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Using a PCR-DGGE Method
to Analyze Diazotrophic Diversity in Soil

and Root Nodules of Casuarina in the Sihu Area
Tsung-Po Chang,”  Chun-Hsiung Hung,”  Yu-Ting Wu,”  Lei-Chen Lin*”

[ Summary ]

Casuarina spp. are major windbreak species in coastal forests of Taiwan. With great ability
for rapid growth and adaptability to adverse environmental conditions, they enhance soil stabi-
lization and provide protection and rehabilitation for coastal areas. Many factors may limit the
reproduction of Casuarina in coastal areas such as infertile soil, drought, salt stress, litterfall, and
weeds. In addition, nitrogen is generally considered one of the major nutrients in plant growth, and
Casuarina plants can obtain nitrogen sources through association with Frankia via root nodules. In
order to understand the interaction between diverse diazotrophic diversity and different test sites of
Casuarina spp. determine whether it is the diversity level of diazotrophic on healthy and on declin-
ing Casuarina spp., or the number of nitrogen-fixing bacteria in the nodules of Casuarina spp., di-
rect amplification of the nifH gene for a polymerase chain reaction-denaturing gradient gel electro-
phoresis (PCR-DGGE) analysis with the primer pair polF-GC/polR was applied in this study. The
results demonstrated that there were 2 groups of nitrogen-fixing bacteria collected from these root
nodule samples that appeared on the PCR-DGGE profiles. Whether Casuarina stands are on the
decline or not, a high diversity of diazotrophic community has been observed among all test sites.
Therefore, this study shows that the declining Casuarina is not related to the diazotophic diversity.
Key words: Casuarina equisetifolia, denaturing gradient gel electrophoresis (DGGE), diazotrophic
diversity, Frankia, nifH gene, root nodule.
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INTRODUCTION

Most coastal sandy soils lack organic
matter and are deficient in nutrients for plant
growth (Chen et al. 2008). Nitrogen is an es-
sential element for plant growth in the forms
of amino acids, proteins, nucleic acids, and
other nitrogen-containing components (Men-
gel and Pilbeam 1992). Although 80% of the
atmosphere is nitrogen (N,), N, is difficult to
be directly used by plants. Nitrogen-fixing
microbes are able to convert nitrogen gas
from the atmosphere into ammonium (NH,")
in a process of biological nitrogen fixation
possibly located in root nodules and induced
by symbiotic, associative, and free-living soil
bacteria including 2 major bacterial groups:
Rhizobia and Frankia which can form nod-
ules to fix nitrogen symbiotically within
vascular plants (Franche et al. 2009). Frankia

can form root nodules in almost all genera
of the Casuarinaceae, including Casuarina
plants (Benson and Clawson 2000).
Casuarina spp. are the most important
coastal forests, which grow rapidly with
broad adaptability for stress tolerance and
provide soil stabilization, coastal protection,
and rehabilitation (Liao 2011, Sayed 2011,
Deng et al. 2013). Casuarina stands can only
sustain 20~30 yr of growth and decline there-
after (Sheu 2006), and it is difficult for them
to naturally regenerate on the west coast of
Taiwan (Liao 2011). Recently, considerable
natural generating saplings were discovered
in the Sihu area since 2010 (Deng et al.
2013). However, symbiosis with Frankia is
an important factor for the survival of Casua-
rina plants under various conditions. Infor-
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mation on Frankia populations in different
stand conditions is scant. Therefore, the study
of Frankia is very important for improving
Casuarina plant growth and survival under
different conditions (Sayed 2011).

The polymerase chain reaction-dena-
turing gradient gel electrophoresis (PCR-
DGGE) technique based on the nifH gene has
been one of the common molecular tools to
study diazotrophic assemblages in different
ecosystems (Zehr et al. 2003, Martensson et
al. 2009). We used the PCR-DGGE technique
to explore the diversity of Frankia-associated
endophytic nitrogen fixers in root nodules of
Casuarina, and the diazotrophic community
in Casuarina stands at different sites.

MATERIALS AND METHODS

Sample collection
Four sites with dead, declining, healthy,
and regenerating Casuarina stands were se-
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lected in Sihu Township, Yunlin County, Tai-
wan (23°40'35"N, 120°9’40"E) in June 2013
(Fig. 1). Soils were randomly sampled thrice
from the surface soil (0~15 cm in depth) in a
quadrate of approximately 15X 15 cm at each
site. Approximately 5~7 ml of each replicate
was homogenized into 1 composite sample.
Root nodules were collected from Casuraina
trees at the sites of healthy growth stand; we
did not find nodules at other sites. All of the
samples were kept at 4°C to preserve them.
Soil was collected from 4 sites of wind-
break forests at Sihu of western Taiwan based
on growth situations of Casuarina stands, in-
cluding dead trees (Fig. 2A), decline in growth
under water stress (Fig. 2B), healthy growth
(Fig. 2C), and natural regeneration (Fig. 2D).

DNA extraction and the PCR

DNAs from soil samples and root nodules
were extracted using a NucleoSpin Soil kit
(Macherey-Nagel, Diiren, Germany) and the

Tropic of cancer

Fig. 1. Location of the sampling sites in the Sihu area.
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Fig. 2. Four test samples were collected from Casuarina equisetifolia in the Sihu area. A, Site of
dead trees; B, site of a declining area; C, site of healthy trees; D, site of a regeneration area.

CTAB method (Mbller et al. 1992), respec-
tively. These DNAs were used in the PCR.

The polF/polR primers were used to am-
plify the nifH gene in all samples (Poly et al.
2001). To do the DGGE analysis, a GC clamp
was added to the 5’ end of the polF primer
(Ferris et al. 1996). The PCR contained
2 X PCR master mix (Promega, Madison,
WI, USA), 10 ng of a DNA template, and 2
uM of each primer. Amplification was per-
formed in an iCycle™ Thermal Cycler (Bio-
Rad, Hercules, CA, USA). The PCR products
were checked on a 1.5% agarose gel and then
stored at 4°C until the DGGE analysis.

DGGE analysis

PCR products were separated on an
acrylamide-bisacrylamide gel with a 30~70%
denaturing gradient in 1 X TAE at 60°C and
80 V for 12 h with a Dcode system (BioRad).
Gels were stained with ethidium bromide
(EtBr) and visualized by a UV transillumina-
tor (G: Box, Syngene, Frederick, MD, USA).
PCR-DGGE band profiles were analyzed and
compared using Sorensen pairwise similarity
coefficients (Cs), which were determined by:

Cs = (2j/(at+b)) X 100, where a is the number
of bands in lane 1, b is the number of bands in
lane 2, and j is the number of common bands
(Gillan et al. 1998). Clustering of groups
was performed by the unweighted pair group
method using arithmetic averages (UPGMA)
with MVSP software (Kovach 1999).

Sequencing

The bands of root nodule samples were
excised from the DGGE gels, and extracted
by repeat transfer from room temperature to
-80°C three times. The extracted DNAs were re-
amplified using the primers polF and polR with-
out the GC-clamp. Sequencing was performed
using the ABI 3730XL system (Genomics
BioSci & Tech Co., New Taipei City, Taiwan).

Sequence alignment and analysis

The nucleotide sequences of successful
sequencing were aligned using Clustal W run-
ning in Bioedit (vers. 7.1.3.0) (Hall 1999). A
sequence blast was performed with a basic lo-
cal alignment search tool (BLAST) from the
GenBank database (National Center for Bio-
technology Information, NCBI). The strains
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were assigned to different groups according
to the identification of taxa.

For the phylogenetic analysis, the
Neighbor-joining method (Saitou and Nei
1987) was constructed with 1000 bootstrap
replicates (Felsenstein 1985) using MEGA 5.0
(Tamura et al. 2011).

RESULTS

Morphology of Casuarina root nodules

Root nodules were only observed at the
site with a healthy Casuarina stand. Most
nodules grew on the litter horizon and were a
brown color. The morphological characteristics
of nodules were described by Athar and Mah-
mood (2001), the structure of the nodules was
a coralloid shape. In this study, we classified 2
types of nodules according to the shape. Type
1 of nodules had short root lobes (Fig. 3A),
and type 2 had long root lobes (Fig. 3B).

Diversity of Casuarina-associated nitrogen-
fixing bacteria

Amplification of the nifH gene was suc-
cessfully performed in all samples (4 soil
samples and 1 root nodule sample) using the
polF-GC/polR primers (Fig. 4A). There was
no length diversity within the samples. About
380 bp of PCR products was amplified. The
strains of nitrogen-fixing bacteria appeared in
the PCR-DGGE profile in both soil samples
and root nodules (Fig. 4B).
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The DGGE profiles were compared
to one another using the Sorensen pairwise
similarity coefficients (Cs) and a sketch map
(Fig. 4C) of diazotrophic communities from 4
growth situation sites and 1 root nodule sam-
ple. There were many diazotrophs in the soil,
even though there was no vegetation on the
ground in the dead area. The highest diazo-
trophic diversity was found in the soil sample
of the dead tree area (27 bands) than in the
declining area (22 bands), healthy tree area
(19 bands), regeneration area (16 bands), and
nodule sample. The lowest diazotrophic di-
versity was present in the root nodule sample.

The result of the UPGMA clustering
showed that similarities among samples
were not very high (Cs value > 52.2%) (Fig.
5). The dead tree sample was grouped with
healthy trees (Cs value = 52.2%). The declin-
ing sample was grouped with the group of
dead and healthy trees (Cs value = 33.4%).
The regeneration area was grouped with the
root nodule sample (Cs value = 24.0%).

Endophytes of Casuarina root nodule

In the root nodule pattern, the PCR-DGGE
bands of strains were assigned to groups a and
b (Fig. 4B). These represented 2 groups of ni-
trogen-fixing bacteria found in the root nodules.
The blast against the NCBI database is shown
in Table 1. The sequence of strain al had the
best hit to unidentified nitrogen-fixing bacteria
(FJ008366) with 81% identity. Sequences of

Fig. 3. Different morphologies of root nodules collected from healthy Casuarina equisetifolia. A,
Short root lobes of a nodule; B, long root lobes of a nodule.
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Fig. 4. Electropherograms of PCR products amplified from the nifH gene from different sites.
A. Using primer polF-GC/polR, we could successfully amplify all samples of about 380 bp of
PCR products. B. The DGGE analysis showed high diazotrophic diversity, even in the dead tree
area. In the root nodule pattern, constituents of diazotrophs differed in the various soil samples.
There were 2 groups of strains within nodules: al strain which belonged to unidentified
nitrogen-fixing bacteria; and b1~3 strains which were identified to the Frankia group. C. Sketch
map of DGGE profiles (1: dead tree area, 2: declining growth area, 3: healthy tree area, 4:
regeneration area, and 5: sample of root nodule of Casuarina equisetifolia from healthy trees.
The numbers denote nitrogen-fixing bacterial strains).

Root nodule

0.240
Regeneration
0.176
Declining
0.334
Healthy
0.522
Dead

T T T
004 02 03 052 088 084 1

Sorensen coefficient (Cs)
Fig. 5. UPGMA clustering of DGGE bands according to the Sorensen coefficient (Cs). Dead:
dead tree areas; declining: declining growth area; healthy: healthy tree area; regeneration:
regeneration area; and root nodule: root nodule of Casuarina equisetifolia from healthy trees.
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strains bl, b2, and b3 were the same, and all
sequences of group b hit Frankia (EU862918)
with 99% identity. Unfortunately, the remain-
ing strains were not successfully sequenced.

The phylogenetic analysis showed that
strain al was belonged to an unknown group.
In the unknown group, the uncultured nitro-
gen-fixing bacteria formed a unique group
distinct from the Frankia group and legume
group. Strains bl, b2, and b3 belonged to the
Frankia group (Fig. 6).

DISCUSSION

The morphology of Casuarina root nodules
Healthy Casuarina trees are generally as-
sociated with abundant nodules with an ovate
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and rod-like shape (Athar and Mahmood
2001). Different morphologies may be caused
by an association with the strain diversity of
symbiotic bacteria in root nodules. There are
many nitrogen-fixing bacteria in root nodules
of Casuarina.

Using nifH PCR-DGGE to analyze the
diazotrophic diversity

The nifH gene is a commonly used
marker to investigate diazotrophic diversity
in different environments and ecosystems
(Zehr et al. 2003, Mértensson et al. 2009).
PCR-DGGE has the advantages of under-
standing diversity of bacteria without strain
isolation and can study non-culturable popu-
lations (Franche et al. 2009, Martensson et al.

Table 1. The nifH gene sequences from root nodule sample BLAST of the NCBI database

Code* Accession no. BLAST closest match Overlap (%) Identities (%)
al FJ008366 Uncultured soil bacteria 91 218/270 (81)
bl EU862918 Frankia sp. Ccl3 99 289/293 (99)
b2 EU862918 Frankia sp. Ccl3 99 289/293 (99)
b3 EU862918 Frankia sp. Ccl3 99 289/293 (99)

* Denotes nitrogen-fixing bacterial strains from the DGGE analysis.
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Frankia sp. (X76398)

oo  Frankia sp. BMG5.6 (AJ545036)
Frankia sp. NRRLB-16322 (JF273736)
Frankia sp. ACN14a (AY603652)
Frankia alni Ar13 (L41344)

Frankia sp. Ccl3 (EU862918)

Frankia group

Uncultured bacteria (KF846589)

’_51|7—Sinorhizobium meliloti (DQ413016)

Rhizobium leguminosarum (DQ413015)

98 Bradyrhizobium elkanii $127 (DQ485701)
47
74

Burkholderia tuberum (FR823309)

Cupriavidus taiwanensis (AY752962

0 Uncultured soil bacteria (FJ008366)
57 al
85 Uncultured nitrogen-fixing bacteria (EU090280)

Nitrogen-fixing bacteria of
the legume group

Unknown group

—
0.05

Fig. 6. Neighbor-joining tree of the partial nifH gene sequences from different nitrogen-fixing
bacterial groups. Sequences al, b1, b2, and b3 were from the DGGE analysis of this study.
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2009). In Parker’s (1957) study, there were
many non-symbiotic nitrogen-fixing bacteria
in the soil. In this study, some strains from
the soil were not present in root nodules of
Casuarina; this indicates that there are many
nitrogen-fixing bacteria which were not sym-
biotic with Casuarina. We found abundant
strain diversity of nitrogen-fixing bacteria
from different growth situations of Casuarina
stands, even the site with dead trees. This
result suggests that there are many nitrogen-
fixing bacteria in soils from different growth
situations of Casuarina stands in the Sihu
area, and declining Casuarina is not related
to diazotophic diversity.

A quick way to understand the dominant
strains of test samples is to use the PCR-
DGGE profile analysis. But there are some
defects in this technique, as we could not to-
tally know the constituents of strains from the
samples. In the soil patterns, the PCR-DGGE
profile showed abundant diversity of diazo-
trophs, but the abundant bands were too dense
to cut the gels for DNA sequencing. In this
study, we could not figure out the diversity or
constituents of diazotrophic strains among dif-
ferent growth situations of Casuarina stands.
In future study, we should establish a DNA li-
brary of diazotrophic strains, to clarify wheth-
er there are specific strains in distinct stands.

Endophytes of Casuarina root nodules
We know the Casuarina trees are sym-
biotic with Frankia strains (Benson and
Clawson 2000, Sayed 2011). In the pattern
of root nodules from DGGE, strain al was a
hit to unidentified nitrogen-fixing bacteria.
Non-Frankia nitrogen-fixing bacteria have
been reported from nodules of C. equisetifo-
lia (Valdés et al. 2005). However, as many
strains of Frankia were also present in root
nodules from Casuarina trees, the result may
show that more than 1 Frankia strain is pres-

ent in actinorhizal root nodules, similar to ob-
servations by Normand and Lalonde (1982).

According to Echbab et al.’s (2007)
study, Frankia strains can successfully occur
with Casuarina in axenic conditions. In this
study, strains b1, b2, and b3 were absent from
soils of all stands, even in the healthy growth
stand. This result may demonstrate that Fran-
kia belongs to symbiotic bacteria, and is not
the dominant diazotroph in soil, but is often
found in nodules of host plants. However,
the phylogenetic analysis showed that strain
al was distinct from the Frankia group and
legume group. This result demonstrates that
there are non-Frankia nitrogen-fixing bacteria
in nodules, as in Valdés et al.’s (2005) study.

We found 2 groups of nitrogen-fixing
bacteria in root nodules using nifH gene se-
quences. Unfortunately, this method cannot
detect non-nitrogen-fixing bacteria. In a future
study, we will try to isolate the endophyte of
root nodules of Casuarina, and use other gene
regions (like 16S rDNA) to identify bacteria
that are symbiotic with Casuarina trees.

CONCLUSIONS

A quick way to understand the richness
of strains in sample is to use a PCR-DGGE
analysis. There are many diazotrophs in soils
from different growth situation stands, even
is an area with dead trees. A declining Casua-
rina stand was not related to the diazotophic
diversity. In this study, we were able to cat-
egorize root nodules of C. equisetifolia into 2
morphological types, and 2 groups of bacteria
were present in the root nodules, unidentified
nitrogen-fixing bacteria and Frankia.
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