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Effects of liming and Sinorhizobium inoculation on growth,
nodulation and nutrient concentrations of lucerne in acid soil
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Abstract

A greenhouse pot experiment examined the effects
of liming and inoculation with Sinorhizobium on
nodule formation, growth and nutrient concentra-
tions in the shoots of 2 lucerne cultivars, which
performed differently when grown in acid soil, in a
factorial design with 6 replications. Sanditi (good
performer) and Gannong-3 (poor performer) were
selected from 6 cultivars in a preliminary experi-
ment and grown in an acid purplish soil (pH 5.45;
in water) with and without lime addition and with
and without inoculation. Sinorhizobium meliloti
strain 1.163, an acid-tolerant isolate from a
chestnut soil in the north of China, was used as the
inoculant. Liming improved growth of Gannong-3
(P>0.05) but not of Sanditi, while inoculation
increased growth of both cultivars (P<0.05). Most
of the growth responses occurred in the roots. Very
few nodules were formed on the roots of either
cultivar without addition of Sinorhizobium, while
both cultivars nodulated well in the presence of
inoculum. Liming increased (P<0.05) the number
of root nodules/plant but reduced both mean
nodule weight and total weight of nodules/plant
(P<0.05). Liming significantly increased N con-
centration in shoots of Sanditi and P concentration
in Gannong-3. These results indicated that inocula-
tion with acid-tolerant Sinorhizobium would boost
production of both of the tested cultivars when
grown in acid soils. Further testing is required to
determine the benefit of liming for Gannong-3.
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Introduction

Throughout the world, lucerne (Medicago
sativa) is widely grown in soils with pH 6.5-7.5.
Lucerne is more sensitive to acid soils than most
other legumes (Baligar ef al. 1988; Maria et al.
1999), often growing poorly in acid soils because
of low pH, Al (aluminium) and Mn (manganese)
toxicities and nutrient deficiencies [mainly Ca
(calcium), Mg (magnesium), P and Mo (molyb-
denum)] (Foy 1988). Most rhizobia are sensitive
to low pH, Al and Mn, and the general infertility
of acid soils could inhibit their survival and prop-
agation, plus nodule initiation and development
(Munns et al. 1981).

Several strategies have been developed to
grow lucerne in acid soils, including selection
of cultivars tolerant of acidic conditions, inoc-
ulation with acid-tolerant Sinorhizobia and the
application of lime (Bakker et al. 1999; Brauer
et al. 2002; Soto et al. 2004). The most common
option is liming, which can quickly increase soil
pH, alleviate Al toxicity, correct nutrient deficien-
cies (Lai and Mathur 1989; Littke and Zabowski
2007) and thus promote growth and nutrient
uptake by plants (Belkacem and Nys 1997). How-
ever, application of lime at inappropriate times or
at excessive levels could cause nutrient imbalance
in soils and plants, resulting in growth inhibition
and yield reduction (Walker 2002).

Legumes differ greatly in growth and nodula-
tion in response to low pH (Tang and Thomson
1996). The selection of acid-tolerant cultivars is
a fundamental approach for successful cultiva-
tion of lucerne in acid soils (Grewal and Williams
2003). Growth and development of legumes are
closely related to nitrogen bio-fixation (Pietsch
et al. 2007). Nodulation is essential for successful
lucerne production and the presence of Sinorhizo-
bium meliloti, the organism involved in lucerne
nodulation, is a prerequisite to nodule formation
in acid soils. However, most strains are quite sen-
sitive to acidic conditions and Al, and are hard to
propagate to ensure survival in acid soils. Only a



few are both acid- and Al-tolerant (Rinaudi et al.
2006).

In general, information on the relationships
between lucerne cultivars with variable acid tol-
erance and S. meliloti, particularly acid-tolerant
strains, is quite limited. It is also necessary to
understand the influence of liming on growth
and nutrient absorption by acid-tolerant cultivars
of lucerne, and on nodule formation and N, fix-
ation by acid-tolerant S. meliloti. The objectives
of the present experiment were: (i) to assess the
growth of lucerne cultivars with different levels
of acid tolerance in response to Sinorhizobium
inoculation and liming; (ii) to assess the influ-
ence of liming on nodule formation and devel-
opment; and (iii) to determine any interactions
among lucerne cultivar, Sinorhizobium inocula-
tion and liming in relation to nutrient concentra-
tions, particularly N.

Materials and methods
Experimental soil

The cultivated horizon (0-30 cm) of an acid pur-
plish soil (typical Udorthent), which is derived
from sandy sedimentary rocks and is widespread
in Sichuan Basin, China, was collected, air-dried,
ground to pass a sieve with 2 mm openings and
then sterilised at 121°C for 30 min. The soil had
sandy loam texture, low CEC, low organic matter
and pH 5.15 and contained 76.8 mg/kg of 1IN
NaOH-hydrolysed N, 32.6 mg/kg of Olson P,
114.8 mg/kg of 1N ammonium acetate-extractable
K, 14.4 mg/kg of IN sodium acetate-extractable
Ca and 1.24 mg/kg of KCl-extractable Al.

Selection of lucerne cultivars

A field experiment was conducted to select lucerne
cultivars with differing production (possibly dif-
fering adaptation) on acid soils for use in fur-
ther pot experiments. The 6 cultivars, Gannong-1,
Gannong-2, Gannong-3, Sanditi, Eureka and
Defi, which were widely cultivated in the north
of China, were grown in the experimental soil for
4 months and shoot weight was recorded at har-
vest. Prior to sowing, the area was fertilised with
75 kg/ha N (supplied as urea) and 65 kg/ha P (sup-
plied as superphosphate). Standard field manage-
ment operations such as irrigation and pest and
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weed control were conducted during the growth
period. The cultivar which grew best (Sanditi) as
well as the poorest (Gannong-3), considered to be
acid-tolerant and acid-sensitive cultivars, respec-
tively, were selected for use in this study.

Experimental design

The experiment was a factorial arrangement of
2 liming treatments (no lime and plus lime) and
2 inoculation treatments (uninoculated and inocu-
lated with Sinorhizobium) with 6 replications. In
order to obtain 2 levels of soil pH, lime was added
to 100 g of soil at about 75% field capacity (w/w)
and the soil was incubated in the dark at 25°C for
15 d. The addition of 600 mg lime into 100 g soil
raised soil pH from 5.15 to 6.54. Therefore, for
liming treatments 12 g lime was mixed with 2 kg
of prepared soil, which was placed in each exper-
imental pot (diameter x depth = 12 cm x 20 cm)
for growing lucerne seedlings; the blank controls
were set up in the same way with no lime added.

Seeds of the 2 lucerne cultivars, Gannong-3 and
Sanditi, were surface-sterilised with 1% CaClO
solution for 5 min and grown in quartz sands
with long day period (14 h light and 10 h dark,
light intensity 15 000 lux provided by fluores-
cent tube) at 25°C for 3 weeks. Healthy seedlings
were selected and half had their roots immersed
in suspensions of Sinorhizobium meliloti 1.163
(Sm 1.163) containing 108-10° cells/ml for about
15 seconds. Sm 1.163, supplied by Institute of
Microbiology, Chinese Academy Sciences, is
acid-tolerant and is widely used in lucerne cul-
tivation in China. Thereafter, 3 seedlings were
transplanted into each experimental pot and
grown for 3 months in a greenhouse. During the
growth period, the seedlings were watered weekly
to keep the soil moisture at about 70-75% of field
capacity. Each of the 4 treatments (Control, lime
added with no inoculation, no lime added with
inoculation and lime added with inoculation) was
replicated 6 times.

Measurements

At harvest, plants were removed, and below-
ground parts were thoroughly washed with a
fine water spray and separated into nodules and
roots. The nodules with violet red colour were
counted; minute nodules with white colour were
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not included in the count. Shoot and root samples
were oven-dried at 80°C for 48h, weighed individ-
ually, ground to pass through a sieve with 2 mm
openings and analysed for N by the Kjeldahl pro-
cedure, P by molybdenum blue methods followed
by colorimetry, K by flame photometry and Ca,
Mg and Al by atomic absorption spectrometer
after digestion in H,SO,-H,0, solution.

Soil was collected from the pots at harvest
and routinely prepared for the assessment of
exchangeable Ca (extracted by 1 N CH,;COONa)
and Al (extracted by 1 N KCl) by atomic absorp-
tion spectroscopy. Soil pH was determined by a
pH meter (soil:water = 1:1).

Data treatment

All data were subjected to analysis of variance
using SPSS model (ANOVA, Duncan’s multiple
range test and Pearson’s correlation coefficient).
Differences obtained at levels of P = 0.05 were
considered significant.

Results
Soil pH, exchangeable Ca and Al in soil

Soil pH and the size of exchangeable Ca and
Al pools at harvest (Table 1) show that liming
increased soil pH from 5.45 to 6.54, and exchange-
able Ca from 1242 ug/g to 29.21 pg/g soil
(P<0.05). In contrast, exchangeable Al decreased
from 1.16 pg/g to 0.31 pg/g soil following lime
application (P<0.05).

Table 1. Soil pH and exchangeable Ca and Al in soil.

Treatments pH Exchangeable
Ca Al
(ng/g soil)
Limed 6.54a! 29.21a 0.31b
Unlimed 5.45b 12.42b 1.16a

"'In each column, means followed by different letters are
significantly different at P = 0.05.

Growth of lucerne

Both cultivars produced similar growth responses
to liming and Sinorhizobium inoculation. Plant

biomass increased significantly (P<0.05) as a
result of inoculation with most of the response
being in root growth. Liming increased growth
of Gannong-3 (P>0.05), with the only significant
(P<0.05) response being in root growth in the
presence of inoculation.

Table 2. Effects of liming and S. meliloti inoculation on the
growth of 2 lucerne cultivars.

Treatments Root Shoot Total
weight weight yield
(g/pot DM)
Gannong-3
No inoculation
—lime 1.50¢! 2.79b 4.29¢
+lime 1.91c 2.81b 4.72bc
Inoculation
—lime 2.47b 33la 5.78ab
+lime 3.06a 3.43a 6.49a
Sanditi
No inoculation
—lime 1.70c 2.98b 4.68bc
+lime 1.57¢ 3.06b 4.63bc
Inoculation
—lime 2.66ab 3.53a 6.19a
+lime 2.82ab 3.25a 6.07a
Significant differences:
Cultivar NS NS NS
Inoculation ok * ok
Lime * NS NS
Lime x inoculation NS NS NS

I'In each column, means followed by different letters are
significantly different at P = 0.05.

Number and size of nodules

Roots of uninoculated lucerne plants produced very
few nodules (data not presented), while inoculated
plants produced 24-39 nodules/plant depending
on cultivar and liming treatment (Table 3). Both
cultivars showed significant (P<0.05) increases in
nodule number per plant as a result of liming, with
a mean increase of 10.5 nodules per plant. While
Sanditi produced more nodules than Gannong-3,
mean nodule weight and total nodule weight/plant
favoured Gannong-3. Number of nodules per
plant was increased by liming, but mean nodule
weight and total nodule weight/plant were lower
on limed treatments.

Concentrations of mineral elements in shoots

As shown in Table 4, both liming and Sinorhizo-
bium inoculation increased N concentrations in



shoots for both cultivars but differences were sig-
nificant only for Sanditi. Al concentrations were
decreased by both liming and inoculation. There
was a significant interaction between liming and
Sinorhizobium inoculation in this response with
much greater reduction as a result of liming in
the presence of inoculation. Liming increased P
concentrations in Gannong-3 (P < 0.05).

Table 3. Effect of liming on nodulation of 2 lucerne cultivars
inoculated with S. meliloti.

Treatments Nodules/ Mean Total
plant nodule nodule
weight weight
(mg/nodule (mg/plant
FW?) FW)
Gannong-3
—lime 23.9¢! 23.0a 547.8a
+lime 34.7a 11.1b 381.8b
Sanditi
—lime 28.4b 14.0b 411.9b
+lime 38.6a 6.1c 230.6¢
Significant differences:
Cultivar o o o
Ll me B B B
Lime X cultivar ok ok ok

'In each column, means followed by different letters are
significantly different at P = 0.05.
2FW = fresh weight.
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Discussion

The results of this study have done little to confirm
our hypothesis that Sanditi was an acid-tolerant
cultivar while Gannong-3 was acid-sensitive.
Neither of the lucerne cultivars responded sig-
nificantly in growth in response to liming, even
though liming markedly increased pH and low-
ered exchangeable Al levels. While Gannong-3
appeared to show a growth response, the differ-
ences were not significant (P>0.05). However,
this tendency to respond to liming does add some
weight to the suggestion that Gannong-3 is more
sensitive to acidic soil conditions than Sanditi.
Xu et al. (2006) reported that pasture legumes
acidified soils to some extent and differed in
their abilities to efflux organic acids. The acid-
tolerant species were usually tolerant of high Al
levels in acid soils, since they were able to efflux
organic acids into culture mediums to form che-
lates with Al, thereby alleviating toxicity (Foy
and Lee 1987). Taking into account the close
relationship between pH and Al in soils, it seems
reasonable to suggest that Gannong-3 might be
more susceptible than Sanditi to high Al levels
in acid soils. One of the reasons for the apparent
growth improvement of Gannong-3 following
lime addition could be the reduction in exchange-
able Al levels in the treated soil. The reduction in

Table 4. Concentrations of N, P, K, Ca, Mg and Al in the shoots of 2 lucerne cultivars in response to liming and inoculation with

S. meliloti.
Treatments N P K Ca Mg Al
(g/kg DM)
Gannong-3
No inoculation
—lime 30.52¢! 5.21b 31.52b 13.12a 1.78a 1.55a
+lime 32.93bc 8.44a 31.73b 13.13a 1.67a 1.13b
Inoculation
~lime 31.94bc 5.56b 33.64ab 13.64a 1.56a 0.76¢
+lime 34.32b 7.37a 32.71b 13.86a 1.63a 0.24d
Sanditi
No inoculation
—lime 25.73d 7.12ab 38.45a 14.17a 1.66a 1.65a
+lime 33.05bc 7.36ab 38.72a 13.95a 1.84a 1.22b
Inoculation
—lime 34.07bc 7.15ab 35.27a 14.62a 1.73a 0.87¢
+lime 38.28a 7.41ab 33.44ab 14.64a 1.76a 0.34d
Significant differences:
Cultivar wE HoE wE NS NS NS
Inoculation ok NS NS NS NS ok
Lime o * NS NS NS ok
Lime X inoculation Hk NS NS NS NS ok

!'In each column, means followed by different letters are significantly different at P = 0.05.
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Al levels in shoots of plants grown on the limed
treatments would support this hypothesis.

The major and consistent outcome from this
study was the marked growth responses fol-
lowing inoculation in both cultivars. Interest-
ingly, the growth responses following inoculation
were largely confined to the roots, with 66%
(Gannong-3) and 75% (Sanditi) of the overall
growth response occurring in the roots. In con-
trast, liming produced non-significant growth
responses in Gannong-3 (about 25%) and no
response in Sanditi. Following inoculation with
acid-tolerant Sinorhizobium, plants changed from
producing virtually no nodules to producing sig-
nificant numbers (24-39 nodules per plant) on
their roots. The nitrogen fixed by these nodules
would have contributed to the significant plant
growth responses in inoculated plants. How-
ever, the interaction between liming and nodule
formation is intriguing. In both cultivars, liming
increased the number of nodules produced but
these were much smaller than those in unlimed
plots, resulting in less total weight of nodules in
limed plots. The larger nodules in unlimed plots
might reflect an inhibition of nodulation, with
fewer opportunities to nodulate resulting in larger
nodules as the system compensated. Edmeades
et al. (1981) found that liming improves soil
nitrogen mineralisation, and the resulting higher
available nitrogen for plants obviates the need for
early nodulation, limiting nodule development,
which might partly explain why liming decreased
total nodule weight. The differences in nodulation
of the two cultivars also are of interest. While the
preliminary study suggested that Gannong-3 was
acid-sensitive, it produced a much greater weight
of nodules than Sanditi in both the presence and
the absence of lime. However, maximum total
DM yield in both cultivars was similar as was the
total amount of N contained in the shoots.

The increase in N concentrations in shoots of
lucerne following liming contrasts with the gen-
erally smaller increases from inoculation and
reductions in Al concentrations. The reduction
in Al concentrations in shoots would be a func-
tion of the lower exchangeable Al, available for
plants, in the limed soil. However, the increase in
N levels in shoots following liming conflicts with
the greater weight of nodules formed on roots of
unlimed plants. This suggests that there is no sig-
nificant relationship between total nodule weight
per plant and nitrogen-fixing ability and N levels
in plant shoots. Tajima et al. (2007) reported that

nitrogen-fixing ability of root nodules was closely
related with their size, with medium-sized nod-
ules fixing most N. It appears that the nitrogen
increase in shoots of limed plants is a function of
both nitrogen-fixing ability of the plants and soil
nitrogen availability, especially during the early
growing stages (Edmeades ef al. 1981).

Liming can either increase (Holford and
Crocker 1994) or decrease (Mendoza et al. 1995)
available P in soils. The lime effect on P absorp-
tion by plants is highly dependent on the types
of soils and plants (Lemare and Leon 1989), with
liming producing variable effects on available P
in soils and P uptake by plants (Prasad 1992).
Our results suggest that Gannong-3 benefited
from liming by increasing P uptake from the soil
while Sanditi was unaffected. This again suggests
that Sanditi is more tolerant of acidic soil condi-
tions than Gannong-3.

From the present study, we conclude that acid-
tolerant Sinorhizobium should be applied to both
lucerne cultivars, Sanditi and Gannong-3, when
grown on acid soils to obtain maximum growth.
However, responses of these lucerne cultivars to
liming during the early growing stages are not
clear. Further long-term experiments are needed
to evaluate the responses to liming, particularly
of Gannong-3, in terms of growth and nodule
production.
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