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Production of the plant hormone gibberellin by rhizobia increases host
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ABSTRACT

Plant-associated microbes have evolved the ability to independently produce gibberellin
(GA) phytohormones as a mechanism to influence their host. Indeed, GA was first discovered as
a metabolite from the fungal rice pathogen Gibberella fujikuroi, which uses it as a virulence factor.
Though some bacterial plant pathogens similarly use GA to promote infection, symbiotic nitrogen-
fixing bacteria (rhizobia), which inhabit the root nodules of legumes, also can produce GA,
suggesting a role in symbiosis. The bacterial GA biosynthetic operon has been identified, but in
rhizobia this typically no longer encodes the final metabolic gene (cyp115), so that these symbionts
can only produce the penultimate intermediate GAo. Here, we demonstrate that soybean (Glycine
max) expresses functional GA 3-oxidases (GA30x) within its nodules, which have the capability
to convert GAg produced by the enclosed rhizobial symbiont Bradyrhizobium diazoefficiens to
bioactive GA4. This rhizobia-derived GA is demonstrated to cause an increase in nodule size and
decrease in the number of nodules. The increase in individual nodule size correlates to greater

numbers of bacterial progeny within a nodule, thereby providing a selective advantage to rhizobia
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that produce GA during the rhizobia-legume symbiosis. The expression of GA3ox in nodules and
resultant nodulation effects of the GA product suggests that soybean has co-opted control of
bioactive GA production, and thus nodule size, for its own benefit. Thus, our results suggest
rhizobial GA biosynthesis has coevolved with host plant metabolism for cooperative production

of a phytohormone that influences nodulation in a mutually beneficial manner.

INTRODUCTION

Bacterial fixation of atmospheric nitrogen (N2) is the major natural means by which
nitrogen is assimilated into the biological environment [1]. Perhaps most relevant to agriculture is
the reduction of N2 by rhizobia, which form symbiotic relationships with legumes, including
important crops like soybean (Glycine max), cowpea (Vigna unguiculata), and common bean
(Phaseolus vulgaris), resulting in around 200 million tons of fixed nitrogen each year [2]. In this
symbiosis, rhizobia reside in organs attached to the plant root called nodules, within which they
are provided with a carbon source and a largely competition-free niche in exchange for their

production of reduced nitrogen [3].

When inside the nodule, the rhizobia cells assume specialized, nitrogen-fixing forms
referred to as bacteroids, and are located within plant nodule cells in membrane-bound
symbiosomes [4]. Although the rhizobia-legume symbiosis can be considered to be mutually
beneficial for each organism, both the plant and the rhizobium are working to optimize their own
cost/benefit ratio within this interaction [5]. This includes rhizobia trying to “cheat” by fixing
nitrogen at a sub-optimal level, which is in turn countered by host plant sanctions on these cheaters

that affect rhizobial proliferation in the nodule [6]. Additionally, certain legumes can induce the
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differentiation of symbiotic bacteroids into larger, branched cells. Though this seems to result in a
higher symbiotic efficiency for the plant [7], it also results in a decreased ability for the rhizobial
bacteroids to revert to a free-living form upon release into the soil [8]. Overall, the active
competition between rhizobia and legumes to optimize their own fitness within this intimate
relationship incentivizes the development of evolutionary innovations to influence the biology of
their symbiotic partner. These strategies must not only specifically modulate the other organism,

but also do so without inducing effects that overwhelm the advantage gained through symbiosis.

A prominent mechanism by which microorganisms commonly effect changes in plants is
through the production of phytohormones [9]. Indeed, rhizobia have long been reported to produce
the plant hormone gibberellin (GA) [10], and this metabolic capacity has been confirmed through
characterization of GA biosynthesis in these organisms [11-15]. The ability to produce GA is
imparted by a cytochrome P450 (CYP)-rich biosynthetic gene cluster referred to as the GA operon
(Figure 1), which is widely distributed in rhizobia, but not universally present [16-18].
Transcriptomic and proteomic studies from several rhizobia species have shown that the GA
operon is expressed specifically during symbiosis [19-28]. Symbiotic expression is further evident
due to the presence of NifA and RpoN binding sites upstream of the operon [17, 21], both of which
are involved in transcription of symbiosis-related genes in rhizobia [29], and seem to control
expression of the GA operon [21]. The conditional expression of GA, as well as the crucial role of
GA as a plant signaling molecule, strongly suggests that bacterial GA is playing a role within the
rhizobia-legume symbiosis. Plant-synthesized GA has been demonstrated to be crucial for nodule
organogenesis and development, but this hormone activity is critically dependent on timing,
location, and concentration [30-34]. For example, both high or low levels of GA can result in

decreased nodulation and aberrant nodule morphology [30], and thus an obvious role for rhizobial
3
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GA in this symbiosis was not immediately apparent. Previous work has shown that bioactive GA
acts as virulence factor for not only the fungal rice pathogen Gibberella fujikuroi (anamorph
Fusarium fujikuroi) [35, 36], but also the rice bacterial pathogen Xanthomonas oryzae where the
bacterial GA operon also is present [37]. By contrast, the GA operons in rhizobia typically
(although not invariably), no longer contain a full-length copy of the final gene (cyp115) required
for production of bioactive GA4 [15, 18], such that these only produce the penultimate precursor
GAg [12, 13]. Fragments of the cyp115 gene that lack a full CYP catalytic domain can be found at
the 5’ end of some rhizobial GA operons, such as the operon found in B. diazoefficiens (Figure
1), which suggests that this gene has been selectively lost from the operon in many species of
rhizobia [18]. Although GAg has not been found to exhibit the archetypical GA hormonal activity
[38-40], the apparent production of this GA by most rhizobia suggests that it may nevertheless

directly affect nodulation.

Initial analysis of the GA operon from the USDA 110 strain of Bradyrhizobium
diazoefficiens (previously B. japonicum) in symbiosis with soybean found no differences in
soybean height or nodulation phenotypes when plants were inoculated with either wild-type or GA
operon knockout strains [41]. Although it was not yet known that this gene cluster was responsible
for GA biosynthesis, this negative result suggested that the GA operon did not have an obvious
effect on plant growth or nodulation. However, this experiment analyzed soybean growth and
nodulation phenotypes relatively early in development (~5 weeks after planting and inoculation
with rhizobia). While expression of the GA operon in bacteroids is detectable as early as 3 weeks
post-inoculation [19], its expression increases noticeably during the flowering and early pod stages
of soybean plant growth, suggesting that GA may have a more prominent effect later in

development [12]. Consistently, GA biosynthetic activity could be detected within B.
4
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diazoefficiens bacteroids isolated from nodules at the flowering and early pod stage of soybean
growth, but not with bacteroids isolated during earlier stages of symbiosis [12]. Collectively, these
data suggest that rhizobial GA may not have an effect until relatively late in this symbiotic
relationship, as significant amounts of rhizobial GA may not be produced until the flowering stage
of the plant host. Therefore a phenotype resulting from this GA production may not be evident

until this point in soybean development.

Previous work reported that GA production by Mesorhizobium loti decreases nodule
formation by its host legume Lotus japonicus, and further hypothesized that this restriction of
nodulation provides a selective advantage by somehow excluding other rhizobia from forming
symbiosis with the host plant [14]. However, increases in nodule size were also observed in this
study, which could provide a more direct selective advantage, as larger nodules typically
accommodate more bacterial symbionts. In addition, M. loti contains a functional copy of cyp115,
and thus can produce bioactive GA4 directly [15]. By contrast, the soybean symbiont B.
diazoefficiens does not contain cyp115, and thus is only capable of producing GAs. Here, we shown
that soybean exhibits nodule-specific expression of functional GA 3-oxidase (GA30x) homologs,
which can convert GAs to GAs, suggesting cooperative production of this bioactive GA
phytohormone. We further demonstrated that GA produced by B. diazoefficiens in symbiosis with
soybean increases nodule size and decreases nodule number. This increase in nodule size results
in an increase in total bacteroids per nodule, and presumably a larger number of bacteria released
into the soil upon nodule senescence, thereby providing a selective advantage for the GA-
producing rhizobia. We hypothesize that plant expression of GA3ox in nodules may have driven

the observed loss of cyp115 in most rhizobia, enabling the host legume to optimize nodule size for
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its own benefit. Thus, it appears that the biosynthesis and phenotypic effects of bacterial GA have

been strongly influenced by the intricate coevolution between rhizobia and their leguminous hosts.

MATERIALS AND METHODS
Bacterial growth

See Supplementary Table 1 for all bacterial strains used in this study. For cloning, E. coli
strains were grown in NZY (10 g L* casein hydrolysate, 5 g L™ yeast extract, 5g L* NaCl, 1 g L
1 MgS04-7H20) media at 37 °C, with 225 RPM shaking for liquid cultures. For general antibiotic
use with all bacterial strains, the following concentrations were used unless stated otherwise:

chloramphenicol (Cm) 25 pug mL?, kanamycin (Km) 50 pg mL, and carbenicillin (Cb) 50 pg mL"

1

B. diazoefficiens strains were grown using arabinose-gluconate (AG) media (1 g L*
arabinose, 1 g L sodium gluconate, and 1 g L™ yeast extract, pH 7) with Cm at 34 ug mLL. The
appropriate antibiotics to select for knockouts and/or complementing plasmids were applied as
needed. For liquid cultures of B. diazoefficiens, 10 mL of the following sterilized supplements
were added per 930 mL of AG media (making 1 L total) following autoclaving of media: HEPES-
MES buffer (13 g LX HEPES, 11 g L™ MES, pH 6.6-6.9), 0.67 g L™: FeCls, 18.0 g Lt MgSOa4-7H-0,

1.3 g L™ CaCl2-2H20, 25.0 g L™t NaSOs, 32.0 g L™* NH4Cl, and 12.5 g L™ NazHPOa.

Rhizobia knockout strains
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To generate a GA operon insertional knockout strain (B. diazoefficiens KB2011, ga), a
1946 bp DNA fragment corresponding to the cypl12 gene and portions of the flanking genes
(pseudo-cypl115 and cypl14, Supplementary Figure 1) was PCR amplified from B. diazoefficiens
USDA 110 genomic DNA (gDNA) using primers Bd-cyp112-Pmel-F and Bd-cyp112-Pmel-R (see
Supplementary Table 2 for primer sequences). The resulting fragment, which corresponded to
the B. diazoefficiens USDA 110 genome coordinates 2317624 — 2319579, was ligated into the
commercial pJET-cloning vector for further manipulation (see Supplementary Table 3 for a list
of plasmids used). The cyp112 gene within this fragment was interrupted using an intrinsic EcoRl
site (located 739 bp downstream of the cyp112 start codon) and an EcoRI fragment from pHP45Q
[42] containing the aadA gene (encoding streptomycin resistance) flanked by strong terminators.
This ligation resulted in a 4025 bp GA operon polar knockout cassette, which was inserted into
the Pmel restriction sites of the mating/SacB counterselection vector pLO1 [43]. The resulting
pLOBJ3 vector was transformed into the E. coli mating strain S17-1 A pir for subsequent delivery

to B. diazoefficiens.

Conjugation reactions between wild type B. diazoefficiens USDA 110 grown in HM
medium [44] (0.125 g L* NazHPO4, 0.25 g L™ Na2S04, 0.32 g L™ NH4Cl, 0.18 g L™ MgSO4-7H20,
0.004 g L1 FeCls3, 0.013 g L't CaCl2-2H20, 1.3 g L'* HEPES, 1.1 g L* MES; pH 6.6) supplemented
with 0.1% (w/v) arabinose (no other carbon source or yeast extract) and S17-1 A pir /pLOBJ3 were
set up as follows: 1 ml of each culture at an OD600 of ~0.7 were mixed, pelleted, washed two
times with HM medium to remove antibiotics, resuspended in 25 yuL of HM, and spotted on a 0.45
pm filter placed on a HM/0.1% arabinose plate. Additional carbon sources and yeast extract were
not added to promote mating between B. diazoefficiens and S17-1 A pir as the nutrient limitation

prevented exopolysaccharide production by B. diazoefficiens. After 3 days of incubation at 30 °C,
7
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the mating reactions were resuspended from the filter into 1 mL of HM and dilutions were plated
on YEM-HM medium [45] (HM medium with 0.5% [w/v] mannitol, 0.025% [w/v] yeast extract,
and 0.05% [wi/v] L-arabinose) containing 30 pg mL™* Cm to select against the donor S17-1 A pir
(as B. diazoefficiens USDA 110 is naturally resistant), 100 pg mL™* streptomycin (Sm) to select
for the aadA interruption cassette, and 100 pg mL* kanamycin to select for chromosomal insertion

of pLOBJ3 (pLOBJ3 cannot be stably maintained in B. diazoefficiens).

Transconjugants that appeared after 4-5 days were screened for integration of the pLOBJ3
vector into the chromosomal cyp112 region via PCR targeting chromosomal regions outside of the
insertion site and regions within the unstable vector. Positive recombinants were grown up in liquid
YEM-HM medium with 30 pg mL™* chloramphenicol and 100 pg mL™* Sm for 3 days to promote
removal of the remaining vector (encoding SacB) from the chromosome through a second

recombination event between the wild type cyp112 region and pLOBJ3.

The second recombination event and thus final GA operon knockout strain was counter-
selected for using Modified Bergersens* (MB) medium (0.23 g L™ K2HPO4, 1.1 g L sodium
glutamate, 0.1 g L™t MgSO4-7H20, 1 mL ultrapure trace element stock, 1 mL vitamin stock, and 4
mL glycerol) containing 5% (w/v) sucrose and 100 pg mL™* of Sm, as strains still containing the
integrated plasmid expressed SacB making them sensitive to sucrose. Sucrose resistant colonies
appearing after 6-10 days were also screened for sensitivity to kanamycin to verify loss of the
pLOBJ3 plasmid. Interruption of the GA operon was verified in sucrose sensitive, kanamycin
sensitive, and streptomycin resistant colonies by Southern blots hybridized with probes
corresponding to the cyp112, aadA, and blr2150 (BdKS; outside of the interrupted GA operon)

genes (Supplementary Figure 2). Compared to the wild type, three selected mutant strains
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possessed the aadA interruption cassette. The insertion of the aadA interruption cassette resulted
in the chromosomal Xhol fragment containing the cyp112 gene to increase in size from 4010 bp
(Supplementary Figure 2c, lane 4) to 6089 bp (Supplementary Figure 2c, lanes 1-3).
Hybridization with a control probe corresponding to the downstream gene cyp114, which is located
on a separate Xhol fragment, indicated no differences between the mutant and wild type strains
(Supplementary Figure 2d). Further PCR analysis targeting the region spanning the pseudo
cypl15 and cypl14 genes confirmed the interruption of the GA operon as the expected product
size increased from the 2195 bp observed in the wild type to the 4275 bp in the mutants
(Supplementary Figure 3a). This 2080 bp increase corresponded to the aadA interruption
cassette. The PCR analysis also confirmed the removal of the pLOBJ3 interruption vector through
a second recombination event as the plasmid encoded sacB gene was not detected in the mutants
(Supplementary Figure 3b). In total, three GA operon knockout strain were confirmed and named
B. diazoefficiens KB903, KB904, and KB2011. Initial PCR confirmation of the knockout insertion
was more consistent in B. diazoefficiens KB2011, and thus this strain was selected for further

experimentation.

Deletion strains for the individual CYPs within the GA operon for B. diazoefficiens
(BdAcypl17, BdAcypl14) were previously developed for characterization of GA biosynthesis in
rhizobia [13]. These strains were grown in AG media under aerobic growth conditions to determine
if knockout of the GA operon significantly affects rhizobial growth. This demonstrated that the
deletion of cyp117 and cypl114 did not affect aerobic rhizobial growth, while a small decrease in
growth rate was observed with B. diazoefficiens KB2011 (Supplementary Figure 4), which is
presumably due to the constitutive expression of the streptomycin resistance gene. Collectively,

these results suggest that the GA operon does not have an effect on general rhizobial growth.
9



204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

Plant growth, inoculation, measurements, and nodule harvest

Soybean (Glycine max cv. Williams ’82) seeds were surface sterilized for 10 minutes with
20% Clorox (6% [wi/v] sodium hypochlorite) followed by five washes with sterile water. Seeds
were then immersed in 0.01 M HCI for 10 minutes followed by an additional five washes with
sterile water, and then germinated on sterile, moist paper towels in the dark for 3 days. After
germination, seeds were planted into a 3:1 mixture (v/v) of sterile vermiculite and perlite within
4” diameter x 3.5” tall pots and were grown in a growth chamber with 16 hours of light at 27 °C
and 8 hours of darks at 18 “C. Plants were watered as needed with sterile, deionized water, unless
otherwise noted. Once per week, the plants were supplemented with Murashige and Skoog (MS)

nutrient solution (pH 5.8-6.0) without nitrogen (bioWORLD).

Plants were inoculated with rhizobia one week after planting. To do so, B. diazoefficiens
liquid cultures (wild-type or knockout) were grown until late log phase (7-10 days), at which point
cultures were centrifuged at 5000 x g for 10 min to pellet cells. Pellets were resuspended in an
original culture volume of sterile water to wash away media and antibiotics, then centrifuged again
at 5000 x g for 10 min. Pellets were then resuspended in sterile water to a final OD600 of 0.100 *
0.003. For each plant, 10 mL of the appropriate rhizobial suspension was pipetted into the

vermiculite/perlite soil substrate.

Vegetative stage (3 weeks post inoculation), flowering stage (~5-6 weeks post inoculation),
early pod stage (~8 weeks post inoculation), full pod stage (>10 weeks post inoculation). Upon
harvest, vermiculite and perlite attached to the root system was removed with light shaking and

gentle washing with water. Roots were then patted dry with a paper towel. Root and green mass
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measurements were taken immediately following harvest. Height measurements were taken from
the cotyledon scar up to the base of the apical meristem. Note that growth was limited in large part
to the height of the growth chamber in use, and thus plant height measurements beyond ~6-7 weeks
of growth (at which point plants have grown up to the top of the growth chamber) are likely not
representative of normal plant growth. However, the vine-like nature of G. max Williams 82
allowed for these plants to continue growing laterally within the growth chamber. Nodules were
removed from the roots by hand, counted, and the collective total mass of the nodules was
measured. Mass per nodule was calculated by dividing the total nodule mass per plant by the
number of nodules. For direct comparisons between plants nodulated with GA™ or ga rhizobia,
statistical tests were carried out using Student’s t-test within Microsoft Excel, while multiple

comparisons were performed in JMP Pro 13.

Chemical complementation

For chemical complementation experiments, soybean plants were germinated, planted, and
inoculated in the same manner as described above (see Plant growth, measurements, and
harvest). After three weeks, at which point the GA operon has been implicated to be expressed
[19, 23], plants were watered twice per week with 50 mL of either a GA solution or sterile water.
The GAg solutions were made by dissolving GAg (provided by Dr. Peter Hedden, Rothamsted
Research, Harpenden, U.K.) in methanol at stock concentration of 0.1 M. An appropriate amount
of this stock (or a serial dilution of the stock) was added to sterile water to make 100 nM, 10 nM,
and 1 nM solutions. Preliminary experiments with GAg suggested that concentrations at or below

100 nM did not have any significant effects on nodulation. As such, follow up experimentation
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with GAg supplementation at 1 uM was performed. The GAs solutions were made in the same
method as those for GAg, with the exception that for the 0.1 M stock solution, GAs (Sigma-
Aldrich) was dissolved in ethanol. Statistical analyses for chemical complementation experiments

were carried out using JMP Pro 13.

While previous studies have shown that GAs concentrations of 1 pM are inhibitory to
nodule formation, they have also observed that aberrant plant growth phenotypes such as increased
height and decreased root formation are associated with concentrations greater than or equal to 10
nM [46]. A subtle, though non-significant increase in height was observed in this experiment from
10 nM GAs, but application with concentrations of 100 nM resulted in extreme increases in height
as early as one-week after such treatment was begun. Additionally, a significant reduction in root
mass was observed at the higher concentrations (10 nM and 100 nM), consistent with an inhibitory
effect of GAs on root growth. Because rhizobial GA production does not affect the overall height
and mass phenotypes of the plant, it can be reasoned that rhizobia are producing GA at levels lower
than those applied in these experiments. While a higher concentration of GAy was needed to
observe a similar effect to lower levels of GAs (1 uM vs. 10 nM, respectively), we predict that this
is due to the difference in solubility between GAg and GAs (predicted logP of 2.76 and 0.01,

respectively), along with the presumed need for GAg to be metabolized to a bioactive form.

Bacteroid isolation and counting

Prior to homogenization, soybean nodules were washed five times with 100 pL of sterile
water to remove contaminating microbes. B. diazoefficiens bacteroids were extracted from root

nodules via grinding in ascorbate buffer (100 mM KH2PO4, 200 mM sodium ascorbate, 2% [w/V]
12
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polyvinylpyrrolidone, and 34 pg mL' Cm, pH 7.5). Plant material was removed with
centrifugation at 100 x g for 10 min. The supernatant was removed, and this fraction was then
centrifuged at 5000 x g for 10 min. to pellet the bacteroids. Bacteroid pellets were then resuspended

in 1 mL of sterile 0.85% (w/v) NaCl solution.

To determine the number of viable bacteroids, serial dilutions were created for three
samples from each time point and/or condition, and 10 pL of these dilutions were plated on AG
plates in triplicate. After 6-7 days of incubation at 30 °C, colony forming units (CFUs) were

counted, and total number of viable bacteria per nodule mass were calculated.

Total numbers of bacteroids extracted from nodules was measured with flow cytometry.
Aliquots of isolated bacteroids from three samples per time point and/or condition were stained
using the LIVE/DEAD BacL.ight Bacterial Viability kit (Thermo Fisher Scientific), which contains
SYTQ9 dye for staining live cells and propidium iodine (PI) for staining dead cells, and this was
done as per the manufacturer instructions. Additionally, counting beads provided in this kit (with
a known concentration) were added to each sample in order to facilitate quantification of the total
number of cells in the sample. Samples were run and counted using a BD FACSAria 111 flow
cytometer (BD Biosciences). Linear regressions for this data were plotted in Microsoft Excel, and

statistical analysis was performed using JMP Pro 13.

Soybean GA 3-oxidase cloning and heterologous expression

Soybean contains eight GA 3-oxidase isoforms (GmGA3ox1-8) that are all annotated as
belonging to the Fe(ll)/2-oxoglutarate dependent dioxygenase (20DD) family [47], which was

expected based upon previous characterization of GA 3-oxidases. PCR screening for six of these
13
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GA3ox (specifically, those previously described in the literature [47]) with cDNA synthesized
from nodule RNA revealed that GmGA3ox4 (gene ID: 100780857; locus tag: Glymal4g16060)
and GmGA30x6 (gene ID: 100808546; locus tag: Glymal7g30800) were the only isoforms
noticeably expressed in the nodule at 8 weeks post inoculation with B. diazoefficiens. Based on
this information, E. coli codon-optimized synthetic clones of the coding sequences of these genes
(sGmGA3o0x4 and sGmGA30x6) were synthesized via GeneArt Strings synthesis (Thermo Fisher
Scientific). Cloned genes were amplified with primers specific to the 5’ and 3’ of the ORFs, with
an additionally CACC added onto the 5° primer (Supplementary Table 2) to allow for directional
cloning into the pET101/D-TOPO (Champion pET101 Directional TOPO Expression Kit; Thermo
Fisher Scientific) expression vector. The stop codon of each gene was included on the reverse
primer to exclude the C-terminal His-tag encoded within pET101. Following PCR amplification
with Accuprime Pfx (Thermo Fisher Scientific) and gel purification, synthetic clones were ligated
into pET101/D-TOPO as per the product manual, transformed into chemically competent Top10
cells, and selected on agar plates containing carbenicillin (Cb). Positive clones were screened with
colony PCR and confirmed with Sanger sequencing. This resulted in the construction of pET101-
sGmMGA30x4 and pET101-sGmGA30x6 expression plasmids. A negative clone of pET101 created

during this process was kept and used as an empty vector control.

These plasmids were then transformed into chemically competent E. coli BL21-star for
heterologous expression. Positive colonies were used to inoculate 5 mL terrific broth (TB) media
(10 g L casein, 24 g L yeast, 0.4% [v/v] glycerol, pH 7) cultures, which were allowed to grow
overnight. 500 pL of these cultures was then used to inoculate 50 mL TB cultures containing 5 mL
of phosphate buffer (pH 7.5) and appropriate antibiotics, and these cultures were allowed to grow

at 37 °C and 225 RPM shaking until reaching an OD600 of 0.6-0.8, at which point they were
14
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incubated for an hour at 16 °C with 225 RPM shaking. Following this incubation, isopropyl B-D-
1-thiogalactopyranoside (IPTG) was added at 1 mM to induce expression. At this time, the 20DD
cofactors 2-oxoglutarate (a.k.a a-ketoglutarate; final concentration of 4 mM), ascorbate (final
concentration of 4 mM), and FeSOu (final concentration of 0.5 mM) were added, along with GA
substrate (final concentration of 5 uM). Cultures were then allowed to incubate at 16 °C with 225
RPM shaking for 3-4 days, after which point metabolites were extracted (see Metabolite
extraction and purification). Through this process, both enzymes were verified as specifically
having GA3ox activity, as in addition to C-3f hydroxylation of GAg to form GA4, heterologously
expressed GA3ox4 and GA30x6 converted GAzo (i.e. 13-hydroxy GAo) into GA1, another common

bioactive GA endogenous to plants, via C-3 hydroxylation.

Additionally, GmGA30x6 function was characterized in vitro within crude cell lysates.
Expression conditions were nearly identical to those described earlier, with the exception that NZY
media was used instead of TB. To begin, 5 mL NZY cultures of the appropriate transformed E.
coli BL21 strain were grown under antibiotic selection overnight, and were used to inoculate 1.0
L cultures of NZY. These were grown at 37 °C with 225 rpm shaking to an OD600 of 0.6 to 0.8,
at which point they were transferred to 16 °C with 225 rpm shaking for 1 hour. Cultures were
induced with IPTG (1 mM) and allowed to shake overnight at 16 °C. After this incubation, cells
were centrifuged at 5000 x g for 10 min to pellet cells, and these pellets were then resuspended in
10 mL Tris buffer (100 mM Tris-HCL, 4 mM dithiothreitol, pH 7.1). Resuspended cells were
homogenized with an EmulsiFlex C-5 (Avestin, Canada) or by sonication, and cell debris was
pelleted with centrifugation at 17,000 x g for 30 min at 4 °C. Cell lysates were aliquoted and
reactions were set up either with or without a 20DD supplement mixture (final concentrations of

4 mM 2-oxoglutarate, 4 mM ascorbate, 0.5 mM FeSOs, 2 mg mL™ bovine serum albumin, and 0.1
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mg mL™). GA substrate (at 5 ptM) was added to the mixtures, and these were incubated at 30 °C
for 12 hours, after which they were extracted as described below. These experiments confirmed
the nature of these enzymes as 20DDs, as activity was only detected in the presence of the

necessary 20DD cofactors a-ketoglutarate, ascorbate, and iron.

Metabolite extraction and purification

GA incubation assays (both whole cell and cell lysates) were first acidified to pH 3 with 5
M HCI in order to neutralize free carboxylates. Each incubation was then extracted three times
with an equivalent volume of ethyl acetate, and these extracts were pooled in a round bottom flask
and dried using a rotary evaporator. Dried extracts were washed 3 times with 3 mL fractions of
ethyl acetate, which were pooled in glass tubes and dried under a gentle stream of N2. Each extract
was then purified over a silica column. This was done by first resuspending the sample in 1 mL of
hexane and adding the sample to a silica column pre-washed with hexane. The column was then
washed with successive 1 mL solutions of ethyl acetate in hexane, starting with 100% hexane, and
increasing the ethyl acetate proportion with each wash. Collected fractions were derivatized with
diazomethane at room temperature for 1 hour in order to methylate free carboxylic acids. These
were dried under a gentle stream of N2, then resuspended in either BSTFA+TMCS [N,O-
Bis(trimethylsilyDtrifluoroacetamide + Trimethylchlorosilane; 99:1 v/v] or MSTFA [N-Methyl-
N-(trimethylsilyDtrifluoroacetamide] and incubated at 80 °C for 30 min in order to silylate free
alcohols to the trimethylsilyl (TMS) ether. Derivatized samples were then dried under a gentle
stream of N2, and resuspended in n-hexane for gas chromatography-mass spectrometry (GC-MS)

analysis.
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Gas chromatography-mass spectrometry (GC-MS) analysis

Samples were run on a Varian 3900 GC equipped with an HP-5MS column (Agilent) paired
with a Saturn 2100T MS detector (Varian). For each sample, 1 uL was injected under splitless
mode with an initial injector temperature of 250 °C, column flow rate of 1.2 mL min’t, and an
initial column oven temperature of 50 °C, which was held for 3 min. The column oven temperature
was then increased at a rate of 15 °C min! until a final temperature of 300 °C, at which point this
temperature was held for 3 min. Electron ionization was used to ionize and fragment compounds,
and mass spectra data with a range of 90-650 m/z was collected starting at 13 min and continued
until the end of the run. Potential products were compared to previously published mass spectra

[48], and were further confirmed via comparison to authentic standards.

RNA isolation, cDNA synthesis, and RT-qPCR

Plant tissue (root nodules and roots, each in triplicate) collected from plants harvested at 3
to 15 weeks post rhizobial inoculation were ground in liquid nitrogen with a mortar and pestle, and
RNA was purified from equivalent amounts of homogenized tissue using the RNeasy Plant Mini
Kit (Qiagen) as per the manufacturer’s instructions. Contaminating DNA was digested and
removed using the Turbo DNA-free kit (Life Technologies), and cDNA was synthesized using the
iScript cDNA Synthesis kit (Bio-Rad) according to the manufacturer’s instructions. PCR
amplification using primers specific to the genes of interest was performed using RNA, DNase-
treated RNA, and cDNA as templates to confirm that downstream PCR analysis was only detecting

cDNA.
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Quantitative reverse transcription PCR (RT-gPCR) was performed to test expression of the
cypl12 (NCBI gene ID: 1055403; locus tag: blr2144) and ks (NCBI gene ID: 1055399; locus tag:
blr2150) genes from the GA operon in B. diazoefficiens USDA110, along with two GA 3-oxidase
homologs (GmGA3ox4 and GmGA30x6) from soybean. For B. diazoefficiens genes, hisS (histidyl-
tRNA synthetase; NCBI gene ID: 1054697; locus tag: bll7457) was used as the internal reference
gene as previously described [20, 49]. For soybean genes, cons7 (NCBI gene 1D: 100804856; locus
tag: Glyma_03g137100), which has been identified to be expressed stably under a number of
conditions, including nodule development [50], was used as the reference gene (see
Supplementary Table 4 for the sequences of RT-gPCR primers used). RT-gPCR samples were
prepared with PowerUp SYBR Green Master Mix (Life Technologies) according to the
recommended manufacturer conditions with primers at a final concentration of 500 nM. Reactions
were run and measured on a StepOnePlus thermocycler (Applied Biosystems). The following
program was used for each primer set: 50 °C for 2 minutes followed by 95 °C for 2 minutes, then
45 cycles of 95 °C for 15 seconds and 60 °C for 1 minutes. After these cycles, a melt curve stage
was performed to confirm specificity of the RT-gPCR reaction as per the instructions of the
aforementioned RT-gPCR kit. Primer efficiencies were determined for each primer set by using
serial dilutions of PCR amplified cDNA fragments generated from soybean cDNA (or fragments
generated from gDNA for B. diazoefficiens) as template, and this analysis confirmed the reported

primer sets to have between 90 and 110% efficiency (Supplementary Figure 5).

RESULTS

To confirm expression of the GA operon in B. diazoefficiens during its symbiosis with
soybean, nodules were harvested over a 12-week span of soybean development (covering the

18



405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

vegetative to full-pod stages) [51], and quantitative reverse transcription PCR (RT-gPCR) was
used to measure the relative expression of two rhizobial GA operon genes (cyp112 and ks). This
analysis confirmed that the operon is expressed early in symbiosis (3 weeks post inoculation), and
that expression continues throughout the flowering and early pod stages of plant development
(Supplementary Figure 6). Because previous studies have not found any differences in plant
phenotypes related to rhizobial GA during early stages of soybean development [41], and because
bacteroid GA biosynthetic enzyme activities are not observed until around the soybean flowering
stage [12], it was reasoned that studies of such metabolism and its effect should be focused on this

stage of host plant development.

Unlike M. loti, the soybean symbiont B. diazoefficiens does not contain a functional copy
of cyp115 [13]. Thus, like most other rhizobia containing the GA operon, this species can only
produce GAq. Given that GAg is considered to be the penultimate precursor and does not exhibit
hormonal activity on its own, as it does not elicit a response in growth assays [38] and does not
bind effectively to the appropriate GA receptor [39, 40], we hypothesized that soybean might
express functional GA3ox to convert the rhizobia-produced GAg to bioactive GAs in its nodules.
To investigate this possibility, PCR with cDNA generated from flowering stage nodule RNA was
used to probe the six GA3ox isoforms predicted within the soybean genome [47]. It was possible
to detect expression of two isoforms, GmGA3ox4 (gene I1D: 100780857) and GmGA3ox6 (gene
ID: 100808546), suggesting that these may represent GA30x enzymes specific to the nodule
(Supplementary Figure 7). Subsequent RT-qPCR analysis demonstrated that transcripts for both
GmGA3o0x4 and GmGA30x6 are expressed at significantly higher levels in nodules than elsewhere
in the roots, and are present in the nodule throughout all stages of plant development that were

assessed here (Supplementary Figure 7). Our results differ somewhat from previous RNA-seq
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analyses of the soybean nodule [52, 53], which did not find enrichment of these genes within the
nodule relative to other tissues. It is unclear why this discrepancy was observed, and future
investigations into GA3ox homolog expression over the full nodule lifetime may be necessary to
fully understand the potential roles of soybean GA3ox genes in this symbiosis. Regardless, our
ability to detect enrichment of GA30x homolog expression within the nodule suggests a potential

role for these genes in converting rhizobial GAg into bioactive GA hormones.

The biochemical function of the enzymes encoded by GmGA3o0x4 and GmGA30x6 were
confirmed via heterologous expression in E. coli (Supplementary Figures 8, 9, & 10).
Importantly, their capability to act on the rhizobial GA product was demonstrated, as incubation
of GAg with cells expressing either GmGA3o0x4 or GmGA30x6 resulted in 33-hydroxylation of
GAy, thereby producing GAs (Supplementary Figure 8). This confirmed that these putative
GA3ox exhibit the predicted ability to convert GAg into the bioactive GA4. Although these data
do not confirm in planta conversion of rhizobial GAg into GA4, they demonstrate that functional
soybean GA3ox enzymes are expressed in the correct tissue and at the appropriate time for them
to act on GAg, which is presumably secreted by bacteroids within the nodule, thereby suggesting

the potential for cooperative production of bioactive GA4 by these symbiotic partners.

To evaluate the phenotypic role that this rhizobial produced GA may be playing in
symbiosis, we generated a GA operon knockout strain from the wild-type strain B. diazoefficiens
USDA 110 (GA"). This was accomplished by inserting an antibiotic resistance cassette into
cypll2, resulting in the strain B. diazoefficiens KB2011 (ga), a polar knockout in which
transcription of the entire GA operon was essentially eliminated (Supplementary Figure 11).

Plants nodulated with the ga strain did not have significantly altered height, green tissue mass, or
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root mass from plants nodulated with the GA* strain (Figure 2a, b), which agrees with previous
reports showing that the GA operon does not appear to affect major growth phenotypes of the plant
[14, 41]. Additionally, much like previous analysis of a GA operon knockout strain of B.
diazoefficiens [41], no significant alterations in nodulation were observed early in soybean
development (vegetative stage; 3 weeks post inoculation). However, by the soybean flowering
stage (7 weeks post-inoculation) there were noticeable differences in nodulation phenotypes. In
particular, plants nodulated by the ga strain had a significant increase in their number of nodules
by this stage (Figure 2c). However, these nodules were on average significantly smaller than those
in plants inoculated with the GA™ strain (Figure 2d). These effects are particularly striking at the
full pod stage (18 weeks post-inoculation), as nodules from plants inoculated by GA* B.
diazoefficiens are roughly twice as large as those from plants inoculated by the ga" strain, while
the total number of nodules per plant for the ga strain are essentially twice that of plants inoculated
with the GA" strain. Correspondingly, additional analysis of nodule size distribution at the full-
pod time point demonstrated that knockout of the GA operon resulted in significantly fewer large

nodules and an increased number of smaller nodules (Figure 2f).

Overall, this disparity in nodule size and number did not significantly alter the total nodule
mass per plant by the early pod and full pod stages (Figure 2e). The similarity in total nodule
mass, as well as total plant mass, suggests that knockout of the GA operon does not restrict nitrogen
assimilation by the plant. However, because plants nodulated by the ga™ strain form significantly
more nodules, it seems likely that the plant needs to compensate for smaller average nodule size,
and correspondingly, the nitrogen fixing-capacity of each nodule. A similar effect on nodulation
(i.e. an increased number of smaller nodules), with no effect on overall plant growth, was also

demonstrated with two additional GA operon gene-deletion strains, BdAcyp117 and BdAcypl114
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[13], confirming that perturbation of the GA operon, and thus rhizobial GA production, is
responsible for the knockout phenotypes (Supplementary Figure 12). While the presence of GA
seems to have a clear effect on the size and number of nodules, the overall morphology and
appearance of the nodules from plants inoculated with the GA™ or ga strains were indistinguishable
(Supplementary Figure 13), which suggests that nodule organogenesis occurs normally, and that

rhizobial GA only affects the nodules after their establishment.

In agreement with bioactive GA being the signaling molecule associated with the observed
phenotypes, application of GAs (a readily available bioactive GA) to the roots of plants inoculated
by the ga strain restored wild-type levels of nodule number and average nodule size (Figure 3).
This was evident for GAs concentrations as low as 1 nM, and at this lowest concentration only
minimal effects on overall plant growth were observed (Supplementary Figure 14). By contrast,
chemical complementation with GAo, the apparent final product of GA biosynthesis by B.
diazoefficiens [12, 13], required significantly higher concentrations (1 puM) to restore average
nodule mass and nodule numbers to wild-type (GA™) levels for plants in symbiosis with the ga-
strain (Supplementary Figure 15), and significant changes in average plant height and masses
were observed at this concentration (Supplementary Figure 16). Due to the high concentrations
of GAg required to alter the nodule size and numbers, it is unclear whether this chemical treatment
is truly rescuing the GA™ phenotype, or if this effect is simply an artefact of GA signaling
throughout the roots, which could lead to a restriction in nodulation [30]. Nevertheless, the
significantly lower concentrations of bioactive GA required to effect changes in nodule phenotypes
for soybean inoculated with ga™ rhizobia is consistent with the phenotype being due to low levels

of bioactive GA, which would require host conversion of GAg into GAas.

22



495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

Based upon these results we hypothesized that rhizobial GA provides a selective advantage
to rhizobia through increasing nodule size. GA phytohormones are known to promote individual
cell expansion during plant growth [54], and thus could signal to increase cell size within the
nodule, resulting in enlarged nodules. Because larger nodules typically contain greater numbers of
bacteroids [55, 56], we hypothesized that GA production confers a selective advantage to rhizobia
by increasing nodule size and therefore the number of bacteroids released into the soil upon nodule
senescence. To confirm the relationship between nodule size and bacteroid numbers, bacteroids
were isolated from mature nodules of varying sizes and counted with flow cytometry to determine
the total number of bacteroids, and by plating for colony-forming units (CFUs) to determine the
number of viable cells. These analyses confirmed a positive correlation between viable bacteroid
cells and larger nodules (Supplemental Figure 17), supporting a selective advantage for larger

nodules resulting from rhizobial GA production.

DISCUSSION

Because cyp115 has been lost from the GA operon found in most rhizobia [15, 18], thereby
restricting their ability to directly make bioactive GA, it might have been expected that the
resulting production of GAg, which is not bioactive, would not affect their symbiotic relationship
with legumes. However, knockout of the GA operon clearly indicates a phenotypic change with
late-stage nodules, thereby indicating that rhizobial production of GAs plays a role in such
symbiosis. The co-expression of functional soybean GA3ox in the nodules suggested that
cooperative production of bioactive GAs4 by these symbiotic partners is possible, and the

corresponding ability for low concentrations of bioactive GAs to chemically complement the
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nodulation phenotype exhibited by ga™ knock-out strains further suggests that such cooperative
biosynthesis may be occurring. Though additional experiments will be necessary to confirm such
in planta conversion of rhizobial GAg into GA4, including analysis of how soybean GA3ox
knockouts affect late-stage nodulation phenotypes and more direct observation of GAg conversion
into GA4 within the plant, our data provide circumstantial evidence that GAg is being supplied by
rhizobia to the plant as a precursor for bioactive GA biosynthesis and subsequent signaling that

impacts nodulation.

While knocking-out the GA operon affects both nodule numbers and size, consistent with
the usual growth-promoting activity associated with GA it is hypothesized here that the primary
effect is on size. Accordingly, the increased number of nodules in plants inoculated with ga strains
presumably results from the need for plants to compensate for the smaller nodule size in order to
meet fixed nitrogen requirements. Importantly, increased nodule size provides a direct advantage
to the rhizobia that initiated the nodulation event by enabling a larger number of descendants
(Figure 4). Although it was previously proposed through study of the Mesorhizobium loti-Lotus
japonicus symbiosis that rhizobial GA acts through suppression of nodulation [14], an increase in
nodule size for L. japonicus plants inoculated by the GA* strains of M. loti also was observed.
More critically, the competition assay reported in this previous study demonstrated that co-
inoculation of L. japonicus with equal amounts of GA* and ga- M. loti strains led to greater
numbers of the GA* strain in the resulting nodules. Because the GA operon is only expressed after
nodulation [28], co-inoculated GA™ and ga strains should have an equal probability of forming the
initial nodules on the legume host. Thus, the observed enrichment in the GA* strain from this
competition assay indicates that GA production acts locally to increase nodule size rather than

exerting a systemic effect restricting nodule formation, particularly as it is unclear how this latter
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effect would differentiate between strains with or without the ability to produce GA. By contrast,
local activity of rhizobial GA to increase the size of the individual host nodule would provide a
direct advantage to the producing strain (i.e., increased number of descendants), regardless of the
strains inhabiting other nodules. However, further experimentation will be necessary to understand
the mechanism by which rhizobial GA brings about this change in nodule phenotype, not least due

to the relatively late-stage effects on nodulation.

The observed increase in nodule size from rhizobial GA may also provide a selective
advantage for the host plants, thereby explaining why they enable such manipulation by their
rhizobial symbiont (e.g., by expression of the necessary receptor to permit a response to GA). First,
as larger nodules have been shown to have a higher ratio of nitrogen-fixing tissue to overall nodule
volume than smaller nodules [57-59], this presumably provides nitrogen more efficiently for the
host plant. In addition, given that each nodulation event represents opening of the plant interior to
microbial invaders [60], the resulting reduced number of nodules may provide an additional
advantage in this respect as well. Nevertheless, given the use of bioactive GA as a virulence factor
by certain plant pathogens, where it acts to suppress the defense signaling molecule jasmonic acid
[37, 61], enabling the nodule to respond to GA may also represent a vulnerability in the host plant
defense response. This trade-off may then underlie the observed scattered distribution of the GA
operon in rhizobia [18], as only those that partner with legumes whose nodules are open to such

manipulation would acquire a selective advantage from such biosynthetic capacity.

If cooperative production of bioactive GA by rhizobia and their host plant is indeed
occurring, this phenomenon also must have been driven by the legumes. In particular, it would be

beneficial for the host plant to control production of bioactive GA, and thus limit nodule size to
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provide only the necessary amount of nitrogen, as well as to attenuate GA production if a microbial
defense response, which can be inhibited by GA [61], becomes necessary. This control over GA
signaling would presumably underlie the host plant expression of GA30x genes in nodules, which
would remove selective pressure for maintenance of the functionally analogous bacterial cyp115,
which is almost invariably lost from the GA operon in rhizobia [15, 18]. However, because cyp115
IS maintained as a separate genetic locus undergoing independent horizontal gene transfer within
some GA-operon containing rhizobia [15, 18], host plant expression of GA3ox in late stage
nodules is presumably not universal, even among those legumes that enable GA signaling in these

organs.

Collectively, the results reported here suggest intricate coevolution between GA-producing
rhizobia and their legume hosts that may provide selective advantages for both symbionts. Beyond
enabling increased nodule growth in response to rhizobial GA, with obvious implications for
population growth of GA-producing rhizobia, our data hint at the possibility that legumes may act
cooperatively with rhizobia to produce bioactive GA, potentially to balance optimization of

nitrogen supply with the microbial defense response.
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FIGURE LEGENDS

Figure 1. GA biosynthetic operon in B. diazoefficiens USDA 110. The product of the GA operon
(blr2143-blr2150) is non-bioactive GAs. However, a single hydroxylation of this compound
produces GA4, a bioactive phytohormone.

Figure 2. Effect of GA operon knockout in the Bradyrhizobium-soybean symbiosis. Soybean
plants were nodulated with either wild-type, GA-producing B. diazoefficiens USDA 110 (GA") or
the GA operon-knockout B. diazoefficiens KB2011 (ga’). Representative plants (n = 6) were
harvested at four time points (vegetative, flowering, early pod, and full pod stages) to measure the
following phenotypes: A) Average plant height, B) plant fresh mass, C) the average number of
nodules per plant, D) the average mass per nodule for each plant, and E) average total nodule mass
per plant. F) Nodule size distribution of soybean nodulated with GA™ or ga” B. diazoefficiens. The
diameters of individual nodules collected at the soybean full pod stage were measured and binned
into defined size groups. The distribution of nodule sizes are represented as the percentage of the
total nodule number of the plant. n = 6 plants per condition at each time point. For all bar graphs,
the mean is shown with + standard deviation (SD). Statistical significance was assessed at each
time point using an unpaired, two-tailed t-test; n.s. = not significant (p > 0.05). Individual p values
are shown when <0.1.

Figure 3. Chemical complementation with GAz restores nodulation phenotypes to GA
knockout. The soil substrate of soybeans nodulated by GA™ or ga” B. diazoefficiens was treated
weekly with 1, 10, or 100 nM GAs in water, or GA-free water as a negative control. The following
phenotypes were measured at the early pod stage: a) number of nodules per plant b) average mass
per nodule, and c) total nodule mass. d) Representative root nodules from each experimental group.
Each image shows nodules isolated from one plant. n = 7 for each treatment. Shown for each
experimental group is the mean + SD. Statistical significance was assessed using a two-way
ANOVA and Dunnett’s multiple comparison test with the GA* water treatment as the control
group. n.s. indicates p > 0.05. Individual p values are shown when <0.1.

Figure 4. Proposed model for the function of rhizobial GA in symbiosis. Produce either non-
bioactive GAy or bioactive GA4 during symbiosis, depending on whether the rhizobial species has
cypl15. If GAg is the final product, we propose that host plant GA 3-oxidases convert GAg into
bioactive GA4. GA signaling then leads to an increase in nodule size, which increases bacteroid
numbers within that nodule and more rhizobia released into the soil upon nodule senescence.
Conversely, an absence of rhizobial GA results in decreased nodule size and thus fewer bacteria
being released per nodule.
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SUPPLEMENTARY INFORMATION

Bradyrhizobium diazoefficiens USDA 110, GA biosynthetic operon

RpoN binding site (predicted)
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Supplementary Figure 1. Schematic of GA operon knockout strategy. Polar knockouts of the GA operon in
Bradyrhizobium diazoefficiens USDA 110 were constructed by inserting a knockout cassette containing aadA4
and flanking terminators (derived from pHP45Q [1]) into cypl12.



Supplementary Figure 2. Southern blot analysis of B. diazoefficiens USDA 110 GA operon knockout strains
KB0903, KB0904, and KB2011. A) Agarose gel of Xhol gDNA digests. The gel was loaded as follows: L =
DNA ladder, 1 = KB0903, 2 =KB0904, 3 =KB2011, and 4 = B. diazoefficiens USDA 110 (wild type). Panels B-
D are blots of the gel in panel A probed with the following: B) aadA4, C) cyp112, D) cypl14. kb = kilobase

Supplementary Figure 3. PCR analysis of B. diazoefficiens USDA 110 GA operon knockout strains KB0904
and KB2011. a) PCR with primer set targeting the chromosomal region outside of the insertion of the aadA
interruption cassette (primers bind to the pseudo cyp115 and cyp114 genes). b) PCR with primer set targeting the
sacB gene of the pLOBIJ3 suicide vector used for introducing the interruption cassette. Lanes 1-5 correspond to
the following template DNA: 1 =KB2011, 2 =KB0904, 3 = B. diazoefficiens USDA 110 (wild type), 4 = pLOBIJ3
mating vector, and 5 = no DNA; L = DNA ladder. kb = kilobase
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Supplementary Figure 4. Aerobic growth curves of B. diazoefficiens USDA110 (GA*) and GA operon
mutants. A) GA" (BdUSDA110) growth compared to that of ga- (BdKB2011), as measured by the optical density
of the cultures measured at a wavelength of 600 nm (ODsoo). Note that the y-axis is on a logio scale. Statistical
significance for each time point was determined with an unpaired t-test. P-values less than 0.1 are shown above
the relevant time points. All other time points had a P-value > 0.1. n = 3 cultures for each strain with the mean +
SD shown. B) GA™ growth compared to that of cyp17 and cyp114 deletion mutants (BdAcyp117 and BdAcyp114,
respectively). Note that the y-axis is on a logio scale. n = 3 cultures for each strain with the mean + SD shown.
After 40 hours, one of the GA* cultures was contaminated, so only two replicates were measured for subsequent
time points. Statistical significance for each time point was determined with separate unpaired t-tests between
GA"/BdAcyp117 and GA*/BdAcypl14. All p values were > 0.05 except for those indicated in the figure for

BdAcypll14.
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Supplementary Figure 5. qPCR primer efficiencies. Shown are the calculated cycle threshold (C;) values
plotted against the corresponding DNA template concentration (log scale) for the qPCR primer sets used to
quantify expression for A) cypl12, B) ks, and C) hisS (reference gene) from B. diazoefficiens USDA 110, along
with D) GA4A30x4, E) GA30x6, and F) cons7 (reference gene) from G. max cv. Williams ’82.
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Supplementary Figure 6. Expression of GA operon genes during the Bradyrhizobium diazoefficiens-soybean
symbiosis. Bacteroid expression of A) cyp12 and B) ks over the course of B. diazoefficiens USDA 110 symbiosis
with soybean. Target gene expression was normalized using B. diazoefficiens USDA 110 hisS as a reference gene,
and relative expression was then calculated by dividing all values by the lowest mean expression value of the data
set. n = 3 biological replicates (nodules derived from three different plants) for each time point with + standard
deviation (SD) shown.
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Supplementary Figure 7. Expression of soybean GA 3-oxidase isoforms in nodule tissue. A) PCR with cDNA
isolated from mature nodules (during flowering stage) demonstrates that two isoforms are noticeably expressed
in this tissue, as shown via agarose gel analysis. Primers for this PCR were design to produce amplicons of roughly
800-1000 base pairs. Arrows indicate detected amplicon bands. 1: GmGA3ox1, 2: GmGA3o0x2, 3: GmGA30x3, 4:
GmGA3o0x4, 5: GmGA3ox5, 6: GmGA30x6, L: DNA ladder. kb = kilobase. Expression of B) GmGA430x4 and C)
GmGA3o0x6 was confirmed via qPCR analysis of cDNA prepared from soybean nodule and root tissue over 12
weeks of development. Target gene expression was normalized using G. max cv. Williams ‘82 cons7 as a
reference gene, and relative expression was then calculated by dividing values by the mean expression value of
the lowest mean within the data set. n = 3 for each tissue at each time point. Each replicate represents cDNA
samples prepared from tissue derived from different plants. Shown for each condition is the mean + SD. Statistical
comparisons for each time point were made using two-tailed t-tests.
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Supplementary Figure 8. Confirmation of GA 3-oxidase activity by GmGA3ox4 and GmGA30x6. A)
Incubating GAy in cells expressing synthetic clones of either GmGA30x4 or GmGA30x6 results in consumption
of GAy and production of GA4, as shown here through extracted ion chromatograms from GC-MS analysis. B)
Mass spectra of the putative GA4 products and an authentic GA4 standard. The chromatograms and spectra shown
are representative of the methyl ester (GAy) or methyl ester, trimethylsilyl ether (GA4) of the corresponding
compounds. C) Reaction proposed to be catalyzed by GmGA3o0x4 and GmGA30x6 - 3B-hydroxylation of GAg to
produce bioactive GAs.
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Supplementary Figure 9. GmGA3o0x4 and GmGA3o0x6 exhibit GA 3-oxidase activity with GAz. A)
Incubation of GAy in E. coli cells expressing either GmGA30x4 or GmGA30x6 results in formation of GA1, as
shown here via extracted ion chromatograms from GC-MS analysis. B) Mass spectrum of an authentic GA;
standard. C) Mass spectrum of peak 4, a putative GA peak produced from incubation of GAzo with GmGA30x6-
expressing cells. The abundance of peak 3 was too low for a high-quality mass spectrum to be derived. The
chromatograms and spectra shown are representative of the methyl ester, trimethylsilyl ether of the corresponding
compounds. D) Proposed 3B-hydroxylation of GA2o by GmGA30x4 and GsGA30x6 to produce bioactive GA.
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Supplementary Figure 10. Confirmation of GmGA30x6 as a 20DD enzyme. Lysates from cells expressing
GmGA3o0x6 were incubated with GAo in either the presence or absence of Fe(Il)/2-oxoglutarate dependent
dioxygenase (20DD) cofactors (2-oxoglutarate, ascorbate, and iron). Production of GA4 was detected with GC-
MS, as shown here with representative extracted ion chromatograms. The chromatograms shown correspond to
the methyl ester (GAo) or methyl ester, trimethylsilyl ether (GA4) of the corresponding compounds. Due to the
high homology and similar functionality demonstrated between GmGA3ox4 and GmGA30x6, the status of
GmGA3ox4 as a 20DD enzyme is inferred.
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Supplementary Figure 11. Expression of GA operon genes in GA™ and ga™ B. diazoefficiens bacteroids.
Relative expression of A) cypl12, B) sdr, and C) ks as determined via qPCR with cDNA generated from post-
flowering stage GA™ or ga” bacteroids. Target gene expression was normalized using B. diazoefficiens USDA 110
hisS as a reference gene, and relative expression was then calculated by dividing values by the mean expression
value of the corresponding ga™ expression data. n = 4 biological replicates with + SD shown. Data is shown on a
log> scale, with statistics performed on the non-log-transformed data. Statistical significance was assessed using
a one-tailed Welch’s t-test. Trace amounts of GA operon gene amplification in the ga" strain are presumably due
to low levels of contaminating bacterial gDNA.
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Supplementary Figure 12. Soybean phenotypes associated with knockout of cypl17 and cypll4 in B.
diazoefficiens. Soybean plants were inoculated with wild-type (GA™) B. diazoefficiens, or with strains containing
a knockout of cypl17 (BdAcypl117 or cypl14 (BdAcypl14). A) Plant height was measured for three different time
points. At the early pod stage of the plants, the following phenotypic parameters were assessed: B) green mass,
C) root mass, D) nodule number per plant, E) average mass per nodule, and F) total nodule mass per plant. n = 8
for each treatment with means + SD shown. Statistical significance was assessed by using a two-way ANOVA
and Dunnett’s multiple comparison test with GA™ as the control group. n.s. = not significant (p > 0.05). For height
measurements, statistical significance was determined between treatments within a single time point.
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A
B. diazoefficiens USDA 110 (GA") B. diazoefficiens KB2011 (ga’)

Supplementary Figure 13. Representative images of GA* and ga™ nodules. A) All of the nodules from single
representative B. diazoefficiens USDA 110 (GA+) and B. diazoefficiens KB2011 (ga-) plants are shown, as well
as zoomed in images to better demonstrate nodule morphology and appearance. Each of these plants were from
the same experiment. B) Roots, total nodules, and zoomed in nodule images from representative GA+,
BdAcypl17, and BdAcypl14 plants. These plants were all from the same experiment.
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Supplementary Figure 14. Effects of a range of GA3 concentrations on plant height and mass. The soil
substrate of soybean plants in symbiosis with either GA™ or ga  B. diazoefficiens were treated with several
concentrations of GA3 (1, 10, or 100 nM) or water. A) Plant height was measured over time. The following
phenotypic measurements were assessed at the early pod stage: B) green mass and C) root mass. n = 7 for each
treatment with means + SD shown. Statistical significance was assessed using a two-way ANOVA and Dunnett’s
multiple comparison test, with the GA™ water treatment used as the control. n.s. = not significant (p > 0.05). For
height measurements, statistical significance was only assessed between experimental treatments within a single
time point. * = p <0.05, ** = p <0.01, *** = p <0.001. An absence of asterisks in panel “a” infers p > 0.05.
Individual p values are shown if <0.1.
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Supplementary Figure 15. Chemical complementation with GAy rescues the ga’ nodule phenotypes. Nodule
phenotypic characteristics were measured at the early pod stage following weekly application of GAg (1 uM) to
the soil substrate of soybean plants nodulated with GA™ or ga” B. diazoefficiens. A) Average number of nodules
per plant. B) Average mass per nodule. C) Total nodule pass per plant. D) Representative root nodules from
each experimental group. Each image shows nodules isolated from one plant. n = 7-9 plants per treatment. Shown
for each experimental group is the mean + SD. Statistical significance was assessed using a two-way ANOVA
and Dunnett’s multiple comparison test with the GA™ water treatment as the control group. n.s. indicates p > 0.05.
Individual p values are shown when <0.1.
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Supplementary Figure 16. Effect of exogenous GAy on soybean growth phenotypes. Following nodulation of
soybean plants with GA™ and ga™ B. diazoefficiens, 1 puM GAog was applied twice per week to the soil. A) Plant
height for these plants was measured over time. The following phenotypic characteristics were measured at the
early pod stage of the plant: B) green mass and C) root mass. n = 7-9 per treatment with means + SD shown.
Statistical significance was determined using a two-way ANOVA and Dunnett’s multiple comparison test, with
the GA™ water treatment used as the control. For height measurements in panel A, statistical significance was
only assessed between treatments within a single time point. n.s. = not significnt (p > 0.05). In panel “a”, if no p
value is given, then the experimental group has a p value > 0.05.
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Supplementary Figure 17. Correlations between nodule size and bacteroid numbers. A) Total bacteroid cells
extracted from nodules of varying sizes, as counted with flow cytometry, in relation to the mass of the nodule
from which they were isolated. B) The total number of viable cells in the same samples was determined by plating
for colony-forming units (CFUs). Data sets were analyzed in JMP Pro 13 to obtain statistical parameters of linear

regressions.
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Supplementary Table 1. Bacterial strains used in this study.

Strain Description Source
One Shot® TOP10 Chemically F- mcrA, A( mrr-hsdRMS-mcrBC), ®@80lacZAM15,  Thermo Fisher
Competent E. coli A lacX74, recAl, araD139, A(araleu)7697, galU, Scientific

One Shot® BL21 Star™ (DE3)
Chemically Competent E. coli

E. coli S17-1 A pir

Bradyrhizobium diazoefficiens USDA
110 (BAUSDA110, formerly B.
Japonicum USDA 110,)

B. diazoefficiens KB2011 (BdKB2011)

BdAcypl17

BdAcyp114

galK, rpsL(StrR), endAl, nupG, for plasmid
propagation and cloning

F- ompT hsdSB (rB-, mB-) galdcmrnel31 (DE3);
for pET101 expression of soybean GA 3-oxidases

F-, RP4-2(Km::Tn7,Tc::Mu-1), pro-82, LAMpir,
recAl, endAl, thiEl, hsdR17, creC510; for
creating the B. diazoefficiens insertional mutant
strain BdKB2011

wild-type rhizobial symbiont of Glycine max;
CmR, TmR

B. diazoefficiens USDA 110 derived strain
containing an insertion in cyp112 for disruption of
the entire GA operon

cypl17 deletion strain derived from B.
diazoefficiens USDA 110 parent strain; Cm®

cypl 14 deletion strain derived from B.
diazoefficiens USDA 110 parent strain; Cm®

Thermo Fisher
Scientific

(2]

USDA;
Beltsville, MD

This study
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Supplementary Table 2. Primers used in this study. Restriction sites are indicated with underlined nucleotide

sequence. bp = base pairs, kb = kilobase.

Primer Sequence (5’ to 3°)

Description

For cloning synthetic soybean
GA 3-oxidases

GmGA3ox4 F CACCATGGTTACCACAC
TGAGCGAAG
GmGA3o0x4 R TTAGTTATTATTCAGCA
TGCTAATCAGGC
GmGA3o0x6 F CACCATGGCAACCAC
ACTGAGCGAAG
GmGA30x6 R TTAGTTTTTCAGCAT
GCTAATCAGGCTC
For amplifying a fragment
containing cypl12 and flanking
sequences for creation of the B.
diazoefficiens KB2011
insertional mutant
Bd-cyp112-Pmel-F CCACGTTTAAACTCG
AACCTCCTTCACCAAT
CCGTA
Bd-cyp112-Pmel-R CTCCGTTTAAACTGTC
GATCTGGCCCATGGT
GAAAT
For confirming insertion within
cypli2 in B. diazoefficiens
KB2011
Bd-CYP112-kb F TGGTGGGTGACAGGCT
ATGACGAGG

17

Forward primer for amplifying
synthetic GmGA3ox4. Contains a 5’
CACC for cloning into pET101/D-
TOPO.

Reverse primer for amplifying
synthetic GmGA3o0x4. Contains the
native stop codon to prevent the
addition of a His tag in pET101/D-
TOPO.

Forward primer for amplifying
synthetic GmGA30x6. Contains a 5’
CACC for cloning into pET101/D-
TOPO.

Reverse primer for amplifying
synthetic GmGA30x6. Contains the
native stop codon to prevent the
addition of a His tag in pET101/D-
TOPO.

Forward primer upstream of cyp12.
Contains Pmel restriction site at the
5’ end.

Reverse primer downstream of
cypl12. Contains Pmel restriction
site at the 57 end.

Forward primer 5’ to the ~2 kb
cassette insertion site in cypl12.



Bd-CYP112-kb R

For confirming clean deletion
strains of B. diazoefficiens
USDA 110

Bd-CYP117ko-check F

Bd-CYP117ko-check R

Bd-CYP114ko-check F

Bd-CYP114ko-check R

To amplify fragments for use as
templates in determining gPCR
primer efficiency

BdCYP112 frag-F

BdCYP112 frag-R

BdKS frag-F

BdKS frag-R

BdhisS frag-F

TCACGTCGGTCCTCGGA
TAGCGCATG

ATCGTCAACATGTCGTC
GTGCCAGG

TGCGCCGGCAGCCAAA
CAGAGC AAG

ATTCCCGCGGAGAGCA
AGGTGC

ATAGCCGCCGAGCCATC
AATGT CGGC

TGGTGGGTGACAGGCT
ATGACGAGG

TCACGTCGGTCCTCGGA
TAGCGCATG

ATGATCCAGACTGAAC
GCGCGGTG

TGGTCGAGGTCCGGTAG
TACTGC

ACCCCAGAAACTGAAG
GCGCGCCTG
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Wild-type amplicon = 762 bp;
insertion mutant = 2.8 kb

Reverse primer 3’ to the ~2 kb
cassette insertion site in cypl12.
Wild-type amplicon = 762 bp;
insertion mutant = 2.8 kb

Forward primer ~400 bp upstream of
cypl17 to check for presence or
deletion of this gene; wild-type
fragment = 2.1 kb, knockout = 0.8
kb

Reverse primer ~400 bp downstream
of cyp117 to check for presence or
deletion of this gene; wild-type
fragment = 2.1 kb, knockout = 0.8
kb

Forward primer ~400 bp upstream of
cypl14 to check for presence or
deletion of this gene; wild-type
fragment = 2.2 kb, knockout = 0.8

kb

Reverse primer ~400 bp downstream
of cyp114 to check for presence or
deletion of this gene; wild-type

fragment = 2.2 kb, knockout = 0.8
kb

Forward primer; amplicon = ~ 800
bp

Reverse primer; amplicon = ~ 800
bp
Forward primer; amplicon = 831 bp

Reverse primer; amplicon = 831 bp

Forward primer; amplicon = 1.5 kb



BdhisS frag-R CTAGCCCCAGCTCACGT Reverse primer; amplicon = 1.5 kb

CATGGC
GmGA3ox4 frag-F ATGCATGGCCTCAATCT Forward primer; amplicon = 863 bp
GAAGATGG
GmGA3ox4 frag-R TCAAGGAACGAAACCG  Reverse primer; amplicon = 863 bp
AGGCAAGG
GmGA30x6 frag-F TTCACTTAGGACCTTAC Forward primer; amplicon = 877 bp
CTGATTCG
GmGA3o0x6 frag-R AATCAAGAACCAAAGG Reverse primer; amplicon = 877 bp
AGAAACCAC
cons? frag-F AGTCTCCTGGTAACATT Forward primer; amplicon = 540 bp
GAGCAAAG
cons? frag-R ATGAGAGTGCCCAATAT Reverse primer; amplicon = 540 bp
TACAGGTG
To check for expression of the 6
GA3ox isoforms in soybean
GmGA3ox1 check-F ACTGTCAACCCAATGAT Forward primer; amplicon = 796 bp
GATGCATC after splicing of an intron from the
gene
GmGA3ox1 check-R CATCGGTGGAGAATAG  Reverse primer; amplicon = 796 bp
AAATAAGCC after splicing of an intron from the
gene
GmGA3o0x2 check-F ATGGTCTCACTCTCAAC Forward primer; amplicon = 851 bp
CCAACGATG after splicing of an intron from the
gene
GmGA30x2 check-R ACAGAGTCAACTAAAG  Reverse primer; amplicon = 851 bp
GAGAAACC after splicing of an intron from the
gene
GmGA3o0x3 check-F ACACAAGCACCCTGACT Forward primer; amplicon = 952 bp
TAAACTCC after splicing of an intron from the
gene
GmGA30x3 check-R TGCCAAGGTACTCATTC Reverse primer; amplicon = 952 bp
CAAGTCAC after splicing of an intron from the
gene
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GmGA30x4 check-F

GmGA30x4 check-R

GmGA30x5 check-F

GmGA30x5 check-R

GmGA30x6 check-F

GmGA30x6 check-R

ATGCATGGCCTCAATCT
GAAGATGG

TCAAGGAACGAAACCG
AGGCAAGG

AGTCTTACACTTGGACA
CACCATGG

AGGTACTCATTCCAAGT
CACTGCC

TTCACTTAGGACCTTAC
CTGATTCG

AATCAAGAACCAAAGG
AGAAACCAC

Forward primer; amplicon = 863 bp
after splicing of an intron from the
gene

Reverse primer; amplicon = 863 bp
after splicing of an intron from the
gene

Forward primer; amplicon = 909 bp
after splicing of an intron from the
gene

Reverse primer; amplicon = 909 bp
after splicing of an intron from the
gene

Forward primer; amplicon = 877 bp
after splicing of an intron from the
gene

Reverse primer; amplicon = 877 bp
after splicing of an intron from the
gene

Supplementary Table 3. Plasmids and expression constructs used in this study.

Plasmid/construct

Description

Source

Plasmids

pCR™.Blunt [I-TOPO®

pET101/D-TOPO®

pJET

pLOI1

pLOBI3

Expression constructs

pET101-sGmGA30x4

pET101-sGmGA30x6

For cloning and propagation of blunt-end PCR  Thermo Fisher Scientific

constructs; Km®

For directional cloning and expression;

Thermo Fisher Scientific

contains C-terminal His-tag; Cb®

For cloning of the DNA fragments from B.

Thermo Fisher Scientific

diazoefficiens used to create the insertional
mutant BdKB2011; CbR

Mobilizable, mating/SacB counterselection [4]
vector; KmR
pLOI containing the GA operon knockout This study
cassette used to created the insertional
knockout strain BdKB2011; Km®
For expression of synthetic soybean GA3ox4 This study
in E. coli; CbR

For expression of synthetic soybean GA30x6 This study

in E. coli; CbR
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Supplementary Table 4. Primers used for qPCR for selected Bradyrhizobium diazoefficiens USDA 110 and
soybean (Glycine max cv. Williams ’82) gene transcripts.

target

forward primer (5’-3°)

reverse primer (5’-3°)

amplicon size (bp)

B. diazoefficiens
genes
cypl12
sdr
ks

hisS

G. max genes

GmGA3ox4

GmGA3ox6

cons7

ATCGAATTCGGCCTGCT
A

CATGCTGTCGTCCTCAC
TTG

CTACGCGAACGTGTTCT
GTT

GATGGAATACACCGAC
GCGCT

ATCTGGCATAATGACTG
TGC

TCCATGTGATGATGCCA
AAAAG

ATGAATGACGGTTCCCA
TGTA

AGGATTTCCTCTACCG
CCTT

GAGGAGTCGCTCGGT
CAT

CAAGGTCGCCATATC
CAGC

AACGCAAGCTAATCC
ACTGCTCG

GTTGGTTGAACCAATC
CACC

TTTTGCTCCTCAGAAA
TGCCC

AGCATTAAGGCAGCT
CACTCT

97

94

64

106

150

150

114
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