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Genetic analysis of a nodA-nodD region
of autochthonous strains of Rhizobium
leguminosarum biovar viciae that showed
effective nodulation of host plants

Abstract

Two autochthonous strains of R. leguminosarum buv. viciae, designated
201ZG and 301 ZG, were isolated from large and numerous root nodules of
peas and vetches where these symbiotic bacteria fix nitrogen into ammonia.
In preliminary biological experiments, both local isolates showed a better
nodulation efficacy than control referent strain R. leguminosarum bv.

viciae 248.

The most important nodulation genes nodA and nodD, and the bidi-
rectional promoter region between them, were cloned, sequenced and com-
pared with the referent strain.

Many changes in the primary structure of nod genes and the major pro-
moter region were detected in both strains. Amino acid sequences of NodA
and NodD proteins have changed up to 6.6% and 3.6%, respectively. The
changes were conservative, however, and located at positions where varia-
tions had already been detected in both proteins. The nod boxes, which are
essential to the function of the promoter region, were well conserved in both
strains.

The results of this study provide an insight into the primary structure of
nodA-nodD region in both autochthonous strains and in the possible associ-
ation with the better nodulation and nitrogen fixation which showed bio-
logical experiment in greenhouse.

INTRODUCTION

n nitrate-poor soils, strains of Bradyrhizobium, Azorhizobium, Mesor-

hizobium and Rhizobium (jointly known as rhizobia) are able to es-
tablish a symbiosis with leguminous plants in a host-specific way by
forming root nodules in which, after differentiation of the bacteria to
bacteroids, they fix atmospheric nitrogen into ammonia (28,1). Differ-
entiation of Rhizobium species and biovars is based on their ability to
successfully nodulate a particular group of host plants. Flavonoids re-
leased by legume roots are one of the first signals that the two symbionts
take turns in the molecular dialog between them. Bacterial genes,
which are located on large Sym (symbiosis) plasmid, are involved in
important stages of nodule formation. Some of these nod genes are
functionally interchangeable between different Rhizobium species, and
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they have been designated as common zod genes, while
other genes determine the host specificity of nodulation
(hsn genes). These bacterial genes most likely encode en-
zymes which synthesize a family of signal molecules that
trigger a set of morphological changes in the plant root.
The process culminates in the development of a mature
nitrogen-fixing root nodule. Thus, plant flavonoids are
recognized by regulatory NodD protein of the rhizobia.
This recognition activates the transcription of nodula-
tion genes (nod, noe and nol), which are involved in the
biosynthesis of nodulation signals — the Nod factors, re-
quired for bacterial entry into root hairs. Inducible 7zod
genes are arranged in operons which are preceded by re-
markably conserved DNA sequences that have been ter-
med »nod boxes« (25), and serve as binding sites for
NodD. Thus, NodD has a crucial role during the nodu-

lation process between rhizobia and host plants.

NodD belongs to the family of LysR-type transcriptio-
nal regulators (LT'TRs) (26). Different studies on LT'TRs
have identified three basic functional domains: an N-ter-
minal DNA-binding domain, a coinducer recognition /
response domain and a conserved C-terminal domain

(26, 19).

Some rhizobia species, like Sinorhizobium meliloti,
Rhizobium tropici, Rhizobium sp. NGR234 and Brady-
rhizobium japonicum harbour two to five copies of nodD
genes, whereas Rhizobium leguminosarum bv. viciae and
Rhizobium leguminosarum bv. trifolii have only one nodD
gene (33). In R. leguminosarum bv. viciae, nod genes are
arranged in the symbiotic plasmid pRLI1JI. The nodD
gene is transcribed divergently from the nodABCI]J ope-
ron (24). Beside this operon, nodD activates the tran-
scription of all three other nodulation operons (70dFEL,
nodMNT and n0d0O) (29,31, 20). NodD auto regulates its
own transcription (13). DNase I footprints show that
NodD specifically protects the nod box region (11,8).
Furthermore, it is predicted that NodD binds to target
DNA as a dimer or tetramer (9,8). NodD binds to two
separate sites in the nod box and these sites lie on the
same side of the DNA helix (8), inducing a bend in the
DNA because of its binding at the 7od box.

The most important nodulation genes nodA and nodD,
as well as the main promoter region between them, were
analyzed in details. In our previous work (36) many dif-
ferences in restriction maps between strains were de-
tected. Here we describe the primary structure of nodA,
nodD genes and the promoter region with the aim to as-
sociate these findings with the biological characteristics
of autochthonous strains.

MATERIALS AND METHODS

Bacterial strains and plasmids
Autochthonous strains of R. leguminosarum bv. viciae,
named 201ZG and 301ZG, were isolated from peas and
vetches root nodules by the standard procedure (34). R.
leguminosarum bv. viciae 248 (14) was used as a reference
strain. Yeast-mannitol agar (34) was used for selection
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and maintenance of the strains of R. leguminosarum. For
the isolation of bacterial DNA, cells were grown in Yeast-
-mannitol broth (YMB) at 28 °C for 48 hours with exten-

sive aeration.

We used plasmid pCR2.1-TOPO (Invitrogen) for clon-
ing of nodA-nodD region (from plasmid pRLI1]JI).

DNA preparation

High molecular weight DNA from R. leguminosarum
was isolated as described by Hopwood et al. (12). Isola-
tion of large plasmids was done by method described by
Kado & Liu (16).

Cloning and DNA sequencing

The primers used for the polymerase chain reaction
(PCR) to amplify »nodA-nodD« region were: JZ3 (5" —
AGGACGTCTTCAGTCCAAC - 3’) and JZ5 (5 —
AGAGCCGGCCATTGGACAG - 3’). The amplicons
were cloned in pCR2.1-TOPO vector using »TOPO TA
Cloning Kit« (Invitrogen).

The primary structure of cloned nodA-nodD DNA
fragments was determined on »ALFexpress™ DNA Se-
quencer« using kits »ALFexpress AutoRead Sequencing
Kit« and »Thermo Sequenase Cy 5 Dye Terminator Kit«
(Amersham Pharmacia Biotech). Sequencing was per-
formed in several steps using different primers (universal
and reverse from the kit, and specially designed primers
SJZ2 (5-TCATTAGAGCGTCGAGCGC-3’) and AJZ
(5’-TCGTAAGTGCCGGACCAAGG-3).

DNA and protein sequences were analyzed and stored
using Lasergene sequence analysis software (DNAStar,
MADISON, WI). Homology searches and sequences re-
trieval were done via Internet server BLAST (NCBI,
NIH, Bethesda, MD, USA: http://www.ncbi.nlm.nih.
gov). Multiple sequences alignments (MSA) and con-
structions of the phylogenetic tree from the MSA were
performed with CLUSTAL X program (32). The degree
of support for internal branches was further assessed by
bootstrap analysis. Programs GeneDoc (22) and Tree-
View, version 1.6.6. (23) were used for graphic presenta-
tion of the results.

RESULTS

The nucleotide sequences of nodA-nodD region of
autochthonous strains of R. leguminosarum bv. viciae,
201ZG and 301ZG, are deposited under acc. nos.
DQ286900 and DQ286867, respectively.

The sequence includes complete ORF of 588 bp of
nodA gene (196 amino acids long NodA protein), bidi-
rectional promoter region (254 and 253 bp in autoch-
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Figure 1. Scheme of nod gene cluster on plasmid pRLIJI from R.
leguminosarum bv. viciae.

Period biol, Vol 112, No 4, 2010.



nodA-nodD region of Rh. leguminosarum bv. viciae autochthonous strains

Jelena Zafran-Novak

thonous strains 201ZG and 301ZG, respectively), and
the partial ORF of 840 bp of nodD gene (280 amino acids
of NodD protein; about 30 amino acids are missing from

the C-terminus of NodD), (Fig. 1).

Promoter region

The sequence similarity in bidirectional promoter re-
gion is very high (91%). The length of this region was
254 bp for the R. leguminosarum bv. viciae 201ZG, and
253 bp for the strain R. leguminosarum bv. viciae 301ZG.
The sequences were than compared with the promoter
sequence of the control strain R. leguminosarum bv.
viciae 248 (Fig. 2). Similarities with the control strain
were lower: 84 % with 201ZG strain, and 82 % with
301ZG strain. Mutations have not changed the basic
structure of certain important regulatory sequences of
the promoter. The most important regulatory sequence,
»nod box«, is completely conserved in 301ZG strain. In
201ZG strain, the presence of two substitutions at posi-
tions 39 and 40, were found (CA — T'T; see Fig. 2). We
have confirmed the presence of restriction site EcoRI in
301ZG strain, missing in 201ZG and wild type 248,
which was detected in our previous work (36). Unchan-
ged are also transcription start sites for nodA and nodD.
However, we have detected several mutations, (includ-
ing deletions and insertions of 1-2 bp) which resulted in
shorter regions in both autochthonous strains (5 bp shor-
ter in 201ZG strain, and 6 in 301ZG strain). There are
two important regions where NodD binds, A2 and A3
(21). Region A2 is responsible for activation of nodD
transcription, and A3 for the NodD dependent repres-
sion of nodD transcription. Region A2 is completely con-
served in both autochthonous strains. Nevertheless, it is
important to notice that dyad symmetry of A2 region,

D-half

due to mutation G — A in both strains, is two nucleo-
tides longer on both sides, »\CT — A2 — AG« In A3
region, C — T change is present at position 172 in both
strains, and A — T at position 171 only in 301ZG.

nod genes

Primary structures of nod genes were also analyzed.
Sequences of two autochthonous strains and the control
248 strain were aligned and compared (data not shown).
Similarity of nodA was 96 % in the case of 2012G:248, 93
% for the ratio 201ZG:301ZG and 92 % for 301Z2G:248.
The most related were autochthonous strain 201ZG and
the control strain 248. Comparison of nodD genes were:
96 % for 2012G:301ZG, and 93 % for 201ZG:248 and
301ZG:248. The most related were two autochthonous
strains, which were than equally close to the control
strain 248.

The number of nucleotide changes in two genes were
assessed (Table 1). For 201ZG nodA, the number of
changes was 21 (3.57 %): only 4 out of of 21 changes af-
fected 4 amino acids (19.04 %), and 17 were silent (80.95
%). Interestingly, in 301ZG nodA, the percentage of dif-
ference was 7.99 %; 17 out of 47 changes affected 13
amino acids (36.17 %), and 30 were silent (63.83 %).

In 201ZG nodD gene, the percentage of difference
was 60.43 % in: 11 out of 54 changes affected 9 amino ac-
ids (20.37 %), and 43 were silent (79.63 %). In 301ZG
nodD, the number of nt changes was 57 (6.78 %): 14 out
of 57 changes affected 12 amino acids (24.56 %), and 43
were silent (73.43 %).

Nucleotide sequencing confirmed some changes in
restriction maps of autochthonous strains that have been
determined in our previous work (36): the absence of

P-half

M AT-N;;-GAT 1

P AT-N-GATH

WT248 : T"E’ AATATCCATTCCATAGATGATTGCCATCCAAACAATCAATTTTACCAATCTTTCGGATCACTTA 70

201ZG : - TATATcCATTCCATAGATGATTGCCATCCAA@ATCAATTTTACCAATCTTTCGGATCACTT 2 69

301ZG : B ITATATCCATTCCATAGATGATTGCCATCCAAACAATCAAT TTTACCAATCTTTCGGINTCECTTA 69
nodD

LT - TAGAAAA SCCGGAACT TGATCAATATCA EGINCCAGGAACIWAAAAAF LICG, GCCGGGCAGGGGCCoen ENRY-(1]

2012ZG : TCGAAATGCCGGGCAHGGGCC : 137

301ZG : TCGAAATGCCGGGCAGGGGCC : 137

2¥  TGCGCAACAATIAT 210

WT248 : pugierA\GACTCiHy: 'TCTCTTAACCGCTCGATTGHCTAACCGGCAATC ARG i A J
201zG : TTTEAAET-T TRCTTCTCHTAACCGCTCGATTGTCTAACCGGCBATCCAATAGTCGTGHGCAACRATCT 1 207
TTTGAAT

301zG : TR AT AT TC TCTTAACCGETCGATTGECTANCCGGCAATC CAATAGTCGTGCGCAACAATC TN

WT248 :
201ZG :
301ZG :

Figure 2. The alignment of the promoter regions of all strains of R. . bv. viciae, produced by Clustal X. Amino acids (aa) conserved in all three pro-
teins are shown in white on black and those conserved in two out of three proteins in white on gray. WT248 is wild type strain; 2012G and 3012G
are autochthonous strains. The consensus sequence of »nod box« region with AT-N1o-GAT motif is boxed. The two protected half-sites of the nod box
are named D-half and P-half, respectively. The other nodD binding sites (A2 and A3) are boxed too. Transcriptional starting sites for nodA and

nodD are marked with arrows.
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TABLE 1

The number of changes in two autochthonous strains in comparison with the control strain 248.

Silent mutations Total number of point mutations

Nod proteins / strains Substitutional mutations
NodA /201ZG strain 4 (4 aa)

NodA / 301ZG strain 17 (13 aa)

NodD /201ZG strain 11 (9 aa)

NodD /301ZG strain 14 (12 aa)

17 21
30 47
43 54
43 57

Bgl1I site in nodD of 201ZG strain, and the absence of
HindI11 site in nodA of 301ZG strain.

We analyzed and compared amino acid sequences of
autochthonous strains of R. leguminosarum bv. viciae
201ZG and 301ZG with the control strain R. legumino-
sarum bv. viciae 248 and detected changes in amino acids

(Fig. 3 for NodA and Fig. 4 for NodD).

In 201ZG NodA protein, there were detected 4 chan-
ges in amino acids (in total of 196 amino acids itis 2.0 %),
and in 301ZG NodA proteinl3 amino acids have chan-
ged (6.6 %). The most of the mutations occurred in the
less conserved regions.

In 201ZG NodD protein, there were 9 changed ami-
no acids (3.2 %) in total of 280 amino acids that we ana-
lyzed, and in 301ZG NodD protein, 12 changed amino
acids were detected or 3.6 % of the 280 amino acids that
we had analyzed.

We also compared these strains with few other related
rhizobia (Fig. 3 for NodA and Fig. 4 for NodD). We
chose 4 NodA proteins and 6 NodD from SwissProt data
bank. The analysis of homology revealed different levels
of relationships between different rhizobia.

On the basis of NodA protein, the most closely related
were autochthonous strain R. leguminosarum bv. viciae
201ZG and the control strain R. leguminosarum bv. viciae
248; statistically 97 %. Less related was autochthonous
strain R. leguminosarum bv. viciae 301ZG (93 %). Than
followed R. leguminosarum bv. trifolii, R. meliloti and R.
galegae. More distant were R. tropici and A. caulinodans,
and quite distant was the group created from B. elkanii,
R. etli and Rhizobium sp. NGR234.

The NodD protein analysis revealed the following re-
lationships: the most closely related were two autoch-
thonous strains R. leguminosarum bv. viciae 201ZG and
301ZG (97 %). The wild type R. leguminosarum bv. viciae
248 was next (83 % similar to 201ZG and 82 % similar to
301ZG). More distant were R. meliloti (NodD2), R.
galegae and R. leguminosarum bv. trifolii. As regards R.
leguminosarum bv. phaseoli (NodD1 and NodD3), Rhi-
zobium sp. NGR234 (NodD1), B. japonicum (NodDl
and NodD2), B. elkanii (NodD1) and A. caulinodans,
these species made up quite a separate group.

The unrooted trees of all analysed NodA and NodD
proteins are shown in Fig. 5a and 5b, respectively. We
chose 8 NodA proteins and 12 NodD from SwissProt
data bank. NodA as well as NodD proteins from Rhizo-

WT248 A FEeTYGPTG FNAKPFEGRSWEGARPE (R H 75
20126 P8 §TYGPTC FNAKDFE/(CRSWEGARPE IAYDSIGVASHMGLLRR 75
301G T YGPTC FNAKPFE (GRSW GARPERE:IAYDS-GIAEMGLLRR 75
RLTR MTYGPTC FNAKPFE/\GRSW |GARPE RATAYDS (GTASHMGLLRR 75
RLME SYGPTGHEEAKPFEEGRSWHGARPEERAIAYDSEGIA"H.MGVLRR 75
RHGA A Y GP T FNAKPFE SGRSW. (GARPEJRAT AYDS (T ARHLGLLRR 75
RHSN RE RG1EvDi¥h 75
WT248 IPLLVAELGLYGVRPDLECLGT, PR : 150
20126 '.'l'DLLVAELGLYGVRPDLEELGIHHSVRN&HPH : 150
30126 TDLLVAELGLYGVRPDLEELGIHHSVRAM\?EHLI' : 150
RLTR TDLLVAELGLYGVRPDLE!‘LGIEHSIRA iE"LE: A : 150
RLME LLVAELGLYE‘V‘RPDLE; Grﬁﬂsvga ‘EEL!' : 150
RHGA LVAELGLYGVRPDLESLGT JHST D : 150
RHSN D LLVAELGLWEVRPDLE ELGLHS IRY : 150
WT248 1D REMTEWEAGSLIERNG:E LEER L
20126 LPHTRTEDVLVLV¥ pMTEWﬂGSLIERNGEE : 196
30126 g L TRTEDVLVL I P T CREMSEWR LGS LIERNG E L IR
RLTR 2D AA=DMPETRTEDVLVLVIIPT cREMSEWPSGSLIERN : 196
RLME DLPETRTEDFLVVI|GPVERE JGTLIERNG:E LEEER ]
RHGA ZDEPTRTEDYLVVV| PV EREMSIS : 196
RHSN : 196

Figure 3. Multiple alignment of seven NodA proteins from different rhizobia. 100% conserved aa (identical + similar) are shown in white on black
and 75% conserved aa in white on gray. WT248 is wild type strain; 201ZG and 301ZG are autochthonous strains. RLTR (R. leguminosarum bv.
trifolis; acc. no. P04673); RLME (R. meliloti; acc. no. P02962); RHGA (R. galegae; acc. no. P50348); RHSN (Rhizobium sp. NGR234; acc. no.

P50349).
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DNA-binding site

WT248 Qq : 8
20126 ZRE : : 75
K11k ¥ IR FKGLD LNLLVALDALMTERKLTAAARS INLSQPAMSAAT %ﬁ:uwpmnmp p : 715
RLEG : E'KGLDLNLLVALDELMTERKLTAAARHINLSQPAMSAAIE ZREYFEDT, R ) : 75
20014 - B IMR FRGLD LNLLVALDALMTERKLT. JVLSQPAMSAATHRLRIY A : 75
RHGAL : ERGLDLNLLVALDALMTERELTAAAP%INLSQPAMSAAIHRLRHY : 75
3% o SR FK GLD LNLLVALDALMTERKLTAAARSTNLSQPAMSAAT ] : 15
357N 5 BEIMR FKGLD LNLLVALDALMTERKLTAAARS INLSQPAMSAAT : 715
PRI, - GLDLNLLVALDALMTERYLTAAAR S INLSQPAMSAR b R : 75
WT248 : [NEEESEE T 150
bl A 1.5 IQOLSVIAVDE LY 150
ok B-{c R 1. 1.1 10 1.SVIAWDPT PAESDRRFRI ILSD 150
RLEG  : . 150
RMEL2 : 150
RHGAL LIFEEKVIHRIAREAPV TFELLPLDDDPWELLRRGDVDFL IS LY
RLTR LV'FFEKVISRVAR.EAPP SFELL] : 150
BRJAP1 LMFFERVV|/RVAREAPVSFELL : 150
RLEPH1 : RVAREAP WSFELLPT DML 2 : 150
WT248 225
201z6 225
301zZ6 : HPKARLF B ILVCVEC] 225
RLEG  : -Hﬁmmﬁzﬁmcvec 225
RMEL2 : HPKARLFLEALVCVEC! 225
RHGAL : 225
RLTR 225
BRJAP1 224
RLBPH1 225
WT248 280

20126 280

301zG : 280

RLEG 280

RMEL2 280

RHGAL 280

RLTR 280

BRJAP1 280

RLBPH1 280

Figure 4. Multiple alignment of seven NodD proteins from different rhizobia. 100% conserved aa (identical + similar) are shown in white on black
and 75% conserved aa in white on gray. DNA-binding site is boxed. WT248 is wild type strain; 201ZG and 301ZG are autochthonous strains.
RLEG (R. leguminosarum strain 1001; acc. no. P16556); RMELZ2 (R. meliloti (nodD2); acc. no. P08719); RHGAL (R. galegae; acc. no.
P50348); RLTR (R.leguminosarum bv. trifolii; acc. no.P04680); BRJAP1 (Bradyrhizobium japonicum (nodD1); acc. no. P12252); RLBPH1

(R. leguminosarum bv. phaseoli (nodD1); acc. no. P23718).

bium leguminosarum bv. viciae strains cluster together at
very high bootstrap values. Phylogenetic analysis revea-
led the closest relation between autochthonous strain
301ZG and R. leguminosarum strain 1001 (isolated from
Italian soil). NodA and NodD proteins from other rhi-
zobia were much more divergent.

Biological experiment in greenhouse

Total nitrogen content in the stem and leaves
of the plants

Results obtained from measuring total nitrogen in the
stem and leaves of the plants are in accordance with
nodulation efficacy indicators. The values are shown in
Tables 2a (pea) and 2b (vetch). They represent nitrogen
content expressed in percentage as average values ob-
tained from five repetitions for each variant in the experi-
ment. The data were statistically interpretated using the
analysis of variance method (ANOVA), which deter-

Period biol, Vol 112, No 4, 2010.

mines whether there are differences among different spec-
imens, and using the LSD test, which points to the
statistical justifiability thereof.

Amide nitrogen content in xylem

Amide nitrogen represents a transitive form of nitro-
gen from ammonium to nitrate. In this form, nitrogen is
transported from the root to the leaves of peas and vetch-
es. Amide nitrogen (concentration is measured only in
the stem) is a good activity indicator, when speaking of
nitrogen fixation. The values are listed in Tables 3a (pea)

and 3b (vetch).

DISCUSSION

The number and the organization of rRNA operons
in two new strains of R. leguminosarum bv. viciae named
201ZG and 301ZG were analyzed in previous work (36).
Three rRNA operons that were found in both autoch-
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Total nitrogen content in the stem and leaves of the plants (PEA).

EXPERIMENT VARIANTS Nitrogen Nitrogen Total nitrogen
in leaf (%) in stem (%) (leaf+stem %)

BACTERIZED Rhizobium leguminosarum bv. viciae 201ZG 2.790 1.374 4.164

BACTERIZED Rhizobium leguminosarum bv. viciae 248 2.836 1.222 4.058

NO BACTERIZATION AND NO MINERAL FERTILIZATION - N 1.900 1.068 2.968

NO BACTERIZATION + MINERAL FERTILIZATION — N 2.722 1.280 4.002

LSD P=5% =0.436, LSD P=1% =0.61 for leaf;
LSD P=5% =0.163, LSD P=1% =0.23 for stem/stalk

Total nitrogen content in the stem and leaves of the plants (VETCH).

EXPERIMENT VARIANTS Nitrogen Nitrogen in Total nitrogen
in leaf (%) stem/stalk (%)  (leaf+stem %)

BACTERIZED Rhizobium leguminosarum by. viciae 301ZG 2.274 1.394 3.668

BACTERIZED Rhizobium leguminosarum bv. viciae 248 1.136 0.878 2.014

NO BACTERIZATION AND NO MINERAL FERTILIZATION — N 1.198 0.730 1.928

NO BACTERIZATION + MINERAL FERTILIZATION — N 2.578 1.446 4.024

A R etli

R. sp. NGR234 R. tropici

B. elkanii

A. caulinodans R meliloti

R. 1. bv. trifolii

A
_a R. L bv. vicine 201ZG
B. R 1. b, psheseoli 3
A. caulinodans

R.I.bp. haseoli 1

B. japonicum 2
R. sp. NGR234

R. I. bv. phaseoli 2
B, elkanii 1

R. L. by. trifolii

R. 1. bv. viciae 248
R. L bv. viclae 201ZG
R. L bv. viciae 301ZG

R, galegae
R. meliloti 2 R. L strain 1001

B. japonicum 1

04

Figure 5. Unrooted phylogenctic tree of NodA (A) proteins and
NodD (B) proteins. R. 1. bv. viciae 248, 201ZG, 301ZG strains were
compared with several other rhizobia. Our strains cluster together
with the high level of confidence, as determined by bootstrap analysis
(see numbers at the nodes). The bar corresponds to 0.1 (10%) substi-
tutions per site. Figure SA. A. caulinodans, acc. no. 007739; B.
elkanii, acc. no. P50326; R. etli, acc. no. P24154; R. tropicii, acc. no.
053252. Figure 5B. R. 1. strain 1001, acc. no. P16556; Bradyrhi-
zobium japonicum (nodD2), acc. no. P12233; B. elkanii, acc. no.
P50323; A. caulinodans, acc. no. P20669; R. [. bv. phaseoli 2, acc.
no. P23719; R. 1. bu. phaseoli 3, acc. no. P23720; R. sp. NGR234,
acc. no. P55359. See figure 3 and 4 for other accession numbers.
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thonous strains and Southern hybridization profiles were
almost identical to the profiles of control strain 248. We
also sequenced the variable region between 200 and 300
nucleotides of 16S rRNA genes, finding the primary
structure to be identical in all strains (data not shown).

nod genes

From the greenhouse experiment we know that both
autochthonous strains are very efficient in nodulation.
Thus, the mutations that we detected do not have any
negative influence on the biological function of NodA
and NodD proteins.

Mutations in 7odA are more likely to be the sign of di-
versity in these proteins among different rhizobia. Se-
quences are more different on nucleotide level than on
amino acid level. Fig. 3 shows that most mutations oc-
curred in the less conserved regions of the NodA protein
that is 196 amino acids long. There are several changes
that are worth pointing out: Met — Val at starting posi-
tion in 301ZG strain, which is one of the alternative start-
ing codons in bacteria; Ile = Met (position 144) in both
strains (mutation that was not found in any of the ana-
lyzed rhizobia); and His — Arg (position 63) in both
strains, also not found in other rhizobia. Since other
changes that are present in other rhizobia are changes
between similar amino acids, they could not dramatically
change the structure of Nod proteins. This diversity is
casy to understand because of the NodA’s role in no-
dulation process. One part of the host specificity is regu-
lated on the level at which NodA recognizes acyl chains
and transfers them to Nod factor, as a final structure that
is specific for the host plant.

The primary structure of NodD differs between the
strains, and a significant number of amino acids is chan-
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Amide nitrogen content in the xylem (PEA).

EXPERIMENT VARIANTS Amide nitrogen (lLmol/g)
BACTERIZED Rhizobium leguminosarum bv. viciae 201ZG 7.976
BACTERIZED Rhizobium leguminosarum by. viciae 248 7.428
NO BACTERIZATION AND NO MINERAL FERTILIZATION — N 4.112
NO BACTERIZATION + MINERAL FERTILIZATION — N 7.720

LSD P=5% =1.375,LSD P=1% =1.924

Amide nitrogen content in the xylem (VETCH).

EXPERIMENT VARIANTS Amide nitrogen (1Lmol/g)
BACTERIZED Rhizobium leguminosarum bv. viciae 301ZG 7.776
BACTERIZED Rhizobium leguminosarum bv. viciae 248 2.420
NO BACTERIZATION AND NO MINERAL FERTILIZATION — N 2442
NO BACTERIZATION + MINERAL FERTILIZATION — N 3.790

LSD P=5% =1.542, LSD P=1% =2.158

ged in autochthonous strains (Fig. 4). NodD proteins
vary in length between different rhizobia. In R. legumi-
nosarum bv. viciae 248 it is 303 amino acids long (in our
analyses last 23 amino acids are missing in autochtho-
nous strains 201ZG and 301ZG, because it was not pos-
sible to design primers for PCR amplification of the vari-
able 3’-end of nodD gene). There were also more differ-
ences in nucleotide sequences than on the amino acid
level. Nevertheless, more changes were detected when
compared with NodA protein. Towards the C-terminus
of NodD protein, we detected more mutations, as ex-
pected, because this part is highly variable among differ-
ent rhizobia due to its role in the interaction with the
host plant. N-terminus of NodD is more conserved than
C-terminus because it has important regulatory function
located in the highly conserved sequence, »helix-turn-
-helix« motif (10). This motif binds DNA to a highly
conserved region in the promoter region called »nod
box«. Some of the changes in nodD genes were the same
in both autochthonous strains (Figs. 3 and 4; see results).
Most mutations that were detected are changes between
similar amino acids and occur in the less conserved re-
gions. Interesting changes when compared to the control
strain 248 are: Met — Pro (position 214), which was
found only in the autochthonous strain 201ZG; Ala —
Pro (position 72), unique to the 301ZG strain among all
the analyzed rhizobia. This autochthonous strain also
had another two changes not found in other rhizobia: Ile
— Ser (position 115) and Thr — Ala (position 272).

We assume that neither mutation causes the insuffi-
cient regulatory function of NodD, nor the overexpres-
sion of nodD, because it could have detrimental effect
on nodulation and nitrogen fixation (2, 17). Two auto-
chthonous strains are the most related to the control
strain 248; they cluster together with high bootstrap
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value (Fig. 5). NodA and NodD proteins from other
rhizobia included in our phylogenetic analysis are much
more divergent.

nod box

There is genetic evidence that interaction between
NodD and flavonoid inducer activates transcription (30,
3) of nod genes, but direct proof is still missing (27). In
some instances, the addition of appropriate flavonoids
increased NodD — nod box binding, but in most cases,
the affinity and/or binding of NodD for nod boxes seem
not to be affected (7). Tetrameric NodD binds to pro-
moter through anchoring the two half-sites of 70d box.
Feng et al. (6) suggested that the most important nucleo-
tides for the specific NodD binding are located in a 2-fold
inverted repeat AT-N10-GAT-N16-ATC-N10-AT, which
is in agreement with some other proposed models (35).
This target site is usually divided into two binding sub-
-sites or half-sites (Fig. 2, see results). The D-half-site
consists of an imperfect inverted repeat (9) and the P-
-half-site, in which inverted repeat is usually not obvious,
likely due to possible dual roles of this region as target
sites for both NodD and RNA polymerase (5,15,18,4).
Besides the conserved nucleotides in the proposed motif,
other nucleotides of the nod box region also appear to be
required for the natural optimal NodD binding (6). In
our autochthonous strains of R. leguminosarum bv. viciae
201ZG and 301ZG the basic structure of the nod box re-
gion was unchanged. Also important to note is the fact
that no insertions or deletions were detected in either of
the two autochthonous strains, something that could
possibly lead to insufficient binding of NodD to »nod
box« region. It is known from the literature what type of
mutation could lead to inefficient recognition between
NodD and »nod box« (21,6). In our study, no such muta-
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tion was detected in the critical regions. Classical con-
sensus (25), as well as the other proposed models of od
box (35, 9, 6) are fully recognizable.

There are two more regions that are important for
NodD binding: A2 and A3 (21). A2 is responsible for the
activation of nodD transcription, and A3 for the NodD
dependent repression of #odD transcription. In part A3,
some substitutions occurred (C — T at position 175 in
both strains,and A — T at position 179 in 301ZG strain).
The first substitution weakened the symmetry of the re-
gion, which could have caused a weaker affinity of NodD
to this region. Region A2, responsible for the NodD de-
pendent activation of nodD, is completely conserved in
both autochthonous strains, as well as the transcription
starts of nodA and nodD. However, it is important to no-
tice that dyad symmetry of A2 region, due to mutation G
— A in both strains, is extended for two nucleotides on
each side, »CT — A2 — AG«, which makes it more sta-
bile and could lead to stronger binding of NodD to this
region. This could lead to weaker repression, as well as
stronger transcription of NodD dependent transcription
of nodD gene.

All the results and analysis support the conclusion
that the highest mutation rates were detected in the pro-
moter regions of our two isolates; in comparison, nod
genes were much more conserved, especially if we look at
the protein level. None of the mutations disrupted the
basic structure of the promoter regions important in the
regulation of nodA and nodD transcriptions, or the »nod
box« region crucial for the contact with NodD protein.

As the normal ratio between silent and substitutional
mutations in the wild is 30:70 %, one may assume that
many mutations were eliminated from nod genes be-
cause of the interference with their conserved biological
role which is essential for the nodulation process.

Biological experiment in greenhouse

Total nitrogen content in the stem and leaves
of the plants

The analysis of nitrogen level found in the pea leaf
(Table 2a; see results) showed that there are no statisti-
cally significant differences between samples P201ZG,
P248 and PN. However, the value of the negative P- con-
trol is substantially lower than any of the three samples
(LSD p=1%). Having interpreted the results for nitrogen
content in the pea stem (Table 2a; see results), there are
no statistically significant differences among samples
P201ZG, P248 and PN. However, the lowest value was
produced by sample P248, which makes it not signifi-
cantly different from the negative P- control. Contrary to
this, a significant difference was noted between samples
P201ZG (highest value) and P- (LSD P=1%). Further-
more, a difference was noted between PN and P- values.

This difference, however, proved not to be as significant
(LSD P=5%).

The highest values of total nitrogen were noted in
samples where the bacteria had been inoculated with
autochthonous strains, whereas the wild type strain pro-
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duced lower values. Negative controls proved to yield the
lowest values, as expected. However, the samples with
added mineral nitrogen gave equally high values as the
samples with autochthonous strains.

The data regarding the vetch were statistically inter-
preted (Table 2b; see results). The values for total nitro-
gen content in the leaf show that there is no statistically
relevant difference between samples V301ZG and VN.
There is no justified difference between samples V248
and V- either. Quite to the contrary — highly significant
differences were found between the former and the latter
pair, i.e. between the values of samples V301ZG and VN
on the one side, and V248 and V-, on the other side (LSD
P=1%). An identical ratio was noted in the values of total
nitrogen content in the stem.

Amide nitrogen content in xylem

The data regarding amide nitrogen content in the xy-
lem of a pea were statistically interpreted (Table 3a; see
results). The highest value was obtained in bacterization
with an autochthonous strain of R. leguminosarum bv. vi-
ciae 201ZG. No statistical differences were found among
samples P201ZG, P248 and PN. However, a highly sig-
nificant difference was found between the same samples
and the negative P- control (LSD P=1%).

After the interpretation of the results of measuring
amide nitrogen in the xylem of a vetch (Table 3b; see re-
sults), it can be noted that, in relation to all other samples
(LSD P=1%), the significantly highest value occurred in
the case of bacterization by autochthonous strain of R.
leguminosarum 301ZG. At the same time, there is no sta-
tistically significant difference among samples VN, V248
and V-.

Our genetic analysis indicate that differences in nod
region could be related to the highly efficient nodulation
and to nitrogen fixation in the two autochthonous strains
of R. leguminosarum bv. viciae 201ZG and 301ZG, ob-
served in biological experiment in greenhouse.
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