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ABSTRACT

Riboflavin biosynthetic pathway d®inorhizobium meliloli021 has a potential
alternative enzyme ArfB, essenti@ riboflavin production for intracellular useArfB
forms complexeswith riboflavin biosynthetic enzymes 8. melilotl021 The objective
of this studywas to identify the novel enzymes involved in titgoflavin biosynthesis of
riboflavin prototrophic revertant straiRml02lzea rx©aBarfB and analyzethe free
living phenotyps and the symbiotic phenotype Whole genome sequencing was
conducted and sever&@NPsand indels were identified inhe genome ofrevertants
specifically in genephnM, SMc00185 andargG. The revertantstrains could noform
effective symbiosisand exhibited lower growthrate and flavinsecretioncompare tahe
control.Occasionally someevetants exhibited effective symbiosi&econdary revertants
were isolated andequenced for identification of variationserigtic modificationsvere
observedon the SMb21442 andDa arfB genes Characterizatiorof identified genesn
future experimentswill provide comprehensive understanding of the fundtiom

riboflavin metabolismof U-proteobacteria.
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CHAPTER 1: INTRODUCTION

Vitamin B2 (riboflavin; RF),is a watersoluble vitamin andnembes of vitamin
B complex. The vitamin B complex inclaed vitamins B1 (thiamin), B2 (RF), B3
(niacin), B5 (pantothenic acl)d B6 (pyridoxing pyridoxal and pyridoxamirje B8
(biotin), B9 (folate) and B12(Cobalamin (Roje, 2007) The RF is synthesized by plants,
and microorganisms, but not by animasnimals (including humans) depends on
nutritional sources for REFischerand Bacher 2011) Flavin (FL) mononucleotides
(FMN) and flavin adenine dinucleotis¢FAD) are two cofactors of RF. These cofactors
are found to be ammportant part of various metabolic processes including electron
transport chain, biosynthesis of vitamins B6, B12 and(f@nsoorabadet al, 2006
Roje 2007; Yurgelet al, 2014) RF isan antioxidantthat protecs cells from oxidative
stressegAshoori and Saedisomeolia2014) RF also plays an important role in plant
microbe interactiog(Yanget al, 2002 Yurgel et al, 2014)

Nitrogen (N) fixing soil bacteriacommonly known as rhizobia, are capable of
fixing atmospheric dnitrogen (N2) in association with legume plan{&oreno et al,
1990; LeVieret al, 200Q Paulsenet al, 2002. Biological N fixation (BNF) is an
alternativeto industrial N fixation. BNF is aimexpensivesustainable and ngpolluting
substitute foindustrial N Legumes occupy 11% of agricultural land and contribute 25%
of totalfixedN (Royet al, 2002) Rhizobiumlegume symbiosis provides sustainable and
ecologicallyfriendly practices It haspotential for reclamation of marginal, saline and

degraded lands in agricultuf€oba de la Pef@endPueyq 2012)



The world population is increasing; in 2015, it was 7.3 billion and is projected to
be increased byne billion in the next 15 yearfUnited Nations, Department of
Economic and Social Affairs, Population Divisj@015) In addition to the increasing
population, the agricultaf lands are being converted into nowmgricultural uses
Utilization of chemicalffertilizers has increased productimnagricultureto meet théood
needs othe society to prevent hungefhrouglout this time, many farmlands have been
transformed into unproductivesalinized land (Fedoroff 2015) The use of industrial
nitrogenous fertilizers in agricultethas been reported to haveharmful impact on the
environmentwhich includeghe emission of greenhougasses like nitrous oxid®&20)
and leaching of nitrate (N from chemical N fertilizersinto the surrounding
environmeniBgckman 1997) TheUnited States Environment Protection Agency date
that the impact ol poundN20 on global warming is 300 times the impact gbdund
carbon dioxide. Thus, minimizing theplication of chemical nitrogenous fertilizers can
play an important role in reducidpO emission(EPA, 2016)

Legumes can form symbioticassociation with rhizobia to gain N through BNF.
The symbiotic relationship betweeBinorhizobium melilotil021(Rm102) and alfalfa
(Medicago sativd..) is one of the models to study symbiotic N fixatemd provides us
better understanding of plasicrobe interaction. Additionally, s o me pathogeni «
proteobacteriasuch afBBrucella sharesimilar mechanisms ahteraction asrhizobiacan
establish symbiic relationshig wi t h | e gumes .-protddlzattdria e n i ¢ l
responsible for many diseases in animals and gl&dr example,Brucella spp is
responsible for causing brucellosis in animadl#yeribacter asiaticus causes citrus

greening in citrus andiberibacter solanacearuntauses zebra chip disease in potatoes



(Zambriski et al, 2010; Miyata et al, 2011 Cooperet al, 2014). Undersanding
intracellular RF metabolismin Rm1021 might give us insightinto RF biosynthetic
enzymes in phylogenetically closely related pathogenic bactemaerstanding of
enzymes will provide novel potentialapproach for thelevelopmenbf new strategies to
control pathogenic bacteria. The genomic research revealedBithetlla spp share
similar intracellular activitiesas rhizobia and evolved from a&ommonancestor with
rhizobia. Moreover, unculturable gt pathogenic species, such as Candidatus
liberibacter, are phylogenetically closely relatéd Rm1021 and availability of the
complete genome dRm1021makes rhizobia a good model organism to study these
pathogenic bacteridalibertet al, 2001, Hartunget al, 2011).

It was previously proposed that the RF biosynthesisRm1021involves two
interchangeable modules; one for internal bacterial metabolic needs and another for
secretion(Yurgel et al, 2014) In this studythefocuswas on RF biosynthesisf rhizobia

in orderto identify novel enzymes involved the RF biosynthesis process Rm1021



CHAPTER 2: LITERATURE REVIEW

2.1 Rhizobiumlegume association

Rhizobiaare gram negative\-fixing soil bacteriaRhizobiainvade root hairs of
plants by theformation of tubular infection threadthat result inspecialized symbiotic
organ callechodule Therhizobia in association with the legume hgstymbiotically fix
atmosphericN2> to ammonia by therocessof BNF (Oldroyd et al, 2008). N is an
important element required f@tant growth andis requiredto increasecrop yield. N is
available through soil application of industrial fertilizers and through BNF (B2g@Ll).
Use ofchemical fertilizersaccountdor around 25% of total N fixedn earth Out of 25%
chemical fertilizers usenh agricultural fieldshalf of them is wastedue toleaching This
cau®s soil degradation contamination of ground wateand adversely affect the
environment TheRhizobiurdegume associatioproducesabout 70 million tons ofixed
N per year (Rajwaet al, 2013). The crop rotation with legumes enhances the crop
productivity of the nonleguminous cropsn the rotation Rhizobid specieshas host
specificity in forming symbiotic relationshigHirsch et al, 2001). RhizobiurAlegume
symbiosis helps in reducing thiseof N fertilizers, making available N for intercropping,
as well as crop rotatiorit also helps teenrich soil health, reclaiming adtdand saline
soils, diverting thepath of agricultural productionfrom intensive agricultureo a

sustainable way (Vanc2001).



2.2 Establishmentof nodules on legume host by Rm1021

Rm1021is a symbioticN fixing U-proteobacteria belonging to the family
RhizobiaceageorderRhizobaleslt forms asymbioticrelationship with legumes of genera
Medicago, Melilotus, TrigonellaLegume roots exude hespecific signaling molecules
like flavonoid compounds, which act as chemoattracteiné chemoattractamstimulae
rhizosphere colonization by attractimgizobia (Long, 2001). Bacteria synthesize and
release lipo-chitooligosaccharidescalled nod factors, induced by plafroduced
signalng molecules (Gargt al, 2007). Nod factors initiate the symbiotic signaling
pathwayin legumes which triggers root hair deformation and curlig@ldroyd, 2013).
Nodfactors and exopolysaccharides are requiredhimformation of infection threads
roots They alsostimulate root cortex cells to initiate cell divisioto form nodule
primordia (Jonesgt al, 2007).Theinfection threadallow the entry ofrhizobiainto root
cortex. Rhizobia are released into plant cells, where they differentiate irtxihg
bacteroidsforming membrandound compartments called symbiosom@sigure 1).
Medicago sativaforms indeterminatelype of nodules (Timmers et al, 2000) The
indeterminatenodules are types of nodsl&n which cell division occursin the inner
cortex and pericycle regidorming different zones with elongated nodule shihlen
et al, 2018). In the caseof indeterminate noduleshese bacteroid undergo terminal

morpholayical changes int¥ -shapedtells (Okeet al, 1999).



Figure 1. Root hair invasion biRm1021(Jone<et al, 2007)



2.3 Role of flavin in symbiosis

Riboflavin (RFE 7,8-dimethyl10-ribitylisoalloxazine) or vitamin B2 is precursor
of the cofactorsFMN and FAD. These cofactors play important sole the electron
transport chain, as well as in theetabolismof vitamin B6, B12 and folates, fatty acid
oxidation, and A repair (Mansoorabadet al, 2006; Roje 2007). This makes RF a
necessary component in cellular metabolism for all living organisms. The RF is not
synthesized in humans aadimals,but it can be obtainethrough milk, cereals, grain,
eggs,andgreen vegetables (Edward2014). The RF contributionin RhizobiurAlegume
symbiosis helps in root colonization and improves bacterial competitiveness for
nodulation (Yanget al, 2002; Yurgelet al, 2014). In rhizobiathe enzymes responsible
for catalyzing RF biosynthessseRibBA, RibD, RibE/C, RibH1 and RibHZn Rm1021
in-frame deletion otheribBA geneaffects the RF secreticand resubi in less ability to
fix N2 (Phillips et al,1999; Yang et al, 2002; Yurgelet al, 2014). Thissuggestghe

importance of RF secretion for bacterial root colonization and nodule formation.

2.4 Riboflavin biosynthetic pathway (RBP)

RBP is almostdentical in all higher plants, bacteriaand yeast (Bachest al,
2000; Roje 2007). Theonly difference among the RF biosynthepathwaysbetween
bacteria and yeast is the inversion of deaminase and reductase reamtioosd byibD

gene(Figure 2) (Saet al, 2016)
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Figure 2. Riboflavin biosynthesis pathwaip E. coliand thegenes (Yangt al, 2002)

The RF is synthesized from one GTP and two ribulogghdsphate. GTP

cyclohydrolasell (GCHII) enzyme encoded bybA gene catalyzethe conversionof

GTP into 2,5Diamino-6-ribosylamine4(3H}p y r i mi d-triphosphate. 3he RibD

enzyme has bifunctional deaminasesductasereactions whichproceedsthe next two

steps of thepathwayby deamination of the position 2 amino group #mehreduction of

the ribosyl side chain (Bacheaat al,

200Q Yang et al,

2002). Bifunctional RibD

enzymes converts 2Biamino-6-ribosylamine4(3H}p y r i mi d-friphasphate t6-H
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ribitylumazine synthase is encoded bibH and catalyzes thecondensationof
dephosphorylated-Bmino-6-ribitlyamino-2,4(1H,3H}pyrimidinone with 3,4Dihydroxy
2-butanoned-phosphate. 3;Dihydroxy 2-butanoned-phosphate synthase (DBPS),
encoded by theibB gene, which converts ribulosephosphate into 3;®Dihydroxy 2
butanoned-phosphate. Bifunctional protein RibBA exists in certain bacterial species
(including Rm1022 with both GCHII and DBPS activwés fused into a single enzyme
(Galibertet al, 2001; Yanget al, 2002; Yurgelet al, 2014). The RibC,a RF synthase
enzyme (also calledRibE in Rm102) catalyzes thedismutationof 6,7-dimethly-8-
ribityllumazine to produce RE-igure 2). Lumazine synthase activiig encoded by two
homologus genes, ribH1, and ribH2. In some bacterial genomewith exception of
ribH, which is represented by 2 copies of the gene, all other Rixlhadic enzymes are
encoded by a single gen&dlibertet al, 2001 Fischeret al, 2011, Ladensteiret al,
2013).

The RF biosynthetic enzymes are found to form complexes during RF
biosynthesis. It was determined that RiBsynthéic enzymes exist in a muénzyme
complex, bound together with @oncovalentbond, or fused, forming RF metabolon
(Frelin et al, 2015). Various research indicdt¢he interactions between bifunctional
RibBA with RibH1 and RibH2, as well as interactionsRibE, RibH1 and RibH2 with
themselves and each other (Fradiral, 2015; Ladensteiret al, 2013). The protein with
N-glucosidase activity is fused with some RBP enzyrhether proving theexistence of
RF metabolon (Freliret al, 2015. Lumazine synthase (RibH) and RF synthd®bI)
form multi-enzyme complexes during RF bimthesis (Ladensteiet al, 2013). In

Rm102] thegenegesponsible for catalyzing the initial steps of GCHilbA) and DHBP



(ribB) are found to bea part of a single fused gen@&BA (Galibert et al, 200L).
Additionally, in Rm1021 ribD and ribE are found to bea part of the single
transcriptional unit (Galiberet al, 2001). Thispredicts theinteraction between RF
enzymes and existence of complex formation in RF biosynthesis. Thus, analysis of
complex formation and interaction between RBP ereg/ncan potentially lead to

discovery of novel components of RF enzymes metabolon.

2.5 Riboflavin biosynthesis inRm1021

a. Role of RibBA

In Rm1021 RF biosynthesis is catalyzed by bifunctional GCHII/DBPS (RibBA)
protein, bifunctional deaminaseductase (RibD) protein, lumazine synthase (RilaiHdyl
RF synthase (RIbE). RibBAlays animportant role in FL secretion, which facilitate
rhizobial colonizabn (Yang et al, 2002; Yurgelet al, 2014). The ribBA gene in
Rm1021colonizedroot in alfalfadue to elevated level of RF as comparethtcontrol
strainRm1022WS12 with empty plasmid vect¢¥anget al, 2002).

In the Rm1021, ri-frame deletion mutants ofib genes were generated
Surprisingly, Rm102B#ibBA mutantwas able togrow on defined media without RF
supplementatiofYurgel et al, 2014) While RibD and RibE mutantsereRF auxotroph
and were not able to growithout RF supplementationThis indicatedthat RibD and
RIibE areuniqueenzymedhatcatalyzedeaminaseeductase and RF synthase readian
RBP, respectively. However, RF prototrophy Rm102BibBA was unexpected, as

Rm1021genome contains singlecopy of the genéYurgel et al, 2014). This indicated

1C



theinvolvementof alternate enzyme to RibBA (Yurgel al, 2014). TheRm102BaibBA
mutantssecreted amalleramount of RF as compared its wild type strain but could

establish effective (N fixing) symbiosis with alfalfa (Yaeg al, 2002; Yurgelet al,

2014) . The alternate pathway muoraleodacesia wer e
for RF biosynthesisone for intracellular neexbf bacteriametabolismtself and the other

for secretion to establish symbiosis with tHust(Yurgel et al, 2014).

b. Novel ArfB

The alternativeenzyme to RibBA, ArfB, was identified using 3 mutagenesis of
Rm102BgibBA and subsequenthgcreened for double mutants for RF auxotrope
mutationwas identified by genetic analysasd wadound to trigger RF auxotrophpot
only in Rm102&gibBA but also in thewild type strain Rm1021 This suggested an

importantrole of themutatedgene ér RF production.

11



In bacterial RF biosynthesis pathway, GCHII reaction proceededsimgte step
(Figure 3, green notation), whereas in the archaeal RBP an initial step of ring cleavage
and dephosphorylation of GTP is catalyzed by GTP cyclohydrolase Il (GCHIII/ArfA)

and formamide hydrolase/ArfB-igure 3, red notation).

o]

w4 ©

P, ArfA/GCHIII « AN Archaeal
A 210 2pi A
. ) 0, 0 \ N7 N7 NH, [ o} HNT N “NH,
Conversion of GTP g 8.5 f.0o}, L 0P o
sescucs =\ L kS ArfA = | O~
.to 2,5—D1.am1n0—6- o' o N7 MIO14S o A \
ribosylamino-4(3H)- OH Ot OH OH
pyrimidinone 5°- L FARY
CppEIE by B ial ArfB o ArfB/Formamide Hydrolase
bacteria and archaea acteria MJO116 |\ - ¥
. =HCOO
RibA
2
N AL cI:
) ) HoN-— "y
HN™ “N” “NH, I
CH, NAD(P) NAD(PH O HN™ “N" “NH,
H-C-OH \ / 0-P-0 g
H-C-OH T Afc 0 N
H-C-OH MJOBT1 i

CH,0P

Figure 3. Archaeal riboflavin biosynthesis.

Bacterial RF biosynthesis GCHII (RibA) activity, archaeal RF GCHIII (ArfA)
and Formamide Hydrolase (ArfB) activity (modified from Grochowesial, 2009)

The reaction proceeds by dephosphorylation and ring cleavage of GTP, forming
an intermediate product@mino5-formlyaminoe6-ribosylaminopyrimidind ( 3 H) -on e
monophosphate andeformylation of intermediate into 2;8iamino6-ribosylamine
4(3H)-pyrimidine one 5phosphate andormate The purified Rm1021enzyme ArfB
showed Zamino5-formlyamino-6-ribosylaminopyrimidind ( 3 H) -roonophodpliate
deformylase (formamide hydrolasagtivity, which participatesn RBP for intracellular
needs inRmM1021 This was the first report designating bacterial GCHIll/formamide

hydrolase enzymes, whicbtatlyze the reaction of GTP into diaminaribosylamine

pyrimidinonephosphateAPy (Figure 3). ThearfB showed no sequence homology with

12
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archaeal formamidkRydrolasesand bioinformatics analysis did nidientify anyRm1021
proteins with significant homology to archaeal GCHIIl. Tlsisggests thaGCHIII
activity in Rm1021is catalyzed by another unknown enzyme. The ArfB derived its name
as it catalyzes thesecond step of archaeal RF and 7&lemethyi8-hydroxy-5-

deazariboflavin (Hate) biosynthesis (Grochowskt al., 2009).

C. ArfB complementation

Phylogenetic analysis of ArfB sequence homologs identified similar proteins in
most ofthe s e q u e npcoabacteria. IBrucella and Liberibacter species, genes
encoding homologs ofRm1021 ArfB protein complemented RF auxotrophy of
Rm102&arfB mutant.In clade Ila ofRm1021arfB sequencé€Figure 4), homologs from
Uproteobacteria such as Brucella melitensis, and Liberibacter solanacearum
complemented RF auxotroph¥his indicated similar functional enzymes of RBP in
Brucella and Liberibacter spp In case ofOchrobactrum anthropi,two sequence
homologs ofarfB were identified Figure 4, Blue arrow. When the distant copy @.
anthropi arfB (Oa arfB) was introduced intoRm102BarfB, the resulting strain,
Rm102BarfBxOaarfB exprwas still RF auxotroph. However, revertants wienend in
Rm102BarfBx Oa arfB expr, which could grow in media without RKD r . Yurgel 6
unpublished da)a Plasmid overexpressin@a arfB from revertants was isolated and
introduced into newRm102karfB. This did not complement RF auxotrophi{Dr.
Yur gel 6 s u n)pRurthérisegheaaihg af plasraid identified no mutation in the

Oa arfB gene, suggesting that genetic changes alleviating the RF auxotrophy were
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located in the revertants chromosome. Since the existence ofpruiétin complexes
between RBP enzymes are ivdbcumented, tse genetic modificatioa may cause
conformational changes in ArfB complex partners, allowingpioeinsto form active
complexes with exogenou3a arfB necessary for enzymatic activities. Identification of
genetic changes in ArfB compleartners can potentially lead to the identification of
new enzymes, which might be linked to FL biosynthesis and secretion. The identification
of these changes will be helpful for understandlmgfunctions of RBP and its effect on

interaction with the bst.

Cyanothece sp. PCC 8802, YP_003139762.1
Ketogulonicigenium vulgare WSH-001,YP_005796243.1
Gluconacetobactersp. SXCC-1, WP_007398648.1
Micromonassp. RCC299,XP_002501933.1
Rhizobium leguminosarumby . viciae 3841, YP _769722.1
90 E Ochrobactrum anthropi ATCC 49188, YP_001372403.1 s
Variovorax paradoxus EPS, YP_004158114.1
1 l]ﬂ_[ Ochrobactrumanthropi ATCC 49188, YP_001369920.1
Brucella melitensis bv.Abortus 2308, YP_418464.1 >_ l l
100 | Rhizobiumleguminosarumbyv.viciae 3841,YP_764813.1 I Ia
Liberibacter solanacearum,YP_004062321.] M
o Sinorhizobium meliloti Rm1021,NP_386975.1 L—
Bartonella quintana str. Toulouse, YP_032602.1
Bradyrhizobium japonicum USDA 6, BJ6T_00990
Rhodopseudomonas palustris BisB5, YP_567402.1
Xanthobacter autotrophicus Py2, YP_001417537.1

95 |_— Methylobacterium sp. GXF4, WP_007560014.1
Methylobacterium extorquens CM4,YP_002421181.1

Figure 4. Phylogenetic tree of ArfB sequence homologs (Clade II).

-

Two copies of ArfB sequence homologs found in the same organism listed with the same color.

The green arrow indicates proteins capable of complementing Rm102huxéBrophy. Blue

arrows indicatetwo Rm1021 ArfB homologs found i@. anthropi(Dr . Yur gel 6s unput
datg.
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2.6 Hypothesisand researchobjectives

Hypothesis

The research hypothef this studyis that the alleviaion of RF auxotrophyin
theRm102BarfBx OaarfB exprstrain might beesultof one of the two processes:
a. A small set of genetic modification inOa arfB, attenuatingits functioncan
improvesRF biosynthesisor
b. A small set of genetic modificatisnin S. meliloti proteinsinvolved in RF
metabolism by forming complexes with endogenous Adibwed formation of
functional complexes with exogenous @&B and therefore improving the

efficiency of RF biosynthesis

Research objective

The objective of thisstudyis to identify the genetic changes tHaad to RF

prototrophy in S. meliloti strain carrying exogenouga arfB in order to identify

novel/alternate enzymes thaeinvolvedin RF metabolism inJ-proteobacteria

Specific objectives:

15



. To isolate RF prototrophic revertants f melilotistrain carrying exogenou3a
ArfB;
. To identify the genetic mutations potentially linked to restoration of the RF
prototrophy and RF metabolism
. To analyze the effect ahe mutatiors on free living revetantsand symbiotic
phenotypeof the revertantby evaluatiorof their,

a. growth properties,

b. FL secretion, and

c. theability to form effective symbiosithe hostplant.
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CHAPTER 3: MATERIALS AND METHODS

3.1 Bacterial strains and media

The bacteriaktrains and plasmids used in the study and their characteristics are
listed (Table 1). To complement RF auxotrophy &m102BarfB, Oa arfB genewas
cloned intothe Tc' resistant plasmiggCPP30(Table 1). Rm1021 strain carryingmpty
plasmid vector pCPP30(Rm1021xpCPP30was used as a contratrain Rhizobid
strains were grown on Minimal mannitol ammonium (MMNkhedia (Somerville and
Kahn 1983) at 28C. Antibiotics streptomycin §t) (200 ug/mL) andetracycline(Tc")

(10 pg/mL) were used for strain selections. All genetic manipulationsRvith021that
contained theib regions were donasing MMNH 4 media supplemented with 500 puM
RF. After verification of RF requirements for growth, strains not requiring RF were
routinely grown on media without RF.

MMNH s media content per liter:

Mannitol 10.0g (54.9mM)
NH.CI 0.5g (9.34mM)
Agar (for platesSigma Aldrich) 15.0g

Biotin (0.2mg/mL in 50% EtOH) 1.0 mL
Thiamine (2 mg/mL filtesterilized) 1.0 mL

Min Man Salt | 10 mL

Min Man Salt Il 10 mL
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Min Man Salt |
KoHPOy
KH2PQy
NaeSQy
dd-Hx0

Min Man Salt II
FeCI3 610
CaCb.2H0O
MgClz. 6H.0

ddH-0

100g/L
100g/L
25g/L

970 mL

1.0g/L
10.0g/L

25.0g/L

574.12mM

734.8mM

176 mM

3.7mM

68 mM

123 mM

970 mL (Somerville and Kahi983).
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Table 1. Strains and plasmids used in this study

Strains Abbreviations Genotype Characteristics Reference
o ) RF prototrophSt, Galibertet al,
S. melilotil021 Rm1021 wild type )
Fix+ 2001
arfB deletion in | RF auxotrophSt,
Rm102BarfB Rm102BarfB . Dr. Yurg
Rm1021 Fix-
Rm102BarfB
Rm102BarfBxpC complementation
_ | RF auxotroph, T¢
PP30Oa 1.4 with O. anthropi 5 Dr. Yurg
IX-
arfB_#1.4 arfB onpCPP30
RF auxotroph
Rm102BarfBxpC
Rm102BarfBxpC PP300a
RF prototroph, T¢
PP30Oa Rev_1 arfB_#1.4 RF - Dr. Yurg
iX-
arfB_#1.4_rev#l prototroph
revertant
Rm102BarfBxpC
Rm102BarfBxpC PP30Oa
RF prototroph, T¢
PP30Oa Rev_10 arfB_#1.4 RF - Dr. Yurg
iX-
arfB_#1.4 rev#10 prototroph
revertant
Rm102BarfBxpC Rev_5 Rm102karfBxpC | RF prototroph, T This work




0¢

PP30Oa PP30 Oa Fix-
arfB_#1.4 rev#5 arfB_#1.4 RF
prototroph
revertant
Rm102BarfBxpC
Rm102BarfBxpC PP30 Oa
RF prototroph, T¢ )
PP300a Rev_6 arfB_#1.4 RF - This work
iX-
arfB_#1.4_rev#6 prototroph
revertant
Rm102BarfBxpC
Rm102BarfBxpC PP30Oa
RF prototroph, T¢ _
PP30Oa Rev_8 arfB_#1.4 RF 5 This work
IX-
arfB_#1.4 rev#8 prototroph
revertant
Rm102BarfBxpC
Rm102BarfBxpC PP300Oa
RF prototroph, T¢ _
PP30Oa Rev 51 arfB_#1.4_rev#5 - This work
X+
arfB_#1.4_rev#EL RF prototroph
secondary revertar
Rm102BarfBxpC Rm102BarfBxpC
RF prototroph, T¢ _
PP300a Rev 101 PP300a This work

arfB_#1.4_rev#10

arfB_#1.4_rev#10

Fix+




|4

1 RF prototroph
secondary revertar
Rm102BarfBxpC
Rm102BarfBxpC
PP300a
PP30Oa RF prototroph, T¢ _
Rev_102 arfB_#1.4_rev#10 _ This work
arfB_#1.4_rev#10 Fix+
1 RF prototroph
secondary revertar
Plasmids
pCPP30 pCPP30 IncP LacZ TC Huanget al, 1992
pCPP3QO.
anthropiarfB
pCPP3@0OaarfB | pCPP3@OaarfB | including a 506bp Tc Dr. Yurg

promoter region

from Rm102)




a. Isolation of revertants

The RF auxotrophic parental strain Jlchntainng Oa arfB geneon broad host
range plasmigpCPP30(Table 1) was used to isolate RF prototrophic revertants. The
parental strain 1.4 was streaked on MMNI' platessupplied with RFsupplementation.
The plates were incubated at°€8 After 7 days of incubation, single colonies appeared
on the plates. The single colonies were picked andtreaked on the same mewh 3
times to obtain pure culture of RF prototrophic mutaktgure 6). As a result, threRF
prototrophic mutants Rev_5, Rev_6, and RevI&b(e 1) wereisolated Additionally,
two previously isolated revertants, Rev_1 and Rev(H@ure 6), obtained from Dr.

Yurgel 6s | ab collection were used in this

b. Bacterial growth test

Bacterial growth testéplication testvasused for evaluation of bacterial growth
phenotypeas published infurgel et al, 2010; Hagbergt al, 2016 For the analysis of
bacterialgrowth, MMNH; media with and without RF supplementatiere used. The
cells of RF prototrophic revertants, parental strain 1.4 and cdtin@02XpCPP30wnere
suspended in MMNIHbroth to ODQxog of 0.5, and successive -f0ld dilutions of the cell
suspensions were prepared in av@8l microplate. The aliquots were then transferred
onto thesolid medium using a sterile bolt replicatdrhe replicator was sterilized by

dipping in 70% ethanol andribfly holding over a flame ofa Bunsen burner. Thbolt
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replicator was also sterilized between the replication processmdosidual plate. The

replicated plates were then transferred to incubator sef@f@87-8 days.

C. Flavin characterization

The FL quantification test was performed evaluate thedifferences in FL
secretionbetweenthe wild type strainRm1021and RF prototrophicevertant(Yurgel et
al., 2014) Rm102XkpCPP30andthe mutants were grown on MMNtplatesat 28°C for
3-5 days. The cells werpicked andtransferred intol4 mL Falcon tubewvith 5 mL
MMNH 4 broth and incubated on rotary shaker for 48 R28C with rotational speed of
250 revolution per minute (rpm). Thaulture was diluted 2@olds into the 3 mL fresh
MMNH 4 broth and continued to incubate on rotary shak@834F with rotational speed
of 250 rpm. Thdluorescenceeading wererecorded on'8, 5", and ' day ofthe culture
period. For every measuremertf fluorescencereading, 200uL cell cultures were
transferred to sterile 9&ell microplate. The FL secretion was measured usingTBio
SynergyH1 Hybrid Multi-Mode Readeand theGen5software application. To obtain
relative fluorescence measurengefior FL, excitation wavelength of 70 nm and

emission wavelength of 53tm were usedThe reading were normalizetb ODsoo.
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d. Plant test

The plant tests were performeddescribed previously (Yurgel and KaHt005
Yurgel et al, 2007. The seeds of alfalfaMedicago satival.) were sterilized using
standard protocolThe eds werescarified andsterilized byconcentratedulfuric acid
(H2SQw) (95%) for 5 minutesvortexing intermediatelandwith commercial bleaclfor 3
minutes respectively. The seedswere washed in between the treatment and after
treatment with sterile D 8 times. After sterilization, the seeds were drietthélaminar
hood for 12 h until motsire is eliminated. The dried seeds were storettGfor use in
the experimentFor germination, e dried seeds were spread on water agar plates and
keptat4°C for 36 h followed by incubatiorat 30°C for 24 h.

The magenta boxed@io-World, Dublin OH, U.S.A.)were used for plant test.
The following items were used to prepare magenta boxes ready for plapetddes (20
g), vermiculite (25g), and the Nree plant nutrient solution (PNee beloy to
saturation. The seedlings were transferretha sterilemagenta boxes. The 3 dagkl
seedings (5 seedlings per box) were inoculated with’ I®lony forming unis of
bacterial strains per boXA 1 mL cell suspension was prepared by picking cells from
fresh grown strains plates and resuspending them into sterile PNS. The inoculated
magenta bogswereplaced on plant growth rack for four to five weekéter that, plants
were harvested, and tipdant shoot dry mass &remeasured. The root nodule formation
was examined, and picture were taken The plant test was performed in three
replications One-way Tukey analysis was performed to differentiate the mean shoot

massbetweeralfalfa inoculated with different strainsing Minitab 17
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PNS composition per liter:

CaSQ.2H:0 0.349 1.97mM
K2SOy 1.6 mL 0.8mM
KH2PQy 0.4mL 0.4mM
K2HPOy 0.6mL 0.6mM
MgSQ,.7H0 0.4 mL 0.4mM
CoChk.6H0 0.04mL 0.002mM
FeCk 0.4mL 0.02mM

M6 micronutrients 0.4 mL

M6 micronutrients composition per hiL:

KCI 37.3mg 50.03mM
H3BO3 15.5mg 25.06mM
MnSQi.2H0 0.34mg 0.18mM
ZNSOu.2H0 0.57mg 0.28mM
CuSQ.5H.0 0.125mg 0.05mM
NaMoQu.2H.0O 0.103mg 0.04mM

3.2 Isolation of secondaryrevertants of S. melilotistrains from nodules

Secondary revertantwere isolated anabtainedfrom the apparently effective
root nodules (Fix+) of alfalfa plamtof original inoculatedrevertants ofs. melilotistrains
Rev_5, and Rev_10. The reatith apparently effective pink nodeverewashed with

water thoroughly to remove the vermiculite particles. The nsduze picked by sterile
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razor into amicrocentrifugetube and sterilized using 70% ethanol for 5 minutes,
followed by 2.5% sodium hypochlorite for 1 minute. The traces of chemicals were
removed by washinthe noduleseveraltimes withsterile distilled HO. The noduls
werecrushed using sterile micro-pestle. The aliquots (100L) of noduks suspensions

were spread orsolidified MMNH4 medum and incubated for 48 lat 28C, until
individual coloniesappeaged The colonies were fgtreake® times on MMNH medum

plates to obtain pure cultures. The newly isolated strains were used for secondary plant

test.

a. DNA isolation and sequencing of RF prototrophic revertants

Bacterial DNA was isolated using high salt DNA isolation protocalescribed
in Mahuku(2004) for Rev_5, Rev_@&ndRev_8. In this methodyroteinase Kvasused
for protein inactivation and high salt concentratisls usedfor polysaccharides
precipitation. The bacterial cells were harvested from 24 h old cultures grotie
MMNH4 broth. The cells were suspended irMLNaCl. Further,the suspension was
vortexed vigorously and centrifuged at 27@€r 10 min. Then cells were washed with
sterilized deionized water. The pellets wexesuspended in 500L extraction buffer and
50 mg/mL proteinase K (Mahuku, 2004nd the lysates weresed for nucleic acid
extraction processCommercially available DNA isolation kiQi agends DNA i so
kit) was also utilized for isolation of bacterial DNA. DNAsolation process was
conducted orparental strais 1.4, Rev_1, and Rev_10 . The analysisDHA quality

(OD260/OD2gg) and quantification was conducted using Synergy take3 platdd 2). In
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general, both protocol®f commercially avaiable Qi a g ein &nd prokocol from
Mahuku, 2004 yielded a good quality of DNA. Although, high salt DNA extraction

protocol yielded higheDNA concentrations.

b. Whole genome sequencing (WGS)

High-throughput sequencingas used to identify genetic modifications the
genomes of RF prototrophic revertanthie samples of0 pL DNA of revertants and
parental strain 1.4 were setd Centre for Comparative Genomics and Evolutionary
Bioinformatics (CGEBIMR), Dalhousie University, Halifax, Nova Scoti€@anadafor
library preparation angequencingThe sequencing was performed on lllumina MiSeq
using 300+300 bp paireehd V3 chemistry according to CGHBIR standard protocol.
The total number of raw reads obtained after sequencing is Sfi@abie 2). The DNA
qguality was confirmed before sequencing followed by library preparation. -High
throughput sequencing then produced raw sequences in FASTQ forrt@al, 99% of

readsweremappedandobtained after sequencing to reference genome.
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Table 2. DNA quantity and quality with sequenced resuolf total raw reads and
assembled reads

Total number of | Reads used to assemble
Sample | OD26dOD2s0o| N g /
raw reads reference sequence
14 1.81 20.84 1,157,508 1,092,541

Rev_1 2.20 07.10 5,609,508 5,465,805

Rev_5 1.60 57.18 1,474,504 1,462,513

Rev_6 2.01 38.69 1,588,948 1,577,228

Rev_8 1.83 27.85 1,318,774 1,306,701
Rev_10 1.97 10.90 6,005,846 5,926,356
Rev_51 2.04 57.94 1,045,804 1,034,990
Rev_101 1.70 78.22 965,436 959,399
Rev_102 1.77 80.11 1,241,314 1,229,272

C. Geneious mapping and variant calling

Geneious version 11.0.2 (http://www.geneious.cEearseet al, 2012)wasused
for mapping of reads to reference genomes and identificatidheomutations. The
Geneious mapperF{gure 5) is fast and highly sensitiveoftware applicationwhich
allows to find structural variants. Medium sensitivity was seéhasdefault recommended
in Geneious version 11.0.Medium sensitivity provides the begption for Nextgen
sequencing reads (for more than 100,000 reads). Under this condition, higher sensitivity
is improbable to change the result and consummdsng period of time. Medium

sensitivity provides good results with enough coverage, which wasse foa our
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sequencing dataThe reads were normalized, and error was corrected using default
parameters of Geneious. The sequences were then mapped to reference genome of
Sinorhizobium melilotistrain Rmi021 that was previously sequenced (Galibett al,

2001). The genome was downloaded from NCBI database and used as reference

(https://www.ncbi.nlm.nih.gov/genome/1004?genome askemls=300472. Rml1021

genomecontainsthree repliconschromosomd3.65 million base pairs; SMc), and two
megaplasmids pSymA(1.35 million base pairsSMa), and pSymB (1.68 million base
pairs SMb). The identified variations after mappingere filteredand sortedusing
screening parameters such as variant frequér@y%) amino acid (AA) changand
coverage(>14). The high confidence variations obtained by the screening are listed
(Table 3). After the icentifying high confidence genetic variations, the single nucleotide
polymorphisns (SNPs) orinsertiondeletions indels) were combined for respective
repliconsSMc, SMb, and SMarhe combined variations were sorted by locatonthe

genome
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7 Map to Reference X

Data
Dissolve contigs and re-assemble
Reference Sequence: | 3 documents (3 sequences) - Genomes « | Choose... | -?
NC 033037 will be mapped b 3 referance sequences
Method
Mapper: | Geneious e rj'
Sensitivity: |Medium Sensitivity [ Fast “ | ?__
[ ] Find structural variants, short insertions, and deletions of any size r-"
[ ] Find short insertions and large deletions up to 1..IZII:IIZI. : ] bp
Fine Tuning: :Iterate up to 5 times | ‘J [
Memory Required: Between 146 MB and 246 MB of 231 MB
Node: Paired reads can be set up or changed using Sequence > Set Paired Reads

Results

Assembly Mame ;{ﬁeads.Name?assemEIEd b:n {E‘.—E%efence Néme}
Sawve assembly report

Save list of unused reads

Save list of used reads Include mates

Save in sub-folder

Save contigs
Save CoONSensus sequences | Options
£+ 3 | ¥ More Options | Cancel

Figure 5. Screenshot of Geneious mapper and variant calling on single nucleotide
variants andndels.
The genetic changes common in parental strain 1.4 and RF prototroph revertants
were discarded from downstream analysis. Further, the remajemgtic changes were
screened for potential changes in AA. After sorting and screening, the selected genetic

changes were selected for downstream analysis.
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Table 3. Number of initial genetic modifications and high confidence SNPsratels
identified afer mapping to reference genomes.

Replicon | Initials genetic modifications/High confidence genetic modification
Strain SMc SMb SMa

14 231/96 85/54 108/65
Rev_1 184/87 71/57 98/63
Rev_5 130/61 86/57 94/64
Rev_6 102/49 58/56 98/64
Rev_8 83/58 61/56 98/62
Rev_10 150/89 62/56 85/64
Rev_51 105/66 65/57 100/61
Rev_101 231/56 73/57 97/62
Rev_1G62 92/54 62/56 80/61

3.3 lIdentification of variations in Ochrobactrum anthropi arfB

The initial hypothesis was that the mutationsO@a arfB attenuated the protein
function in Rm1021 To test the hypothesigrfB sequencesvere aligned from each
revertantand parental strain 1.4 with the sequenc®afarfB. To perform this testDa
arfB genesequence@. anthropiATCC 49188, NC_009668-dreatininase, located on
chromosome 2 between 1278931 to 12797@d3downloaded from th&lCBI database
(https://www.ncbi.nim.nih.gov/nuccore/NC_009668.1). The used and unused reads from
the RF prototroplevertants and parental strain 1.4 were mapp€&xhiafB (creatininase

CDS). The mappe@®a arfB sequences were extracted from consensus sequence for all

31



revertants as well as parental strain. The extraCiadarfB sequences were aligned
together using MUSCLE alignment. This method provides alignment of large number of
sequences with high accuracy and fast speed (E&084). This step of analysis was

performed to verify the mutations presenOaarfB sequence.
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CHAPTER 4.RESULTS

4.1 Identification of phenotypic modifications of RF prototrophic revertants

a. Isolation of RF prototrophic revertants

The revertants were isolated by streaking parental strain 1.4 on media without RF
supplementation. The singt®lonies were picked and-streaked 3 times to obtain pure

cultures. Theplates ofisolated revertants are shoffigure 6).

Figure 6. Plates showing growth of revertant strains and Parental strain 1.4

Revertants straingrowingon minimal mediasupplemented without RF except in strain 1.4. The
growth on these plates is recorded after pure culture is obtained.
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b. Bacterial growth test

The growth of the RF prototrophic revertants were tested on MMigHr plates
(Figure 7). Parental strain 1.4 and contRm102XpCPP30were used to differentiate
the growth of isolated revertants. The growth testicatedthat the RF prototrophic
revertants could grow without RF supplementation on MMMt¢diaplates but grew
slower andrequired more time (8 days approximately) coraped tothe 2-3 days of
controlRm102XkpCPP30strain The parental strain 1.4 was not able to grow on MMNH
media plates without RF supplementation, while supplementation with RF tettere
growth of 1.4 to a level similar tBm102XkpCPP30 Interestingly supplementation of
the media with RF did not restore the growth of all of the revertants to the level similar to

1.4 (Figure 7).
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Figure 7. Bacterial replication test

Bacterial growth observed on media plates supplemented wit&lBwW colored platesand without RFWhite color plates
The growth test result was observed aft@ days of replication on plates. The sterile beftlicator was used to perfom this tegtThe
revertant growth test of Rev_1 and Rev_5, including 1.4Ranii021%CPP30b) The revertant growth test of Rev_6, Rev_8 and Rev_10,
including 1.4 andRm1021pCPP30



C. Flavin characterization

The FL characterization in growth media tested the ability of RF prototrophic
revertants to secrete RF, FMN and FAD. As observed igribwthtest, RF prototrophic
revertants can grow without external RF supplementation, which allowed us to measure
bactera-derived FL in the growth medialhe FL was measured angotential FL
secretionin five selected RF prototrophic revertaifRev_1, Rev_5, Rev_6, Rev_8 and
Rev_10) and control stralRm102XkpCPP30was calculated. The relative fluorescence
reading washormalized RFU/ODeog). The figures below show thmmeasurementf the
relative fluorescencef bacterialgrowth media(Figure 8). The results indicate that all

revertants had lower FL secretion compareRol02XxpCPP30
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Figure 8. Flavin characterization of RF prototrophic revertants and control strain
Rm102XpCPP30

The cell cultures were taken off,®", and 7" days of growthThe Oneway ANOVA test was
used to determine significant (P<0.05) difference among the mean relative fluorescence unit per
ODsoo0f the revertants and contr¢T.he letters above bar indicates the grouping statistics for
meanrelative fluorescence unit per @pwith respective straing he group sharing similar
letters have no significant difference between their madures.

d. Plant test

The symbiotic performance of the RF prototrophic revertants examinedin
plans in laboratory conditionsThe shoot dry mass of alfalfa plants inoculated with the
revertantRev_1, Rev_2, Rev_5, Rev_8, and Rev, 10} andRm102XpCPP30 wre
measured. The phenotype of root noddilemedby each strain was recorded. In general,
RF pototrophic revertantsexhibited an ineffective symbiosis (Fx The mass of the

plants inoculated with th&F prototrophic revertantwas significantlylower (P<0.05)
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than the mass of the plants inoculated with the control dRaih02XpCPP30 The mass
of the plans inoculated with 1.4 was also significantlgP<0.05) lower than
Rm102XkpCPP30 and was similar the plants without inoculationKigure 9). Parental
strain1.4 was not able to form noduldsdure 10, i). On the ¢ther hand, RF prototrophic
revertantsproducednumerous white ineffective (Fix nodules Figure 10, iii), while
control strainkRm102XpCPP30 produced apparently effective pink nodules omaotbis

of the hostplant Figure 10, ii). The typical nodules form by the strains shown in

(Figure 10).
Plant Test |
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& 3 e C‘Qﬂ) &’ PO & &’ e?"}
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> &

Alfalfa inoculated with bacterial strains

Figure 9. Plant test with alfalfa Medicago sativd..) inoculated with RF prototrophic
revertants, parental strains, doh102XpCPP30

The plans weregrown for 4 weeks and dry shoot mass weight was measured and recorded per
box (5 alfalfa shooper boy. Each treatment had three replications. The dry shoot mass of three
replications for each strain treatment was averaged using Minitaiv@&nANOVA. The One
way ANOVA test was used to determine significi?t0.05)difference among the mean weights
of the inoculated alfalfa shoot. The letters above bar indicates the grouping statistics for mean dry
weight of alfalfa shoot inoculated with respective sisai
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iii)
Figure 10. Typical alfalfa phenotype of Plant Test |.

i) Alfalfa inoculated with parental Strain 1.4 was not able to form nodules) (BiAlfalfa
inoculated with Rm102IpCPP30showed pink nodules and apparently better phenotype (Fix+)
as compared to alfalfa inoculated with revertant and parental strain 1.4thigdase of alfalfa
inoculated with revertants, a high number of white nodules were observed, and plenat/pe

distinguished as (F#.

4.2  Analysis of genetic modification leading to RF prototrophy

a. Identification of genetic changes inOa arfB sequence of revertants
and 1.4parental strain

First, possibility of mutations inOa arfB that caused the RF prototrophy in the
revertantswere testedHowever, the alignmerietween original OarfB and Oa arfB
sequencefomrevertants (Rev_1, Rev_5, Rev_6, Rev_8 and Rev_10) and parental strain
1.4 did notidentified any genetic modifications in trgene(Figure 11). Theabsence of
mutation onOaarfB indicatedthe possibiliy of genetic changes in 1.4 genome, leading

to RF prototrophy in revertants.
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Figure 11. Alignment of consensuSaarfB sequence of revertants and parental strain 1.4 with refe@eraxghropi arfB
The green color band indicates the 100% identity. The color coding in the alignment is Clustal, generated using Gereious 11.0



b. Identification of potential genetic changes in entire genomes of RF

prototroph revertants.

The identification of the genetic changes in Rev_1, Rev_5, Rev_6, Rev_8,
Rev_10 was done as describedMaterials and Methods. The following mutations were

detected in genomes of RF prototroph revertants.

. SMb21171(phnM)

Variations were identified in coding region of SMb21171 locus in all RF
prototroph revertants, while no mutations were detected in this locus in 1.4 genome. The
SMb21171 ORF was annotated jgisnM genewith the length of 1140 nucleotides

producing 379 AA longprotein (ttp://iant.toulouse.inra.fr/S.meliljfi

In the Rev_1, the deletion of cytosine resdin a frameshift. The AA sequence
was altered at the position 243 and produced stop codon at thierp@3i0 (Table 4).
This stop codon was found in the predicted active site of enzymes, which probably
resulted in inactivation of the proteiRigure 12).

In case of Rev_5 and Rev_8, SNP transversfarytosine to adenine and guanine
to thymine, respectivelyesulted in truncation of the proteins A& positions 151in
Rev_5andat AA positions180in Rev_8.This mayalsohaveresulted in inactivation of
the protein.

The Rev_10 had SNP transitionuéed into an AA change fromanine tovaline

at residue 81. The valine is-lé&ta branched AA producing more bulkiness in protein
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core as compared to alanine and has difficulty to stable alpha helical conformation
(Ramaret al, 2008).
Rev_6 had insertionf guanine and thymineesultingto frameshift atAA residue
33. Thisresuled to produce a stop codon at residue 75 chamqgotginconformation.
Predicted function of PhnM is linked to phosphonate metabolism (Fhauh,
2001) The gene ontology of PhnM states that the protein catalyzes hydrolybkis of
carbonnitrogen bond but not the peptide borike function characteristic to GCHIII.

This predicted function made PhnM a potential candidate for downstream analysis.

1 m 0 an s & o
1.5Mb21171 #1.4 (reversed) tra... QENNETIN A NN E D EIN O (GrS NN D Gl A O s 51 A ANGIE D E G D NP [© Bl Ry O ERd [lel . |
2.5Mb21171 Rev 1 {reversed) tr._ Q TN A NN E D NN O 1G'S NS C G A DS SIA AlG E D E G D NN P TOENNE A SPHP G
3.5Mb21171 Rev S (reversed)tr.. Q TN A BN E D N D (GOSN O G s 5 A AG E D E G D NP T DS E A S P
4.5Mb21171 Rev 5-1 {reversed) .. Q TN A RSN £ D ENINN OGS . D G A DINS SIA AGIE DN E Gl D NN P IETOENNE ANNS PEP G
5.5Mb21171 Rev & (reversed) tr.. Q TN A JNINEN c O ENNS O (G°S NN O G A DT HAPHABESEMTTCC N C TP THES SRR ~ P GIH
6. 5Mb21171 Rev & {revarsed) . ] TN A NS E D BRI O /G5 NN D G ADMES SIA AG E DIE E G D NEENNP M T D BN E A NN S PEIP G
Q TN A NS E D S OGS N O G A DEES 5/ A AG E DM E G D NP ENEIT DEENE ABINS PRIP G
B QTN A B O N O (GOSN O G A D S SIA AKGIE D E G D NN P T DEEEE ANNS PP GREE
9. 5Mb21171 Rev 10-2 {reversed... QENNT N A NSNS £ D RIS O (G'S NN D ‘Gl A DS S/A AIG E DIHE E G D NEEEP SIS T D A NS PP GIE
a0 o na 10 171 30 140
1.5Mb21171 #1.4 (reversed) tra... NN A ANNQ AMD A QO BT 'S'GENT T D CHENEENGISID E DS G EMESHAD ANA Q ANNQ E GENEN A D NSNS C £ ST A
2.5Mb21171 Rev 1 (reversed)tr... NNEENNEN A ANNQ AMD A Q NET S'GENT T O CHNENNG'SD E DS G ERBSHAD ANA Q ANC E GEENE A D ENNNENNE C £ BST A
3.5Mb21171 Rev S (reversed) tr... NHNENNN A ANNQ AMID A Q NMENIT S GEETT D CEEEEEGISID E O/S HIG ENESH A D ABA Q ANIQ E IGIENNEN A D ENSNNSNN C E BISTT A
4,5Mb21171 Rev 5-1 {reversed) ... [NNENENN A ANNCQ AMID A Q INIT S'GENT T D CHNENNGSID E DS G ENENSEAD ANA Q ANCQ E GHNNE A D ENNNSNN C £ 5T A
5.5Mb21171 Rev 6 (reversed)tr., A GES
6.5Mb21171 Rev 8 (reversed)tr...  INHENNEEN A ANNQ AMID A Q NENET S'GEETIT D CEEEEGISID E OIS G ENESHEA D AlNA Q ANO E GENNE ~ D BRSNS C £ ;ST A
7.5Mb21171 Rev 10 (reversed) .. NNMEININ A A NNQ DAQ TS GETT 0 CHEEENGISID E O/S MG ENESH A D AA Q ANIQ E IGENEN A D INSSRSNN C ST A
8.5Mb21171 Rev 10-1 (reversed... [NNNENNENN A A NN DAQ TS GH D CENENNGISID E DS G ENEESE A D AMA Q ANIQ E GENSE A D ENSNSNN C E ST A
9.5Mb21171 Rev 10-2 (reversed... [INNENNNNN A A BN D A O BT STGERT T D CHNENNG'SID E DIS MG EMSHA D AlNA Q ANNQ EGEEEN A D ENSSNSNNS C £ BsTT A
150 50 17 160 e m
1.SMb21171 #1.4 (reversed) tra... D [N £ M £ N D P! Q S NN O A [POG Q < [ Q T D S T GENT D D ANIA A BENE B Q Q ARSI A BB A TPEEN A
2.5Mb21171 Rev 1 {reversed)tr... D NIl E DA E N DIP C NS . ARG QEQ B QTMD ISV TERR GINT O D A A ABENE BO Q AINS AN A TPEEN A
3.5Mb21171 Rev 5 (reversed) tr... D NI £ I
4.5Mb21171 Rev 5-1 {rever.raed] .. DN E
5.5Mb21171 Rev 6 (reversed) tr..
6.5Mb21171 Rev 8 (reversed)tr., D [Nl E NN E D N D IPI G IS S i O A PG QRO QMDD OR
D IS E S E O N DI QIS S N O [ A PG QB Q I Q TR D O BT RN TEN GENT O O AN A ABENEBQQ ANS A NN AT PEEN A
. D N E . E O N D [P € SIS M O A PG QI I Q TRID Q NI MNSEN TE GENT O D AN A ARENEREC Q ANS AR A T PEEN A
9.5Mb21171 Rev 10-2 (reversed... D NIl E A £ D N DIPIQ IS N O A PG QEIQ O THMD QTN TENGIET O D ANA ABNNEBQ O ANS ANNATPEEN A
1 ™) 5 50 P 0
1.5Mb21171 #1.4 (reversed) tra.. BMMAMIA CA E A i ESERGEIGENNENN A E EPTISEE A A E ASEENA GENSEREEIG A PN ENNSNNGENSBSG NN A A
21171 Rev 1 (reversed)tr., BHAMNA C A E A T EISISI A AN A BEIS'SHEQ A PIEET ABIATS A NES
7.5Mb21171 Rev 10 (reversed)t K| TUSEEE A A E ASEEEA GEDSEEENIG: A P N EENENGESEISIG N A A
8.5Mb21171 Rev 10-1 (revers SH TOSEEE A A E ASEEN A GENS EEEEIG A P NN GESESGNEA A
9, 5Mb21171 Rev 10-2 {revers sSH TSHE AAEASHEHEAGESEINNG AP NESNGESESGNEA A
2% 300 10 0 30 40 35 E
1.5Mb21171 #1.4 (reversed) tra.. 1l D Il A IENSGIRENS D BSNINSSS) D IR P/SN'S NN A (P/NSNNNN A D E A E 'SENGENPI E AN A NT A TR ABTEGE E D EGENN A NMGHEN A DN A NN

[ 1R tr.
7.5Mb21171 Rev 10 (reversed) t.
8.5Mb21171 Rev 10-1 (reversed.
9.5Mb21171 Rev 10-2 (reversed.

1.5Mb21171 #1.4 (reversed) tra...
1 Rev

1 R eversed) tr.
7.5Mb21171 Rev 10 (reversed) t...
8.5Mb21171 Rewv 10-1 (reversed.
9.5Mb21171 Rev 10-2 (reversed.

Figure 12 Translated nucleotide alignment of SMb21171(PhnM).

Black colored indicates stop codon at respective residue
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Table 4. SNPs and Indels obtained on PhnM coding sequence

Minimum AA Chanae| Coverage Protein Polymorphism Variant Variant P-Value Strain
Change 9 9 Effect Type Frequency | (approximate)
917845 N/A -C 117 Frame Shift Deletion 100.00% 6.30E188 Rev 1
SNP
918031 N/A G->T 65 Truncation 95.40% 2.70E188 Rev 8
(transversion)
SNP
918120 N/A C->A 67 Truncation 100.00% 4.00E215 Rev 5
(transversion)
SNP
918120 N/A C->A 38 Truncation 100.00% 2.50E122 Rev 51
(transversion)
918329 | A>V | G->A 124 Substitution | SNP (transition)| 100.00% 0 Rev 10
Rev 10
918329 | A>V | G>A 14 Substitution | SNP(transition) | 100.00% 2.50E48
1
Rev 10
918329 | A>V | G->A 41 Substitution | SNP (transition)| 100.00% 5.00E136
2
918477 +GT 64->65 | Frame Shift Insertion 93.80% 1.30E209 Rev 6




il. SMc00185 (ABC transporter ATP-binding protein)

Rev_10 had asecondmutation in ORF SMc00185, which was annotate as ABC

transporter, ATRbinding protein Iittp://iant.toulouse.inra.fr/S.melilyt( Table 5). The

nucleotide changed from thymine to cytosine resulted in the AA changes from tyrosine to
cysteine at residue 370igure 13). Tyrosine is aromatic partially hydrophobic AA
whereas cysteine is more hydrophobic. Tyrosine containsactive hydoxyl group

making it more interactive with other aromatic AA by stacking.

1 1 2 30 ag ] 0 ] 7

1.5Mc00185 #1.4 (reversed) Ura... -Alc-TIP A A P NI S E-A-Q-G N-D-STADIE TR A T GG A N A
2.SMc0185 Rev 5 (reversed) tr.. CINENITEP A A P IBESESING S N8 C TSN A G E M A N8 O BEG DI ST A DR E T A T E GG-A“AA-
3. SMc0D185 Rev 5-1 (reversed) ... Alc-TIPAA P_SICT-A- [ A AT E GG A Wil A 2
4. SMcO0185 Rev 10 {reversed) t... C N TP A A P USSR S Al TADI ATEG A WA

5, SMCQD185 Rev 10-1 {reversed... HCHENTHEP AA P_SICT- [ | G N DE AT E GG A NN A AN
6.5Mc00185 Rev 10-2 {reversed... TIEP P EIGIENR A I C W TP A 2 P WSS S .CT-A-G E-A-Q-G N-D-STADIE TN A T E GG A I A A

120 130 150 170 ot

1.5Mc00185 #1.4 (reversed)tra.. A-Q—Q S-T-AN E-AG-A'I_QT SIA-ET_D_S-A_AAA
SINITIENE A N EHA GEIN, Sl ANIRIE T AN

2, SMcO0185 Rev 5 freversed) r, A TN

3. 5Mc00185 Rev 5-1 (reversed) N EEA G-A'I-Q.T s
4.SMCO0185 Rev 10 (reversed) t . MERYLLRC AN E I A GEINIA THINGN QTSI
5. SMc00185 Rev 10-1 (reversed... IGIN Nl ) RS © S M T | GEV A THIVMOQT S

6. 3Mc00185 Rev 10-2 {reversed... INEGINP G AIND 'S SNSRI O NUNING N ¥ PR -Q—QS-T-AN E I A (GIRINA A TN

1.SMc00185 #1.4 (reversed)tra..
2. SMc00185 Rev 5 (reversed) Ir...
3. SMc00185 Rev 5-1 (reversed) ..
4.SMc00185 Rev 10 (reversed) T,
5. 5Mc00185 Rev 10-1 {reversed...
6. SMc00185 Rev 10-2 (reversed

1.SMc00185 #1.4 (reversed) tra.
2. 5Mc(0185 Rev 5 (reversed) Ir.,
3. SMc00185 Rev 5-1 (reversed)
4.SMc00185 Rev 10 {reversed).
5. SMc00185 Rev 10-1 {reversed...
6. SMcO0185 Rev 10-2 (reversed

1. SMc00185 #1.4 (reversed) tra.. ESG
2, SMcD0185 Rev 5 (reversed) ... ESG
3. SMc00185 Rev 5-1 {reversed) .. ESG
4. SMcO0185 Rev 10 (reversed) L.. ESG.
5.5McQ0185 Rev 10-1 {reversed... ESG
6. SMc00185 Rev 10-2 (reversed.., ES GA-D GM -ST‘TQD 5-5 Q-G-TQ DTS_S
1. SMcOD185 #1.4 (reversed) tra... by 13 DN.G-G.DAQ.G E.G-S GG Al d o] EATSA.DSE.E AA
2.SMc00185 Rev 5 (reversed) fr... GHEENTHEQ A.G-F AAE WEFP £ GET D P-F- DEC ANBGGEGHD SGE
3. SMCcQ0185 Rev 5-1 {reversed) S G T PAAE DEPEEP c GET D PHPERS O BHC ANBGGREGHEDSGE
4. 5Mc00185 Rev 10 {reversed) L. -DN G S5GG A.A_DAP_D EATSAMOSEMEAA
5. 5Mc00185 Rev 10-] {reversed... NN S G G D A PHEENINED £ ATS ABDSEME AA
6. SMc00185 Rev 10-2 (reversedl... IG‘GIDAQIG E.G—S GGQ.Q-AIA_D AP_D EATSABMDSEMEAA

1. 5Mc00185 #1.4 (reversed) (ra.. Gl D N E A G TG AD-S-QSGG-ADEIEIE EAAEE
2.5Mc0185 Rev 5 reversed) tr. DC| GGGGGHE
3.5Mc00185 Rev 5-1 (reversed) .. G0 C DGSP SR O B0 BE S Of° Q Al S P GGGGGH
4.SMc0O185 Rev 10 (reversed)r..  EIQ E NEEEA G.T-AIA-STIT E [N [ I £ A G EMTGSES N A BGE A D SGGEMADEMEMEE AAER
5. 5Mc00185 Rev 10-1 (reversed... MIQ E NS A NNIS G TN A M ~ EISNES THNT E I C NSNS © A GRNN E TGSES £ A BRGEN A DENSEQSGGENADEMEMEEAAER
6. 5Mc00185 Rev 10-2 (reversed... EIQ E N IS A NSNS G ISENN A BN/ INSS'S TS £ 6 O S c A GRS C TGSHS C A BSGEN A D ISSECOSGCENADEMEMEEAAER

Figure 13. Translated nucleotide alignment of SMc00185(ABC transporter -Biméing
protein).

Black colored indicates stop codon atspective residue

46


http://iant.toulouse.inra.fr/S.meliloti

Ly

Table 5. SNPs and Indels obtained on ABC Transporter, AdiRding protein.

Variant P-
Amino acid Protein Polymorph Variant Value
Minimum Coverage Strain
Change Effect ism Type | Frequency | (approxima
te)
SNP
1978623 Y->C 150 Substitution 100.00% 0 Rev 10
(transition)
SNP
1978623 Y->C 50 Substitution 100.00% | 1.00E180 Rev 101
(transition)
SNP
1978623 Y->C 92 Substitution 100.00% 1.6E313 Rev 102

(transition)




iii. SMc03826 (ArgG)

Additional mutationwasidentified in the region of SMc03826 nevertantstrain
Rev_8. SMc03826 codes for argininosuccinate syntf@senYoung et al, 2003)
was anucleotide substitution with SNP transition leading to change from cytosine to
thymineresulting in theAA change fromvaline toisoleucine at residue 22E&igure 14;

Table 6). Theisoleucine is bulkier in nature andi@ta branched AA alikealine.

) 10 20 30
1. SMc03826 #1.4 (reversed) tra... [NIEH Ala Ser Asp Ala Ser Gly GlylE€l Asp Thr Ser GInTh Glu BEEEGly Ala Glu NESISE
2. SMc03826 Rev 8 (reversed) tr... [NIBH Ala Ser | Asp] Ala Ser Gly Gly E@HAsp Thr Ser GInThr Glu EEEGlY Ala Glu_

50

1. 5Mc03826 #1.4 (reversed) tra.., ThrEEEThr Ala AspIElGIY GIn Gl Glu Glu IEEGlu Pru Ala Ala GluNISEEEN Gly Glul Glu Asp Glu GluBEE
2.5SMc03826 Rev 8 (reversed) tr... ThriEREThr Ala Asp EEEGIY Gln Gly Glu GluBENGlu Pro Ala Ala Glu NISHESEGly Glu GluAsp Glu GluBRE

1. SMc03826 #1.4 (reversed) tra.., =Asp—Pro= Ala Asn Ala =G\u GE=GIy Thr Ser Hlgl Ala Pro_Ser=Asp
2. SMc03826 Rev 8 (reversed) tr... Asp EENEIRREPro Ala Asn Ala Glul@ Gly Thr Ser HI& Ala Pro SIS Ser Asp
20 130

140

1. SMc03826 #1.4 (reversed) tra.., IThrEGly Ala Asp Ala HiEl Ala -Gly Ala TRAEGIY Gl AsnAsp GIn ; GluEEESeEr Ala Ala BB ASN PTG Asp
2. SMc03826 Rev & (reversed) tr... IThrGly Ala Asp Ala S Ala Gy Ala The th Gl AsnAsp Gin Ser Ala Ala B8l AsnPro Asp!
150
1. SMc03826 #1.4 (reversed) tra.., IS Ala Pro ;i | Asp il Ser Ser ThrAsp_ Ala Glu GIn NS p Gl Glu Ala Pro
2. SMc03826 Rev 8 (reversed) tr... SIS Ala Pro p Thr Asp EEIEEH Glu-A\a Glu G\n-Pm-A\a Aspl Gly Glu Ala Pro

Ser Ser
190

200 210

1. SMc03826 #1.4 (reversed) tra... Asp Ala Asn—Sér Ser'Ser Glu Gg= Glu Asp Pro Ala Glu AlalPro Glu=Thr-Ser Pra Glu
2. SMcD3826 Rev & (reversed) tr... -Ser-Asp Ala Asn SIS Ser Ser Ser Glu Gl Glu AspPra Ala Glu AlaPra Glu IThrEIESer Pro Glu
230 240 250
1. 5Mc03826 #1.4 (reversed) tra.., Ala AlaPrg Asp Ala Thil Gly BIE Glu Gly Asp Ala SN SerBIEl Asp Gly Ser Pro Ala Thr IESHIEH Ala Asn
2. SMc03826 Rev 8 (reversed) tr...  Ala AlaPro Aspl Ala Thrl Gly BiE Glu Gly Asp Ala-Ser-Asp Gly Ser Pro Ala Thr ISIIEN Ala Asn
uu
1.5Mc03826 #1.4 (reversed) tra... Glu Gly Asp Asn Gly-Gly Asp IS Glu Asn Gly! Ser Gly GluThFPFG Gly Gly Thr HicHSEESE
2. SMc03826 Rev 8 (reversed) tr...  Glu MGy BEEAsp AsnGly HIBRGIy Asp_GIu Asn Gly! Ser GluThr Pro Gly Gly Thr NiESSHESE
290 320

1, SMc03826 #1.4 (reversed) tra..,, Ala Ala Ala B Glu Ser-Thr-Asp Gl Ala Ala Asp GIu_Pro Ala Glu Gly
2.SMcD3826 Rev 8 (reversed) tr...  Ala Ala Ala IS Glu Ser MIENThr ESHAspEREIGIY Ala Ala Asp Glu ESHINIEEPro A\a Glu Gly

330 340 360
1, SMc03826 #1.4 (reversed) tra.., S8FProlGlu Glu WSS GIn Ala Ala lIENASp SEF GIn Glu NSl GulGly GluEElThH Gly Asn NESIISEVEIIE Gly
2.SMc03826 Rev 8 (reversed) tr... [SerProl Glu g Glu MISEEEN GIn Ala Ala i Asp g Ser GIn Glu ISl Glu Gly GluMEiThr Gly Asn NEREEVEIIE Gly

"HO BQEI

1.5Mc03826 #1.4 (reversed) tra... Glu/SerGly Ser Asp ITHr B Glu Asp Asp GIn|Gly: Ala Asp Ginl Asp Ala AlalGly Asn Ala
2.5Mc03826 Rev 8 (reversed} tr...  Glu/Ser Gly SEH Asp ThrBlE Glu Asp Asp GInGly! Ala i Asp GInESEIASP Ala AlaGly Asn Ala
1. SMc03826 #1.4 (reversed) tra... Thr- Ala Ala Asn|
2. SMcD3826 Rev 8 (reversed)tr... Thrilel Ala Ala Asn

Figure 14. Translated nucleotide alignment of SMc03826 (ArgG).
* indicates stop codon at respective residue.
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Table 6. SNPs and Indels obtained on ArgG coding sequence.

Variant P-
Amino acid Protein Polymorphi Variant Value
Minimum Coverage Strain
Change Effect sm Type Frequency | (approxima
te)
3493003 V->| SNP Rev 8
66 Substitution 100.00% 4.00E225

(transition)




4.3 Isolation and analysis of secondary revertants from initial RF prototrophic

revertants

While in general the revertants exhibited Fphenotype, in some cases, the
Rev_5 and Rev_10 produced pink nodules, which, based on the improveplambst
growth, might have Fix+ phenotyg&igure 16). The structure of these nodules was
similar to nodulesformed by Rm102XkpCPP30 (Figure 16). The alfalfa plard
inoculated withRev_5 and Rev_1@ith occasional pink nodules weapparentlybigger
and more greethanthe plants without inoculationsuggesting that these nodules could
have N fixation activityThe hypothess wasthat the presence of secondary mutations in
these revertantsould further improvethe function of RF biosynthesis in tmeutants
improving their symbiotic performance. To verify this hypothasispacteria from these
apparently effectivenoduleswere isolatedand tested fotheir freeliving and symbiotic

phenotype.

a. Isolation of symbiotically effective RF revertants from Fix+ alfalfa

plants

The bacteria were isolated from the symbiotically effective root nodules. The

isolated bacteria were streaked on MMNHedia plates and kept in an incubator feg 7

days and further streaked at least 3 times on MMMHNIdtessupplemented with Tdo
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obtain a pure culture. The isolated strains of Rel, Rev_1601, and Rev_12 were

furthertested for their symbiotic perfiorance with alfalfa host.

b. Evaluation of symbiotic phenotype of secondary RF prototrophic

revertants

The symbiotic performance of the secondary revertants was tested in plant tests in
laboratory conditions as described abolvee shoot dry mass per box was recorded and
phenotypic appearana® the plants and nodulegsere observed and recorde&igure
15). As expectedwild type strain Rm102XpCPP30producedeffective symbiosis with
hostplant forming effective nodules and providing the plant with sufficient N for growth
(Figure 15; Figure 16). The parental strain 1.4 did notfio any nodules in the heptant
roots and the plant exhibited N starvation phenotype. The original revertants Rev_5 and
Rev_10producedhumerous white nodules, which were apparently ineffective, since this
symbiosis did not provide the hgsant with suffcient N for growth. However, ithe
case of secondary revertants Rexl, Rev_101, and Rev_142, the effective nodulation
with Fix+ phenotyps wereobserved. The mass of the plants nodulated with secondary
revertants Rev -3, Rev_101, and Rev_1@ were similar to the mass of the plants
nodulated wit(Rm102XkpCPP30and theall of therevertants drm pink healthylooking

nodules.
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Figure 15. Plant test with alfalfaNledicago sativd..) inoculated with secondary RF
prototrophic revertants, parental strains, Rmal02XxpCPP30

The plant was grown for 4 weeks and dry shoot weigietemeasured and recorded per box (5
alfalfa shooper bo). Each treatment had threeplications. The dry shoot mass of three
replications for each strain treatment was averaged using Minitaiv®&nANOVA. The One
way ANOVA test was used to determine significant (P<0.05) diffessgmm®ng the mean
weights of the inoculated alfalfa sho®he letters above bar indicates the grouping statistics for
mean dry weight of alfalfa shoot inoculated with respective strains.
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Rm1021xpCPP30

Rev 5 Ori Rev 5 (1)
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Rev 10 Ori Rev 10 (1)

Rev 10 (2)

Figure 16. Typical alfalfa phenotype of Plant Test Il inoculated by strains of secondary
revertants.

From top left to rightRm1021pCPP30was used as contralild type, which shovednormal
efficient pink root nodules (Fix+Yhel . 4 p ar e nt arbducenbdulasiom alfalfa rdots.d t
In the pictures of Rev_5 Ori and Rev_10 Ori, shdsimilar nodulation as described in plant test

I with absence of effective pink nodules grdsence of high number of white nodules-).

Alf alfa inoculated wittRev_51, Rev_161 and Rev_142 showed pink effective nodules (Fix+).
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C. Flavin characterization test for secondary revertants

Secondary revertantsere tested for thie ability to secre¢ FL as described ithe
Material and Methods. The result showed that there was a signifieentase in FL
production(P<0.05)betweenRm1021xpCPP3@nd the secondary revertants Rew,5
Rev_101, and Rev_1@ (Figure 17). Therewasno difference in FL secretion between
original revertant (Rev_5 and Rev_10) and secondary revertants (RevRév_161,

Rev_102).
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Figure 17. FL characterization of secondary revertants.

TheRm1021pCPP30showedsignificarce (P<0.05)with higher FL secretioas compared to
otherrevertants including secondary revertants Rely, Bev_161, and Rev_142.
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4.4  Mutations observed on secondary revertants

To analyze the genetic changes, which lead to improved symbiotic performance
of the secondary mutants, the whole genome sequenesg®&rformed. The number of
reads obtained after strains sequencing is indiodtalle 2). After mappingthe reads,
potential mutationsvere selected based on previous criteria such as high confidernte
high variant frequency. The mutationerefound only in the genomes of the secondary
mutants but not in the original ones were selected.

a. Mutations Observed in Rev_51

A new nutation was observed in Rev -& genome in the geneannotated as
hypothetical proteinSMb21442 located on the mega plasmid pSymB. Thstation
was present only in Rev-5 and not irthe originalRev_5 This may haveresuledin an
accumulationof mutation duringthe plant host interaction procesbhe mutation was a
deletion of 15 nucleotides with coverage of 26 and variant frequency of 1RQ%e
18). Due tolow variant frequency ardr low coverage other mutationsvere rejected

from downstream analysis
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Figure 18. Screenshot of variations observed on SMb21442 (hypothetical protein)
present only in Rev -5.
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b. Mutations observed in Rev_161 and Rev_162

An identical single new mutation was identified in Rewv11Gnd Rev_12 Oa
arfB coding region Figure 19). The alignment of OaarfB with the original OaarfB
sequence identifiedA changes from aspartic acid to glycinela position 371Rigure
19). Aspatrtic acid is charged amino acid with side chain whereas glycine is hydrophobic
amino acid buried in protein coréhe change in the amino acid may probably change the
protein folding or conformation as glycine is highly conserved within protein family.
This mutation was only observed in the secondary revertants but not in thelorigina
Rev_10, suggesting the acquisition of the mutations during symbiotic interaction of

Rev 10 with hostpant.

Figure 19. Modified screenshot arfB alignment withOaarfB.
The red outlined rectangle shows the position of variations preseewinl01 and Rev_1.
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