale bar = 60 mm. G to L, Root nodules; scale bar = 1 mm. Strains are as follows: A and G, Rlv3841 (wild type); D and H, LMB771 (fixAB::XSpec);
C and I, LMB777 (DfixAB); D and J, OPS0280 (DfixC); E and K, LMB829 (fixX::XSpec), and F and L, OPS0469 (DfixX).
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intermediate (NifB-co) key for the biosynthesis of the active-site
cofactors of nitrogenase (Bur�en et al. 2017). We believe this may
be toxic to Escherichia coli, causing cloning to fail.

fixAB mutants form two morphologically distinct
bacteroid forms.
The two morphotypes of bacteroids formed by LMB771 (fix-

AB::XSpec) visualized by transmission electron microscopy
(TEM) in pea nodules at 28 dpi are shown in Figure 4. To fur-
ther investigate the Nod+ Fix− phenotype of nodules formed by
fixAB mutants LMB771 and LMB777, bacteroid morphology
was examined by TEM at 14, 21, and 28 dpi and was compared
with that of Rlv3841 wild-type (TEM images are provided in
Figure 5 and Supplementary Figures S5, S6, and S7, and bacte-
roid area analysis is shown in Supplementary Figure S8). In
both fixAB mutant strains, mature bacteroids showed drastic
morphological changes from those of wild type and other

Fix− mutants, such as a nifH mutant (strain RU3940 [Supplemen-
tary Fig. S9]), in which bacteroids are uniform in size and resem-
ble those of wild type, although no differences were observed
between the LMB771 (polar fixAB::XSpec) and LMB777
(in-frame DfixAB) mutants. In 28-dpi mature nodules formed by
these mutants, two distinct bacteroid morphotypes were found.
Both could be found within the same nodule, and neighboring
plant cells could be filled with bacteroids of differing morphol-
ogy. However, we did not find both morphotypes present within
a single plant cell. We named the first morphotype LARGE, i.e.,
bacteroids that appeared swollen, larger than those in wild-type
nodules, and filled with poly-hydroxybutyrate (PHB) (Fig. 5;
Supplementary Fig. S4C, D, G, and H). Although they have a
swollen appearance, they are only significantly different in size
from those of wild-type bacteroids at 28 dpi (P < 0.001) (Fig. 5)
and not at earlier stages of development (Supplementary Figs. S5,
S6, and S7). We named the second morphotype SMALL, i.e.,

Fig. 4. Section of a nodule taken from Pisum sativum inoculated with LMB771 (fixAB::XSpec) showing two types of bacteroids (LARGE and SMALL),
within neighboring plant cells in a nodule at 28 days postinoculation. LARGE bacteroids contain polyhydroxy-3-butyrate (PHB), which appears as
electron-transparent (white) granules under electron microscopy (white arrows). SMALL bacteroids lack PHB, and, instead, electron-dense granules
(black arrows) are often visible in this morphotype. A, Visualized by transmission electron microscopy (TEM) at 420×. Scale bar = 10 lm. B, Visualized
by TEM at 1,700×. Scale bar = 2 lm.
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bacteroids smaller than wild type, with electron-dense regions
(which appear black under TEM) (Fig. 5; Supplementary Fig.
S5E, F, I, and J). In both LMB771 and LMB777, these electron-
dense inclusions appear to be frequently positioned at the poles of
the cell, in clearly defined spherical granules (Supplementary Fig.
S5E, F, I, and J). There are reports that attribute such inclusions
to storage polymers, either polyphosphate (also known as volutin)
(Friedberg and Avigad 1968; Pallerla et al. 2005) or lipids (Craig
and Williamson 1972). The SMALL morphotype bacteroids are
not statistically different in size from wild-type infection thread
bacteria (Fig. 5). Infection thread cells can be distinguished from
mature bacteroids, as bacteroids are densely packed within a
plant-derived infection thread in TEM images (Supplementary
Fig. S10B). During infection with wild-type Rlv3841, high levels
of PHB and electron-dense granules are usually associated with
infection thread cells (Supplementary Fig. S10B), and this was
also observed in the fixAB-complemented mutants (Supplemen-
tary Fig. S10C through F). Notably, in Rlv3841 with a deletion of
the chromosomal type I PHB synthase phaC1, active in free-
living and undifferentiated bacteria (Terpolilli et al. 2016), PHB
granules are absent from infection thread cells, whereas the
electron-dense granules are still present (Supplementary Fig.
S10G and H).

The two fixAB bacteroid morphotypes contain
different levels of energy storage compounds.
To investigate the composition of the two bacteroid morpho-

types indicated by microscopic analysis and the storage com-
pounds they contained, SCRM was used on single bacteroid
cells from mature nodules (28 dpi). In our previous work, we
confirmed the presence of Raman bands associated with the pol-
ymers PHB and glycogen (bands at 1,735 and 1,050 cm−1,
respectively) within Rlv3841 (Xu et al. 2017). Here, we use
SCRM for the first time to examine single-cell changes in poly-
mer levels in two distinct bacteroid cell types.

Nodules from plants inoculated with LMB771 (polar fixAB::X-
Spec), LMB777 (in-frame DfixAB mutant), and wild-type
Rlv3841 were crushed and bacteroids were isolated. The bacte-
roid suspensions and the intracellular polymers were analyzed
using SCRM. Single-cell Raman spectrum (SCRS) from fixAB
mutant bacteroids (28 dpi, n = 75) showed there were two differ-
ent phenotypes. Some bacteroids (PHB+) had a PHB band stron-
ger than that in wild type, while others had no PHB band (PHB−)
(Fig. 6A). These two phenotypes (PHB+ and PHB−) corre-
sponded to different cell sizes when compared with wild-type
bacteroids (Fig. 6B). A fitted normal distribution of the measure-
ments of single cells shows an average size of 3.31 lm2 for
PHB+ and 1.39 lm2 for PHB−, while the size of wild-type mature
bacteroids is between these two (2.28 lm2). Quantification of
PHB in wild-type Rlv3841 and fixAB mutant bacteroids is shown
in Figure 7A. Quantification of glycogen levels by SCRM reveals
fixAB mutant bacteroids with a PHB+ phenotype show signifi-
cantly higher levels of glycogen, while those with a PHB− pheno-
type show lower glycogen levels than wild type (Fig. 7B).
Organic polyphosphate, another energy storage molecule, has

been described as appearing as small electron-dense granules in
TEM images (Bode et al. 1993; Craig and Williamson 1972;
Pallerla et al. 2005). To characterize the electron-dense granules
we observed in SMALL fixAB mutant bacteroids, a polyphos-
phate mutant (strain OPS0706) was generated by disrupting the
gene encoding a polyphosphate kinase (ppk, RL1599). Quantifi-
cation of polyphosphate by 49,6-diamidino-2-phenylindole stain-
ing revealed a 10-fold reduction in polyphosphate levels in
OPS0706 compared with wild-type Rlv3841, although the growth
rate of the mutant and its ability to fix nitrogen was unaffected
(Supplementary Fig. S11A through C). Using this mutant, we
were able to identify a Raman band at 1,172 cm−1 as that
from polyphosphate (Supplementary Fig. S11E) and to quantify
the levels in wild-type and mutant strains (Supplementary
Fig. S11D). Quantification of polyphosphate levels by SCRM
reveals fixAB mutant bacteroids with a PHB+ phenotype show
significantly lower levels of polyphosphate, while those with a
PHB− phenotype show levels of polyphosphate similar to those
in wild-type bacteroids (Fig. 7C).

DISCUSSION

The fixABCX operon is essential in several nitrogen-fixing
bacteria (Gubler and Hennecke 1988; Kaminski et al. 1988).
Through a series of deletions with nonpolar and polar effects on
downstream genes, we show that the putative operon fixABCXni-
fAB is essential for nitrogen fixation in R. leguminosarum
Rlv3841.
The fixA gene is controlled by NifA and is one of the most

highly upregulated genes in mature bacteroids across many rhi-
zobial species (Becker et al. 2004; Karunakaran et al. 2009;
Peng et al. 2014). Despite having a different organization of
genes in the region upstream of fixA, expression of fixA in
Rlv3841 and its autoregulation by NifA agrees closely with an
earlier study that found a NifA-controlled promoter upstream of
fixA in R. leguminosarum UPM791 (Mart�ınez et al. 2004).
Using a series of cloned putative promoter fragments linked to a
Lux reporter, we defined a minimal 175-bp region required for
expression of the fixABCX operon during symbiosis, which con-
tains binding sites for both the transcription factor NifA and its
cognate sigma factor RpoN (Fig. 1). There is essentially no
expression in free-living bacteria, even at 1% O2, driven by the
region upstream of fixA, although in-planta expression exceeds
that of a constitutive neomycin promoter (Fig. 1). Identification
of a TSS in Rlv3841 upstream of fixA at −43 bp, used only in
bacteroids, confirms the location of PnifA1 within this fragment
(Fig. 1). This TSS is not exactly the same as that described for

Fig. 5. Size of bacterial cells from nodules of Pisum sativum inoculated
with Rhizobium leguminosarum at 28 days postinoculation. The size of
cells (100 of each strain or phenotypic type), selected at random, was
measured from transmission electron microscopy (TEM) images by
ImageJ (of three nodules from each of three pea plants with up to three
sections per nodule). All nodules were sectioned through the nitrogen-
fixing zone (or the widest part of the nodule, if spherical). Wild-type
Rlv3841 cells were separated into bacteroids and cells in infection
threads (small, densely packed, and bordered by plant-derived mem-
branes in TEM images). LMB771 (fixAB::XSpec) and LMB777
(DfixAB) cells were separated into LARGE and SMALL morphotypes,
through size and phenotypic differences, by eye. Cell area is given in
square micrometers. Boxes and whiskers show minimum to maximum
values. Statistically distinct groups were determined by two-way analysis
of variance and Tukey’s multiple comparisons test. Four asterisks (****)
indicate P < 0.0001 and three (***) P < 0.001.
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UPM791 (Mart�ınez et al. 2004), as it lies 2 nt further upstream
of fixA. Without performing dRNA-seq on both strains with
samples prepared in parallel, it is impossible to tell whether this
is a difference between the strains or a consequence of the two
different techniques used for TSS identification. A second NifA-
binding site found farther upstream of PnifA1 in Rlv3841 is not
required for fixA expression and appears to act in a competitive
manner. It may be involved in expression of a divergent gene
(pRL100201), whose mutation does not alter nitrogen fixation
although it is highly up-regulated in bacteroids (Karunakaran
et al. 2009).
All six reporter plasmid clones of the fixC-nifA region drive

only low levels of expression during symbiosis (Fig. 2), which
can be explained by the fact none contain PnifA1 (Fig. 1, −43 bp
upstream fixA). One of our principal aims in this study was to
examine the integrated regulation of the fixABCX and nifA(B)
genes in Rlv3841 and to determine whether nifA has a basal

promoter independent of PnifA1. This role is served by a FixJ-
dependent promoter in Ensifer meliloti that is absent in R. legu-
minosarum (David et al. 1988; Ditta et al. 1987). A reporter
plasmid containing the last 100 bp of fixX and the fixX-nifA IGR
was sufficient for transcription of nifA in free-living bacteria
(Fig. 2). TSS mapping shows transcription beginning in the
fixX-nifA IGR at −177 bp (PnifA2) during free-living growth but
not during symbiosis (Table 1), agreeing with the reporter fusion
results. Analysis of the region upstream of −177 bp shows an
RpoD-dependent promoter, although one with poor consensus
within the −35 region (Supplementary Fig. S1). This would be
consistent with the formation of an unstable RNA polymerase
complex and low levels of constitutive gene expression.
Reporter expression was also seen in a clone lacking the fixX
gene entirely (Fig. 2). This, together with complementation anal-
yses of fixX mutants, provides evidence for a further start site
for nifA transcription within fixC. An in-frame deletion of fixX

Fig. 6. Comparison of wild-type Rlv3841 and LMB777 bacteroids. A, Averaged single-cell Raman spectrum of bacteroid samples of Rlv3841 (red) and
LMB777 (DfixAB), separated by the presence of polyhydroxy-3-butyrate (PHB+, blue) or its absence (PHB−, green), n = 75. Peaks at 1,050, 1,172, and
1,735 cm−1 correspond to glycogen, polyphosphate, and PHB, respectively. B, Probability density function for a normal distribution of cell sizes quanti-
fied for each individual cell of Rlv3814 (red, 2.284 lm2) and LMB777 PHB+ (blue, 3.312 lm2), and LMB777 PHB− (green, 1.386 lm2). Mean cell size
for each group is given in bold and shows LMB777 PHB+ are larger than wild type, while LMB777 PHB− are smaller than wild-type bacteroids. C,
Raman quantification of PHB relative to the phenylalanine reference shows there is a proportional relationship between intracellular PHB levels and indi-
vidual cell size.
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was complemented by fixX alone on a plasmid, while a polar
fixX mutation was not. The latter was unable to regain a Fix+

phenotype since expression of genes downstream of fixX, driven
from the PnifA1 promoter, is interrupted. TSS mapping shows
secondary transcription initiation at two sites within fixC, at
−757 and −1,494 bp (Table 1; Fig. 2). Attempts to complement
a polar fixX mutation with plasmids expressing fixXnifA were
unsuccessful, suggesting that there is a larger transcriptional unit
that also encompasses at least nifB.
Previous studies in R. leguminosarum were unable to detect

NifA activity under free-living conditions (Mart�ınez et al. 2004).
Work in Rhizobium etli detected nifA expression in free-living
bacteria under aerobic conditions (Benhassine et al. 2007) and
work in Mesorhizobium loti detected expression under micro-
aerobic conditions (Peng et al. 2014). Expression from Rlv3841
PnifA and PfixA promoters was tested in free-living growth
under 1% O2, to determine if gene expression was increased
under microaerobic conditions such as those found within nod-
ules. No difference was seen in the expression of either reporter
at the two O2 levels, suggesting that control of NifA activity
occurs at the posttranscriptional level in Rlv3841. NifA activity
has been shown to be oxygen-sensitive in Bradyrhizobium japo-
nicum, and so full NifA activity is likely to be dependent on the
extremely low oxygen tensions within nodules (Fischer et al.
1988). Furthermore, there are no obvious anaerobox binding
sites for FnrN/FixK upstream of nifA, as there are in Ensifer
meliloti, which could induce some level of expression under low
oxygen (David et al. 1988; Ditta et al. 1987). Thus, Rlv3841
seems to employ a particularly tight regulation of the entire fix-
ABCXnifAB putative operon with minimal constitutive activity
from nifA promoters within fixC and the fix-nifA IGR, and with
full activation only occurring from PnifA1 in nodules. Given the
conserved NifA-binding sites upstream of the nifHDK operon,
this probably also explains the inability to see significant expres-
sion of these genes in the laboratory.
Following transcriptional analysis of the fixABCXnifAB

region, the fixABCX operon was phenotypically characterized.
Whereas the fixABCX operon is not required for growth in free-
living culture, in-frame deletion mutants constructed in fixAB,
fixB, fixC, and fixX show a defective symbiotic phenotype lack-
ing detectable nitrogenase activity. The most striking observation

was the two different bacteroid morphotypes that were revealed
in TEM images of nodules from pea plants inoculated with both
the polar and in-frame fixAB mutants (LMB771 and LMB777),
remarkable since two different morphotypes of mutant bacte-
roids have not before been observed in Fix− mutant strains. Both
phenotypes could be found within a single nodule, though bacte-
roids were homogenous within individual plant cells. The pres-
ence of both morphotypes within a single nodule means that
traditional bulk biochemical analysis of fixABCX mutant nodules
would average out the two cell types we have observed, and ter-
minal differentiation of these bacteroids makes their biochemical
characterization difficult. As these cells cannot be cultured, large
amounts of nodule-derived material from numerous plant experi-
ments would be required to characterize macromolecule levels
by traditional means. Additionally, the heterogeneous phenotype
detected by electron micrographs makes this identification
impossible without cell sorting prior to biochemical assays.
Strategies for cell sorting, such as fluorescent labeling, would
also require large volumes of bulk material. Using SCRM
requires only a small volume of sample and allows analysis
without prior labeling, which is particularly beneficial for uncul-
turable samples such as bacteroids. SCRM is a label-free spec-
troscopic technique that detects the molecular vibrations of all
biomolecules in a single cell. Each SCRS can be regarded as a
phenotypic profile of a cell, with identifiable Raman bands cor-
responding to different biomolecules. Given these technological
advantages, SCRM was used to characterize levels of PHB, gly-
cogen, and polyphosphate in the heterogeneous population of
bacteroids extracted from fixAB mutant nodules.
The first morphotype, seen in all mutant mature nodules

investigated, is that of large, swollen bacteroids (designated
LARGE) containing granules of PHB clearly visible on electron
micrographs. SCRM confirmed that mutant bacteroids that con-
tain more PHB are larger than wild-type bacteroids. Rlv3841
has two genes encoding PHB synthase. The first, phaC1, is
found on the chromosome, while the second, phaC2, encoded
on pRL10, is expressed specifically in bacteroids (Terpolilli et al.
2016). In Azotobacter spp., PHB has been proposed to play a
role in protecting cells from excess reductant under microaerobic
conditions (Senior et al. 1972). Removal of this reductant is
important, since excess NAD(P)H will inhibit pyruvate

Fig. 7. Comparison of the relative amounts per cell of the storage polymers polyhydroxy-3-butyrate (PHB), glycogen, and polyphosphate in bacteroids
of Rlv3841 compared with the two bacteroid morphotypes of LMB777 (DfixAB), PHB+ and PHB−, in pea nodules at 28 days postinoculation. A, Integra-
tion of Raman band at 1,735 cm−1 associated with PHB in single-cell Raman spectrum (SCRS) of bacteroids. B, Integration of Raman band at 1,050
cm−1 associated with glycogen in SCRS of bacteroids. C, Integration of Raman band at 1,172 cm−1 associated with polyphosphate in SCRS of bacte-
roids. In all cases, normalization was against the phenylalanine reference. n = 30. Statistically distinct groups were determined by two-way analysis of
variance and Tukey’s multiple comparisons test. Four asterisks (****) indicate P < 0.0001, two (**) P < 0.01, and n. s. = not significant.
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dehydrogenase, a key enzyme in symbiotic nitrogen fixation as
well as tricarboxylic acid (TCA) cycle enzymes such as isoci-
trate dehydrogenase and a-ketoglutarate dehydrogenase (Pettit
et al. 1975; Salminen and Streeter 1990). Since FixABCX
donates electrons to nitrogenase, the absence of FixAB leads to
an excess of reduced nucleotides in bacteroids.
While LARGE/PHB+ fixAB mutant bacteroids contain an

order of magnitude more PHB, they also accumulate glycogen.
This coupled PHB-glycogen phenotype was recognized before
in R. leguminosarum bv. viciae A34, in which a phaC mutant
had 4.5-fold less glycogen than wild type (Lodwig et al. 2005).
The link between these two carbon storage molecules suggests a
global carbon regulatory system in R. leguminosarum bv. viciae
(S�anchez-Ca~nizares et al. 2020). Polyphosphate was also mea-
sured in both bacteroid morphotypes, showing reduced levels in
the LARGE/PHB+ morphotype and wild-type levels in the
SMALL/PHB− morphotype (Fig. 7).
Although the second bacteroid morphotype, SMALL/PHB−

bacteroids, resemble bacterial cells in infection threads in size,
they lack PHB, unlike infection-thread cells, which have high
levels of this polymer (Lodwig et al. 2005). This may indicate
that SMALL/PHB− bacteroids have used up existing stores of
PHB (produced by PhaC1) to fuel the TCA cycle in the absence
of plant-derived carbon. These smaller cells also contain dark
electron-dense polar inclusions, which were not conclusively
identified. Quantification of polyphosphate by SCRM showed
that the level of polyphosphate in SMALL/PHB− mutant bacte-
roids is approximately the same as those of wild type (Fig. 7),
but, given their smaller size, we speculate that the higher con-
centration of polyphosphate might give rise to granules visible
in TEM images.
Analysis of bacteroid morphology in TEM images has shown

that there is a tight relationship between nitrogen fixation and the
occurrence of storage polymers. In addition to PHB, other storage
polymers have been identified as playing a role in nitrogen fixa-
tion in R. leguminosarum bv. viciae, including glycogen (Lodwig
et al. 2005) and lipids (Terpolilli et al. 2016). In symbiosis, a
careful balance is required to ensure that the bacteroid does not
experience detrimental redox stress during nitrogen fixation. The
combination of electron microscopy and SCRM has revealed
details of a previously unknown phenomenon in nonfixing rhizo-
bia. A lack of fixed nitrogen provided to the plant can affect nod-
ule development (Westhoek et al. 2017) and the heterogeneity
observed between isogenic bacteroids within different plant cells
of mature nodules may result from a perturbation of signals
between the plant host and fixABmutant bacteroids.
Overall, we show that R. leguminosarum maintains a very

tight autoregulation of the putative fixABCXnifAB operon
through a series of sites for initiation of transcription mapped
under different developmental conditions. Autoregulation by
NifA presumably prevents any significant expression until the
extremely low O2 tensions of the nodule are encountered.
Through observations from TEM images and SCRM chemical
characterization of the two mutant morphotypes of fixAB bacte-
roids, we have seen differences in storage polymer accumulation
and suggest that they play a role in maintaining efficient and
robust nitrogen fixation in wild-type rhizobia.

MATERIALS AND METHODS

Bacterial strains.
All bacterial strains, plasmids, and primers used in this study

are listed in Supplementary Table S1.

Media and bacterial growth conditions.
R. leguminosarum strains were grown at 28�C in TY broth

and solid medium with streptomycin (250 lg/ml). E. coli strains

were grown at 37�C in lysogeny broth (LB) medium. Media
were supplemented with antibiotics as required: ampicillin (100
lg/ml), streptomycin (250 lg/ml), spectinomycin (100 lg/ml),
kanamycin (50 lg/ml), neomycin (80 lg/ml), and tetracycline
(5 lg/ml for R. leguminosarum and 10 lg/ml for E. coli).

Reporter fusions and luminescence assays.
Plasmids to assess promoter activity in R. leguminosarum

were constructed by cloning fragments upstream of the promo-
terless luxABCDE cluster in plasmid pIJ11268 (Frederix et al.
2014) and measuring luminescence under different conditions.
DNA fragments containing potential promoters were PCR-
amplified, using primers listed in Table 2. PCR was performed
using Phusion high-fidelity DNA polymerase (Thermo Fisher),
according to manufacturer instructions, using the following pro-
gram: 30 s at 98�C followed by 35 cycles of 98�C for 15 s,
68�C for 30 s, 72�C for 15 s per kilobase of expected product,
heated to 72�C for 5 min, before being held at 4�C. PCR prod-
ucts were cloned into KpnI/BamHI- (NEB) digested pIJ11268.
Constructs were confirmed by PCR-sequencing with pIJ11268-
for and pIJ11268rev primers (Eurofins, MWG Operon). Tripar-
ental conjugation was used to transfer plasmids from E. coli to
R. leguminosarum, as previously described, and transconjugants
were selected on tetracycline (Poole et al. 1994). Lux and
OD595 measurements of free-living cells were made using a
FLUOstar Omega plate reader (BMG Labtech). To compare the
effect of O2 on reporter gene expression, cultures (three biologi-
cal replicates, in triplicate) were grown at 28�C, 500 rpm, fol-
lowing inoculation with 5 × 107 bacterial cells at 1 or 21% O2

in a FLUOstar Omega plate reader. Luminescence in pea root
nodules was recorded using a NightOWL LB 983 Imaging Sys-
tem (Berthold Technologies).

59-end mapping of TSSs.
Bacteroid samples were prepared as previously described

(Rutten et al. 2021) Free-living samples were grown in liquid
culture under the following conditions: TY, acid minimal salts
(AMS) (Poole et al. 1994) 20 mM succinate 10 mM ammonia,
AMS 10 mM glucose 10 mM ammonia, AMS 10 mM mannitol
10 mM ammonia, AMS 30 mM pyruvate 10 mM ammonia,
AMS 10 mM arabinose 10 mM ammonia, AMS 10 mM inositol
10 mM ammonia, AMS 3 mM protocatechuate 10 mM ammo-
nia, AMS 3 mM catechol 10 mM ammonia, AMS 10 mM glu-
cose 5 mM phenylalanine 5 mM ammonia, AMS 10 mM
glucose 10 mM ammonia, pH 5.75, AMS 10 mM glucose
10 mM ammonia grown in steady state at 0.1% O2, AMS
10 mM glucose 10 mM ammonia 100 mM NaCl, AMS 10 mM
glucose 10 mM ammonia 100 mM H2O2 and prepared as
described by Rutten et al. (2021).
Library preparation, sequencing, and subsequent analysis

using TSSer (Jorjani and Zavolan 2014) and TSSAR (Amman
et al. 2014) was as described by Rutten et al. (2021). Sequence
logos of potential promoters were created in Weblogo (Crooks
et al. 2004). The complete raw dataset has been submitted to the
Short Read Archive database and given the BioProject accession
number PRJNA667846.

Isolation of fixABCX mutants.
All mutants were constructed in strain Rlv3841 and the steps

are summarized in Supplementary Figure S2. To make fixAB
mutants, the fixAB genes together with 1-kb 59- and 39-flanking
regions were PCR-amplified using primer pair pr1450/pr1451
(adding an XbaI site at the 39 end and a BamHI site at the 59
end). This PCR product was ligated into pJET1.2/blunt (Clon-
tech), using T4 DNA ligase according to manufacturer protocol
(Thermo Fisher), to give plasmid pLMB721. To create deletions
in this fragment, inverse PCR (with primer pair pr1622/pr1623)
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was used with pLMB721 as a template to delete 1,921 bp and
insert an EcoRI site. Following digestion of the PCR product
with EcoRI and ligation (forming plasmid pLMB814), the
EcoRI site was used to insert an XSpec cassette (to give
pLMB815). Plasmid pLMB815 was then digested with XbaI
amd BamHI and the fragment was cloned into pJQ200SK (cut
with the same enzyme) to construct plasmid pLMB818 (XSpec
cassette together with fixA and fixB flanking DNA) in E. coli
before conjugation into Rlv3841. Triparental filter conjugation
was performed, selecting spectinomycin-resistant colonies with
subsequent sucrose selection (which leads to the loss of plasmid
pJQ200SK as it is no longer maintained when sucrose is present
in the media) (Quandt and Hynes 1993), to give mutant strain
LMB771 (fixAB::XSpec).
Mutant strain LMB777 (DfixAB) was made by cloning XbaI-

and BamHI-digested pLMB814 into pJQ200SK (making
pLMB818), followed by conjugation (as described previously)
into LMB771, selecting for loss of spectinomycin resistance.
The same protocol was used to make fixC and fixX mutants,
using primers listed in Supplementary Table S1 to make strains
OPS0280 (DfixC), LMB829 (fixX::XSpec), and OPS0469
(DfixX). All mutants were confirmed by mapping PCR and
sequencing.

Mutant complementation.
Experiments to complement Fix− mutations were performed

using genes cloned in vector pJP2 (Prell et al. 2002). DNA frag-
ments were PCR-amplified, fixAB with primer pair pr1485/
pr1486 and fixABCX with pr1620/pr1621, were digested with
XbaI and BamHI, and were cloned to make plasmids pLMB811
and pLMB826, respectively (Supplementary Table S1).
Since conventional cloning of the region upstream of nifA

proved difficult due to the presence of restriction enzymes sites,
Golden Gate cloning was used instead. Vector backbone
pOGG026, a minimal pJP2 variant encoding resistance to neo-
mycin, developed for Golden Gate (Geddes et al. 2019), was
used to construct pOPS0303 from the PnifA1 promoter (PCR
product oxp0822/oxp0823 with Rlv3841 as template, cloned to
give pOGG095), fixXnifA, and the Pharmacia terminator. Golden
Gate reactions were carried out using 1 ll of BsaI, 1 ll of T4
DNA ligase, 1.5 ll of DNA ligase buffer (Thermo Scientific),
1.5 ll of bovine serum albumin (2 mg/ml), and 40 fmol, each,
of promoter, gene, terminator, and backbone, made up to 15
ll with H2O. For pOPS0303 these were: promoter (pOGG095),
gene (PCR product amplified with primer pair oxp0801/
oxp0808 from pOPS0302 as template), terminator (pOGG003),
and backbone (pOGG026) (Supplementary Table S1).
Plasmids were conjugated into mutant strains using triparental

mating with helper plasmid pRK2013 (Ditta et al. 1980) and
selecting for resistance to tetracycline (pLMB811 and pLMB826)
or neomycin (pOPS0303).

Plant growth and inoculation.
P. sativum (cv. Avola) seeds were sterilized with a 1-min

incubation in 70% ethanol and a 5-min incubation in 2% sodium
hypochlorite, followed by six repeated washes in sterile distilled
H2O (dH2O). Sterilized seeds were planted in 1-l pots containing
autoclaved vermiculite and 400 ml of nitrogen-free nutrient solu-
tion (Beringer 1974). Seeds were inoculated on the day of plant-
ing with 1 ml of culture containing 107 colony-forming units.
Plants were grown at 22�C on a 16-h-light and 8-h-dark cycle.
Plants were harvested and acetylene reduction was assayed at
28 dpi. Harvested nodules were crushed using a pestle and mor-
tar in 2 ml of isolation buffer (8 mM K2HPO4, 2 lM KH2PO4,
30 mM sucrose, 2 mM MgCl2 made up in sterile dH2O) per
gram of nodules and the resulting brei filtered through two
layers of muslin. Brei was centrifuged at 120 × g for 5 min to

pellet heavier plant material. The supernatant from this spin was
then centrifuged at 4,300 × g for 5 min to pellet bacteroids.

Acetylene reduction assay for nitrogenase activity.
Plants were harvested from vermiculite at 28 dpi and were

placed in 250-ml Schott bottles with injectable seals. We
removed 2% of the air from each bottle and replaced it with
acetylene. Plants were incubated with acetylene for 1 h before
1-ml samples were removed. Conversion of acetylene to ethyl-
ene was measured using gas chromatography (Perkin-Elmer
GC). Variation in acetylene reduction rates between assays
reflect differences in plant growth conditions at the John Innes
Centre (where this work was begun) and the University of
Oxford (where this work was concluded). Despite identical light
and dark cycles, there are inevitably differences in the amount
and nature of light received by the plants in the constant temper-
ature growth rooms at the two establishments.

Microscopy and ultrastructural analysis.
Nodules (three per plant, from three pea plants) were fixed in

a solution of 2.5% (vol/vol) glutaraldehyde in 0.05 M sodium
cacodylate (pH 7.3). Samples were washed in 0.05 M sodium
cacodylate and were postfixed with 1% (wt/vol) OsO4 in 0.05
M sodium cacodylate for 60 min at room temperature (Lodwig
et al. 2005). Samples were then washed and dehydrated with
ethanol before gradual infiltration with LR white resin (London
Resin Company) according to manufacturer protocol. Nodules
were then sectioned, using a Leica UC6 ultramicrotome (Leica),
through the nitrogen-fixing zone or the widest part of the nodule
(if spherical). Ultrathin sections of 90 nm (up to three per nod-
ule) were picked up on 200-mesh hold grids coated in pyroxylin
and carbon. Grids were viewed on a FEI Tecnai 20 transmission
electron microscope at 2,000 kV. Digital images were taken using
an AMT XR60B digital camera (Deben). Bacteroid sizes were
determined using ImageJ software (National Institutes of Health
[NIH]). Bacteroid area was measured for 100 bacteroids per
strain or cell type, from a total of up to 27 images (up to three
sections of three nodules taken from three plants). These were
selected at random following initial identification, by eye, of
infection thread and bacteroid cells and quantifying the size of
these cells separately from each other (Supplementary Fig. S10).

SCRM measurements and analysis.
Cell pellets were washed three times with dH2O to remove

traces of media and diluted to about 1,000 cells per milliliter.
Cell suspensions were spread onto an aluminum-coated slide
and were observed under a 100×/0.9 microscope objective.
SCRS were acquired using a HR Evolution confocal Raman
microscope (Horiba) equipped with a 532-nm neodymium-
yttrium aluminum garnet laser and 600 grooves per millimeter
diffraction grating. The laser power was attenuated to 4.7 mW
using neutral density filters. Spectra were acquired in the range
of 600 to 1,900 cm−1 by exposing single cells to a 1-lm laser
spot for 20 s. For each sample, 30 to 50 single cells were ana-
lyzed. All spectra were preprocessed by baseline correction,
using LabSpec 6 (Horiba Scientific). Spectral normalization was
done by vector normalization of the entire spectral region. Data
analysis, statistics, and visualization were done under an R envi-
ronment, using in-house scripts. Bacterial sizes were determined
using ImageJ (NIH). Quantification of intracellular biomolecules
using SCRS was done by integrating corresponding Raman
bands that were then normalized against the integration of a ref-
erence phenylalanine band centered at 1,003 cm−1.

Statistical analysis.
Data analysis was carried out using GraphPad Prism 8

(GraphPad Software). Significant differences between pairs of
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parameters were determined by Student’s t tests. Comparisons
of more than two groups were done by analysis of variance fol-
lowed by multiple comparison post hoc corrections as indicated
in each figure legend. A P value of less than 0.05 was consid-
ered statistically significant.
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