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Summary

We report that the smb20752 gene of the alfalfa symbi-

ont Sinorhizobium meliloti is a novel symbiotic gene

required for full N2-fixation. Deletion of smb20752

resulted in lower nitrogenase activity and smaller nod-

ules without impacting overall nodule morphology.

Orthologs of smb20752 were present in all alpha and

beta rhizobia, including the ngr_b20860 gene of Sino-

rhizobium fredii NGR234. A ngr_b20860 mutant formed

Fix2 determinate nodules that developed normally to a

late stage of the symbiosis on the host plants Macropti-

lium atropurpureum and Vigna unguiculata. However

an early symbiotic defect was evident during symbiosis

with Leucaena leucocephala, producing Fix2 indetermi-

nate nodules. The smb20752 and ngr_b20860 genes

encode putative 3-hydroxyisobutyryl-CoA (HIB-CoA)

hydrolases. HIB-CoA hydrolases are required for

L-valine catabolism and appear to prevent the accumu-

lation of toxic metabolic intermediates, particularly

methacrylyl-CoA. Evidence presented here and else-

where (Curson et al., 2014, PLoS ONE 9:e97660)

demonstrated that Smb20752 and NGR_b20860 can

also prevent metabolic toxicity, are required for L-valine

metabolism, and play an undefined role in 3-

hydroxybutyrate catabolism. We present evidence that

the symbiotic defect of the HIB-CoA hydrolase mutants

is independent of the inability to catabolize L-valine and

suggest it relates to the toxicity resulting from metabo-

lism of other compounds possibly related to 3-

hydroxybutyric acid.

Introduction

The rhizobia are an agriculturally and ecologically impor-

tant group of bacteria that survive as free-living cells in the

soil and as endosymbiotic partners with legume species.

During the endosymbiosis, the bacteria differentiate into

bacteroids within the legume cells of a specialized organ

known as the nodule (Oldroyd et al., 2011). The differenti-

ated bacteroids convert N2 gas into ammonia which, unlike

the N2 gas, is available to the plant for use as a nitrogen

source. Harvesting the rhizobium-legume symbiosis for

agriculture has had, and will continue to provide, enormous

benefits, including reducing costs and pollution associated

with the use of nitrogen based fertilizers that rely on the

Haber-Bosch process (Erisman et al., 2008), and improv-

ing crop yields for small-holder farmers whom are unable

to afford expensive fertilizers (Mutuma et al., 2014). How-

ever, the potential of rhizobia is limited in that the

symbiosis is restricted to legume plants (Werner et al.,

2014), meaning many of the major crop species such as

cereals are unable to benefit from the rhizobia.

As the field of synthetic biology continues to rapidly

advance, the long term goal of the rhizobial community to

engineer biological nitrogen fixation with non-legume spe-

cies is increasingly tenable. Several approaches are

currently being investigated (Oldroyd and Dixon, 2014; Rog-

ers and Oldroyd, 2014; Geddes et al., 2015). One approach

involves engineering non-legumes to be capable of function-

ing as the plant host during symbiotic nitrogen fixation

(SNF) (Rogers and Oldroyd, 2014). For the bacterial part-

ner, these synthetic symbioses could make use of existing

rhizobia that have been modified for competitiveness in the

engineered plant’s soil microbiome. Alternatively, major bac-

terial isolates from the plant’s soil microbiome can be

engineered to perform SNF (Geddes et al., 2015). The latter

option will involve first elucidating the rhizobial genes neces-

sary and sufficient to confer SNF (diCenzo, Zamani, et al.,

2016), and then identifying additional genes that promote

an improved symbiotic partnership.

Sinorhizobium meliloti is a narrow host range legume

symbiont, entering into symbiosis with plants of the
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Medicago, Melilotus, and Trigonella genera. The genome

of the model strain Rm1021 is divided into three primary

replicons, a 3.7 Mb chromosome, a 1.7 Mb chromid

(pSymB), and a 1.4 Mb megaplasmid (pSymA), and both

the pSymA and pSymB replicons are essential for symbio-

sis (Rosenberg et al., 1981; Finan et al., 1986; Galibert

et al., 2001). The genetics of SNF is well-studied in this

species (Barnett and Kahn, 2005), and the large number

of genetic, genomic, and systems biology resources avail-

able for S. meliloti facilitates rapid and in-depth analysis of

the role of individual genes (Djordjevic, 2004; Schroeder

et al., 2005; Cowie et al., 2006; Pobigaylo et al., 2006;

Schl€uter et al., 2010; Sobrero et al., 2012; Zhao et al.,

2012; Galardini et al., 2013; Sugawara et al., 2013; Yurgel

et al., 2013; Milunovic et al., 2014; Roux et al., 2014; Gal-

ardini et al., 2015; Gemperline et al., 2015; diCenzo,

Zamani, et al., 2016; Fei et al., 2016).

Sinorhizobium fredii NGR234 is closely related to S.

meliloti, containing a similar genome architecture

(Schmeisser et al., 2009). S. fredii NGR234 is a broad

host range symbiont capable of forming effective nodules

on legumes from over 120 genera (Pueppke and

Broughton, 1999). The nodule morphology of legume spe-

cies is classified into two major types, determinate and

indeterminate (Ferguson et al., 2010), and unlike S. meliloti

that only forms indeterminate nodules, S. fredii NGR234

will form either determinate or indeterminate nodules

depending on the plant host. These characteristics make

S. fredii NGR234 an invaluable model for studying the gen-

eralizability of particular phenotypes across a broad range

of symbioses.

With the goal of identifying the minimal necessary and

sufficient symbiotic gene set, we recently described the

construction of a S. meliloti mutant library carrying large,

defined deletions of the pSymA and pSymB replicons

(Milunovic et al., 2014). Screening this library on Medicago

sativa (alfalfa) allowed us to determine symbiotic pheno-

types for the majority of the � 2,900 genes encoded by

these two replicons (diCenzo, Zamani, et al., 2016). With

the exception of the B122 strain, none of the deletion

mutant library strains displayed a severe symbiotic pheno-

type with M. sativa that was not expected based on

previously described symbiotic genes. Deletion of the

� 33 kb B122 region on pSymB resulted in a dramatic

decrease in symbiotic efficiency. Here, we demonstrate

that the locus within the B122 region responsible for the

reduced SNF phenotype is a single gene that is conserved

throughout the a- and b-rhizobia. Moreover, we show that

deletion of the orthologous gene from S. fredii NGR234

resulted in a complete loss of symbiotic N2-fixation (Fix2)

regardless of the plant host or nodule type. We fully

characterize the symbiotic phenotypes associated with the

deletion of this gene in both S. meliloti Rm1021 and

S. fredii NGR234, and begin to characterize the biological

function of the gene product.

Results

The smb20752 gene is required for a fully effective
S. meliloti – legume symbiosis

In our recent screen of a S. meliloti deletion mutant library

for symbiotic phenotypes with M. sativa, a severe symbiot-

ic defect was noted for the strain RmP798 that has the

DB122 deletion from nt. 1,529,711 to 1,572,422 of pSymB

(Fig. 1A) (diCenzo, Zamani, et al., 2016). M. sativa plants

inoculated with RmP798 were stunted and light green (Fig.

1B) with shoot dry weights � 70% less than those inoculat-

ed with wild type (Fig. 1C). Antibiotic resistance profiles

and PCR analysis confirmed that nodule isolates were

RmP798, and all five of the nodule isolates re-inoculated

on M. sativa maintained the reduced Fix (Fixr) phenotype

(data not shown). Thus, these data confirmed that deletion

of the B122 region had a negative effect on symbiotic N2

fixation.

To localize the specific locus responsible for the symbiot-

ic phenotype, nine additional deletions were made within

the B122 region (Fig. 1A). All seven of the deletions

encompassing the 7.5 kb region from nt. 1,536,063 to

1,542,407 exhibited the Fixr phenotype, whereas the two

deletions that did not span this region (DB170 and DB171)

resembled the wild type (Fig. 1A and C). This 6.3 kb region

includes five complete coding regions (Fig. 1A), and each

of these genes were disrupted by single cross-over plas-

mid integration. The only mutant to display the Fixr

phenotype had an insertion within smb20752 (Fig. 1C),

and the involvement of smb20752 in the Fixr phenotype

was further shown through testing an independent, non-

polar smb20752 deletion (Fig. 1C). Expression of

smb20752 in trans under control of the dme promoter from

a multicopy plasmid fully complemented the Fixr pheno-

type of the Dsmb20752 and DB122 mutants (Fig. 1C),

confirming that smb20752 is the sole gene within the

DB122 region responsible for the Fixr phenotype.

Characterization of the Dsmb20752 symbiotic phenotype
with M. sativa

A series of experiments were performed to gain insight into

which stage(s) of the M. sativa symbiosis was affected by

the Dsmb20752 mutation. The Dsmb20752 mutant did not

appear to be impaired prior to nodule initiation as no differ-

ence was observed in the ability of the mutant to colonize

the M. sativa root (Fig. 2A) nor did deletion of smb20752

influence the rate that visible nodules appeared on inocu-

lated M. sativa (Fig. 2B). Consistent with the dry weight

phenotype, nitrogenase activity as measured via the rate

of acetylene reduction was � 70% less per plant for M.
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Fig. 1. Identification of the reduced Fix locus.

A. Schematic illustration of the workflow leading to the identification of smb20752 as the Fixr locus. The region on pSymB removed in the

DB122 deletion is highlighted in orange. A series of sub-deletions were made within the B122 region, and these are represented by the lines

in the upper left corner; the region deleted is indicated by the dashed lines. The localized Fixr locus is boxed with dashed lines, and to the

right, the genes within this region and the predicted functions of the gene products are indicated.

B. A photograph of M. sativa plants 28 days post-inoculation with various S. meliloti strains illustrating the Fixr phenotype. The genotype of the

S. meliloti strains are indicated below the plants.

C. The shoot dry weights of M. sativa inoculated with various S. meliloti strains involved in the identification of the Fixr locus. Dry weights are

represented as a percentage of the average weight of the M. sativa plants inoculated with wild type S. meliloti RmP110 (34.8 mg plant21).

Data points represent the average of triplicate samples, and error bars indicate the standard error. Asterisks highlight samples that were

statistically different from RmP110 as determined by an one-way ANOVA followed by a Tukey’s-b post-hot test (Supporting Information Table

S2). The dashed horizontal line indicates the position of 100% of RmP110, while the vertical dashed lines separate strains into relevant

groupings. [Colour figure can be viewed at wileyonlinelibrary.com]
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sativa inoculated with Dsmb20752 compared with those

inoculated with the wild type RmP110 (Table 1). Additional-

ly, there was a decrease in the total Dsmb20752 nodule

mass per plant due to a decrease in the average size of

each nodule (Table 1). Nevertheless, even when standard-

ized by nodule wet weight, the rate of acetylene reduction

by nodules infected with Dsmb20752 was still a third lower

than the rate of acetylene reduction by wild type nodules

(Table 1). However, the level of nifH expression, encoding

the Fe-subunit of the nitrogenase enzyme, per mg nodule

protein was not statistically different for nodules infected

with the wild type RmP110 (16.2 6 0.7 U per mg protein)

compared with the Dsmb20752 mutant (16.9 6 0.4 U per

mg of protein), as determined with a nifH1::gusA transcrip-

tional fusion. Overall, these data indicate that the Fixr

phenotype of Dsmb20752 was largely due to the reduction

of nodule tissue per plant, but also due to a decrease in

nitrogenase activity, but not expression, in the mature S.

meliloti bacteroids.

Results from a histological examination of M. sativa nod-

ules were consistent with the above conclusion. With the

exception of being smaller, confocal microscopy (CM)

Fig. 2. The effect of deleting smb20752 on the early symbiotic process.

A. The rate or M. sativa root colonization by S. meliloti RmP110 (blue) and Dsmb20752 (red) is shown. Data points represent the mean of 12

plants, and the error bars indicate the standard error.

B. The rate of visible nodule appearance on M. sativa inoculated with S. meliloti RmP110 (blue), Dsmb20752 (red), and Dsmb20752 with

smb20752 in trans (orange) is shown. Data points represent the mean of 18 plants, and the error bars indicate the standard error. [Colour

figure can be viewed at wileyonlinelibrary.com]

Table 1. Phenotypes of temperate legumes inoculated with S. meliloti strains.

Host plant
Bacterial
strain

SDW
(mg plant21)

Nodule wet mass
(mg plant21)

ARA
(nmol h21 plant21)

ARA (nmol h21

[mg nodule mass] 21)

M. sativa RmP110 72 6 1 a 10.8 60.4 a 758 6 37 a 71 6 5 a

RmP2203 22 6 1 b 5.9 60.4 b 272 6 12 b 47 6 5 b

RmP2779 69 6 1 a 10.5 6 0.3 a 693 6 18 a 66 6 3 a

RmG994 9 6 1 c 0 c 0 c 0 c

None 9 6 1 c 0 c 0 c 0 c

M. alba RmP110 169 6 14 a 10.4 6 1.1 a 1125 6 99 a 112 6 19 a

RmP2203 90 6 1 b 7.3 6 0.5 b 641 6 14 b 88 6 4 a

RmP2779 150 6 20 a 10.7 6 0.3 a 1032 6 108 a 97 6 13 a

RmG994 12 6 1 c 0 c 0 c 0 c

None 12 6 1 c 0 c 0 c 0 c

M. truncatula RmP110 91 6 2 a 6.6 6 0.1 a 946 6 30 a 144 6 4 a

RmP2203 17 6 1 b 2.8 6 0.1 b 311 6 5 b 112 6 2 b

RmP2779 93 6 4 a 6.4 6 0.1 a 890 6 33 a 140 6 4 a

RmG994 11 6 1 b 0 c 0 c 0 c

None 11 6 1 b 0 c 0 c 0 c

Values represent the means 6 standard error of triplicate samples, with each sample consisting of 4–6 plants. Statistically unique groups
(a< 0.05) were identified with one-way ANOVAs followed by Tukey’s-b post-hoc tests, and are represented by the superscript letters. Statistical
analyses were performed independently for each plant and for each variable. Strains: RmP110 (wild type); RmP2203 (RmP110 Dsmb20752);
RmP2779 (PmP110 Dsmb20752 with smb20752 in trans); RmG994 (Rm1021 tme dme – a Fix2 control); None (un-inoculated control). ARA,
acetylene reduction activity; SDW, shoot dry weight.
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revealed that the overall structure of nodules induced by

Dsmb20752 was similar to those induced by the wild type,

and nodule plant cells were densely packed with bacteroids

of either strain (Fig. 3A–D). Using transmission electron

microscopy (TEM), it was observed that the bacteroids of

the Dsmb20752 mutant were elongated and differentiated

similar to that of the wild type bacteroids (Fig. 3E–H). The

only major difference noted in the TEM micrographs was an

abundance of starch granules in the nodule plant cells

infected with Dsmb20752 that was not observed in cells

infected with the wild type (Fig. 3E and F). Starch accumu-

lation in amyloplasts in nodule plant cells is a typical feature

of inefficient N2-fixing nodules (Hirsch et al., 1983), consis-

tent with the observed decrease in nitrogenase activity per

mg nodule mass (Table 1).

smb20752 is predominately expressed in the infecting,
non-differentiated bacteria

To examine the expression pattern of smb20752 through-

out each stage of the symbiosis, M. sativa were inoculated

with a smb207521::gusA transcriptional fusion (strain

RmP1231). Compared with the expression of nifH::gusA,

the expression of smb20752 appeared low at all stages of

the symbiosis as visualization of the b-glucuronidase activ-

ity from smb20752::gusA required overnight incubation

with the chromogenic substrate X-gluc (5-bromo-4-chloro-

3-indolyl-b-D-glucuronic acid). Nevertheless, expression of

smb20752 could be detected in the bacterial microcolonies

within the curled root hair tips and throughout the infection

thread (Fig. 4D and E), as well as within the infection zone

of the nodules but not in the differentiated bacteroids of the

nitrogen fixing zone (Fig. 4A). In contrast, expression of

nifH was expectedly only observed in the nitrogen fixing

zone (Fig. 4B, C, F, and G). There also appeared to be

some overlap in the spatial expression patterns of nifH and

smb20752 (Fig. 4A–C), suggesting smb20752 was still

expressed in the early differentiating bacteria. Overall,

these observations indicate that smb20752 is expressed,

albeit at a low level, throughout the early infection process

and likely in the young differentiating bacteria, but is largely

off in the mature bacteroids. This conclusion is supported

by a nodule RNA-seq dataset that detected the majority of

the smb20752 expression prior to the nitrogen fixation

zone of the nodule (Roux et al., 2014).

The reduced Fix phenotype of Dsmb20752 is observed
on multiple plant hosts

To examine whether the Fixr phenotype of Dsmb20752

was specific to M. sativa, the symbiotic properties of the

mutant were also examined with Melilotus alba (white

sweet clover) and Medicago truncatula (barrel medic). For

both host plants, shoot dry weight analysis showed that

plants inoculated with the Dsmb20752 mutant were statisti-

cally smaller than plants inoculated with the wild type

RmP110 (Table 1). However, the severity of the Fixr pheno-

type was dependent on the plant host; the extent of the

shoot dry weight phenotype of the Dsmb20752 mutant

was most severe with M. truncatula and least severe with

M. alba (Table 1). Like M. sativa, the symbiotic phenotype

of Dsmb20752 with M. truncatula appeared to be related to

Fig. 3. M. sativa nodule structure and S. meliloti bacteroid
morphology. (A–D) Confocal and (E–H) transmission electron
(TEM) micrographs of M. sativa nodules induced by either
(A,C,E,G) wild type or (B,D,F,H) smb20752 mutant S. meliloti cells.

A,B. Confocal images showing the overall nodule structure.

C,D. Higher magnification confocal images from the nitrogen

fixation zone of the nodule.

E,F. TEM images showing the morphology of plant cells from the

nitrogen fixation zone of the nodule.

G,H. TEM images illustrating the morphology of the S. meliloti

bacteroids in the nitrogen fixation zone of the nodule. Scale bars:

(A,B) 250 mm (C,D) 25 mm (E,F) 10 mm (G) 2 mm (H) 0.5 mm.

[Colour figure can be viewed at wileyonlinelibrary.com]
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both a decrease in the rate of nodule mass formation and

the amount of nitrogenase activity per mg nodule mass

(Table 1). This is in contrast to M. alba, where the rate of

acetylene reduction per mg nodule mass was not statisti-

cally different between plants inoculated with the wild type

and Dsmb20752 (Table 1).

Deletion of the smb20752 ortholog of S. fredii NGR234

results in a loss of symbiotic N2-fixation

To examine whether the involvement of the smb20752

gene product in symbiosis is conserved, a non-polar dele-

tion of the orthologous gene (ngr_b20860) in S. fredii

NGR234 was produced. The symbiotic phenotypes of the

mutant were examined with three tropical legume hosts,

two of which form determinate nodules [Macroptilium atro-

purpureum (purple bush bean) and Vigna unguiculata

(cowpea)] and one that forms indeterminate nodules [Leu-

caena leucocephala (white leadtree)]. This is in contrast to

the host plants used with S. meliloti, all of which were tem-

perate legumes with indeterminate nodules.

Transcriptional analysis indicated that ngr_b20860 was

not induced in the indeterminate nodules of L. leucocephala

relative to the free-living cells (Table 3), consistent with the

lack of smb20752 induction in the nitrogen-fixing zone of

alfalfa nodules infected with S. meliloti (Fig. 4). However,

the use of whole nodule tissue, which is dominated by the

nitrogen-fixing zone, for the transcriptional analysis would

mask any low, localized induction, and it is therefore possi-

ble that ngr_b20860 was induced in the infection threads

similar to smb20752 (Fig. 4). In contrast, a 30-60 fold induc-

tion of ngr_b20860, relative to free-living cells grown in TY

complex medium, was observed in the determinate nodules

of both M. atropurpureum and V. unguiculata (Table 3).

Rather surprisingly, the deletion of ngr_b20860 in S. fredii

NGR234 resulted in a much more severe phenotype com-

pared with the effect of deleting smb20752 in S. meliloti.

The S. fredii NGR234 Dngr_b20860 mutant was unable to

fix nitrogen in symbiosis with any of the three host species

(Table 2, Fig. 5A and Supporting Information Fig. S1). This

symbiotic phenotype was complemented upon expression

of smb20752 in trans from the plasmid pTH2787 (Table 2).

Fig. 4. Expression pattern of
smb20752 and nifH throughout
symbiosis with M. sativa. The
expression of the desired gene
was monitored using
smb207521 strains carrying a
gusA transcriptional fusion to
the desired gene and
visualized with X-gluc staining.

A–C. Images of M. sativa

nodules infected with either the

S. meliloti (A) RmP1231

(smb20752::gusA), (B)

RmP319 (nifH::gusA), or (C)

RmP3526 (Dsmb20752-

nifH::gusA) fusion strains.

D–G. Images of root hairs on

M. sativa inoculated with either

the S. meliloti (D,E) RmP1231

(smb20752::gusA) or (F,G)

RmP319 (nifH::gusA) fusion

strains. Scale bars: (A–C) 300

mm (D–G) 5 mm. [Colour figure

can be viewed at

wileyonlinelibrary.com]
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The three legumes inoculated with the NGR234

Dngr_b20860 mutant showed differences in their symbiotic

phenotypes. L. leucocephala plants inoculated with the

Dngr_b20860 mutant had reduced nodule mass (� 1/3rd)

but four times the number of nodules compared with plants

inoculated with the wild type (Table 2). The excessive nod-

ulation is consistent with a lack of the autoregulation of

nodulation (Kosslak and Bohlool, 1984; Reid et al., 2011;

Mortier et al., 2012), suggesting that this symbiosis failed

in a very early stage (van Brussel et al., 2002). This is sup-

ported by TEM images that showed L. leucocephala

nodules inoculated with Dngr_b20860 were essentially

devoid of bacterial cells (data not shown), consistent with a

failure of the bacterial cells to be released into the plant

cell cytoplasm.

In contrast, the total nodule number and nodule mass

formed on V. unguiculata plants inoculated with wild type

S. fredii NGR234 and the Dngr_b20860 mutant were sta-

tistically the same (Table 2). However, nodules induced by

the Dngr_b20860 mutant were white in color (Fig. 5A) and

no nitrogenase activity (acetylene reduction) was detected

in these nodules (Table 2). Additionally, nifH was

expressed at a very low level (Table 3), although higher

than in free-living cells, consistent with the lack of detect-

able nitrogenase activity. CM and TEM images indicated a

rapid nodule senescence as the overall organization of the

nodule was lost (Fig. 5B), many plant cells appeared to be

only partially full of bacteroids (Fig. 5C and D), and no peri-

bacteroid membrane could be observed around the

bacteroids (Fig. 5E). Additionally, examination of the root

systems of V. unguiculata plants inoculated with

Dngr_b20860 four weeks post-inoculation, instead of six

weeks, revealed the presence of a few light pink nodules,

further supporting senescence of these nodules. As

S. fredii NGR234 cells/bacteroids do not undergo major

morphological changes during differentiation within V.

unguiculata nodules (Oono et al., 2010; Li et al., 2013), the

similarity between bacterial cell morphology of the mutant

and wild type does not help address whether or not the

Dngr_b20860 cells fully differentiated prior to nodule

senescence.

Similarly to V. unguiculata, the nodule number and nod-

ule mass of M. atropurpureum plants inoculated with the

Dngr_b20860 mutant was not statistically different from

plants inoculated with the wild type, but nodules induced

by Dngr_b20860 lacked detectable nitrogenase activity

(Table 2, Fig. 5A). However, unlike V. unguiculata which

were harvested at the same time post rhizobial inoculation,

the histology of M. atropurpureum nodules was largely

indistinguishable between plants inoculated with wild type

Table 2. Phenotypes of tropical legumes inoculated with S. fredii NGR234 strains.

Host plant
Bacterial
strain

SDW
(mg plant21)

Nodules
per plant

Nodule wet
mass (mg plant21)

ARA
(nmol h21 plant21)

M. atropurpureum

(determinate nodules)

NGR234 240 6 31 a 21 6 2 a 298 6 10 a 2618 6 185 a

P3821 227 6 18 a 19 6 3 a 322 6 24 a 2063 6 137 b

P3820 34 6 2 b 19 6 1 a 309 6 10 a 0 c

None 30 6 3 b 0 b 0 b 0 c

V. unguiculata

(determinate nodules)

NGR234 743 6 138 a 77 6 4 a 901 6 30 a 5350 6 190 a

P3821 674 6 81 a 73 6 3 a 845 6 34 a 4700 6 150 b

P3820 251 6 27 b 79 6 3 a 803 6 19 a 0 c

None 268 6 13 b 0 b 0 b 0 c

L. leucocephala

(indeterminate nodules)

NGR234 391 6 1 a 16 6 2 b 62 6 3 a 1903 6 70 a

P3821 323 6 14 b 14 6 5 b 62 6 5 a 1508 6 130 b

P3820 34 6 2 c 66 6 11 a 3 6 0.3 b 0 c

None 36 6 1 c 0 c 0 b 0 c

Values represent the means 6 standard error of triplicate samples, with each sample consisting of 4–6 plants. Statistically unique groups
(a< 0.05) were identified with one-way ANOVAs followed by Tukey’s-b post-hoc tests, and are represented by the superscript letters. Statistical
analyses were performed independently for each plant and for each variable. Strains: NGR234 (wild type); P3820 (NGR234 Dngr_b20860);
P3821 (NGR234 Dngr_b20860 with smb20752 in trans); None (un-inoculated control). ARA, acetylene reduction activity; SDW, shoot dry
weight.

Table 3. Induction of the ngr_b20860 and nifH genes during S. fre-
dii symbiosis.

Environment Strain

Relative transcript expression

ngr_b20860 nifH

TY liquid culture NGR234 1.0 6 0.8 1.0 6 0.5

P3820 0 0.9 6 0.3

M. atropurpureum

nodules

NGR234 60.1 6 3.8 2.7 3 107 6 1.9 3 106

P3820 ND 2.7 3 106 6 1.4 3 105

V. unguiculata

nodules

NGR234 38.1 6 3.8 4.1 3 107 6 4.6 3 106

P3820 ND 3.3 3 104 6 3.7 3 103

L. leucocephala

nodules

NGR234 1.7 6 0.4 1.2 3 106 6 1.9 3 105

P3820 ND ND

The data are presented relative to the expression of the gene of
interest in wild type S. fredii NGR234 grown in TY liquid culture.
Values represent the means 6 standard error of biological tripli-
cates, with each biological replicate the average of technical tripli-
cates. ND, not determined. Strains, NGR234 (wild type); P3820
(NGR234 Dngr_b20860).
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S. fredii NGR234 and the Dngr_b20860 mutant (Fig. 5B–

E). The only observable difference was the presence of

some starch granules in empty plant cells of nodules

induced by the mutant (Fig. 5D). While the TEM images

provide little information on the differentiation state of the

Dngr_b20860 bacteroids (Oono et al., 2010), RT-qPCR

Fig. 5. Macroptilium atropurpureum and V. unguiculata nodule structure and S. fredii NGR234 bacteroid morphology. Images on the left are of
M. atropurpureum nodules, while those on the right are of V. unuiculata. Within each plant, wild type nodules are shown on the left and
Dngr_b20860 are shown on the right.

A. Photographs of nodules induced by S. fredii NGR234 strains.

B. Confocal images showing the overall nodule structure.

C,D. Higher magnification (c) confocal images and (D) TEM images displaying the plant cell morphology in the nodules.

E. TEM images illustrating the morphology of the S. fredii NGR234 bacteroids. Scale bars: (A) 2.5 mm (B) 250 mm (C) 25 mm (D) 10 mm (E) 0.5 mm.

[Colour figure can be viewed at wileyonlinelibrary.com]
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indicated that nifH was partially induced in the Dngr_b20860

bacteroids (Table 3). Thus, the complete lack of nitrogenase

activity is not only due to lower nitrogenase expression, but

also a result of the nitrogenase being unable to function,

assuming nitrogenase is made.

Smb20752 is involved in L-valine and b-hydroxybutyrate
catabolism

To begin identifying a possible biological role for the

smb20752 and ngr_b20860 gene products, we examined

whether deletion of these genes result in any carbon cata-

bolic phenotypes. Previous MicroArrayTM analysis has

implicated the B122 region in the catabolism of branched

chain amino acids (leucine, isoleucine, and valine)

(diCenzo, Checcucci, et al., 2016). Indeed, the gene prod-

ucts of smb20752 and the upstream (smb20753) and

downstream (smb20751) genes show homology to three

of the enzymes involved in valine catabolism, and a

ngr_b20860 mutant is unable to grow with valine (Curson

et al., 2014). Here we observed that both the S. meliloti

DB122 and Dsmb20752 mutants showed poor growth on

L-valine as the sole carbon source relative to the wild type,

while both mutants grew well with succinate as the carbon

source (Fig. 6). Similarly, a ngr_b20860 mutant failed to

grow with L-valine as the sole carbon source (Curson

et al., 2014). Both the DB122 and Dsmb20752 mutants

also showed poor growth with L-isoleucine (data not

shown), while DB122 but not Dsmb20752 had a growth

phenotype with L-leucine (data not shown).

Previous work has also shown that four loci within the

B122 region are involved in b-hydroxybutyrate (BHB)

catabolism (Charles et al., 1997), with only one of the

loci, bhbA, having been identified (Charles and Aneja,

1999). The inability of Dsmb20752 to grow in liquid medi-

um with 15 mM BHB as the sole carbon source (Fig. 6)

identified the smb20752 gene product as one of the

three unidentified loci within the B122 region involved in

BHB metabolism. Peculiarly, when the concentration of

BHB was lowered to 5 mM from 15 mM, the mutant was

capable of growing, albeit somewhat slower than the

wild type (Fig. 6). Similarly, the S. fredii Dngr_b20860

mutant displays slow growth when grown with BHB as a

sole carbon source (Supporting Information Fig. S2).

Thus, smb20752 and ngr_b20860 are not essential for

BHB catabolism but are perhaps involved in a detoxify-

ing capacity.

The smb20752 gene is conserved in the rhizobia, but
the genomic context is not

The phylogenetic history and conservation of smb20752

was examined in a phylogenetically diverse and represen-

tative subset of the a- and b-rhizobial species (see

Experimental procedures). Proteins orthologous to

Smb20752 were first identified with a Blast bidirectional

best hit (Blast-BBH) approach. This protein appears to be

highly conserved as orthologs of this protein were detected

in the proteomes of all analyzed rhizobial genomes (Fig. 7

and Supporting Information Fig. S4). The topology of a

RAxML maximum likelihood phylogeny based on the ami-

no acid sequence of the identified Smb20752 orthologs is

similar but not perfectly congruent to a multilocus

sequence analysis (MSLA) of the same strains (Support-

ing Information Fig. S5). However, the phylogeny of

Smc01153 orthologs, catalyzing the reaction in the L-valine

catabolic pathway preceding the Smb20752 catalyzed

reaction (Curson et al., 2014), is also incongruent with the

MLSA and the Smb20752 phylogeny (Supporting Informa-

tion Fig. S5). Thus, the small difference between the

Smb20752 and MLSA trees is likely not due to horizontal

gene transfer, and instead smb20752 appears to have

been vertically transmitted to the modern day rhizobia from

their common ancestor.

Despite smb20752 orthologs being conserved across all

examined rhizobia, the genomic context of the gene varied

(Fig. 7). The smb20752 orthologs were only co-localized

with smb20751 and smb20753 homologs, which are

Fig. 6. The involvement of smb20752 in L-valine and b-
hydroxybutyrate catabolism.

The growth profiles of various S. meliloti strains are shown during growth

in minimal medium containing various carbon sources. Data points

represent the average of triplicate samples, with the error bars indicating

the standard error. [Colour figure can be viewed at wileyonlinelibrary.com]
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potentially also involved in branched chain amino acid

metabolism (data not shown), in the Sinorhizobium and

Bradyrhizobium species (Fig. 7). However, in nearly all oth-

er rhizobial strains the smb20752 orthologs were not co-

localized with smb20751 or smb20753 homologs, except

in a few cases where just a smb20751 homolog was pre-

sent (Fig. 7). The observed variation in genomic context is

consistent with the gene product of the smb20752 ortho-

logs being involved in biological functions that are

independent from that of branched chain amino acid

metabolism.

Discussion

The work described in this report arose through the analy-

sis of symbiotic N2-fixation (SNF) phenotypes of S. meliloti

strains in which large regions of the pSymB replicon were

deleted (diCenzo, Zamani, et al., 2016). Relative to the

wild type, nodules formed by strains lacking the 33 kb

B122 region had a reduced symbiotic N2-fixation (Fix) phe-

notype and this was surprising as no genes involved in

symbiosis were known to lie in B122 region. Deletion of

the smb20752 gene alone conferred the reduced SNF

phenotype and wild type N2-fixation was restored by intro-

duction of smb20752 alone into the DB122 mutant (Fig. 1).

While the S. meliloti smb20752 mutation resulted in a

reduced SNF phenotype on alfalfa, sweet clover, and bar-

rel medic (Table 1), the symbiotic analysis of S. fredii

NGR234 mutants lacking the smb20752 ortholog,

ngr_b20860 (vutE) was more striking as these were

completely defective in SNF (Table 2). Below we discuss

the function of the smb20752 gene and its ortholog

ngr_b20860 (vutE) and how this relates to the symbiotic

phenotypes of the mutations in these genes.

The analysis of the smb20752 and ngr_b20860 (vutE)

genes and their free-living phenotypes as reported here

and elsewhere (Curson et al., 2014) strongly suggest that

these orthologs encode the enzyme 3-hydroxyisobutyryl-

CoA hydrolase (EC 3.1.2.4) that hydrolyzes 3-

hydroxyisobutyryl-CoA (HIB-CoA) to give the free acid and

CoA-SH. As shown in Fig. 8, this reaction occurs during

the catabolism of the branched-chain amino acid L-valine

to the tricarboxylic acid cycle intermediate succinyl-CoA

(Massey et al., 1976). Figure 8 includes the enzyme-gene

designations recently assigned for S. fredii NGR234 by

Curson et al. (2014). Most of the genes encoding for

enzymes of this pathway are located together on the

pSymB replicons of S. meliloti and S. fredii, and these

include smb20753 (bauC), smb20752 (vutE), smb20751

(vutF), pccB, pccA, and bhbA (Fig. 8). The role of the S.

meliloti smb20752 gene in L-valine catabolism is consistent

with the poor growth of the smb20752 mutant relative to

the wild type with L-valine as the sole carbon source (Fig.

6), and Curson et al. (2014) recently showed that

ngr_b20860 (vutE) mutants of S. fredii NGR234 similarly

do not grow with L-valine as the sole carbon source.

HIB-CoA hydrolase is a particularly important enzyme in

mammalian, plant, and microbial cells metabolizing

L-valine as HIB-CoA hydrolase activity appears to be

required to protect cells against the toxic effects of the cat-

abolic intermediate methacrylyl-CoA that reacts readily

with free thiol groups of proteins (see Shimomura et al.,

1994; Zolman et al., 2001; Curson et al., 2014)]. High lev-

els of methacrylyl-CoA hydratase (crotonase) and HIB-

CoA hydrolase relative to other enzymes in the L-valine

catabolic pathway are thought to rapidly remove

Fig. 7. Phylogenetic and genomic context analysis of smb20752
orthologs.

A maximum likelihood bootstrap best tree based on the amino acid

sequence of the identified Smb20752 orthologs, which was

produced as described in the Experimental procedures section, is

shown. The location of the Smb20752 orthologs are indicated along

the right, and none of the orthologs on a chromosome are within a

symbiotic island. Taxa are colour coded based on the genomic

context of the smb20752 as indicated at the bottom of the figure. A

larger version of this figure with bootstrap values is provided as

Figure S4. [Colour figure can be viewed at wileyonlinelibrary.com]
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methacrylyl-CoA and prevent its accumulation (Shimomura

et al., 1994). Thus during L-valine metabolism in S. meliloti

and S. fredii, HIB-CoA hydrolase mutants could

accumulate HIB-CoA and methacrylyl-CoA and this would

result in cellular toxicity. Curson et al. (2014) explored the

protective role of HIB-CoA hydrolase in free-living bacterial

Fig. 8. Schematic of the
metabolic pathways associated
with Smb20752.

The L-valine (left) and acrylic

acid (bottom right) catabolic

pathways and the PHB

metabolism cycle (right) are

shown. A possible metabolic

link, (indicated by the question

mark) between these pathways

is shown. An outline of the

smb20751-bhbA gene region

from the pSymB chromid of S.

meliloti is shown in the upper

right panel. Details of the

pathways were taken from the

literature (Massey et al., 1976;

Trainer and Charles, 2006;

Curson et al., 2014). [Colour

figure can be viewed at

wileyonlinelibrary.com]
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cells in studies involving acrylic acid. Acrylic acid is metab-

olized via the highly toxic molecules acrylyl-CoA and 3-

hydroxypropionyl-CoA that are structurally similar to

methacrylyl-CoA and HIB-CoA respectively (Fig. 8). They

found that expression of bacterial vutD and vutE genes

encoding methacrylyl-CoA hydratase and HIB-CoA hydro-

lase was sufficient to confer resistance to acrylate likely

through the removal of the toxic product acrylyl-CoA (Cur-

son et al., 2014). Moreover, they reported that growth of S.

fredii NGR234 vutD and vutE mutants displayed increased

sensitivity to the presence of acrylate relative to the wild

type strain (Curson et al., 2014).

Similarly, we found that the S. meliloti smb20752 mutant

and the DB122 deletion mutant were severely sensitive to

acrylate relative to the wild type (Fig. 6 and Supporting

Information Fig. S3). Introduction of smb20752 in trans ful-

ly complemented growth of both the smb20752 and the

DB122 mutants at low acrylate concentrations (Fig. 6), and

we also note that introduction of smb20752 alone was suf-

ficient to restore a full Fix1 phenotype to the DB122 strain

(Fig. 1). However, introduction of smb20752 in trans only

partially complemented the smb20752 and DB122 mutants

at higher concentrations of acrylate, and similarly, it did not

complement the L-valine growth phenotype of the

smb20752 mutant (Fig. 6 and Supporting Information Fig.

S3). It therefore appears that the introduced smb20752

gene was not expressed at the same level as the wild type

gene; this maybe due to insufficient transcription as

smb20752 was not expressed from its native promoter.

We also note that introduction of smb20752 into the

DB122 mutant expectedly did not complement the L-valine

growth as other genes deleted as part of the DB122 dele-

tion (smb20753, smb20751, pccB, pccA, and bhbA) are

involved in L-valine catabolism (Fig. 8). As the same con-

struct could fully complement the Fix phenotype of the

DB122 mutant despite the inability to restore L-valine

catabolism, the symbiotic phenotype must be independent

of the ability to catabolize L-valine. And indeed, S. meliloti

appears to receive little if any L-valine from the plant (las

Nieves Peltzer et al., 2008; Prell et al., 2010).

In addition to the Fix and L-valine utilization phenotypes

of S. meliloti smb20752 and S. fredii ngr_b20860 mutants,

these genes are also required for optimal growth with

15 mM 3-hydroxybutyrate (BHB) as the sole carbon source

(Fig. 6 and Supporting Information Fig. S2). These data

are consistent with the previous work of Charles et al.

(1997) where a genetic analysis revealed four linked loci

(complementation groups) in S. meliloti that are required

for growth with BHB. The only one of these four loci previ-

ously identified was bhbA (Charles and Aneja, 1999;

Miyamoto et al., 2003), which encodes for methylmalonyl-

CoA mutase involved in the last step in L-valine catabolism

(Fig. 8). The location of smb20752 relative to bhbA indi-

cates that this gene corresponds to the bhbC locus of

Charles et al. (1997) and the lack of growth of the

smb20752 mutant with 15 mM 3-hydroxybutyrate (Fig. 6)

is consistent with these previous data. However, we

observed that partial growth of these strains occurred

when the BHB concentration was reduced to 5 mM and

this suggests that the BHB growth phenotypes of the S.

meliloti smb20752 and S. fredii ngr_b20860 mutants is due

to toxicity associated with BHB metabolism and not due to

an inability to catabolize BHB.

BHB is a breakdown intermediate of the carbon storage

compound poly-3-hydroxybutyrate (PHB) that plays a role

in various stages of the rhizobial-legume symbiosis (Train-

er and Charles, 2006). The ability to synthesize PHB is

required for the catabolism of BHB as a carbon source by

S. meliloti (Fig. 8; Trainer and Charles, 2006; Trainer et al.,

2010). The BHB and L-valine utilization phenotypes of the

smb20752 and ngr_b20860 mutants suggest a link in the

metabolism of these compounds. We are not aware of

such a link but as noted previously, it is also unclear why

bhbA mutants of S. meliloti do not grow on BHB (Charles

and Aneja, 1999; Miyamoto et al., 2003). We do, however,

note that a link is present in the related a-proteobacterium

Methylobacterium extorquens AM1, where the PHB syn-

thesis intermediate 3-hydroxybutyryl-CoA can be

converted to the L-valine toxic catabolic intermediate

methacrylyl-CoA and then HIB-CoA (Korotkova et al.,

2002).

Whereas the Fix phenotype of the smb20752 mutant

cannot be linked to the inability to catabolize L-valine, it is

tempting to associate the Fix phenotype with the PHB/

BHB phenotype. S. meliloti cells contain visible PHB gran-

ules during growth in the infection thread and upon initial

release into the plant cell, but these PHB granules are

mobilized and disappear during the differentiation process

(Paau et al., 1978; Hirsch et al., 1983; Vasse et al., 1990;

Wang et al., 2007). This is consistent with the expression

pattern of smb20752, which appears to be expressed in

the infecting but not the differentiated bacteria (Fig. 4). A

S. meliloti PHB synthesis mutant has a more severe sym-

biotic phenotype with M. truncatula than with M. sativa

(Wang et al., 2007), and similarly, a Dsmb20752 mutant

had a more severe symbiotic phenotype with M. truncatula

than with M. sativa (Table 1). Unlike S. meliloti, S. fredii

NGR234 accumulates PHB throughout the symbiosis with

all three of the tested plants (Fig. 5 and Li et al., 2013),

and deletion of ngr_b20860 in S. fredii NGR234 resulted in

a Fix2 phenotype unlike the Fixr phenotype of a S. meliloti

smb20752 mutant. Additionally, RNA-seq data is consis-

tent with active turnover of PHB in S. fredii NGR234

bacteroids of V. unguiculata and L. leucocephala nodules

(Li et al., 2013). Expression of the ngr_b20860 gene was

induced in nodules of V. unguiculata and M. atropurpur-

eum, although it was not induced in L. leucocephala

nodules relative to free-living cells. Finally, deletion of
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ngr_b20860 in S. fredii NGR234 resulted in a more severe

symbiotic phenotype with L. leucocephala than with M.

atropurpureum or V. unguiculata (Table 2). Similarly, dis-

rupting bdhA involved in PHB degradation resulted in a

symbiotic phenotype with L. leucocephala but not the other

tested plants (Aneja and Charles, 2005), and the size of

PHB granules are larger in S. fredii NGR234 bacteroids of

L. leucocephala nodules compared with V. unguiculata

nodules (Li et al., 2013).

The above observations present a correlation between

PHB utilization and the severity of the smb20752 or

ngr_b20860 Fix phenotypes, suggestive of the Fix pheno-

types of these mutants being associated with the build up

of a toxic compound resulting from the metabolism of PHB.

However, disrupting the phaZ gene that encodes the PHB

depolymerase (Fig. 8) had no effect on the smb20752 Fix

phenotype (Supporting Information Table S3), and as

phaZ mutants can synthesize but not catabolize PHB

(Trainer et al., 2010), any PHB-related toxicity in the

smb20752 mutant must arise from the PHB synthesis half

of the PHB cycle (Fig. 8).

It is also interesting to note the difference between deter-

minate and indeterminate nodule types. Expression of

ngr_b20860 was induced in both determinate nodules test-

ed, and the symbiotic phenotypes of the Dngr_b20860

mutant suggests a role for this gene late in the symbiosis.

In contrast, the expression of ngr_b20860 or smb20752

was not induced in the nitrogen-fixing zones of the tested

indeterminant nodules, and the severe symbiotic pheno-

type (absence of bacteroids) of the ngr_b20860 mutant in

L. leucocephala nodules and the reduced nodule size of

M. sativa nodules induced by the smb20752 mutant sug-

gests a requirement for these genes early during the

infection process in these symbioses.

Overall, it therefore appears likely that the build up of a

toxic compound in the S. meliloti smb20752/ngr_b20860

mutants is the cause of the symbiotic phenotypes, however

the identify and precise nature of the affected metabolic

pathway requires further study. In doing so, it is expected

that novel insights into the rhizobium – legume symbiosis

will be obtained that will help progress ongoing attempts

at engineering synthetic symbioses.

Experimental procedures

Bacterial growth conditions, media, and genetic
manipulations

All media (LB, LBmc, TY, M9), antibiotic concentrations, and
growth conditions for S. meliloti and E. coli were as previously

described (diCenzo et al., 2014). Unless stated otherwise, the

concentration of carbon sources in M9 media were: 15 mM

glucose, 15 mM succinate, 15 mM DL-b-3-hydroxybutyrate,
10 mM L-valine, 10 mM L-leucine, 10 mM L-isoleucine. S. fredii

NGR234 and derivatives were grown at 308C in TY medium or

Rhizobium minimal medium (RMM) (Trainer, 2009). Antibiotic

concentrations for selection of S. fredii NGR234 strains were:

50 mg/ml gentamicin, 25 mg/ml kanamycin, 50 mg/ml rifampicin,

1000 mg/ml streptomycin, and 10 mg/ml tetracycline (Stanley

et al., 1988). Growth curves were performed and analyzed as

described elsewhere (diCenzo et al., 2014). DNA manipula-

tions and recombinant techniques, bacterial matings, and

UM12 transductions were performed as described before

(Finan et al., 1984; Sambrook et al., 1989; Cowie et al., 2006;

Milunovic et al., 2014; diCenzo, Zamani, et al., 2016).

Bacterial strains and plasmids

Bacterial strains and plasmids are described below and in

Supporting Information Table S1. S. meliloti RmP798 (DB122;

pSymB nt. 1,529,711 to 1,572,422) was described previously

(Milunovic et al., 2014). The nine deletions within the B122

region were constructed via the Flp/FRT recombination sys-

tem (Milunovic et al., 2014). For this, plasmid pTH1942 was

constructed by ligating an � 1,500 nt PCR product (pSymB nt.

1,528,150 to 1,529,711) into pTH1937 (Milunovic et al., 2014),

which contains a FRT site, via SpeI and EcoRI. Plasmid

pTH1942 was then conjugated into nine S. meliloti fusion

library strains each containing a single FRT site (Cowie et al.,

2006). The intervening region between the two FRT sites in

the resulting strains was deleted with Flp via pTH1944 (Milu-

novic et al., 2014), producing deletions DB170 through

DB178.

Sinorhizobium meliloti knockout mutants of RmP110 (Yuan

et al., 2006) were constructed through single cross-over plas-

mid integration within a central portion of the appropriate open

reading frame. The appropriate PCR product was ligated into

NsiI/BglII digested plasmid pTH1703 (Cowie et al., 2006), and

the resulting vectors introduced into the genome of wild type

S. meliloti RmP110 via conjugation. S. meliloti transcriptional

fusion reporter strains were constructed in the same way as

the knockout mutants, except that integration of the plasmid

into the genome was designed such that expression of the

complete open reading frame was not disrupted. S. meliloti

RmP3536 (Dsmb20752 nifH::gusA) was constructed

by recombining the nifH::gusA fusion from RmP319 (Cowie

et al., 2006) into S. meliloti RmP2203 (Dsmb20752) via

transduction.

The non-polar Dsmb20752 deletion mutant was made

through double cross-over recombination using sacB negative

selection (Quandt and Hynes, 1993). Regions upstream and

downstream of smb20752 were sequentially ligated into

pJQ200mp18 (Quandt and Hynes, 1993), and single and dou-

ble cross-over recombinants of the resulting vector in the S.

meliloti RmP110 background were obtained as described

before (Quandt and Hynes, 1993; diCenzo and Finan, 2015).

A non-polar deletion of the ngr_b20860 gene was con-

structed by cloning the ngr_b20860 open reading

frame 6 approximately 500 nt (PCR amplified) into pUCP30T

(GmR) via HindIII and EcoRI. The ngr_b20860 open reading

replaced with a FRT-NmR-FRT cassette using using k red

recombinase (Datsenko and Wanner, 2000). This construct

was then transferred to S. fredii NGR234, and GmS NmR dou-

ble recombinants isolated. The NmR gene was then deleted

via Flp expressed from pTH2505 (Zhang et al., 2012), follow-

ing which pTH2505 was cured from the cell.
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For expression of smb20752 in trans, the dme promoter

region and the smb20752 open reading frame were individual-

ly PCR amplified and cloned into the broad host range vector

pTH1582 (Yuan et al., 2005) via HindIII/BglII. The dme pro-

moter region was used as it was unclear where the native

smb20752 promoter was located. The resulting plasmid

(pTH2787) was then conjugated into the desired S. meliloti or

S. fredii recipient.

Plant materials and growth conditions

Temperate plant materials were prepared and grown largely

as described elsewhere (Yarosh et al., 1989; diCenzo et al.,

2015). All seeds (Medicago sativa cv. Iroquois, M. truncatula

cv. Jemalong, M. alba cv. Polara) were sterilized with 95% eth-

anol for 5 min, then 2.5% hypochlorite for 20 min. Sterilized

seeds were washed, spread on 1.5% agar, incubated over-

night at 48C in the dark, then germinated at room temperature

in the dark for either 48 h (M. sativa) or 72 h (M. truncatula

and M. alba). Leonard assemblies were prepared as

described before (diCenzo et al., 2015), and 6-8 seedlings

were potted in each. Two to three nights later, � 1 3 109 CFU

of S. meliloti were added to each Leonard assembly. Plants

were grown for either 28 (M. sativa), 35 (M. alba), or 42 (M.

truncatula) days in a Conviron growth chamber with a day

(18 h, 218C) and night (6 h, 178C) cycle.

Tropical plant materials were treated largely as described

before (Zhang et al., 2012). L. leucocephala (Lain.) de Wit, M.

atropurpureum cv. Aztec Atro, and Vigna unguiculata cv. Red

Caloona seeds were scarified by treatment with concentrated

H2SO4 for 5–10 min (M. atropurpureum), 10 min (V. unguicu-

lata), or 15–20 min (L. leucocephala), thoroughly rinsed with

sterile ddH2O, soaked in sterile ddH2O until swollen, surface

sterilized with 3% sodium hypochlorite for 10 min, and repeat-

edly rinsed with sterile ddH2O for 1 h. Sterilized seeds were

spread on 1.5% agar, incubated at 48C in the dark for up to 2

days, and then germinated in the dark for 2 days at room tem-

perature. 4-6 seedlings were transferred to each Leonard

assembly (diCenzo et al., 2015), and inoculated with � 1 x

109 S. fredii per pot 2 days later. Plants were grown in a Con-

viron growth chamber for either 42 (M. atropurpureum and V.

unguiculata) or 70 (L. leucocephala) days with a day (16h,

288C) and night (8h, 208C) cycle.

Symbiotic assays

All symbiotic assays were performed as described previously

(diCenzo et al., 2015) and are explained briefly here. Shoot

dry weights were determined by cutting off the shoots and dry-

ing at 508C for 10 days prior to weighing. For acetylene

reduction measurements, all roots from each Leonard assem-

bly were cut off, immediately placed in a capped tube with

10% acetylene, and the rate of acetylene reduction over the

subsequent 15 min was determined. All nodules on the root

systems within each Leonard assembly were counted, picked

off the roots, and weighed to determine nodule wet weight. S.

meliloti were isolated from nodules by crushing surface steril-

ized nodules in TY 1 300 mM sucrose, and plating dilutions on

TYagar plates. To examine nodulation kinetics, individual ster-

ile seedlings were placed on 1% agar slants of Jensen’s

medium (Jensen, 1942) in 18 3 150 mm test tubes. Each S.

meliloti strain was inoculated onto thirteen seedlings, incubat-

ed in a Conviron growth chamber as described above, and

visible nodules counted every few days.

Root colonization

To examine the ability of the S. meliloti strains to colonize M.

sativa roots, M. sativa seedlings were planted in Leonard

assemblies and inoculated with S. meliloti as described above.

Plants were carefully removed from the Leonard assemblies

1, 3, 8, and 12 days post inoculation, and the roots excised at

the crown. The roots were then weighed, transferred to 1 ml of

phosphate buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl,

10 mM Na2HPO4, 2 mM KH2PO4), and incubated in a sonicat-

ing water bath (Bransonic Ultrasonic cleaner M2800) for 30

min at room temperature. The PBS suspension was then seri-

al diluted, and S. meliloti cells enumerated by plating on

selective LB Sm agar plates.

b-Glucuronidase assays

b-glucuronidase activity in alfalfa nodules was determined fol-

lowing a previously published protocol (Cowie et al., 2006).

Ten nodules per sample were collected in a 1.5 ml microfuge

tube and crushed in 750 ml MMS buffer (40 mM MOPS,

20 mM KOH, 2 mM MgSO4, 0.3 M sucrose; pH 7.0). Plant tis-

sue was pelleted via centrifugation (400 g for 2 min), and 500

ml of the supernatant was transferred to a new tube. Sodium

dodecyl sulphate was added to the supernatant to a concen-

tration of 0.01%, and incubated on ice for 5 min.

b-glucuronidase assays were performed in 96-well microtitre

plates, and consisted of 10 ml of the previously prepared

supernatant and 40 ml GUS buffer (Cowie et al., 2006). Assays

were terminated by the addition of 50 lL of 1 M Na2CO3, and

absorbance at 420 nm was measured with a BioTek Cytation

3. The protein concentration of the supernatant was deter-

mined through a Bradford assay (Bradford, 1976), and

specific activities were calculated as described before (Cowie

et al., 2006).

Histochemical analyses

Histochemical staining to detect b-glucuronidase activity in M.

sativa nodules and infection threads was based off a previous-

ly described method (Boivin et al., 1990). For examination of

infection threads, sterile seedlings growing on 1% agar slants

of Jensen’s medium (Jensen, 1942) in 18 x 150 mm test tubes

were inoculated with the appropriate S. meliloti strain and

incubated in a Conviron growth chamber for five days as

described above. Whole roots were then stained with X-gluc

(5-bromo-4-chloro-3-indolyl-b-D-glucuronic acid) overnight

(� 12 to 16 h) as described before (Boivin et al., 1990), with

the roots either not fixed, or first gently fixed on ice with 1.25%

ice cold glutaraldehyde in a 0.2 M sodium cacodylate buffer.

Root sections were cleared in a solution of 1% sodium hypo-

chlorite for 5 min, and then imaged using a Nikon TE2000

inverted microscope.

For histochemical staining of nodules, fresh nodules were

removed from the plant roots and immediately mounted upon
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a specimen plate using Instant Krazy Glue (Elmer’s Products

Canada). Nodules were sliced into 90 mm longitudinal sections

using a vibrating blade microtome (Leica VT1000), and

stained for 3–6 h at 308C in staining buffer (200 mM sodium

phosphate, 10 mM EDTA, 0.5 mM K3[Fe(CN)6], 1.5 mM

K4[Fe(CN)6], pH 7.0). Stained sections were then washed

twice in 200 mM sodium phosphate buffer (pH 7.0) for several

hours. Nodule sections were cleared in a solution of 1% sodi-

um hypochlorite for 5 min, and then imaged using a Nikon

TE2000 inverted microscope.

Confocal microscopy and transmission electron
microscopy

Confocal microscopy (CM) and transmission electron micros-

copy (TEM) were performed as described before (diCenzo

et al., 2015). A single change was made to the TEM proce-

dure; to improve penetration of the glutaraldehyde fixative,

large nodules were cut in half and all samples were placed in

a vacuum oven overnight or longer as required. CM images

were taken with a Lecia TCS SP2 confocal laser microscope

at the McMaster Biology Confocal Facility, and TEM images

taken using a JEOL JEM 1200 EX TEMSCAN transmission

electron microscope operating at an accelerating voltage of

80 kV.

RNA extraction

For isolation of RNA from free-living S. fredii cells, the desired

strains were subcultured to an OD600 � 0.05 in RMM-

succinate, and grown to an OD600 � 0.4. For each culture, the

equivalent of 1 ml at an OD600 of 1 was collected, centrifuged

at 10 000 g for 2 min, and the cell pellet flash frozen in liquid

nitrogen and stored at 2808C until use. The cell pellets were

resuspended in 50 ml “hot SDS lysis” buffer [20 mM Tris-HCl

(pH 8), 400 mM NaCl, 40 mM EDTA (Ethylenediaminetetra-

acetic acid), 1% SDS (Sodium dodecyl sulfate), and 1% BME

(b-mercaptoethanol)], placed in boiling water for 75 seconds

to lyse the cells, and diluted with 50 ml nuclease free ddH2O.

This solution was then mixed with 350 ml of “lysis buffer” from

the PureLinkVR RNA Mini Kit (Life Technologies), 250 ml of

100% ethanol, and purified using the PureLinkVR RNA Mini Kit

according to the manufacturer’s instructions. RNA was collect-

ed in 45 ml of nuclease free ddH2O, and DNA contamination

was removed by treatment with the TURBO DNA-freeTM Kit

(Life Technologies) using the routine DNase treatment as

described by the manufacturer. The quality of the purified

RNA was examined on a MOPS-formaldehyde agarose gel

and by UV spectrometry, and the absence of contaminating

DNA was confirmed via PCR with published primers (diCenzo,

Zamani, et al., 2016) amplifying the engA and rmlC genes.

Root nodules of V. unguiculata and M. atropurpureum were

collected 6 weeks post inoculation with S. fredii, whereas L.

leucocephala were collected 10 weeks post inoculation. Nod-

ules were immediately flash frozen in liquid nitrogen and

stored at 2808C until use. For RNA purification, nodules from

four plants per sample were combined and a total of 300 mg

of nodules per sample were taken. Nodule samples were indi-

vidually ground in liquid nitrogen with a mortar and pestle to a

very fine powder. Both plant and bacterial RNA was extracted

from the ground nodule material using a Plant/Fungi Total

RNA Purification Kit (Norgen, Bioteck Corp. Canada) accord-

ing to the manufacturer’s instructions. Two DNase treatments

were performed on the purified RNA, the first using an on col-

umn RNase-Free DNase Set (Qiagen, Hilden, Germany) and

the second with the TURBO DNA-freeTM Kit (Life Technolo-

gies). The quality of the purified RNA was examined on a

MOPS-formaldehyde agarose gel and by UV spectrometry,

and the absence of contaminating bacterial DNA was con-

firmed via PCR as described above

RT-qPCR

The synthesis of cDNA was performed with using the Super-

ScriptV
R

IV First-Strand Synthesis System (Invitrogen)

according to the manufacturer’s instructions. Each cDNA syn-

thesis reaction included 600 ng total RNA and 2.5 ng/ml

random hexamers.

The qPCR reactions were performed using PerfeCTaVR

SYBRVR Green SuperMix (Quanta Biosciences) according to

the manufacturer’s instructions. The final volume of each reac-

tion was 20 ml, and each reaction included 5 ml of a 5-fold

dilution of the cDNA synthesis reaction and 300 nM of each

primer. Target genes included nifH (forward primer: 50-GTG

GAT GAG CCT GGA ATT G; reverse primer: 50-TAT GCC

GCC AAC AAC ATC) and ngr_b20860 (forward primer: 50-TTT

CGG ATT GCG GTC CTT GT; reverse primer: 50-GTT GAA

CGA ATG CCT GGA GC), and the reference gene was rpoD

(forward primer: 50-ACATCA CCA ATG TCG GCG GTG AAG;

reverse primer: 50-TGC AGC TTG CGG AGC TTC TTG TAG).

The qPCR reactions were performed using a BioRad Real

Time PCR machine, and cycling conditions were: 958C for 3

min, followed by 40 cycles consisting of 15 seconds at 958C

and 45 seconds at 608C

Bioinformatics analyses

To examine the conservation of smb20752 and of the genomic

context of smb20752 in other rhizobial species, proteins

homologous to Smb20752 (Accession No. NP_437984.1)

were identified in target species using a Blast-BBH approach.

As hundreds of draft rhizobial genomes are now publicly avail-

able, this analysis was limited by primarily selecting those

whose genome is annotated as finished on the National Cen-

ter for Biotechnology Information (NCBI) Genome database.

This strain set was supplemented with a few additional

genomes if they were at least in scaffolds to improve coverage

of the rhizobial species. Genomes were downloaded through

the NCBI ftp site and the Blast-BBH approach performed

using the command line BLAST1 software (Camacho et al.,

2009) and custom shell and perl scripts. Hits were mapped

back to the corresponding replicon (chromosome or mega-

plasmid) using custom perl scripts, and orthologs were

manually examined to see if they were situated within a symbi-

otic island.

The genomic localization of the smb20752 orthologs was

examined using custom perl and shell scripts to pull out the

genes upstream and downstream of the smb20752 ortholog

in the corresponding .gff file, and the proteins encoded by
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these genes were searched against the S. meliloti proteome

with BLASTp to determine their best hit.

To construct a phylogeny based on the amino acid

sequence of the Smb20752 orthologs, the orthologs were first

aligned using MAFFT-linsi (Katoh and Standley, 2013) and

trimmed with trimAl and the automated1 algorithm (Capella-

Guti�errez et al., 2009). Phylogenetic analysis of the resulting

trimmed alignment was performed with the RAxML BlackBox

webserver (Stamatakis et al., 2008) and the maximum likeli-

hood bootstrap best tree is presented following 100 bootstrap

replicates. The same process was employed to construct the

Smc01153 phylogenetic tree.

To construct a MLSA tree, the MarkerScanner.pl script of

the AMPHORA2 pipeline was first used to detect 31 highly

conserved bacterial proteins in the analyzed strains (Wu and

Scott, 2012). Those proteins not present in single copy in

each of the strains were discarded, leaving 27 proteins. Each

set of proteins were aligned with MAFFT-linsi (Katoh and

Standley, 2013) and trimmed with trimAl and the automated1

algorithm (Capella-Guti�errez et al., 2009), following which the

trimmed alignments were concatenated with the help of the

Geneious R8 software. The concatenated alignment was sub-

mitted to the RAxML BlackBox webserver (Stamatakis et al.,

2008) and the maximum likelihood bootstrap best tree is pre-

sented following 100 bootstrap replicates.
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Supporting information

Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Fig. S1. Tropical legumes inoculated with various S. fredii

NGR234 strains. Pictures of the plants were taken 28 days

post inoculation with the different S. fredii NGR234 strains.
The genotype of the strain inoculated in each pot is indicat-

ed. (a) V. unguiculata, (b) M. atropurpureum, and (c) L.
leucocephala.

Fig. S2. The involvement of ngr_b20860 in b-
hydroxybutyrate catabolism. Growth of S. fredii NGR234

wild type (blue circles), Dngr_b20860 (orange squares), and
Dngr_b20860 with smb20752 in trans (green triangles) in

M9 media with either (a) glucose or (b) b-hydroxybutyrate
as the sole carbon source. Data points represent the mean

of triplicate samples, with the error bars indicating the stan-

dard deviation.
Fig. S3. Sensitivity of S. meliloti strains to acrylate. Growth
curves for (A) wild type S. meliloti, (B) the Dsmb20752

mutant, and (C) the Dsmb20752 mutant with smb20752

expressed in trans from a plasmid are shown. All cultures
were grown in M9 minimal medium with succinate as the

sole carbon source and with varying concentrations of acry-
late as indicated. Data points represent the mean of tripli-

cate samples, with the error bars indicating the standard

deviation.
Fig. S4. Phylogenetic analysis of rhizobial Smb20752 ortho-
logs. Rhizobial proteins orthologous to Smb20752 were

identified via a Blast-BBH approached, aligned with mafft
(Katoh and Standley, 2013), trimmed with trimAl (Capella-

Guti�errez et al., 2009), and an unrooted maximum likelihood

phylogeny produced with RAxML through the BlackBox
server (Stamatakis et al., 2008) as described in the materi-

als and methods. The location of the Smb20752 orthologs
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are indicated along the right, and none of the orthologs on

a chromosome are within a symbiotic island. Taxa are col-
our coded based on the genomic context of the smb20752
as indicated at the bottom of the figure. Bootstrap values
are indicated from 100 bootstrap replicates.
Fig. S5. Multilocus sequence analysis of the rhizobial strains

examined in this study. The AMPHORA2 pipeline (Wu and
Scott, 2012) was used to identify and collect orthologs of 27
highly conserved bacterial proteins (Frr, InfC, PyrG, RplA,
RplB, RplC, RplD, RplE, RplF, RplK, RplL, RplM, RplN, RplP,
RplS, RplT, RpmA, RpoB, RpsB, RpsC, RpsE, RpsI, RpsJ,

RpsK, RpsM, RpsS, Tsf) that are present in all genomes
used in this work. Each set of orthologs were individually
aligned with mafft (Katoh and Standley, 2013) and trimmed
with trimAl (Capella-Guti�errez et al., 2009). The 27 align-

ments were then concatenated and an unrooted maximum
likelihood phylogeny was produced with RAxML through the

BlackBox server (Stamatakis et al., 2008). Bootstrap values

are indicated from 100 bootstrap replicates.
Fig. S6. Phylogenetic analysis of rhizobial Smc01153 ortho-
logs. Rhizobial proteins orthologous to Smc01153 were
identified via a Blast-BBH approached, aligned with mafft
(Katoh and Standley, 2013), trimmed with trimAl (Capella-

Guti�errez et al., 2009), and an unrooted maximum likelihood
phylogeny produced with RAxML through the BlackBox
server (Stamatakis et al., 2008) as described in the materi-
als and methods. Bootstrap values are indicated from 100
bootstrap replicates.

Table S1. Bacterial strains and plasmids.
Table S2. Statistical analysis of the shoot dry weight phe-
notypes of M. sativa plants inoculated with various S. meli-
loti strains.

Table S3. Effect of phaZ disruption on the smb20752 Fix
phenotype.
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