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Abstract Plant seeds are carriers of both beneficial bacteria
and pathogens. Using the 16S rRNA gene clone library
technique, we conducted a preliminary study on the com-
munity diversity and population succession dynamics of
endophytic bacteria in seeds of reciprocal cross hybrid
maize at different seed developmental stages. In both hybrid
lines (108A and 108B), more types of endophytic bacteria
were found at the proembryo-forming stage than in the other
two stages, including 29 and 23 bacterial operational taxo-
nomic units (OTUs), respectively. Undibacterium (39.20
and 30.00 % in 108A and 108B, respectively) was the first
dominant bacterium to appear. At the milky stage, fewer
types of endophytic bacteria in 108A and 108B appeared,
including 18 and 16 OTUs, respectively, and the abundance

Y. Liu and S. Zuo contributed equally to this work.

Y. Liu- S. Zuo * Y. Zou - W. Song (D<)

College of Life Sciences, Capital Normal University,
Beijing 100048, People’s Republic of China

e-mail: songwenu@163.com

Y. Liu
e-mail: ly81150@163.com

S. Zuo
e-mail: zuoshandeyouxiang@126.com

Y. Zou
e-mail: zouyuanyuan1983@163.com

J. Wang (D<)

College of Agriculture and Biotechnology,
China Agricultural University,

Beijing 100193, People’s Republic of China
e-mail: wangjh63@cau.edu.cn

Y. Liu

China Center of Industrial Culture Collection, China National
Research Institute of Food and Fermentation Industries,
Beijing 100027, People’s Republic of China

of the dominant genus Burkholderia in the two seed samples
reached 73.38 and 80.43 %, respectively. Limnobacter
appeared as the second and third endophytic dominant bac-
terium in 108A (4.55 %) and 108B (5.07 %), respectively, in
both seed samples. At the dough stage, the abundance of the
first dominant bacterium, Burkholderia, in 108A and 108B
was 78.26 and 84.80 %, respectively. Pantoea appeared as
the second endophytic dominant bacterium in the both seeds
(9.42 and 4.80 % in 108A and 108B, respectively). This is
the first study on endophytic bacteria present during several
crucial stages of the dynamic grain growth process of plant
seeds conducted using culture-independent methods.

Keywords Reciprocal cross maize seed - Endophytic
bacteria - Bacterial diversity - Population succession - 16S
rRNA gene library

Abbreviation
CTAB Cetyltrimethylammonium bromide
PGPB  Plant growth-promoting bacteria

Introduction

Endophytic bacteria refer to those microbes that were able to
colonize in the tissues of healthy plants and subsequently
establish a harmonious relationship with the plant (Kloepper
and Beauchamp 1992). They are able to influence plant
growth directly or indirectly through biological control,
plant growth-promoting effects, endophytic nitrogen-fixing
activity, and other actions (Glick et al. 1999).

Plant seeds are not merely reproductive organs and/or
important tool in agricultural production (Guan 2009), they
are also carriers of various beneficial bacteria as well as
pathogens. A number of studies have shown that there are
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many microbial communities on the seed surface and within
the seed body (Nelson 2004). These seed and soil-born
microbial communities are promoted during the seed germi-
nation process (Bacilio-Jiméne et al. 2001; Cottyn et al.
2001), resulting in significant impacts on plant health and
soil fertility when the microbes interact positively with the
plant (Barea et al. 2005).

It has been reported that endophytic bacterial communi-
ties of seeds could be influenced by seed status (Mundt and
Hinkle 1976), nutrient components (Song et al. 2008), tissue
parts (Cankar et al. 2005; Kutschera 2002), germination
process (Coombs and Franco 2003; Ferreira et al. 2008),
and plant genotype (Adams and Kloepper 2002; Mavingui
et al. 1992; Michiels et al. 1989; Neal et al. 1973; Simon et
al. 2001; Song et al. 1998). Moreover, a few studies have
pointed out that during seed growth, seed microbial com-
munities are dynamic, resulting in changes in the varieties,
composition, and location of microbes. In addition to affect-
ing seed development, the accumulation of and variation in
nutrients (e.g., starch) also influence the composition of the
indigenous microbial communities (Majewska-Sawka and
Nakashima 2004; Mano et al. 2006; Nelson 2004). To date,
except for plant pathogens, studies on bacteria associated
with seeds have lagged far behind those on rhizosphere
bacteria (Cankar et al. 2005). Johnston-Monje and Raizada
(2011) found that seed endophyte community composition
varied in relation to plant host phylogeny and that there was
a core microbiota of endophytes that was conserved in
maize seeds across boundaries of evolution, ethnography,
and ecology. However, apart from some knowledge of the
variety, genotype, and phylogeny of maize, there are even
fewer studies focusing on the community diversity and
succession of endophytic bacterial communities at different
seed developmental stages. Studies on these aspects would
contribute to future studies on the mechanisms of interaction
between seeds and endophytic bacteria and establish the
relationship between plant developmental stages and its
endophytic bacterial community.

In the study reported here, we used the 16S rRNA gene
clone library technique, in the absence of culture methods,
to study community diversity and the succession of endo-
phytic bacteria in self-cultivated seeds of the Chinese recip-
rocal cross hybrid maize (Zea mays L., Nongdal08) at
different seed developmental stages.

Materials and methods
Maize seed sampling and surface sterilization
In this paper the term test samples refers to the seeds of

reciprocal cross maize (Zea mays L., Nongdal08) at different
seed growth stages, namely, 12 days (the proembryo-forming
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stage), 25 days (the milky stage), and 40 days (the dough
stage) after pollination: Nongdal08A (Huang Cx178) and
Nongdal08B (178 xHuang C) (supplied by Prof. Jianhua
Wang, China Agricultural University). The plants were grown
in open field of the Beijing Shangzhuang Experimental Sta-
tion of China Agricultural University (40.13°N, 116.20°E),
and seed samples (5.0 g for each sampling from 3 plants) were
collected in August 2010, and 5.0 g seeds and stored at 4 °C.

Maize seeds of the same genotype were pooled as a
single sample to average the deviations in the endophytic
bacterial community among the seeds, The samples were
then washed with sterile water, immersed in 70% alcohol for
3 min, washed with fresh sodium hypochlorite solution (2.5
% available CI") for 5 min, rinsed with 70% alcohol for 30 s,
and finally washed 5-7 times with sterile water (Sun et al.
2008). Aliquots of the final rinsing water were spread on
Luria—Bertani (LB) solid medium plates and cultured for
3 days at 28 °C for detection of bacterial colonies in order to
examine the effect of the surface sterilization. The seed
samples that were not contaminated, based on the culture-
dependent sterility test, were used for subsequent analysis.

DNA extraction and PCR amplification of the bacterial 16S
rRNA gene

About 5.0 g of surface-sterilized maize seeds were frozen with
liquid nitrogen, quickly ground into a fine powder in the
precooled sterilized mortar, and then divided into five sterilized
centrifugal tubes. The DNA of the maize seed samples was
extracted using the CTAB procedure (Xie et al. 1999). The
DNA was then resuspended in 30 pL sterile Milli-Q water.

The pair of primers 799f (5'-AACAGGATTAGA
TACCCTG-3') and 1492r (5'-GGTTACCTTGTTAC
GACTT-3") which can separate bacterial products and the
maize mitochondrial product were used to amplify the seeds’
indigenous bacterial 16S rDNA (Sun et al. 2008). A 50-uL
volume of PCR reaction mixture contained 50 ng of DNA
extract, 1xTaq reaction buffer, 20 pmol of each primer,
200 pmol each dNTP, and 1.5 units Taq enzyme (Fermentas,
Thermo Fisher Scientific, Vilnius, Lithuania). The cycling pro-
cedure consisted of an initial denaturation cycle at 94 °C for
5 min, followed by 30 cycles of denaturation at 94 °C for 1 min,
annealing at 52 °C for 1 min, and elongation at 72 °C for 1 min,
with a final extension at 72 °C for 10 min. The PCR products
were then electrophoretically separated and the target band
excised and purified by Wizard SV Gel and the PCR
Clean-up System (Promega, Madison, WI) as described
by the manufacturer.

Construction of the 16S rRNA gene clone library

The purified PCR products were ligated into the T3 vector
according to the protocol supplied by the manufacturer
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(Transgen, China). Escherichia coli DH5x competent cells
(Transgen) were transformed with the ligation products and
spread onto LB agar plates containing ampicillin (100 pg/
mL) and X-gal/IPTG on the surface for standard blue and
white screening. White colonies were randomly picked and
cultured in liquid LB overnight.

Sequencing and phylogenetic analysis

A total of 160 clones for each sample were randomly
chosen for partial 16S rRNA gene sequencing in the
ABI 3730 DNA sequencer (ABI, Foster City, CA). All
of the nucleotide sequences, approximately 700 bases,
were compared with the NCBI database using BLASTN
or aligned by the identify analysis of EzTaxon server
2.1 (Chun et al. 2007). Sequences with a >97% simi-
larity were assigned to the same species. The sequences
were aligned using CLUSTALW (Thompson et al.
1994), and tree constructions were performed with the
MEGA 4 program package using the neighbor-joining
method (Tamura et al. 2007).

Evaluation of the size of the clone library

Two approaches were used to estimate the extent of the
clone library. To estimate the representation of the library,
we calculated the clone coverage with the following equa-
tion: C=(1—n1/N)>x100 %, where n1 is the number of single
clones, and N is the total number of clones in the clone
library (Good 1953; Mullins et al. 1995). Diversity of the
clone library was investigated by rarefaction analysis. Rar-
efaction curves were calculated using the freeware program
aRarefactWin.

Results

The DNA extracted from surface-disinfected maize seeds was
used to amplify the bacterial 16S rRNA gene fragments using
primers 799f and 1492r with the aim of obtaining specific
amplification of the bacterial 16S rRNA gene fragments and
excluding contamination from plant mitochondrial (mt)DNA
(Sun et al. 2008). Nevertheless. after electrophoresis, two
bands of PCR products were displayed on the agarose gel.
One band of between 1,000 and 1,500 bp was identified as the
maize mtDNA through sequencing and alignment; a second
band, between 700 and 800 bp, was considered to be the target
band containing the bacterial 16S rRNA gene fragments. The
purified PCR products were used to construct a 16S rRNA
gene clone library of maize endophytic bacteria. In total, 160
clones were randomly chosen for sequencing, and the sequen-
ces of positive clones were submitted to GenBank (accession
no. HQ402934—HQ403050).

The endophytic bacteria identified in 108A at different
seed growth stages, namely, at 12, 25, and 40 days after
pollination, included 29 , 18, and 16 bacterial operational
taxonomic units (OTUs), respectively, and the calculated
coverage of the three clone libraries was 87.20, 93.55, and
92.75 %, respectively. The endophytic bacteria in 108B at
the three-grain growth stages included 23, 16, and 15 OTUs,
respectively, and the calculated coverage of the three clone
libraries was 87.96, 92.75, and 91.20 %, respectively. The
rarefaction curves shown in Fig. 1, combined with the
calculated coverage value, suggest that these libraries
detected a large majority of the endophytic bacterial diver-
sity in the maize seeds used in our study.

Among the endophytic bacteria in 108A at the three
different seed growth stages, the sequences related to Pro-
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Fig.1 Rarefaction analysis of the seeds’ endophytic bacterial 16S
rDNA clone libraries at different growth stages of the reciprocal cross
maize (Zea mays L., Nongdal08). a 12 days, 108A, b 25 days, 108A, ¢
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teobacteria made up the largest fraction of all three clone
libraries (Tables 1, 2, 3). At 12 days of seed development
(the proembryo-forming stage), among 125 clones analyzed,
116 clones (92.80 %) belonged to Proteobacteria, seven
clones (5.60 %) to Bacteroidetes, one 1 clone (0.80 %) to
Firmicutes, and one clone (0.80 %) to Actinobacteria.
Among these, Proteobacteria, Bacteroidetes, Firmicutes,
and Actinobacteria were made up of 24, three, one, and
one bacterial OTU, respectively. Undibacterium (39.20 %),
Sphingomonas (12.80 %), and Acinetobacter (9.60 %) were
the dominant genera of the clone library. At 25 days of seed
development (the milky stage), among 154 clones analyzed,
151 clones (98.05 %) belonged to Proteobacteria, two
clones (1.30 %) to Firmicutes, and one clone, (0.65 %) to
Bacteroidetes. Among these, Proteobacteria, Firmicutes, and
Bacteroidetes were made up of 15, two, and one bacterial
OTU, respectively. Burkholderia (73.38 %), Pantoea (12.34
%), and Limnobacter (4.55 %) were the dominant genera of

the clone library. At 40 days seed development (the dough
stage), among 138 clones, 131 clones (94.93 %) belonged to
Proteobacteria, five clones (3.62 %) to Firmicutes, and
two clones (1.45 %) to Actinobacteria. Among these,
Proteobacteria, Firmicutes, and Actinobacteria were
made up of 13, two, and one bacterial OTU, respectively.
Burkholderia (78.26 %), Pantoea (9.42 %), and Staphylococ-
cus (3.62 %) were the dominant genera of the clone library
(Tables 1, 2, 3, 7).

Among the endophytic bacteria in 108B at the three
different seed growth stages, the sequences related to Pro-
teobacteria made up the largest fraction of all the three clone
libraries (Tables 4, 5, 6). At 12 days of seed development
(the proembryo-forming stage), among the 110 clones ana-
lyzed, 108 clones (98.18 %) belonged to Proteobacteria and
two clones (1.82 %) to Firmicutes. Among these, Proteo-
bacteria and Firmicutes were made up of 21 and two bacte-
rial OTUs, respectively. Undibacterium (30%), Serratia

Table 1 Distribution of 16S

RNA clones detected from Group No. of No. of 9% Total Closest NCBI match % Identify

endophytes in the proembryo- OTUs  clones  clones

forming stage of the reciprocal

cross maize Nongdal 08 A Proteobacteria 24 6 4.80 Curvibacter gracilis (AB109889) 100

(Huang Cx178) 49 3920 Undibacterium sp. EM 1 (GQ379228) 99
8 6.40 Pseudomonas lanceolata (AB021390) 98
1 0.80 Pseudomonas plecoglossicida (AB009457) 99
16 12.800  Sphingomonas echinoides (AJ012461) 99
7 5.60 Acinetobacter beijerinckii (AJ626712) 99
2 1.60 Acinetobacter radioresistens (X81666) 99
1 0.80 Acinetobacter johnsonii (X81663) 98
1 0.80 Acinetobacter sp. (X81659) 99
1 0.80 Acinetobacter Iwoffii (X81665) 99
2 1.60 Rhizobium pisi DSM 30132 (AY509899) 99
6 4.80 Burkholderia phytofirmans (CP001053) 99
1 0.80 Burkholderia ginsengisoli (AB201286) 97
1 0.80 Bradyrhizobium pachyrhizi PAC48 (AY624135) 99
2 1.60 Pelomonas puraquae (AM501439) 99
2 1.60 Achromobacter xylosoxidans (Y 14908) 100
1 0.80 Methylobacterium rhodesianum (AB175642) 99
1 0.80 Xanthomonas sacchari (Y10766) 99
3 2.40 Limnobacter thiooxidans (AJ289885) 99
1 0.80 Agrobacterium larrymoorei (230542) 99
1 0.80 Acidovorax facilis (AF078765) 98
1 0.80 Pantoea agglomerans (AJ233423) 99
1 0.80 Pantoea dispersa LMG2603 (DQ504305) 99
1 0.80 Methylibium aquaticum IMCC1728 (DQ664244) 97

Firmicutes 1 1 0.80 Brevibacterium frigoritolerans (AM747813) 99
Bacteroidetes 3 2 1.60 Flavobacterium mizutaii (AJ438175) 97

1 0.80 Flavisolibacter ginsengiterrae (AB267476) 97
4 3.20 Chryseobacterium sp. CPW406 (AJ457206) 98

OTU, Operational taxonomic Actinobacteria 1 1 0.80 Arthrobacter nitroguaiacolicus (AJ512504) 98

unit
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Table 2 Distribution of 16S
RNA clones detected from Group No. of No. of % Total Closest NCBI match % ldentity
endophytes in the milky stage OTUs  clones clones
of NongdalO8A
Proteobacteria 15 109 70.78 Burkholderia phytofirmans PsJN (CP001053) 100
2 1.30 Burkholderia gladioli CIP 105410 (EU024168) 100
2 1.30 Burkholderia plantarii (U96933) 99
17 11.04 Pantoea dispersa LMG2603 (DQ504305) 99
1 0.65 Pandoraea sputorum (AF139176) 98
1 0.65 Pantoea agglomerans (AJ233423) 99
7 4.55 Limnobacter thiooxidans (AJ289885) 100
1 0.65 Enterobacter cancerogenus LMG 2693 (296078) 99
1 0.65 Pseudomonas hibiscicola (AB021405) 99
1 0.65 Klebsiella pneumoniae (Y17657) 99
2 1.30 Acinetobacter radioresistens (X81666) 99
3 1.95 Methylophilus methylotrophus (AB193724) 99
1 0.65 Massilia sp. CCUG 58010 (FN814307) 98
2 1.30 Cronobacter turicensis 73032 (EF059891) 100
1 0.65 Ochrobactrum pseudogrignonense (AM422371) 100
Firmicutes 2 1 0.65 Paenibacillus taejonensis (AF391124) 99
1 0.65 Bacillus stratosphericus (AJ831841) 99
Bacteroidetes 1 1 0.65 Uncultured Saprospiraceae bacterium (EU177734) 98

(17.27 %), and Sphingomonas (10.91 %) were the dominant
genera of the clone library. At 25 days of seed development
(the milky stage), all 138 clones analyzed belonged to
Proteobacteria (100 %), including 16 OTUs. Burkholderia
(80.43 %), Limnobacter (5.07 %), and Cronobacter (2.90
%) were the dominant genera of the clone library. At 40 days
of seed development (the dough stage), among the 125

clones analyzed, 122 clones (97.60 %) belonged to Proteo-
bacteria, two (1.60 %) to Firmicutes, and one (0.80 %) to
Actinobacteria. Among these, Proteobacteria, Firmicutes,
and Actinobacteria included 12, two, and one OTU, respec-
tively. Burkholderia (84.80 %), Pantoea (4.80 %), and
Enterobacter/EscherichialAcinetobacter (1.60 %) were the

dominant genera of the clone library (Tables 4, 5, 6, 7).

Table 3 Distribution of 16S

RNA clones detected from Group No. of No. of % Total Closest NCBI match % ldentity
endophytes in the dough stage of OTUs  clones clones
Nongdal08A
Proteobacteria 13 108 78.26 Burkholderia phytofirmans PsIN (CP001053) 100
1 0.72 Klebsiella pneumoniae subsp. ozaenae (Y17654) 99
1 0.72 Klebsiella pneumoniae (Y17657) 99
5 3.62 Pantoea anthophila LMG 2558 (EF688010) 99
1 0.72 Pantoea eucalypti LMG 24197 (EF688009) 96
7 5.07 Pantoea agglomerans (AJ233423) 99
2 1.45 Enterobacter cancerogenus LMG 2693 (296078) 99
1 0.72 Pseudomonas sp. C36 (AJ575816) 100
1 0.72 Vibrio sp. LMG 20539 (AJ316193) 99
1 0.72 Salinivibrio costicola (X95527) 99
1 0.72 Georgfuchsia toluolica G5G6 (EF219370) 97
1 0.72 Steroidobacter denitrificans FS (EF605262) 95
1 0.72 Thiobacter subterraneus (AB180657) 93
Firmicutes 2 1 0.72 Staphylococcus cohnii subsp. cohnii (D83361) 100
4 2.90 Staphylococcus hominis (X66101) 99
Actinobacteria 1 2 1.45 Rothia amarae (AY043359) 96
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Table 4 Distribution of 16S

RNA clones detected from Group No. of No. of % Total Closest NCBI match % Identity

endophytes in the proembryo- OTUs clones clones

forming stage of Nongdal08B

(178 xHuang C) Proteobacteria 21 19 17.27 Serratia marcescens (AB061685) 99
7 6.37 Pseudomonas lanceolata (AB021390) 98
3 2.73 Pseudomonas oryzihabitans (AM262973) 100
1 0.91 Pseudomonas hibiscicola (AB021405) 99
1 0.91 Enterobacter nimipressuralis LMG 10245-T (Z96077) 99
12 10.91 Sphingomonas echinoides (AJ012461) 99
33 30.00 Undibacterium sp. EM 1 (GQ379228) 99
1 0.91 Acinetobacter beijerinckii (AJ626712) 99
1 0.91 Acinetobacter schindleri (AJ278311) 98
1 0.91 Acinetobacter Iwoffii (X81665) 98
5 4.55 Burkholderia phytofirmans PsJN (CP001053) 100
1 0.91 Burkholderia ginsengisoli (AB201286) 97
11 10.00 Curvibacter gracilis (AB109889) 100
1 0.91 Achromobacter xylosoxidans (Y14908) 99
1 0.91 Pantoea dispersa LMG2603 (DQ504305) 99
1 0.91 Providencia rustigianii (AM040489) 98
1 0.91 Perlucidibaca piscinae IMCC1704 (DQ664237) 94
1 0.91 Brevundimonas sp. BIO-TAS2-2 (FJ544245) 99
3 2.73 Limnobacter thiooxidans (AJ289885) 100
2 1.82 Rhizobium pisi DSM 30132 (AY509899) 99
2 1.82 Pelomonas puraquae (AM501439) 99

Firmicutes 2 1 0.91 Brevibacterium incertum (Y14650) 99

1 0.91 Planomicrobium glaciei 0423 (EU036220) 99

A consistent succession of community structures in en-
dophytic bacteria could be seen in the transition from one
growth stage to the next of 108A and 108B seeds, namely,
12 days (the proembryo-forming stage), 25 days (the milky

stage), and 40 days (the dough stage) after pollination,
(Tables 1,2, 3,4, 5, 6, 7). More types of endophytic bacteria
in 108A and 108B (29 and 23 OTUs, respectively) appeared
at 12 days of grain development than at the other two stages;

Table 5 Distribution of 16S

RNA clones detected from Group No. of No. of % Total Closest NCBI match % ldentity

endophytes in the milky stage of OTUs  clones clones

NongdalO8B

Proteobacteria 16 111 80.43 Burkholderia phytofirmans PsIN (CP001053) 100

4 2.90 Cronobacter turicensis 73032 (EF059891) 100
1 0.72 Acinetobacter radioresistens (X81666) 99
1 0.72 Acinetobacter calcoaceticus (X81661) 99
1 0.72 Pseudomonas hibiscicola (AB021405) 99
1 0.72 Pseudomonas fragi (AF094733) 99
7 5.07 Limnobacter thiooxidans (AJ289885) 99
1 0.72 Enterobacter cancerogenus LMG 2693 (Z96078) 99
1 0.72 Enterobacter oryzae (EF488759) 98
1 0.72 Pantoea anthophila LMG 2558 (EF688010) 99
1 0.72 Hydrocarboniphaga effusa AP103 (AY363245) 93
2 1.45 Klebsiella pneumoniae (Y17657) 100
1 0.72 Agrobacterium radiobacter (AJ389904) 99
2 1.45 Achromobacter xylosoxidans (Y 14908) 99
2 1.45 Candidatus Rhizobium massiliae (AF531767) 99
1 0.72 Psychrobacter urativorans (AJ609555) 100
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Table 6 Distribution of 16S
RNA clones detected from Group No. of No.of % Total Closest NCBI match % ldentity
endophytes in the dough stage of OTUs  clones ~ clones
Nongdal08B
Proteobacteria 12 105 84.00 Burkholderia phytofirmans PsIN (CP001053) 99
1 0.80 Burkholderia plantarii (U96933) 98
1 0.80 Cedecea davisae DSM 4568 (AF493976) 99
5 4.00 Pantoea anthophila LMG 2558 (EF688010) 99
1 0.80 Pantoea agglomerans (AJ233423) 99
2 1.60 Enterobacter amnigenus (AB004749) 99
1 0.80 Serratia marcescens (AB061685) 99
2 1.60 Escherichia hermannii (AB273738) 99
1 0.80 Steroidobacter denitrificans (EF605262) 96
1 0.80 Acinetobacter baumannii (X81660) 100
1 0.80 Acinetobacter radioresistens (X81666) 98
1 0.80 Enhydrobacter aerosaccus (AJ550856) 99
Firmicutes 2 1 0.80 Paenibacillus taejonensis (AF391124) 99
1 0.80 Bacillus anthracis str. Ames (AE016879) 99
Actinobacteria 1 1 0.80 Corynebacterium sp. CIP107291 (AJ438050) 99
dominance by any particular genus was not evident and the =~ Discussion

abundance of the three dominant genera in 108A and 108B
was similar, with Undibacterium as dominant bacterium
(Table 7). At 25 days of grain development, fewer types of
endophytic bacteria in 108A and 108B were found com-
pared with the previous stage; the abundance of the domi-
nant genus Burkholderia in the two seed samples was
remarkable, reaching 73.38 and 80.43 %, respectively; Lim-
nobacter appeared as the second and the third endophytic
dominant bacterium in 108A and 108B, respectively. At
40 days of seed development, the abundance of the domi-
nant bacterium Burkholderia in 108 A and 108B was similar
to that in the previous stage, with 78.26 and 84.80 %,
respectively; The dominance was still quite evident. More-
over, Pantoea appeared as the second endophytic dominant
bacterium in 108 A and 108B during this stage.

Table 7 Comparison of dominant genera from two seed samples at
different growth stages

Growth stages 108A 108B

12 Undibacterium (39.20%)
Sphingomonas (12.80%)
Acinetobacter (9.60%)

Undibacterium (30.00%)
Serratia (17.27%)
Sphingomonas (10.91%)

25 Burkholderia (73.38%) Burkholderia (80.43%)
Pantoea (12.34%) Limnobacter (5.07%)
Limnobacter (4.55%) Cronobacter (2.90%)

40 Burkholderia (78.26%) Burkholderia (84.80%)

Pantoea (9.42%)
Staphylococcus (3.62%)

Pantoea (4.80%)

Enterobacter (1.60%);
Escherichia (1.60%);
Acinetobacter (1.60%)

Seeds are the most important means of producing agricultural
crops (Guan 2009; Hu 2006), but they are also carriers of
various beneficial bacteria and pathogens. A large variety of
microbial communities are found on the seed surface and
within the seed body (Nelson 2004), and the physiological state
of the seed influences the microbial communities which, in
turn, have a significant impact on the health of the seeds and the
plant (Gitaitis and Walcott 2007; Grum et al. 1998). However,
compared to the large number of studies carried out on rhizo-
sphere bacteria, few studies on bacteria associated with seeds
have been reported (Cankar et al. 2005). Rijavec et al. (2007)
reported the isolation of Pantoeasp., Frigoribacteriumsp.,
Microbacterium sp., Bacillussp., Paenibacillussp., and Sphin-
gomonassp. from kernels of four different maize cultivars.

In order to ensure that the plant materials are as compa-
rable as possible, the seeds of 108A and 108B, which are
genetically related and produced in the same experimental
plot, were selected as experimental material in this study.
Both seed samples were pollinated and collected at the same
time at each developmental stage. The reciprocal plant seed
samples were first chosen to study the community diversity
and population succession dynamics of their endophytes, in
an attempt to understand the correlation between the differ-
ences in nutrient content, the agronomic traits of reciprocal
plant seeds, and their endophytic bacteria. In this study
bacteria present on the seed surface were washed off, ster-
ilized, and consequently ignored in our analysis because the
sources of such bacteria are very diverse and it is hard to
prevent contamination from the environment. The different
biological traits of reciprocal cross plants are mainly affect-
ed by cytoplasmic inheritance (Cui et al. 2010);
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consequently, our results on whether or not our plants would
be able to affect the endophytic community structure should
provide new information on the influence of the cytoplasm
on microbial endophytes of the seed.

Following fertilization of the pistillate flower of maize,
the grain took shape and began to grow and develop. The
developmental process usually consisted of four sequential
stages, from fertilization to the mature grain:

1. The grain-forming stage, which occurred at 10-12 days
after fertilization, is characterized by the appearance of
the proembryo, a clear paste endosperm that is rich in
water content and has little dry matter accumulation.

2. The milky stage occurred 15-35 days after fertilization
and involves the general appearance of the embryo. The
radicle, hypocotyl, and germ become evident, and the
endosperm changes from gel to paste. The volume of
the grain reaches a maximum, dry matter content
increases linearly, and the water content decreases.

3. The dough stage occurred at 35-50 days after fertiliza-
tion and is characterized by seeds with normal embryos.
The endosperm changes from paste to wax, there is a
continued accumulation of dry matter, and the grain
begins to shrink. The volume became smaller, and dry
matter accounts for over 70 % of the grain weight.

4. The late period occurs at 50-60 days after fertilization
and is characterized by a slowing down of dry matter
accumulation and a continued decrease in water content
(Hu 2006; Wang and Yin 2005).

In order to be able to identify key developmental periods, we
study selected three stages, namely, the proembryo-forming
stage, the milky stage, and the dough stage, for study because
grain changes were comparatively evident at these stages. In
this way the relationship between grain changes and the
community succession of endophytic bacteria could be estab-
lished. Okunishi et al. (2005) isolated endophytic bacteria
from rice seeds (Oryza sativa) sampled on days 10 (the early
stage), 30 (the middle stage), and 60 (the late stage) after
flowering ( through culture-independent methods. These
researchers found that at the early stage of maturation the
endophytes were relatively diverse, including the genera Ba-
cillus, Sphingomonas, and Pantoea. In contrast, at the middle
and late stage the endophytes were all Bacillus, except for one
isolate. This observation was confirmed by our results show-
ing the lack of dominance of any one bacterial strain at the
proembryo-forming stage when more kinds of endophytic
bacteria were present than in the last two stages. In addition,
the difference in abundance of the three endophytic dominant
genera was less in the proembryo-forming stage than in other
two stages, whereas the abundance of the dominant bacterium
Burkholderia in both seed samples was very high at the milky
and dough stages.
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At the early stage of seed maturation, many more bacteria
might be able to enter the seed because the seed is soft,
thereby accounting for the relative diversity of endophytes
at this stage. During the maturation process, the amount and
concentration of water and dry substance in the seed change
greatly, influencing the types of endophytic bacteria able to
colonize the seeds. Endophytes that are more adapted to the
new internal environment of the seed could survive and
accumulate to become the dominant bacteria (Mano et al.
2006; Okunishi et al. 2005). Mano et al. (2006) reported that
many endophytic bacteria resistant to high osmotic pressure
are present at the late growth stage of rice seeds and that the
abundance of endophytic bacteria with amylase activity
increased significantly at this stage. Accordingly, the almost
exclusive occurrence of Burkholderia inside the seeds of
both hybrid maize lines at second and third stage might be
result of adaptation to the internal environment and selection
against less fit species. Because the seed inner environment
at the milky stage was similar to that at the dough stage, the
same predominant species was expected and indeed found at
the second and third sampling.

To the best of our knowledge, this study is the first to
focus on the community structure and succession of endo-
phytic bacteria by tracing crucial stages in the dynamic
process of grain growth using culture-independent methods.
The results should be viewed as a contribution to our
theoretical knowledge base of plant microbial ecology,
particularly when the aim is to produce high-quality hybrid
plant varieties.

Acknowledgments We would like to thank Professor Yueming Yan
at Capital Normal University and Doctor Fengge Wang at Beijing
Academy of Agriculture and Forestry Sciences for their assistance in
providing genetic knowledge of hybrid maize. This work was sup-
ported by the National Natural Science Foundation of China (No.
30770069) and Science Foundation of Beijing (No. 5092004). We
would also like to thank Christine Verhille at the University of British
Columbia for her assistance with English language and grammatical
editing of the manuscript.

References

Adams PD, Kloepper JW (2002) Effect of host genotype on indigenous
bacterial endophytes of cotton (Gossypium hirsutum L.). Plant
Soil 240:181-189

Bacilio-Jiméne M, Aguilar-Flores S, del Valle MV, Pérez A, Zepeda A,
Zenteno E (2001) Endophytic bacteria in rice seeds inhibit early
colonization of roots by Azospirillum brasilense. Soil Biol Bio-
chem 33:167-172

Barea JM, Pozo MJ, Azcon R, Azcon-Aguilar C (2005) Microbial co-
operation in the rhizosphere. J Exp Bot 56:1761-1778

Cankar K, Kraigher H, Ravnikar M, Rupnik M (2005) Bcterial endo-
phytes from seeds of Norway spruce (Picea abies L. Karst).
FEMS Microbiol Lett 244:341-345

Chun J, Lee JH, Jung Y, Kim M, Kim S, Kim BK, Lim YW (2007)
EzTaxon: a web-based tool for the identification of prokaryotes



Ann Microbiol (2013) 63:71-79

79

based on 16S ribosomal RNA gene sequences. Int J Syst Evol
Microbiol 57:2259-2261

Coombs JT, Franco CM (2003) Visualization of an endophytic Streptomy-
ces species in wheat seed. Appl Environ Microbiol 69:4260-4262

Cottyn B, Regalado E, Lanoot B, De Cleene M, Mew TW, Swings J
(2001) Bacterial populations associated with rice seed in the
tropical environment. Phytopathology 91:282-292

Cui BB, Li Y, Jin XJ, Feng H (2010) Cytological mechanism of cyto-
plasmic inheritance in section Leuce (I): Cytoplasmic DNA within
generative cell and sperm cell. J Beijing For Univ 32:54-62

Ferreira A, Quecine MC, Lacava PT, Oda S, Azevedo JL, Aratjo WL
(2008) Diversity of endophytic bacteria from Eucalyptus species
seeds and colonization of seedlings by Pantoea agglomerans.
FEMS Microbiol Lett 287:8-14

Gitaitis R, Walcott R (2007) The epidemiology and management of
seedborne bacterial diseases. Annu Rev Phytopathol 45:371-397

Glick BR, Patten CL, Holguin G, Penrose DM (1999) Biochemical and
genetic mechanism used by plant growth-promoting bacteria.
Imperial College Press, London

Good 1J (1953) The population frequencies of species and the estima-
tion of population parameters. Biometrika 40:237-264

Grum M, Camloh M, Rudolph K, Ravnikar M (1998) Elimination of
bean seed-borne bacteria by thermotherapy and meristem culture.
Plant Cell Tissue Org Cult 52:79-82

Guan KL (2009) Seed physiological ecology (in Chinese). China
Agriculture Press, Beijing

Hu J (2006) Seed Biology (in Chinese). Higher Education Press,
Beijing

Johnston-Monje D, Raizada MN (2011) Conservation and diversity of
seed associated endophytes in Zea across boundaries of evolution,
ethnography and ecology. PLoS One 6(6):¢20396. doi:10.1371/
journal.pone.0020396

Kloepper JW, Beauchamp CJ (1992) A review of issues related to
measuring colonization of plant roots by bacteria. Can J Microbiol
38:1219-1232

Kutschera U (2002) Bacterial colonization of sunflower cotyledons
during seed germination. J Appl Bot 76:96-98

Majewska-Sawka A, Nakashima H (2004) Endophyte transmission via
seeds of Lolium perenne L.: immunodetection of fungal antigens.
Fungal Genet Biol 41:534-541

Mano H, Tanaka F, Watanabe A, Kaga H, Okunishi S, Morisaki H
(2006) Culturable surface and endophytic bacterial flora of the
maturing seeds of rice plants (Oryza sativa) cultivated in a paddy
field. Microbes Environ 21:86—100

Mavingui P, Laguerre G, Berge O, Heulin T (1992) Genetic and
phenotypic diversity of Bacillus polymyxa in soil and in the wheat
rhizosphere. Appl Environ Microbiol 58:1894—1903

Michiels K, Vanderleyden J, Gool A (1989) Azospirillum—plant root
associations: a review. Biol Fertil Soils 8:356-368

Mullins TD, Britschgi TB, Krest RL, Giovannoni SJ (1995) Genetic
comparisons reveal the same unknown bacterial lineages in atlan-
tic and pacific bacterioplankton communities. Limnol Oceanogr
40:148-158

Mundt JO, Hinkle NF (1976) Bacteria within ovules and seeds. Appl
Environ Microbiol 32(5):694—-698

Neal JL, Larson RI, Atkinson TG (1973) Changes in rhizosphere
populations of selected physiological groups of bacteria related
to substitution of specific pairs of chromosomes in spring wheat.
Plant Soil 39:209-212

Nelson EB (2004) Microbial dynamics and interactions in the spermo-
sphere. Annu Rev Phytipathool 42:271-309

Okunishi S, Sako K, Mano H, Imamura A, Morisaki H (2005) Bacte-
rial flora of endophytes in the maturing seed of cultivated rice
(Oryza sativa). Microbes Environ 20:168-177

Rijavec T, Lapanje A, Dermastia M, Rupnik M (2007) Isolation of
bacterial endophytes from germinated maize kernels. Can J
Microbiol 53:802-808

Simon HM, Smith KP, Dodsworth JA, Guenthner B, Handelsman J,
Goodman RM (2001) Influence of tomato genotype on growth of
inoculated and indigenous bacteria in the spermosphere. Appl
Environ Microbiol 67:514-520

Song W, Yang HL, Sun XL, Wang YS, Wang YD, Chen ZH (1998)
The rice endophytic diazotroph and PGPR. In: Malik KA, Mirza
MS, Ladha JK (eds) Nitrogen fixation with non-legumes. Aca-
demic Publishers/Kluwer, Dordrecht

Song SQ, Cheng HY, Jiang XC (2008) Seed Biology (in Chinese).
Science Press, Beijing

Sun L, Qiu F, Zhang X, Dai X, Dong X, Song W (2008) Endophytic
bacterial diversity in rice (Oryza sativa L.) roots estimated by 16S
rDNA sequence analysis. Microb Ecol 55:415-424

Tamura K, Dudley J, Nei M, Kumar S (2007) MEGA4: molecular
evolutionary genetics analysis (MEGA) software version4.0. Mol
Biol Evol 24:1596-1599

Thompson JD, Higgins DG, Gibson TJ (1994) CLUSTALW:
improving the sensitivity of progressive multiple sequence
alignment through sequence weighting, position-specific gap
penalties and weight matrix choice. Nucleic Acids Res
22:4673-4680

Wang RD, Yin JZ (2005) Crop Cultivation Science (in Chinese).
Higher Education Press, Beijing

Xie ZW, Song GE, Hong DY (1999) Preparation of DNA from
silica gel dried mini-amount of leaves of Oryza rufipogon for
RAPD study and total DNA bank construction. Acta Bot Sin
41:807-812

@ Springer


http://dx.doi.org/10.1371/journal.pone.0020396
http://dx.doi.org/10.1371/journal.pone.0020396

	Investigation...
	Abstract
	Introduction
	Materials and methods
	Maize seed sampling and surface sterilization
	DNA extraction and PCR amplification of the bacterial 16S rRNA gene
	Construction of the 16S rRNA gene clone library
	Sequencing and phylogenetic analysis
	Evaluation of the size of the clone library

	Results
	Discussion
	References


