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Biological nitrogen fixation in acid soils of Lithuania
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The results of this study indicate that Rhizobium leguminosarum bv. trifolii is widely distributed
in slightly acid soils with pH, , 5.6-6.0. The average content of rhizobia was 540.0 - 10° cfu g™' of
soil. Less Rhizobium leguminosarum bv. viciae and significantly less Sinorhizobium meliloti and
Rhizobium galegae were found. Rhizobium significantly declined in acid soils (pH,, 4.1-5.0).
Most of biological nitrogen was fixed at soil pH, ,6.1-7.0. In this case, Rhizobium galegae
accumulated 196 to 289 kg N ha™! of nitrogen, whereas rhizobia of alfalfa and clover were less,
and it depended on strain efficiency and soil pH. Soil liming had a positive effect on nitogenase
activity in red clover. The soil liming (CaCO, rate 6.2 t ha™) in combination with inoculation
have increased biological nitrogen fixation by red clover at 106 kg N ha™!. Associative diazo-
trophes in non-legume rhizoplane have fixing the biological nitrogen too. The effective strains
of Rhizobium spp., Agrobacter radiobacter and Arthrobacter mycorens have made up an active

association with barley, timothy and spring rape and accumulated 11.0 to 20.4 kg N ha™' of

biological nitrogen.

Key words: Rhizobium, distribution in the soil, nitrogen fixation, associative diazotrophes

INTRODUCTION

From the atmosphere, biological nitrogen is accumulated by
symbiotic and non-symbiotic microorganisms which are called
diazotrophs. The total value of biological nitrogen depends on
the genetic and physiological properties of a symbiotic system.
Perennial legumes fix 40-470 kg N ha™' (Umarov, 1986; Koup,
2001) and annual legumes 30-200 kg N ha™' (Carranca et al.,
1999). Significantly less (14-50 kg N ha™') of biological nitrogen
was accumulated by associative and free nitrogen fixing soil mi-
croorganisms (Umarov, 1986).

The biological nitrogen fixing process depends on the oc-
currence and survival of Rhizobium in soils and also on their
efficiency (Adamovich, Klasens, 2001; Hamdji, 1982). Soil reac-
tion is one of the most important factors influencing legume
and Rhizobium symbiosis. A higher concentration of H* ions
increases the solubility of Al, Mn and Fe, and these elements
may be toxic. Sinorhizobium meliloti and Rhizobium galegae are
highly sensitive to acid pH and soluble Al when the critical soil
pH is 4.8-5.0 (Kelner et al., 1997; Lapinskas, 2004). Rhizobium
leguminosarum bv. trifolii and Rhizobium leguminosarum bv. vi-
ciae in comparison with alfalfa rhizobia are more tolerant to soil
acidity. However, pH less than 4.6 inhibits their activity. Legumes
and Rhizobium have form an efficient symbiosis and fix high
amounts of biological nitrogen when soil pH is no less than 5.6-
6.1 (Hamdi, 1982; Lapinskas, 1998). Soil acidification inhibited
the root-hair infection process and nodulation (Ambrazaitiené,
2003; Hartwig, Soussana, 2001).

The optimal soil reaction for a large majority of rhizobia
species is close to neutral. However, the value of soil pH may
change depending on soil conditions, especially on Al toxicity
(IInnbHMKOB U Ap., 1996). According to many publications on

soil liming, fertilization with PK fertilizers and organic manure,
as well as legume inoculation with effective strains of Rhizobium
are important factors for increasing the efficiency of symbiosis
(Vassileva, Kostov, 2001).

One of the central topics in increasing nitrogen fixation is le-
gume inoculation with effective and ecologically adapted rhizo-
bia strains that have become more tolerant to soil acidic pH and
especially to mobile Al at a concentration of 400 mM (Ozawa
etal.,, 1999). In the presence of low pH and Ca deficit in the soil,
rhizobia cannot form an efficient symbiosis (Ciuberkis et al.,
2005). Even small rates of Ca fertilizers (3.0 t ha™!) decrease the
toxicity of mobile Al and negative impacts of heavy metals more
than by half, improve the metabolism of nitrogen and phos-
phorus in the soil, because the activity of soil microorganisms
and nitrogen fixation increase (IlmabHukoB u ap., 1996). From
average Ca rates (7 t ha™') nitrogen fixation increases to 30%
(ITapaxuy, [lerposa, 2001). Large Ca fertilizer rates (20 t ha™)
eliminate Al toxicity entirely. The first indication of their ef-
ficiency was visible at day 5 after introducing Ca fertilizers
(Anpperok Ta iH., 2001). The liming of acidic soil has improved
both the inoculation process of legumes and nitrogen fixation
(Delavechia et al., 2003).

Our object was to determine and estimate the symbiotic and
non-symbiotic nitrogen fixation depending on soil acidity and
liming.

MATERIALS AND METHODS

The distribution of the main species of rhizobia (Rhizobium
leguminosarum bv. trifolii E,, Rhizobium leguminosarum bv. vi-
ciae F., Sinorhizobium meliloti D. and Rhizobium galegae L.) was
established in 400 different soil samples from Lithuania. The
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dilution method of legume inoculation in sterile conditions was
employed (Aupperox Ta iH., 2001). The red clover, alfalfa and
goat’s rue were grown in large biological tubes (200 x 20 mm),
vetches in 500 ml glasses in 5 repetitions. Nodule formation was
determined by the number of Rhizobium in the soils (Lapins-
kas, 1998). Biological nitrogen fixation in field experiments
was established by growing legumes and cereal plants (Tpema-
yes, fAropyua, 1991). The soil, according to the FAO-UNESCO
modified classification, was Dystri-Endohypogleyic Albeluvisols
(Abg-n-w-dy), pH,, 4.1-7.1, organic C 1.06-1.80%, available
P,0, and K,0 85-220 to 137-322 mg kg™ soil.

The colony size was measured in a nutrient yeast agar me-
dium (pH 4.2 to 7.0) after 6 days of growth at 25 °C. Tolerance
(percentage) of rhizobia species to the acidity of medium was
calculated by measuring the colony size in an acid (pH 5.4) me-
dium and dividing it by the size in a neutral (pH 7.0) medium
and multipling by 100.

Field trials were carried out in both Dystri-Endohypogleyic
Albeluvisols and Orthi-Haplic Luvisols with pH,, 4.7-6.4, or-
ganic C 1.17-3.14%, available phosphorus (P,0,) 64-139 and
potassium (K,0) 92-118 mg kg™'. Legumes were sown in 28 m?
(2.0 x 14.0 m) plots. Their inoculation was carried out with eco-
logically adapted and non-adapted strains of rhizobia in soils of
different acidity (Lapinskas, 2002). For establishing biological
nitrogen fixation, darnel (Lolium perenne L.) was grown in par-
allel plots. The experimental area was fertilized with P, K, . Just
before legume sowing, the seeds were inoculated with rhizobia
bacterial suspension at 600 x 10° cfu (colony forming units)
ha™!. After cutting legumes and cereal plants (2-3 times every
year), 0.5 kg herbage samples from all plots were taken for dry
matter content analysis. All samples were dried and weighed to a
constant weight in an oven controlled at 105°C, and the amount
of dry matter harvested was determined. The root samples were
taken from soil monoliths (200 x 200 x 200 mm) dug out at
bound from each plot.

For establishing biological nitrogen fixation, ryegrass
(Lolium perenne L.) was grown in parallel plots. The experimen-
tal area was fertilized with P, K_. Just before legume sowing,
the seeds were inoculated with rhizobia bacterial suspension at
600 x 10° cfu ha™'. After cutting legumes and cereal plants (2-3
times every year), 0.5 kg herbage samples from all plots were
taken for dry matter content analysis. All samples were dried and
weighed to a constant weight in an oven controlled at 105 °C,and
the amount of dry matter harvested was determined. The root
samples were taken from soil monoliths (20 x 20 x 20 cm). The
content of nitrogen was calculated according to the equation:

F =(U +R)-(U+R),

where F, - fixed nitrogen, U is total nitrogen in the overground
part of legume, R is total nitrogen in legume roots, U, is total
nitrogen in the overground part of cereal plants, R is total nitro-
gen of cereal roots. In all cases the dimension was kg N ha™".

The efficiency of associative nitrogen-fixing bacteria was
examined under field and pot experiments. The soil was Dystri-
Endohypogleyic Albeluvisols (pH,, 5.6-5.9). By fertilizing with
P K, the background was formed. In field trials, barley and
timothy seeds were inoculated with preparations from sequen-
tial bacteria: Azospirillum lipofera (strain 137), Agrobacterium

radiobacter 10, Arthrobacter mycorens 7 and Rhizobium legu-
minosarum bv. In pot experiments, the efficiency of Rhizobium
leguminosarum bv. trifolii 348a, Rhizobium galegae and
Bradyrhizobium japonicum was examined on barley and spring
rape. Biological nitrogen was calculated from total nitrogen dif-
ferences in inoculated and uninoculated plants (Umarov, 1987).

The efficiency of soil liming, red clover inoculation and
leaching of Ca and nitrates from soil were measured in lysimet-
ric experiments. The soil pH,, was 5.2 before liming and 6.2 af-
ter liming (6.2 t ha™' CaCO,). In the lysimetric trial, the soil was
Dystri Albeluvisol packed with natural layers. The area of the
lysimetric trial was 1.0 m* and depth 1.1 m. Experiments had
three replicates. The seed of red clover before sowing was inocu-
lated with Rhizobium leguminosarum bv. trifolii strain 348a.

Pattern analysis was processed using ANOVA and STAT pro-
grams (Tarakanovas, Raudonius, 2003).

RESULTS AND DISCUSSION

Rhizobium distribution and symbiotic efficiency. The results
have shown that Rhizobium leguminosarum bv. trifolii is widely
distributed in acid soils with pH, , 5.6-6.0. The amount of rhizo-
bia was 540.0 - 10° g! of soil (Fig. 1). Less Rhizobium legumi-
nosarum bv. viciae and significantly less Sinorhizobium meliloti
and Rhizobium galegae were found. Rhizobium significantly de-
clined in acid soils (pH,,4.1-5.0).

The optimal soil pH for different species of Rhizobium was
different. Rhizobia of clover grew best at pH 5.6-6.0, rhizobia of
viciae and alfalfa at pH 6.6-7.0, and rhizobia of fodder galega at
pH above 7.0.

The highest level of biological nitrogen was found at soil
pH 6.1 to 7.0. Rhizobium galegae fixed 196 to 289 kg N ha™' of
biological nitrogen, while rhizobia of alfalfa and clover were less,
and it depended on strain efficiency and soil pH (Fig. 2).

The minimal soil acidity on biological nitrogen fixation was
pH,, 4.5. At the same time, other species of this bacterium did

not fix the atmospheric nitrogen. When soil pH,, was 5.0, all
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Fig. 1. The impact of soil pH, , on the distribution of different Rhizobium species:

T~ Rhizobium galegae (R ; 12.6), 2 - Sinorhizobium meliloti (R , 27.4), 3 — Rhizobium
leguminosarum bv. viciae (R, 23.5), 4 — Rhizobium leguminosarum bv. trifolii
(R,;37.8)
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rhizobia species fixed nitrogen (123 to 205 kg N ha™'). The in-
hibitory effect of a low soil pH has been indicated in references
(Lapinskas, 2002; Kamnuckiit, lonogaa, 2000). The optimal reac-
tion for various species was different. Rhizobium leguminosarum
bv. viciae, Sinorhizobium meliloti and Rhizobium leguminosarum
bv. trifolii fixed biological nitrogen most intensively at soil pH,
6.5, whereas Rhizobium galegae formed an efficient symbiosis at
pH,, 7.0. Until now, it has been known that Sinorhizobium me-
liloti but not Rhizobium galegae has higher requirements for soil
pH (Lindstrém, Milliniemi, 1987). According to literature data,
Sinorhizobium meliloti shows a higher symbiotic efficiency than
other Rhizobia (Hamdi, 1982; Kelner et al., 1997). The prevailing
acid soils in West Lithuania do not offer optimal conditions for
cultivating alfalfa and their rhizobia. When soil acidity decreased
from pH 5.5 to 6.5, the amount of fixed nitrogen increased from
40 to 88 kg N ha™'. When liming was not applied, legume inocu-
lation with effective strains adapted to ecological conditions was
an effective means (Fig. 3).

Rhizobium spp. tolerance of acid reaction. Results of labora-
tory analyses showed that of all rhizobia species Sinorhizobium

Fixed nitrogen kg N ha™

pHkci -

Fig. 2. The impact of soil pH,, on symbiotic nitrogen fixation by different Rhizo-
bium spp.: T — Rhizobium galegae, 2 — Sinorhizobium meliloti, 3 — Rhizobium legumi-
nosarum bv. viciae, 4 — Rhizobium leguminosarum bv. trifolii

meliloti was most sensitive to acid reaction. The index of rhizo-
bia tolerance to acid medium was 67%, while in the other species
it reached 79-87%. In the acid medium (pH 4.2), no strains of
this bacteria grew, while other bacteria species grew satisfac-
torily and formed colonies 2.1 to 5.9 mm in size (Table 1). The
other rhizobia species were more tolerant to medium acidity
as compared with Sinorhizobium meliloti. In a neutral medium
(pH 7.0), all rhizobia species grew very intensively and formed
colonies 6.9 to 10.3 mm in diameter.

Rhizobium ecological adaptation. In other series of field
experiments, we estimated the efficiency of different species
and strains of Rhizobium depending on their ecological adap-
tation. The results showed that depending on rhizobia species
and soil pH, legume symbiosis fixed 160-264 kg N ha™' on av-
erage (Table 2). The highest amount of nitrogen was accumu-
lated by Rhizobium leguminosarum bv. trifolii and the lowest
by Rhizobium leguminosarum bv. viciae. From adapted strains,
only Rhizobium galegae and Rhizobium leguminosarum bv. vi-
ciae had an advantage as compared to non-adapted, whereas
Sinorhizobium meliloti and Rhizobium leguminosarum bv. trifo-
lii strains from the standpoint of nitrogen fixation were of the
same efficiency.

The content of crude protein depended on symbiosis. In all
cases, legume inoculation had a positive effect on crude protein
accumulation in legume yield. The inoculation of goat’s rue and
field bean with adapted rhizobia strains increased the efficiency
of their symbiosis and had a positive effect on legume yield and
biological nitrogen fixation.

Soil liming was an effective measure of improving the
symbiosis and nitrogen fixation. Acid soil liming (6.2 t ha™' of
CaCO,) enriched the soil with biological nitrogen by 57 kg N ha™!
(Table 3). Liming in combination with inoculation of red clo-
ver fixed the highest amount of nitrogen — 275 kg N ha™.
Agricultural means effectively increased DM yield (by 2.4 t ha™')
and crude protein content by 365 kg ha!.

Data of nutrient leaching analysis showed that a combi-
nation of soil liming with legume seed inoculation had an ef-
fect on the leaching of Ca*. However, somewhat more nitrates
(NO-, 18 kg ha™) leached in the plots where soil was unlimed
and uninoculated clover grew. The explanation can be that
the same measures intensified clover growth because there

Fixed nitrogen,
kg N ha™

25

Fig. 3. The impact of associative diazotrophs on biological nitro-

Barley gen fixation by barley and timothy: 7 — Flavobacterium spp.,
(LSDos 1.18) 2 — Arthrobacter mycorens, 3 — Agrobacterium radiobacter,
Timothy

4 — Azospirillum lipoferum, 5 — Rhizobium leguminosarum

(LSDys 1.03)
* bv. trifoli
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Table 1. The impact of nutrient medium pH on Rhizobium spp. biomass growth

o Nutrient medium pH and colony size Index of rhizobia tolerance
Rhizobium spp. LSD, . )

42 | 54 | 60 63 7.0 to acid (pH 5.4) reaction, %
S. meliloti 0 4.6 6.4 6.5 6.9 0.9 67
R. leguminosarum bv. trifolii 2.1 8.1 10.2 10.6 103 1.3 79
R. galegae 5.5 7.5 8.5 8.4 8.4 1.1 89
R. leguminosarum bv. viciae 59 8.0 8.8 8.9 9.2 13 87

was less nutrients leached from the area under clover crop CONCLUSIONS

(Hamdji, 1982).

Associative nitrogen fixation. Different species of diazo-
trophs fixed unequal amounts of biological nitrogen in the
rhizoplane of barley and timothy (Fig. 3). The highest amount
of nitrogen was accumulated by Agrobacterium radiobacter,
Rhizobium leguminosarum bv. trifolii and Arthrobacter myco-
rens. They fixed 11.0-20.4 kg N ha™' from the atmosphere. It is
known that in non-acid and rich in phosphorus and potassium
soils, associative nitrogen fixers accumulate 50 kg N ha™' and
more (Elgersma, Schlepers, 2001). It is obvious that slightly acid
soils inhibit nitrogen fixation by diazotrophs.

Table 2. Symbiotic efficiency of different Rhizobium spp. depending on their
ecological adaptation

L Fixed Number . Crude protein
Rhizobium . DM yield
i nitrogen |of nodules t ha-' o kg ha
kg N ha™' | per plant™
Rhizobium leguminosarum bw. trifolii
Uninoculated 222 139 6.39 16.74 1070
Not adapted 264 184 6.94 18.33 1272
Adapted 261 202 7.39 17.00 1256
LSDys 9.3 16.6 0.2 42
Rhizobium galegae
Uninoculated 43.1 48.2 2.56 14.65 375
Not adapted 167.1 89.8 4.89 15.60 763
Adapted 2133 129.0 5.73 16.47 944
LSDys 225 19.3 0.30 24
Sinorhizobium meliloti
Uninoculated 184 23 5.62 15.78 887
Not adapted 205 38 6.26 15.80 989
Adapted 213 41 6.35 16.12 1024
LSDys 12.8 42 0.30 57
Rhizobium leguminosarum bv. viciae

Uninoculated 160 62 3.05 29.81 772
Not adapted 171 78 3.25 29.86 824
Adapted 183 119 3.51 29.46 878
LSDys 8.6 17.7 0.29 29

Our study has shown that soil acidity is the decisive factor in
the distribution and symbiotic efficiency of Rhizobium legumi-
nosarum bv. trifolii E, Rhizobium leguminosarum bv. viciae E,
Sinorhizobium meliloti D. and Rhizobium galegae L.

Rhizobium leguminosarum bv. trifolii was mostly distrib-
uted and tolerant on acid soils. In a slighty acid soil, the aver-
age amount of rhizobia was 540.0 - 10° cfu g™* soil. In highly acid
and medium acid soils (pH,, 4.1-5.0), Rhizobium galegae and
Synorhizobium meliloti were not found.

Under field conditions, rhizobia, depending on their spe-
cies and soil pH,,, have fixed biological nitrogen from 0 to
289 kg N ha!. The most active fixer of atmospheric nitrogen was
Rhizobium galegae and the worst Rhizobium leguminosarum
bv. vicige. The minimal soil acidity for all studied species was
pH,, 5.0 and optimal pH, , 6.5-7.0.

The results of this study indicated that different Rhizobium
species were unequally tolerant to soil acidity. The index of
tolerance of Sinorhizobium meliloti was 67%; in more tolerant
Rhizobium galegae and Rhizobium leguminosarum bv. viciae it
was 79 and 89%, respectively, comparing their growth in acid
(pH 5.4) and neutral (pH 7.0) media.

Effective and ecologically adapted strains had an advantage
if compared to non-adapted ones only in forming symbiosis
and nitrogen fixation with Rhizobium galegae and Rhizobium
leguminosarum bv. viciae. However, adapted strains formed
markedly more nodules in legume roots than did non-adapted
ones.

The most important factors to activate nitrogen fixation
were acid soil liming and legume seed inoculation with effective
and in some cases ecologically adapted rhizobia strains. Liming
(CaCO, rate 6.2 t ha™) in combination with inoculation of red
clover increased the content of fixed biological nitrogen from
169 to 275 kg N ha'.

The application of associative nitrogen fixing bacteria on
non-legumes is highly promising. Our experiment data have
shown that barley and timothy fixed 18.2-20.4 kg ha™' of
biological nitrogen when their seeds were inoculated with

Table 3. Efficiency of inoculation and liming on red clover symbiosis and relation with leaching of nutrients

Fixed nitrogen Leached nutrients kg ha™ DM yield Crude protein
Treatment
kg N ha™' Ca* | NO, tha % kg ha™'
Uninoculated, unlimed 169 134 18 4.60 13.63 627
Inoculated, unlimed 202 126 13 5.41 13.49 730
Uninoculated, limed 226 138 11 5.92 14.17 839
Inoculated, limed 275 128 15 7.00 14.17 992
LSDgs 43 14.2 2.54 0.60 1.67 86
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diazotrophs (Agrobacterium radiobacter, Rhizobium legumi-
nosarum bv. trifolii and Arthrobacter mycorens). Rhizobium le-
guminosarum bv. trifolii and Rhizobium galegae have been the
most effective associates on spring rape.
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BIOLOGINIO AZOTO FIKSACIJA LIETUVOS
RUGSCIUOSE DIRVOZEMIUOSE

Santrauka

Daugiameciy ekspediciniy, lauko, vegetaciniy ir laboratoriniy tyrimy
rezultatais, jvairiy rasiy gumbeliniy bakterijy paplitimui ir simbiozi-
niam efektyvumui lemiamos reik§meés turi dirvozemio pH. Dobily gum-
belinés bakterijos (Rhizobium leguminosarum bv. trifolii) daugiausia
paplitusios ir tolerantiskiausios dirvozemio riigi¢iai reakcijai. Vidutinis
ju skaicius siekia 540,0 - 10°KSV g! dirvozemio. Rag§c¢iuose dirvoze-

miuose, kuriy pH,,4,1-5,0, oZiaraciy ir liucerny gumbeliniy bakterijy

KCl
(Rhizobium galegae ir Sinorhizobium meliloti) nerasta. Skirtingy rasiy

gumbelinés bakterijos dél dirvozemio pH, ., gali sukaupti atmosferos

KCl
azoto nuo 0 iki 289 kg N ha™'. Daugiausia azoto fiksuoja rytiniy oZiara-
¢iy gumbelinés bakterijos ir maZiausiai — vikiy grupés bakterijos. Visy
rasiy Rhizobium azoto fiksacijos kritinis dirvozemio pH, . yra 5,0 ir
< 6:5-7,0.

Tyrimy duomenimis, skirtingy rasiy gumbelinés bakterijos nevie-

KCl

optimalios salygos — pH

nodai tolerantiskos dirvozemio rugs¢iai reakcijai. Liucerny bakterijy
tolerantiskumo indeksas, lyginant jy augima rags¢ioje (pH 5,0) ir neut-
ralioje (pH 7,0) mitybos terpése, buvo 67%, tuo tarpu oziartciy ir vikiy
grupiy bakterijy — atitinkamai 89 ir 87%.

Efektyvas ir ekologiSkai pritaikyti oziaraciy ir vikiy gumbeliniy
bakterijy kamienai, formuojant simbioze, buvo pranasesni uz nepritai-
kytus: sudaré daugiau gumbeliy ir aktyviau fiksavo atmosferos azota.
Dél dirvozemio kalkinimo (6,2 t ha™! CaCO3), derinant su inokuliavimu,
raudonyjy dobily azoto fiksavimas padidéjo nuo 169 iki 275 kg N ha".

Asociatyviy azota fiksuojanéiy bakterijy naudojimas neanksti-
niams augalams turi dideles perspektyvas, ypa¢ ekologinéje Zemdir-
bystéje. Dél mieziy ir motiejuky inokuliavimo veiksmingais diazotro-
fy Agrobacterium radiobacter, Arthrobacter mycorens ir Rhizobium
leguminosarum bv. trifolii kamienais aktyvéjo azoto fiksacija augaly
rizoplanoje vidutiniSkai 18,2-20,4 kg N ha™'. Vasariniy rapsy atmosfe-
ros azoto asimiliacija stimuliavo dobily ir oZiara¢iy gumbelinés bak-
terijos.

Raktazodziai: Rhizobium, paplitimas dirvozemyje, azoto fiksacija,
asociatyvus diazotrofai



