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Reduction of N, gas to ammonia in legume root nodules is a key
component of sustainable agricultural systems. Root nodules are
the result of a symbiosis between leguminous plants and bacteria
called rhizobia. Both symbiotic partners play active roles in estab-
lishing successful symbiosis and nitrogen fixation: while root nod-
ule development is mostly controlled by the plant, the rhizobia
induce nodule formation, invade, and perform N, fixation once
inside the plant cells. Many bacterial genes involved in the
rhizobia-legume symbiosis are known, and there is much interest
in engineering the symbiosis to include major nonlegume crops
such as corn, wheat, and rice. We sought to identify and combine
a minimal bacterial gene complement necessary and sufficient
for symbiosis. We analyzed a model rhizobium, Sinorhizobium
(Ensifer) meliloti, using a background strain in which the 1.35-
Mb symbiotic megaplasmid pSymA was removed. Three regions
representing 162 kb of pSymA were sufficient to recover a com-
plete N,-fixing symbiosis with alfalfa, and a targeted assembly of
this gene complement achieved high levels of symbiotic N, fixa-
tion. The resulting gene set contained just 58 of 1,290 pSymA
protein-coding genes. To generate a platform for future synthetic
manipulation, the minimal symbiotic genes were reorganized into
three discrete nod, nif, and fix modules. These constructs will fa-
cilitate directed studies toward expanding the symbiosis to other
plant partners. They also enable forward-type approaches to iden-
tifying genetic components that may not be essential for symbio-
sis, but which modulate the rhizobium’s competitiveness for
nodulation and the effectiveness of particular rhizobia-plant
symbioses.
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iological N, fixation is catalyzed by an oxygen-sensitive
metalloenzyme, nitrogenase, that is widely distributed in
bacteria and archaea but is not found in eukaryotic organisms
(1). A key group of N,-fixing bacteria from the «- and
B-Proteobacteria, referred to as rhizobia, form N,-fixing nodules
on the roots of leguminous plants such as clover, alfalfa, pea, and
soybean (2). Over the past 50 years, many bacterial and plant
genes that are involved in the symbiosis have been identified (3,
4), and initiatives are now underway to engineer the N,-fixation
ability into major cereal crop plants that do not fix N, (5, 6).
Approaches that involve engineering root-nodule formation on
nonleguminous crops will ultimately require recognition, inva-
sion, and N, fixation by bacteria that are “compatible” with the
engineered plant host. Such a compatible symbiont must be
recognized by the plant, tolerated by its immune system, and
supplied with an energy source to carry out N, fixation.
Compatibility between rhizobia and legumes is governed at the
early stages by the production of a rhizobial signaling molecule,
Nod Factor (synthesized by proteins encoded by nod/nol/noe
genes), in response to plant flavones. Recognition of a compat-
ible Nod Factor by legume LysM receptors triggers nodule or-
ganogenesis and physiological adjustments in the plant. In
nodules, nitrogen fixation by rhizobia depends on the expression
of nitrogenase (encoded by rif genes) and metabolic adaptation

PNAS 2021 Vol. 118 No. 2 2018015118

to the oxygen-limited environment of the nodule that includes
producing a high O,-affinity cytochrome oxidase (encoded by fix
genes) (7). Symbiosis genes are encoded on extrachromosomal
replicons or integrative conjugative elements that allow the ex-
change of symbiotic genes by horizontal gene transfer (8).
However, horizontal transfer of essential symbiotic genes (nod,
nif, fix) alone is often not sufficient to convert a naive bacterium
into a compatible symbiont for a legume (9). Therefore, eluci-
dating the complete complement of genes required for the es-
tablishment of a productive symbiosis between rhizobia and
legumes will be critical for future efforts to engineer symbiotic
nitrogen fixation (SNF) in cereals. One approach to constructing
compatible rhizobia for cereals is to engineer SNF into bacteria
with a preexisting ability to colonize cereals (10). In this case, a
suitable genetic platform for redesigning symbiosis gene clusters
for broad host-range transfer would ameliorate these efforts, as
Escherichia coli has for engineering free-living diazotrophy (11, 12).

The model rhizobium Sinorhizobium (Ensifer) meliloti forms
symbiosis with legumes of the genera Medicago and Melilotus,
including the important forage crop alfalfa (Medicago sativa) and
the model legume Medicago truncatula. Symbiotic genes in S.
meliloti are located on two large extrachromosomal replicons
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called pSymA and pSymB (13, 14). The pSymA megaplasmid is
traditionally referred to as the symbiotic megaplasmid because it
contains the nod, nif, and fix genes. The tripartite organization of
the S. meliloti genome allows for massive genome reduction
(~45%), and we recently reported a strain in which both pSymA

lacking the extrachromosomal replicons represent a unique op-
portunity to use a gain-of-function approach to identify the
minimum set of genes required by a rhizobium to engage in an
effective symbiosis with its legume hosts. As a starting point, we
identified single-copy regions of the megaplasmids required for
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Fig. 1. Isolation of the minimal symbiotic genome, minSymA1.0. (A) Circular map of the symbiotic megaplasmid pSymA from S. meliloti 1021 with symbiotic
loci indicated inside the circle. The three essential symbiotic regions (A117, A118, and A121) as defined in diCenzo et al. (16) are colored outside the circle. The
gray A301 region was deleted in order to bring the three essential symbiotic regions adjacent to one another. (B) Map of minSymA1.0 containing the A117,
A118, and A121 symbiotic regions. Open reading frames (ORFs) and characterized genes are shown. Gene cluster names correspond to the locus designations
in A. ORFs are colored according to their function as follows: orange—NF production and regulation, and nodulation efficiency; red—nitrogenase synthesis,
assembly, electron supply, and regulation; blue—high-affinity terminal oxidase synthesis, assembly, and regulation; green—syr-associated transcriptional
regulation; brown—other characterized metabolic genes not associated directly with SNF; gray—uncharacterized ORFs. (C) Images of alfalfa plants and
nodules 31 d following inoculation with wild type, minSymA1.0, and ApSymA strains. (Scale bars, 1 cm.) (D) Relative shoot dry weight of M. sativa plants 35 to
38 d post inoculation. Wild type and minSymA1.0 were not significantly different in a one-way ANOVA and Dunnett’s multiple comparisons test (P = 0.9995);
**%%P < 0.0001 indicates significant difference from wild type. Each data point represents one independent replicate and is calculated from the average shoot
dry weight in one pot (six plants per pot). (E) Kinetics of nodule formation on alfalfa for wild type compared to minSymA1.0. Data are the average of two
independent experiments with 16 plants per experiment. (F) Competitiveness of minSymA1.0 (red) for nodule occupancy when coinoculated with wild type
(blue). Data are presented from 10 pots including reversal of the marker gusA and celB genes as indicated. Plants were inoculated at a ratio of 50% min-
SymA1.0 (Left) and 80% minSymA1.0 (Right). Total number of nodules examined are indicated above each bar.
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deletion library spanning >95% of genes on pSymA and
pSymB (16).

In this study, we describe the identification of a minimal
symbiotic gene complement from pSymA that is sufficient for the
formation of N,-fixing root nodules and robust growth promo-
tion of its legume hosts. Based on the minimal subset, we de-
velop a transformative synthetic biology platform for future
approaches to manipulating symbiotic genes.

Results

All pSymA Genes Essential for SNF Are Localized to Three Regions
Totaling 162 kb (minSymA1). The overall goal of this work was to
identify a minimal gene set from the 1,354-kb pSymA mega-
plasmid that is necessary and sufficient for robust SNF on alfalfa.
We assessed SNF using plant assays performed in pots contain-
ing a quartz sand—vermiculite growth substrate and a nitrogen-
deficient nutrient solution. These conditions allowed for vigor-
ous growth of plants, while also allowing for a robust measure of
symbiotic nitrogen fixation based on shoot dry-weight accumu-
lation.

To facilitate the genomic analyses, we removed pSymA from
our wild-type S. meliloti RmP110 strain (termed ApSymA) and
developed “landing pad” sites to allow targeted integration of
the symbiotic gene clusters. A previous analysis of pSymA
revealed that only the A117, A118, and A121 regions of pSymA
are essential for SNF (16) (Fig. 14). In the first version of the
minimal symbiotic genome (minSymAl), we combined these
regions and integrated them into the ApSymA strain. This was
accomplished by deleting the A301 region separating A121 from
A118 and then capturing the resulting ~161-kb A117-A118-A121
region in E. coli (Materials and Methods). The A117-A118-A121
region was integrated into the AhypRE::FRT landing pad of
pSymB (LP-B1) in S. meliloti RmP110 ApSymA, and we desig-
nated the resulting S. meliloti strain as minSymA1.0 (Fig. 1B).

Alfalfa plants inoculated with minSymA1.0 formed N,-fixing
nodules, and, remarkably, their shoot dry-weight (SDW) was
statistically indistinguishable from plants inoculated with the
wild-type RmP110 (Fig. 1 C and D). The wild-type and min-
SymA1.0 strains formed a similar number of nodules (7.42 + 2.55
and 7.77 + 1.02 nodules plant™); their rates of N, fixation as
measured by acetylene reduction were also similar (SI Appendir,
Table S1). Since minSymA1.0 removed such a significant portion
of pSymA (~1,100 genes), we extended our phenotypic charac-
terization to test for compromises in earlier stages of the sym-
biotic lifestyle (17, 18). Using a chromogenic marker system (19),
we found that, while minSymA1.0 and the wild-type form nod-
ules at a similar rate (Fig. 1E), competitiveness for nodule oc-
cupancy is severely reduced in minSymA1.0 compared to the
wild type (P < 0.0001) (Fig. 1F). When present as 50% of the
inoculum, 12% of nodules contain minSymA1.0, and when pre-
sent as 80% of the inoculum, only 24% of nodules contain
minSymA1.0. Thus, despite its robust SNF phenotype, the min-
SymAl1.0 strain is outcompeted by the wild type. Presumably
genes on pSymA that are not included in minSymA1.0 are im-
portant for earlier stages of the plant-microbe interaction, par-
ticularly in an ecological context in soil when competing bacteria
are present.

Refinement of the Minimal Symbiotic Genome to 75 kb (minSymA2).
To refine and reduce the minimal pSymA symbiotic genome, we
identified symbiotic loci within the 162-kb minimal pSymA of
minSymA1.0 based on the literature (13, 20-29) and then se-
quentially combined these loci using yeast recombineering to
generate a minSymAZ2.0 genome. Twelve fragments that carried
known nod and nif loci from the A117-A118 region of min-
SymA1.0 were assembled and combined with three fragments
containing the fix-1 locus of A121 (Fig. 24 and SI Appendix, Fig.
S2). The reassembled gene clusters retained their native
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promoters and gene order as present in the wild type. The
resulting construct, bearing ~62 kb of pSymA, was integrated
into the AhypRE::FRT pSymB landing pad of strain RmP110
ApSymA to generate minSymAZ2.0. While minSymA2.0 was
Nod™ Fix* on alfalfa, SNF was clearly compromised and the
plant SDW was only ~30% of plants inoculated with the wild
type (Fig. 2 B and G). To investigate the cause of this reduced
symbiotic performance, first the fix-1 locus was examined and
found to completely restore SNF to an A121 deletion; hence, no
additional genes present in A121 are required for SNF (Fig. 2C).
Next, minSymA2.0 was transferred to strains carrying deletions
(AA401-AA406) that removed various subregions of the A117-
Al18 region (Fig. 2D); minSymA2.0 complemented the symbi-
otic phenotype of the AA402-AA406 deletions but not AA401
(Fig. 2E). Furthermore, the SDW of plants inoculated with
AA401 was similar to that of plants inoculated by minSymA?2.0
(~30% wild type). The A401 region contains the fix-2 locus
(Fig. 2D). Although this locus was previously described as dis-
pensable for SNF (29), and was thus excluded from minSymAZ2.0,
these data led us to hypothesize that the fix-2 locus is never-
theless required for efficient SNF. We assembled the fix-2 region
and found that it restored the SDW of AA401 to wild-type levels
when introduced (Fig. 2F). Finally the fix-2 region was trans-
ferred to minSymAZ2.0 to generate minSymAZ2.1. The dry weights
of alfalfa plants inoculated with minSymA?2.1 were statistically
indistinguishable from the wild type (mean ~80%) (Fig. 2 F and
G), confirming that the nonessential fix-2 locus contributes to
SNF efficiency.

Although the shoot dry weights were similar, alfalfa plants
inoculated with minSymAZ2.1 (Fig. 2 F and G) contained signif-
icantly more root nodules compared to plants inoculated with
the wild type or minSymA1.0 (Fig. 2H). Nodulation kinetics
analyses revealed that wild type and minSymA2.1 initially
formed nodules at similar rates (Fig. 2); however, following the
first appearance of pink nodules (~7 d), a significantly increased
rate of nodulation occurred in minSymAZ2.1. This result could
reflect autoregulation of nodulation by the plant compensating
for a limitation in symbiotic efficiency of minSymAZ2.1 nodules
(30). We also considered that the genomic location where sym-
biotic gene clusters are integrated could influence their expres-
sion, but we found no evidence that the site of integration of the
symbiotic genes alters the symbiotic performance of the strain
(SI Appendix, Fig. S3).

When assayed for nodulation competitiveness using 80%
minSymAZ2.1 and 20% wild-type RmP110 in the inoculum, we
observed an even greater impairment in competitiveness for
nodule occupancy than that observed for minSymA1.0. On av-
erage, minSymAZ2.1 occupied ~5% of nodules, and 50% of plants
tested completely lacked minSymA2.1 (Fig. 2J).

Simplification and Functionalization of Symbiotic Genes (minSymA3).
To further streamline the minimal genome, we eliminated ad-
ditional nonessential genes and generated distinct modules
containing the functionally related nod, nif, and fix genes with
their native promoters. Starting with minSymA?2.0, the syr loci
(nodD3, syrM, syrA, syrB3, and sma0809) were removed, and we
repositioned nifN with the nif genes and nodL and noeAB with
the other nod genes to generate minSymA3.0 (Fig. 34). Alfalfa
inoculated with minSymA3.0 had substantially reduced SDW
compared to the those inoculated with wild type, and, as in the
case of minSymA2.0, the addition of the fix-2 locus (giving
minSymA3.1) resulted in near wild-type levels of N, fixation
(Fig. 3B). Moreover, as in the case of minSymA2.1, an increased
nodule number phenotype was observed for minSymA3.1 (~17 +
4 nodules plant™', P < 0.0001 vs. wild type).

To place the transcriptional activation of the nod genes ex-
clusively under the control of NodD1, the transcriptional regu-
lator nodD2 was removed along with duplicated copies of
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SymAZ2.1, or minSymA3.2 (31 d post inoculation). For B and C, each data point represents one independent replicate and is calculated from the average shoot
dry weight in one pot (six plants per pot for M. sativa and four plants per pot for M. truncatula and M. officinalis). (D) Kinetics of nodule formation on alfalfa
inoculated with minSymA3.2 compared to wild type. (E) Images of M. officinalis plants inoculated with S. meliloti minSymA strains (31 d post inoculation).
(Scale bar, 2 cm.) Data are the average of two independent experiments with 16 plants per experiment. For shoot dry-weight assays, statistical significance
was assessed with one-way ANOVA and Dunnett’s multiple comparisons test and is presented compared to wild type. *P < 0.1, **P < 0.01, ***P < 0.001,
**%k*P < 0.0001.
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nodLnoeAB to create minSymA3.2, which then contained just 63
kb of DNA from pSymA (58 of 1,290 protein-coding genes)
(Fig. 34). Considering the known host-dependent phenotypes
associated with loss of nodD2 (31), in characterizing min-
SymA3.2, symbiotic assays were performed with the model le-
gume M. truncatula and a representative from the Melilotus
genus, Melilotus officinalis, in addition to alfalfa (SI Appendix,
Table S1). The minSymA1.0, minSymA2.1, and minSymA3.2
strains were symbiotically proficient on the three host plants,

and, while the shoot dry weight of M. sativa and M. truncatula
inoculated with minSymA3.2 appeared reduced relative to plants
inoculated with wild type (~55 and 70%, respectively), that re-
duction was not statistically significant for M. officinalis (~80%
wild type) (Fig. 3 C and E and SI Appendix, Figs. S4 and S5). This
observation is consistent with the increased role of NodD2 in
nodulation of Medicago species that has been observed previ-
ously (31, 32). Nodule kinetics data for M. sativa inoculated with
minSymA3.2 revealed a severe impairment in the rate of nodule
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Fig. 4. Symbiotic phenotypes of minSymA3.3 modules and chimera with NGR234 nod genes. (A) Schematic showing the locations where the nod, nif, and fix
symbiotic clusters were integrated into the S. meliloti genome. Map of the synthetic nod, nif, and fix clusters with genes represented as arrows. Annotations
and coloring are as described in Fig. 1B. (B) Shoot dry-weight accumulation by S. meliloti hosts inoculated with an S. meliloti strain with synth-nod, synth-nif,
and synth-fix integrated into different locations in the genome. Each data point represents one independent replicate and is calculated from the average
shoot dry weight in one pot (six plants per pot). (C) Nodule formation on S. fredii NGR234 hosts by S. meliloti minSymA3.3 engineered with NGR234 nod genes
(28 d post inoculation). Each data point represents one independent replicate and is calculated from the average number of nodules per plant in one pot (six
plants per pot for M. sativa, four plants per pot for V. unguiculata and M. atropurpureum, and two plants per pot for L. leucocephala). (D) Light microscopy
images of representative nodules formed by S. fredii NGR234 and S. meliloti minSymA3.3 engineered with NGR234 nod genes. (Scale bars, 2 mm.) (E) Confocal
microscopy of nodules formed by S. fredii NGR234 and S. meliloti minSymA3.3 engineered with NGR234 nod genes. (Scale bars, 250 pm.) For shoot dry-weight
assays and nodule number, statistical significance was assessed with one-way ANOVA and Dunnett’s multiple comparisons test and is presented compared to
wild-type S. meliloti. *P < 0.1, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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formation (Fig. 3D), which is likely reflected in the reduced dry-
weight phenotype (Fig. 3C).

Adapting minSymA3 as a Synthetic Biology Platform. An ideal syn-
thetic biology platform for manipulating SNF would consist of
distinct nod, nif, and fix clusters to facilitate their independent
manipulation. To this end, we split the functionalized nod, nif,
and fix elements in minSymA3.2 into separate DNA fragments
and integrated them at unlinked positions across the S. meliloti
genome (minSymA3.3) (Fig. 44). The symbiotic performance of
minSymA3.3 was consistent with that of minSymA3.2 (Figs. 4B
and 3C). As a proof of concept to demonstrate the utility of this
platform, we amplified the Sinorhizobium fredii NGR234 nod/
nol/noe genes from four locations in its genome and assembled
them as a 26-kb synthetic nod cluster that we integrated into the
S. meliloti genome in place of the S. meliloti nod genes in min-
SymA3.3 (Fig. 44). S. fredii NGR234 is known for its ability to
nodulate the broadest host range of any rhizobia. Engineered S.
meliloti with the heterologous Nod Factor gained the ability to
elicit root nodule formation on Vigna unguiculata (cow pea),
Macroptilium atropurpureum (siratro), and Leucaena leucoce-
phala (Fig. 4 C and D). Although the nodules were ineffective,
significant numbers of bacteroids were visualized inside plant
cells of V. unguiculata and L. leucocephala nodules, indicating
that nodule invasion continued past the infection stage (Fig. 4E
and SI Appendix, Fig. S6).

Discussion

We define the minimal symbiotic genome as a horizontally ac-
quired group of genes that are required for the formation of N,-
fixing root nodules on leguminous plants. Based on previous
failed attempts to confer effective SNF to related nonrhizobia by
transfer of rhizobia symbiotic plasmids (4), we believe a minimal
group of symbiotic genes will function only when present in a
compatible genomic background such that, when the two gene
sets are combined, the resulting organism can form functional
N,-fixing root nodules. The compatible genomic background
that we employ here is S. meliloti lacking the 1,354-kb pSymA
megaplasmid.

We used a sequential, iterative approach to reduce the pSymA
megaplasmid from 1,354-kb to a 63-kb region (58 genes) that is
sufficient for the formation of N,-fixing root nodules on alfalfa
(M. sativa), M. truncatula, and M. officinalis. This report de-
scribes the manipulation of these genes with a goal of defining a
minimal functional gene complement, and thus is an important
step toward the synthetic manipulation of these genes. A key
consideration in this work was a desire to construct a minimal
genome that retained high levels of symbiotic N, fixation in ro-
bust plant growth assays, and we achieved that goal. Achieving
this required inclusion of the reiterated fix genes in the fix-2
locus (fixTKNOQP2). A requirement for two copies of fix-
NOQP for effective SNF has been reported in other rhizobia (33,
34), although the reason for this requirement is not understood.
The 63-kb minSymA3.2 genome formed effective symbiosis with
M. sativa, M. truncatula, and M. officinalis, producing shoot dry-
weight values from 50 to 80% of wild type (Fig. 3C).

Further reduction of the minimal 63-kb gene complement
described here is possible as several nod, nif, and fix genes that
we have included are not absolutely essential for SNF. However,
we focused here on maintaining effective symbiosis, and their
removal would undoubtedly reduce SNF or disrupt transcrip-
tional units bearing essential symbiotic genes. Based on genome
sequence data, many other rhizobia maintain smaller comple-
ments of SNF genes than those of S. meliloti. One of the smallest
is recognized as a 35-kb region present on a 560-kb plasmid in
Cupriavidus taiwanensis LMG19424 (35). While not functionally
characterized, the C. taiwanensis symbiotic cluster is considerably
smaller than the S. meliloti minimal pSymA reported here. The
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discrepancy is partially a result of a significantly expanded set of
nod genes in S. meliloti that may reflect differences in the re-
cruitment of other genes to tailor the interactions to different
host plants, e.g., permissive and nonpermissive host plants (36).
A second major difference is the absence of fix genes encoding
the high-affinity terminal electron acceptor required for symbi-
osis in the C. faiwanensis cluster, likely functionally replaced by
homologous genes on the chromosome (35).

Based on our ability to recover nodule formation and nitrogen
fixation exclusively with nod, nif, and fix clusters, all of the bac-
terial genes from pSymA involved in fundamental aspects of the
root-nodule symbiosis in laboratory conditions appear to be
known. However, our data suggest that, in natural field condi-
tions, the minSymA strains would be severely out-competed by
resident rhizobia. Presumably, many genes present on the
pSymA megaplasmid, such as the rhizobactin siderophore gene
cluster (15), play roles in growth and survival in soil environ-
ments. Competition for nodule occupancy is an important trait
for the success of rhizobial inoculants in agriculture (37). De-
fining the minimal symbiotic genome facilitates gain-of-function
approaches that can now be used to elucidate pSymA genes, as
well as genes from other highly competitive rhizobia, that con-
tribute to nodulation competitiveness. Similarly, gain-of-function
approaches could be used to investigate the genetic basis of the
substantial variance in compatability observed between different
S. meliloti strains and their legume hosts (38).

Manipulating the minimal symbiotic genome provides a cru-
cial foundation for future approaches to engineering of the
symbiosis, be it altering host range, increasing N,-fixation effi-
ciency, or engineering symbionts that can establish a symbiosis
with major nonlegume crops. The functionalized nod, nif, and fix
elements in minSymA3.3 facilitate independent manipulation of
these gene clusters. To this end, we demonstrated the feasibility
of engineering S. meliloti to elicit nodule formation on nonnative
host plants by replacing the S. meliloti minimal nod gene cluster
with a 26-kb synthetic nod cluster from S. fredii NGR234 (Fig. 4).
The inability of these nodules to fix nitrogen suggests the pres-
ence of additional host-range determinants and highlights the
complexities of altering the rhizobium host range. Engineering
LysM Nod-factor (NF) receptors of legumes to perceive the NF
from noncognate symbionts has recently been accomplished
(39). Together with exchanging the nod cluster of minSymA3.3
with those from other rhizobia, these approaches could enable
investigations into the factors beyond NF signaling that govern
the compatibility between legumes and their cognate rhizobial
partners. Such research will undoubtedly be critical to engi-
neering symbiotic nitrogen fixation in cereal crops.

While pSymA, long referred to as the symbiotic megaplasmid,
contains the genes most directly associated with SNF, other
genes that are essential for SNF are present on the 1,683-kb
pSymB chromid including those for the metabolism of C4-
dicarboxylates and exopolysaccharide biosynthesis. We are pres-
ently using the workflows established here to identify a minimal
pSymB complement that is sufficient for SNF. In addition, the
genetic predispositions or adjustments required to allow a bacte-
rium to evolve into a symbiotic nitrogen fixer are unclear (9). In
this respect, assuming that nod, nif, and fix genes are appropriately
expressed, it will be interesting to investigate whether this min-
SymA or individual minSym regions can also function in other
phylogenetically related and distant strains.

Materials and Methods

Microbial Growth Conditions. Bacterial strains and plasmids used in this work
are listed in S/ Appendix, Table S2. Complex and defined media used for
growth of E. coli (LB) and S. meliloti (LBmc, M9) were used as described
previously along with growth conditions and antibiotic concentrations (15,
16). Saccharomyces cerevisiae was cultured with yeast extract peptone
dextrose (YPD) complex medium, and synthetic complete (SC) defined
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medium lacking histidine or uracil. All yeast media were supplemented with
40 mgeL™" adenine sulfate.

Genetic Manipulations. Routine conjugations from E. coli to S. meliloti were
performed by triparental mating including the E. coli MT616 helper strain in
addition to the donor and recipient (40). Transductions between S. meliloti
strains were performed using the ®M12 bacteriophage (41).

Deletion Construction. The AA401-AA406 deletions were constructed with
the Flp-FRT method by flanking the region to be excised through single-
crossover homologous recombination of plasmids bearing FRT sites
(pTH1937 [Neomycin (Nm)®] and pTH3291 [Gentamicin (Gm)R]) as described
previously (42).

In Vivo Capture of A117, A118, and A121. RmP4219 (AA301) was used as a
starting point for the capture of the symbiotic regions A117, A118, and
A121. First, the FRT scar and associated sequences between A118 and A121
from AA301 were removed by sacB-mediated double homologous recom-
bination (43) with pTH3237. Plasmid pTH3237 was made by combining DNA
from the ends of A118 (pSymA nucleotide [nt] 506,533 to 507,338) and A121
(pSymA nt 623,673 to 624,173) in pTH2919 (S/ Appendix, Table S2 and Fig.
S1). To mediate excision of the now-adjacent A117-A118-A121 regions, FRT
sites were introduced directly upstream of A117 and downstream of A121 by
®M12 transduction of the integrated vector backbones of pTH1522 (A117)
and pTH1937 (A121) from RmP938 and RmP946, respectively. The resulting
strain, RmP4309, was then used for in vivo cloning of A117-A118-A121 (16).
Briefly, a plasmid carrying a protocatechuate (PCA)-inducible Flp recombi-
nase (pTH2505) was introduced to RmP4309 by conjugation to generate
RmMP4310. RmP4310 was used in a triparental mating with Rif® E. coli DH5« as
a recipient. The mating was performed on LBmc with 2.5 mM PCA to induce
Flp recombinase. Flp-mediated recombination resulted in the excision of
A117-A118-A121 as a Gm®, NmF plasmid that was captured and maintained
in E. coli via p15A and pMB1 origin of replication elements from the
pTH1522 and pTH1937 backbones (S/ Appendix, Fig. S1).

Assembly of Symbiotic Regions by Yeast Recombineering. For assembly of
symbiotic regions, ~4-kb DNA fragments were amplified by PCR with Q5
High Fidelity DNA Polymerase (New England Biolabs) and pTH3255 plasmid
template DNA to maximize fidelity. Approximately 40 bp of homology on
the ends of each amplicon was used to guide linear assembly into YAC/BAC
(yeast/bacterial artificial chromosome) shuttle vectors and was incorporated
into fragment design or added to PCR primers when relevant. Transforma-
tion of the linearized vectors and amplified fragments into S. cerevisiae VL6-
48 was performed using the high-efficiency LiAc/SS carrier DNA/PEG method
(44). Assembly of a circular plasmid in recombinants was selected using SC-H
minimal medium based on histidine prototrophy. S. cerevisiae colonies were
screened for the presence of symbiotic regions by PCR using primers from
consecutive fragments. Putative correct plasmid assemblies were isolated
from S. cerevisiae using the protocol described by Brumwell et al. (45) and
transformed by electroporation into Lucigen TransforMax EPI300 E. coli.
Plasmids were then isolated from Epi300 strains following copy number in-
duction with L-arabinose and verified by restriction digest pattern (typically
with BamHI, EcoRl, and Hindlll) and ultimately Illumina sequencing once
integrated into the S. meliloti genome.

For assembly of pTH3278, the fix-1 locus was amplified as three fragments
and assembled into pAGE3.0 linearized with Clal/I-Scel (to remove S. meliloti
repABC and Phaeodactylum tricornutum selectable marker). An FRT site was
introduced upstream of fixL, and the I-Scel site was reconstituted for future
rounds of cloning. For assembly of pTH3294, the nif, syr, and nod loci were
amplified as 12 fragments and assembled into pTH3278 linearized with
I-Scel. The FRT/attB integration vectors pTH3369 and pTH3370 were con-
structed by amplifying the FRT/attB sites from pTH2884 as a 262-bp frag-
ment and cloning into pAGE1.0 and pAGE2.0, respectively, via Clal/I-Scel.

For assembly of pTH3372, the fix-2 locus was amplified as three fragments
and assembled into pTH3369 linearized with Pacl. The synthetic nod and
synthetic nif clusters were assembled independently via Pacl into pTH3369
and pTH3370 as seven and five fragments, respectively, to construct
pTH3371 (synth-nod) and pTH3373 (synth-nif). They were also combined and
added to the fix-1 locus as a 12-fragment assembly into pTH3278 linearized
with I-Scel to construct pTH3375 (plasmid for minSymA3.0). The fix genes
from the fix-2 locus were assembled individually into pTH3369 via Pacl
(pTH3396) and combined with fix-1 into a synthetic fix cluster (synth-fix) by
assembly into pTH3278 via I-Scel (pTH3376).
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Primers used to amplify fragments for symbiotic cluster assembly, and the
pSymA genomic location of each fragment for symbiotic cluster assembly, are
indicated in S/ Appendix, Table S3.

Curing of pSymA from RmP110. Incompatibility was used to cure RmP110 of
pSymA by sequential conjugation with pTH2993 (to supply antitoxins) and
pTH2992 (pSymA inca incompatibility element). Putative ApSymA colonies
were identified based on the inability to utilize trigonelline as a sole carbon
source and by PCR. The spontaneous curing of pTH2992 was screened for
based on Gm sensitivity, and pTH2993 was removed by introducing a plas-
mid bearing an isopropyl p-b-1-thiogalactopyranoside (IPTG)-inducible I-Scel
meganuclease (pJG592). IPTG (1 mM) was included in the selection medium,
and transconjugants were screened for loss of pTH2992 based on spectino-
mycin (Sp) sensitivity. Finally, spontaneous curing of pJG592 was screened
for based on tetracycline (Tc) sensitivity, resulting in RmP4247 (RmP110
ApSymA). Ultimately, the absence of pSymA and other plasmids was verified
by genome sequencing of the minSymA strains assembled from this
background.

Construction of Landing Pads for Integration of Symbiotic Regions. LP-B1 was
constructed in the ApSymA background by transducing a pSymB AhypRE::FRT-
kan-FRT cassette (pSymB nt 272,683 to 273,672) (46) into RmP4247 (RmP110
ApSymA). The kan cassette was removed by introduction of pTH2505 (Flp) and
a Nm® Tc® colony was purified and designated RmP4253. The resulting single
FRT site (AhypRE::FRT) served as LP-B1, with integration catalyzed by Flp
recombinase expressed from pTH2505.

For landing-pad LP-C1, we utilized a ®C31 attB site that was previously
integrated at nucleotide position 3,234,050 in the chromosome of RmP110
(47). Strains RmP2667 (SmR, Tc?) and RmP1685 (SmR, Nm®) that were used for
plasmid integration also contained an IPTG-inducible ®C31 integrase gene
integrated elsewhere in the chromosome (47). To separate the integrated
DNA from the ®C31 integrase gene, and to place it in the desired back-
ground, including a ApSymA background, the integrated DNA was trans-
ferred by transduction with selection for the antibiotic resistance marking
the integrated DNA.

For landing-pad LP-C2, we utilized an FRT site generated during the de-
letion of the chromosomal gene manB in RmP2227 (replaces chromosome nt
2,082,053 to 2,084,585) (48).

All landing pads were constructed at a distance (>200 kb apart) sufficient
for integrated constructs to be combined by ®M12 transduction.

Integration of Plasmids Bearing Symbiotic Regions. We utilized two ap-
proaches to integration of plasmids bearing symbiotic regions into the S.
meliloti genome. We took advantage of the reversible nature of FRT-FRT
Flp-mediated recombination to catalyze integration of plasmids that con-
tained a single FRT site (from excision of symbiotic regions in the case of
pTH3255 or introduced in primers during yeast recombineering) into strains
bearing FRT landing pads. We also used ®C31 integrase to introduce plas-
mids bearing attP sequences into attB landing pads in the genome. (S/ Ap-
pendix, Figs. S1 and S2).

To construct RmP4291 (minSymA1.0), pTH3255 was introduced into
RmP4253 (contains LP-B1 and pTH2505) by triparental mating, and Flp
recombinase was induced by including 2.5 mM protocatechuate in the
mating spot. S. meliloti transconjugants with integrated pTH3255 were se-
lected for using M9 minimal medium with 10 mM trigonelline as a sole
carbon source (the A117 region in pTH3255 contains the trigonelline ca-
tabolism gene cluster) and streptomycin (Sm). Transconjugants were further
screened for GmR, and single colony purified three times to give RmP4291.
To validate integration into LP-B1, transduction of RmP4291 with a wild-
type RmP110 ®M12 lysate was selected with M9 minimal medium with
10 mM L-hydroxyproline as a sole carbon source. Transductants that recov-
ered the ability to grow using hydroxyproline were screened for the ability
to grow on LBmc containing Nm and Gm, and all failed to grow. The
expected integration into the FRT site was later verified by genome se-
quencing of RmP4291.

Integration of yeast-assembled pTH3278 into LP-B1 to form RmP4346 was
performed similarly by triparental mating. In these cases, the donor E. coli
strain Epi300 was Sm®, and so was counterselected based on an inability to
grow on M9 minimal medium supplemented with Nm and 10 mM galactose
as the sole carbon source (counterselection of E. coli based on leucine aux-
otrophy and galactose catabolism mutation). Nm® transconjugants were
patch plated onto Tc to identify strains that had lost the unstable flp plasmid
pTH2505. A NmR Tc® colony was selected and purified. Correct insertion into
the AhypRE::FRT site was verified by the L-hydroxyproline utilization trans-
duction strategy described above and by verifying the inability of L-Hyp*
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transductants to grow on LBmc with Nm. Plasmids derived from pTH3278
were integrated into LP-B1 in the RmP4253 background and verified in the
same way, including pTH3295 (minSymA2.0/RmP4371), pTH3275 (min-
SymA3.0/RmP4597), and pTH3376 (synth-fix’/RmP4598). The expected inte-
gration into the FRT site of pTH3295, pTH3275, and pTH3376 was later
verified at the nucleotide level by genome sequencing of RmP4371,
RmP4621, and RmP4663.

Integration of pTH3372 (fix-2) into LP-C1 in RmP2667 to create RmP4532
was performed by attB/attP recombination via ®C31 integrase. A triparental
mating was performed to conjugate pTH3372 into RmP2667, and 0.5 mM
IPTG was included in the LBmc medium for mating spot incubation to induce
the integrase. Selection was performed as described above on M9 minimal
medium with galactose as a sole carbon source and with Sp to select for
plasmid integration. A Sp® colony was selected and purified. We used a
workflow that we developed previously for verification of correct integra-
tion into this attB site on the chromosome (47). We transduced the
SpR-marked integrant into the methionine auxotroph RmP1615, which
contains a metH::Tn5 (NmF) insertion ~5 kb upstream of LP-C1. We then
verified Nm® and methionine prototrophy phenotypes in >90% of trans-
ductants, which indicated that the Sp® plasmid was integrated into LP-C1.
The integrated plasmid was introduced to RmP4371 (minSymAz2.0) and
RmMP4597 (minSymA3.0) by transduction to form RmP4600 (minSymA2.1) and
RmP4599 (minSymA3.1). The fix-2 cluster in pTH3396 was integrated and
validated in the same way to create RmP4661 and transduced into RmP4597
to produce RmP4663 (minSymA3.2). Integration of pTH3373 (synth-nif) into
LP-C1 to form RmP4612 was performed in the Tc® LP-C1 background
RmP1685. All other steps were as described above except Tc® was used for
selection. Ultimately, correct integrations were confirmed by genome
sequencing.

To allow integration into LP-C2, pTH2505 was introduced by triparental
mating. Next, pTH3375 or pTH3434 were introduced from Epi300 by tri-
parental mating, Flp recombinase from pTH2505 was induced in the mating
spot with 2.5 mM PCA, and integrants were selected with M9 minimal me-
dium with Sp and galactose as the sole carbon source. Sp® colonies
(RmP4618/RmP4737) were purified, and integration into the manB FRT site
was verified by transducing the Sp® integrant into a wild-type RmP110
background and by testing the tranductants for loss of the ability to grow
using arbutin as a sole carbon source [phenotype resulting from loss of manB
(48)] on M9 minimal medium. The expected integration was later confirmed
by genome sequencing of RmP4621 and RmP4741.

Generation of Chromogenic Marker Strains for Evaluating Competition for
Nodule Occupancy. To evaluate S. meliloti strains for competitiveness, we
utilized the chromogenic marker system based on nodule-specific expression
of gusA (B-glucuronidase) and celB (thermostable f-galactosidase) (19). We
integrated PnifH-controlled gusA and celB (49) into an intergenic region
downstream of the pheA gene in the S. meliloti chromosome as the inte-
gration site (chromosome nt 257,195 to 257,274) and devised a workflow
based on phenylalanine auxotrophy to allow transfer of integrated gusA
and celB genes to other S. meliloti backgrounds by two-step transduction. A
Tn5-233 insertion in pheA that results in phenylalanine auxotrophy can be
transduced into chosen backgrounds by selecting for Gm® or Sp®, and then
markerless gusA or celB genes can be introduced by cotransduction with a
functional pheA allele by selecting for phenylalanine prototrophy.

Plasmids for integration of PnifH::gusA and PnifH::celB into the S. meliloti
genome were assembled in two steps. First, DNA flanking the chromosomal
integration site (chromosome nt 256,639 to 257,195, and chromosome nt
257,274 to 257,640) were amplified from the S. meliloti genome and as-
sembled on either side of PnifH::gusA or PnifH::celB amplified from
pOGG0253 or pOGG0254 by three-fragment Level 1 Golden Gate cloning
into the vector pOGG024 as previously described (49) to produce pTH3362
(gusA) and pTH3383 (celB). Next, the three fragments were amplified from
pOGG024 as a single amplicon and cloned into pJQ200SK via Xbal/Pstl. The
resulting plasmids, pTH3364 (gusA) and pTH3385 (celB), were introduced
into the S. meliloti RmP110 genome by single crossover in a triparental
mating selecting for Sm Gm resistance. Double homologous recombinants
were selected by streaking Sm® GmR transconjugants on LBmc with 5% su-
crose and screening for colonies that were now Gm®, resulting in RmP4505
(RmP110 gusA) and RmP4506 (RmP110 celB). Correct integration of gusA
and celB in the genome was verified by PCR.

To transfer gusA and celB to the minSymA1.0 background, pheA::Tn5-233
was first transduced from RmG340 to RmP4219, and a Sp® Phe™ transductant
(RmP4507) was purified and then transduced to Phe* with ®M12 lysates of
RmP4505 and RmP4506, respectively, and selection with M9 minimal me-
dium. The resulting strains were verified as Sp° and were designated as
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RmP4508 (minSymA1.0 gusA) and RmP2509 (minSymA1.0 ce/B). The same
strategy was used to transfer gusA and celB to the minSymA2.0 background,
and then the fix-2 cluster was introduced, creating RmP4645 (minSymA2.1
gusA) and RmP4646 (minSymA2.1 celB).

Genome Sequencing and Analysis. Genomic DNA from S. meliloti strains with
symbiotic plasmids integrated into the genome were sequenced with Illu-
mina HiSeq at the Farncombe Family Digestive Health Research Institute at
McMaster University. Reads were aligned to a map of the expected genome
sequence [derived from the S. meliloti 1021 reference genome (50)] with
Geneious R11 software (mapper: Geneious; sensitivity: medium sensitivity/
fast; fine-tuning: up to five iterations; reads not trimmed). The sequence of
integrations was evaluated manually for possible mutations, and in one case
an ambiguous region in fixT of RmP4371 was amplified by PCR and con-
firmed to be as expected by Sanger sequencing. DNA sequencing of min-
SymA2.0 (~62 kb) revealed that its sequence was as predicted from the
Rm1021 sequenced genome except for a single missense mutation (H389 to
Y) within the coding sequence of NifB. This mutation had no apparent effect
on the N,-fixing symbiosis as minSymA2.0 completely complemented the
Fix~ phenotypes of the AA402 and AA405 deletions that removed nifB
(Fig. 2E). DNA sequencing of the regions integrated in minSymA1.0, min-
SymA3.2, and minSymA3.3 confirmed a complete match to the expected
sequence from the Rm1021 genome sequence.

Symbiotic Assays. For SNF assays, plants were grown in Leonard jar assemblies
with a 1:1 (wt/wt) mixture of quartz sand and vermiculite, and 250 mL of
Jensen’s medium (51). Each Leonard jar contained six to eight seedlings, and
they were inoculated 2 d after planting with 10 mL of water containing ~107
rhizobial cells/mL.

M. sativa cv. Iroquois (alfalfa), M. truncatula A17 (barrel medic), M. offi-
cinalis (yellow sweet clover), V. unguiculata (cow pea), M. atropurpureum
(siratro), and L. leucocephala (river tamarind) were used for plant assays. M.
sativa seeds were sterilized with 95% ethanol for 5 min, followed by 2.5%
sodium hypochlorite for 20 min. Seeds were then washed with sterile water
for 1 h, replacing the water every 15 min. M. truncatula and M. officinalis
seeds were first scarified with anhydrous sulfuric acid for 12 min until small
black spots were observed on the tegument surface. They were washed
several times with sterile water and then sterilized with 2.5% sodium hy-
pochlorite for 2 min and rinsed again with sterile water five to six times. V.
unguiculata, M. atropurpureum, and L. leucocephala were scarified with
anhydrous sulfuric acid for 8, 10, and 12 min, respectively, and washed ex-
tensively with sterile water. The treated seeds were germinated in the dark
for 2 d on 0.9% agar plates prior to planting. Competition for nodulation
assays were conducted with four seedlings per jar, which were inoculated
2 d post planting with a predefined ratio of two strains (marked with gusA
and celB), totaling 10* cells per jar. Nodule occupancy was assessed by se-
quential staining with Magenta-glc and X-gal following thermal treatment
essentially as described previously (19), except X-gal staining was incubated
for 2 d to enhance blue-color formation in nodules.

Plants were grown in Conviron E15 growth chambers with incandescent
and fluorescent lights or in Conviron Adaptis A1000 growth chambers with
LED lights set to maximum. Chambers were programmed with a day setting of
21 °C for 18 h and a night setting of 17 °C for 6 h for S. meliloti hosts and
a day setting of 28 °C for 12 h and a night setting of 20 °C for 8 h for S. fredii
hosts. Plant shoots were harvested and dried at 55 °C to a constant weight
(for 1 to 2 wk) and weighed. Roots were removed from sand/vermiculite and
rinsed with water, and the visibly Fix* (pink) nodules were counted. To assess
nodule wet weight, Fix* nodules were picked from the roots as they were
counted and weighed immediately. The absence of nodules on the water
control verified lack of cross-contamination, and strains were routinely cul-
tured from nodules and screened for antibiotic resistance phenotypes to
verify that nodules were formed by the appropriate inoculant strain.

Acetylene reduction assays were performed by gas chromatography using
a HP6890 gas chromatograph (Agilent Technologies) as previously described
(52). Rates of acetylene reduction were determined based on a linear rate of
ethylene produced across 18 min.

Confocal microscopy of nodules was performed as previously
described (52).

Nodule kinetics were established by visible assessment of nodule organ
formation on Jensen’s 1% agar slopes (20 mL) in glass tubes. Sixteen seed-
lings were inoculated with 100 pL of ~107 rhizobial cells/mL of water, and
nodules were counted every day for the first 9 d and then every 2 d.

Data Availability. All study data are included in the article and supporting
information.
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