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Abstract

Background and aims Microorganisms colonize plant
roots for mutual benefits. Colonization is initiated by the
soil microbial community but is also affected by soil
conditions and plant type. Rice typically grows under
wetland conditions that are anoxic, thus being support-
ive for an anaerobic methanogenic microbial communi-
ty. Maize, however, grows under upland conditions that
are oxic, thus being supportive for an aerobic microbial
community. Crop rotation between wetland rice and
upland maize is not uncommon, but the effect of this
management on microbial colonization of plant roots is
largely unknown and was the aim of our study:.
Methods We used the roots of rice and maize from a
two-year study in the Philippines, where on the same
soil wetland rice was cultivated either in both wet and
dry season or was rotated with upland maize in the dry
season. The microbial colonization of the root ecto- and
endorhizosphere was assessed by using quantitative
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PCR and illumina sequencing of the bacterial and ar-
chaeal 16S rRNA genes.

Results The data showed that maize roots had completely
different microbial community structures than the rice
roots from continuous wetland cultivation, while rice roots
from crop rotation were in-between. These effects of man-
agement were seen for each of the different bacterial phyla.
For example, among the most abundant operational taxo-
nomic units (OTUs) Firmicutes, Deltaproteobacteria and
the methanogenic Methanocella spp. were less abundant
while Alphaproteobacteria and the methanogenic
Methanobacterium spp. were more abundant on maize
than on rice roots.

Conclusions Our study showed that root colonization
by Archaea and Bacteria was strongly affected by crop
rotation between wetland rice and upland maize.

Keywords Archaea - Bacteria - Flooded soil - Maize
roots - Rice roots - Upland soil

Introduction

Plant roots are closely associated with microorganisms.
On the average 17% of plant photosynthates are released
to the soil environment and may serve as growth sub-
strates for microorganisms (Jones et al. 2009). On the
other hand, microorganisms benefit plants in multiple
ways, e.g., by providing nutrients, protecting against
pathogens, helping against stress etc. (Bais et al. 2006;
Mendes et al. 2011; Yang et al. 2009). Studies on
Arabidopsis thaliana, a model plant, indicated that the
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genotype of the plant had a measurable, albeit small
effect on the root endophytes (Bulgarelli et al. 2012;
Lundberg et al. 2012). Similar results were obtained
with maize (Peiffer et al. 2013) and rice (Edwards
et al. 2015). However, these studies also showed that
the composition of the root microbial communities was
strongly affected by the soil source, geographical loca-
tion, and cultivation practice. Furthermore, composition
depends on how the root microbial community is
assessed, which basically is the extraction protocol.
Thus, the root microbial community can be differentiat-
ed from inside to outside as endophytic (inside the root
tissue), ectophytic (on the rhizoplane, i.e., the
ectorhizosphere), and rhizospheric (soil particles firmly
attached to the root surface) (Edwards et al. 2015;
Hernandez et al. 2015).

Rice is a wetland plant grown in flooded soil.
Flooding impedes the transport of oxygen, so that the
bulk of the soil becomes anoxic and supportive for an-
aerobic degradation of organic matter and CH, produc-
tion (Liesack et al. 2000). However, the rice gas vascular
system allows the transport of oxygen into the roots and
the rhizosphere thus providing a habitat for both aerobic
and anaerobic bacteria involved in redox reactions of the
C, N and S cycle (Liesack et al. 2000; Sessitsch et al.
2012). Maize, on the other hand, is a crop grown in
aerated upland soil, which is usually oxic and supportive
for aerobic degradation of organic matter to CO,.

Crop rotation between flooded rice and a non-
flooded maize is becoming increasingly popular, as it
saves irrigation water and provides a cash crop (maize)
in addition to the food crop (rice) (Timisina et al. 2010).
Previous studies on rice-planted flooded soil showed
that the microbial community in rhizospheric soil was
different from that of unplanted bulk soil (Breidenbach
et al. 2016b), while the difference between the microbial
communities in rhizospheric soil from flooded rice and
non-flooded maize was relatively small (Breidenbach
and Conrad 2015). However, extended crop rotation
showed that the archaeal community composition was
affected if flooded rice was rotated with non-flooded
maize. The bacterial community, on the other hand, was
comparatively little affected (Breidenbach et al. 2016a).

In order to focus more definitely on the microbial
community colonizing the plant roots, we used samples
from the crop rotation experiment described by
Breidenbach et al. (2016a) and extracted the microbial
community from the ecto- and endorhizosphere. The
crop rotation system was on a soil at the International
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Rice Research Institute (IRRI) in the Philippines, and
consisted of triplicate fields that were grown for two
years with flooded rice during both the wet and the dry
season, and of triplicate fields that were grown for two
years with flooded rice during the wet season and non-
flooded maize during the dry season. In particular, we
asked the questions (1) whether rice and maize roots
supported different microbial communities, and (2)
whether the colonization of rice roots was affected by
the intermittent crop rotation.

Materials and methods
Sampling site and sample processing

The sampling site was located at the International Rice
Research Institute (IRRI) in Los Banos, Philippines.
Detailed site description can be found in Heinz et al.
(2014). This work was part of the interdisciplinary pro-
ject “Introducing Non-Flooded Crops in Rice-
Dominated Landscapes: Impact on Carbon, Nitrogen,
and Water Cycles ICON)”. A detailed description of
the field experiment can be found in Weller et al. (2015).
The experiment consisted of a flooded rice—maize crop
rotation (MR) and a control with only flooded rice (RR).
Briefly, we studied fields cultivated with either irrigated
rice or upland maize at the reproductive growth phase of
the plants over three years in both the dry season and the
wet season. Fields under crop rotation (MR) were
drained and managed as upland fields cultivating upland
maize (variety: Pioneer P3482YR) in the dry season and
flooded again and cultivated with rice (irrigated lowland
variety: NSIC Rc222) in the wet season. The control
fields (RR) fields were flooded and cropped with rice
both in the dry and the wet season with drainage in
between. A detailed overview of the crop rotation sys-
tem and the sampling time points is given in
Breidenbach et al. (2016a). Fields were operated in
triplicates (RR: fields No. 3,6,9; MR: fields No.
4,7,10) and managed with conventional N-fertilization
(rice: seeding 30 kg N/ha, 30 kg P,Os/ha, 30 kg K,O/ha;
at28 and 55 days after seeding 50 kg N/ha; maize: 30 kg
N/ha, 50 kg P,Os/ha, 3 0 kg K,O/ha; at 27-29 and 47—
50 DAS 50 kg N/ha). In each of these fields we ran-
domly selected three sampling plots of one square meter
and sampled one soil core (5 cm diameter, 20 cm length)
from each plot.
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Soil cores were always taken in the vicinity of a plant
(ca. 10 cm). The soil contained numerous fine roots and
thus was most probably influenced by the plant roots.
However, no attempts were made to separate a specific
rhizospheric soil compartment. Subsequently, soil sam-
ples of 5 g were taken from the middle of the core (~
10 cm depth), added to 10 mL RNAlater© solution (Life
Technologies, Darmstadt, Germany), kept on ice and
later stored at —20 °C.

Within the sampled square meter one plant, rice
respectively maize, was sampled. Plants were harvested
and the roots were cut. After 3-times washing with tap
water to remove adhering rhizospheric soil, the roots
were fragmentized in small ~1-cm pieces. Subsequently,
those were added to 10 mL RNAlater© solution (Life
Technologies, Darmstadt, Germany), kept on ice and
later stored at —20 °C.

DNA from soil and roots was extracted using the
NucleoSpin® Soil Kit (Macherey-Nagel, Diiren, Ger-
many) following the manufacturer’s instructions. Be-
fore, cells were mechanically disrupted by bead-beating.
Hence, the root extract contained microbes from both
the ecto- and the endorhizosphere.

Quantitative polymerase chain reaction

The quantification of archaeal and bacterial 16S rDNA
and of several functional marker genes was conducted
using quantitative polymerase chain reaction (QPCR)
based on a SYBRGreen approach. The primer combi-
nations used were: Ba519f/ Ba907r (Stubner 2002) for
bacterial genes; Ar364f (Burggraf et al. 1997)/Ar934br
(Grosskopf et al. 1998) for archaeal genes; MCR{/
MCRr (Springer et al. 1995) for methanogens; A189-
mb661 (Costello and Lidstrom, 1999) for
methanotrophs; Arch-amoAF/Arch-amoAR (Francis
et al. 2005) for archacal ammonium oxidizers; and
amoA-1F/amoA2R (Rotthauwe et al. 1997) for bacterial
ammonium oxidizers. The protocols were used as de-
scribed in the original publications.

[llumina amplicon sequencing

[Mlumina HiSeq2000 amplicon sequencing of the bacterial
and archaeal community was conducted using primer
combinations F515/R806 (Bates et al. 2011) targeting the
V4 region of the 16S rRNA gene (approximately 250
nucleotides) for both archaea and bacteria. The forward
primers were tagged with a unique 6-base pair barcode (list

of barcodes see Table S1). Sequencing of the PCR products
was done at the Max Planck Genome Centre (MPGC) in
Cologne, Germany. Trimming forward and reverse adap-
tors from the merged sequences was done using the mothur
software platform (Schloss et al. 2009). Sequence quality
management and operational taxonomic units (OTU) anal-
ysis was conducted using UPARSE pipeline as described
by Edgar (2013). Only microbial high-quality sequences
with a minimum read length of 200 bp were used. Se-
quences that did not match the primer sequences and were
smaller than 200 bp or contained any ambiguities were
excluded from further analysis. Chimeric sequences were
removed using UCHIME (Edgar et al. 2011). After
denoising, sequences were aligned against the RDP data-
base 16S rRNA gene database (Cole et al. 2014) using the
naive Bayesian classifier (Schloss et al. 2011; Wang et al.
2007). Sequences, which could not be assigned to bacteria
or archaea, were discarded. OTUs were defined using a
distance matrix with 3% dissimilarity (Zinger et al. 2011).
Data analysis was performed using mothur software pack-
age version 1.31.2 (http://www.mothur.org/) following the
standard operational procedure (SOP) (Schloss et al. 2009).
The sequences were deposited at NCBI under the
biosample accession numbers SAMN06462397 (forward
sequences) and SAMNO06462398 (reverse sequences).

Statistical analysis

Statistical analyses were conducted in R version 2.14.1
(R Development Core Team 2011). Analysis of variance
(ANOVA) followed by Tukey’s post hoc test, non-
metric multidimensional scaling (NMDS), canonical
correspondence analysis (CCA) and PERMANOVA
(ADONIS) were done with package vegan version
2.0.5 (Oksanen et al. 2012). The similarity indices used
for NMDS and CCA were based on Bray-Curtis and
Euklidian distances, respectively.

Results
Microbial abundance

The abundances of gene copy numbers on rice and
maize roots were quantified in rice-maize (MR) crop
rotation and in rice only (RR) control during the dry
and wet seasons of 2012 and 2013 (Fig. 1). The field
plots were adjacent on the same soil as described
before (Breidenbach et al. 2016a; Weller et al. 2015).
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Fig. 1 Copy numbers of different genes on roots of rice and maize
plants grown under crop rotation (MR, grey bars) or as flooded rice
only (RR, black bars) in 2012 and 2013 during the wet and the dry
season. The following genes were determined using qPCR: (a) ar-
chaeal 16S rRNA gene; (b) bacterial 16S rRNA gene; (¢) mcrA
coding for a subunit of the methyl Coenzyme M reductase; (d) pmoA

Significant differences in gene copy numbers between
fields and plants are summarized in Table S2. Copy
numbers of archaeal and bacterial 16S rRNA genes
(Fig. 1a, b) on roots were different between rice and
maize during the entire observational period. Archaeal
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coding for a subunit of the particulate methane monooxygenase; (e)
archaeal amoA coding for a subunit of the ammonium
monooxygenase of Archaea; (f) bacterial amoA coding for a subunit
of the ammonium monooxygenase of Bacteria. Asterics indicate
significant (p < 0.05) differences in pairwise comparison between
RR and MR. For further statistical evaluation see Table S2

numbers on maize roots were generally lower than on
rice roots irrespectively of whether rice was grown on
RR or MR fields, while numbers on rice roots were
the same. The archaeal 16SrRNA gene abundance
pattern was mirrored by the copy numbers of the mcrA
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gene coding for a subunit of the methyl coenzyme M
reductase of methanogenic archaea (Fig. lc). The
mcrA copy numbers were on a range of 10° to 10°
per gram dry root.

Copy numbers were also determined for pmoA and
amoA coding for subunits of the bacterial particulate meth-
ane monooxygenase (Fig. 1d) and the archaeal (Fig. le)
and bacterial (Fig. 1f) ammonium monooxygenases, re-
spectively. Copy numbers of pmoA were higher on rice
roots than on maize roots, and the same was found for
bacterial amoA, while copy numbers of archaeal amoA
were similar across all treatments (Table S2).

Archaeal community composition

The archaeal community composition on plant roots was
determined by illumina sequencing of the 16S rRNA gene
(Fig. S1). Woesearchaeota, Euryarchaeota,
Thaumarchaeota and Aenigmarchaeota showed the
highest relative abundances among the archaea that could
be classified. Among the methanogenic Euryarchaeota the
genera with the highest number of different OTUs were
Methanobacterium (4 OTUs), Methanospirillum (3
OTUs), Methanocella and Misancellaneous Euryarchaeota
Group (MEG; 2 OTUs each), and Methanoregula,
Methanosaeta and Methanosarcina (1 OTU each) (Fig.
S1). The OTUs of Methanobacterium were the most abun-
dant ones. Abundance on rice roots in RR stayed fairly
constant from 2012 to 2013, while it was larger on maize
roots in RM but decreased with time (Fig. 2). The abun-
dance of the other methanogenic genera was generally
lower. Methanocella was more abundant on rice roots than
on maize roots, but the patterns of the other genera did not
show a consistent change (Fig. 2).

Overall, however, NMDS analysis showed that
the archaeal communities were significantly differ-
ent between rice roots in RR versus maize roots in
MR, while those on rice roots in MR were in-
between (Fig. 3a). This result was confirmed by
CCA analysis, which considered not only the ar-
chaeal community composition, but also the effects
of water supply, year of cultivation and plant type
(Fig. S2a). The water supply was determined from
data of rain and irrigation water listed in the study of
Weller et al. (2016), which was simultaneously con-
ducted within the ICON project on the same fields.
The CCA indicated that the differences in commu-
nity composition were affected by the different wa-
ter supply in rice and maize fields. Considering all

samples, archaeal and euryarchaeotal communities
were significantly different (»p < 0.01) comparing
RR versus MR, and rice versus maize plants
(Table S3), but the R-value was relatively low
(0.32 to 0.43) (Table S3), except the correlation
between total archaeal community and plant type
(R =0.72). Comparing only the communities on rice
roots, field type (RR versus MR) showed the largest
significant correlation (about R = 0.35) followed by
sampling year (2012 versus 2013; about R = 0.23),
while season (wet versus dry) had no effect
(Table S4).

Bacterial community composition

The bacterial community composition on plant roots was
also determined by illumina sequencing of the 16S rRNA
gene (Fig. 4). Proteobacteria was with 40—60% relative
abundance the most abundant bacterial phylum, followed
by Cyanobacteria, which made up to 40% relative abun-
dance on maize roots but less than 10% on rice roots.
Other conspicuous bacterial phyla were Acidobacteria,
Actinobacteria, Bacteroidetes, Chloroflexi, Firmicutes,
Planctomycetes, and Verrucomicrobia (Fig. 4). Beta-,
Delta-, Alpha-, and Gammaproteobacteria were detected
with 15, 13, 9 and 5 OTUs, respectively. Those of
Gammaproteobacteria were generally the less abundant
ones, those of Deltaproteobacteria were much less on
maize than on rice roots (Fig. S3). Firmicutes and
Cyanobacteria occurred with 6 and 5 OTUs, respective-
ly. While the OTUs of Firmicutes were generally lowest
on maize roots, those of Cyanobacteria were generally
the highest (Fig. S3). The relative abundance of OTUs
belonging to putatively aerobic methanotrophs
(Proteobacteria) was generally less than 1%, the genus
Methylocystis (<0.1-0.9%) being the most abundant one.

Overall, similarly as for Archaeca, NMDS analysis
showed that the bacterial communities were signifi-
cantly different between rice roots in RR versus
maize roots in MR, while those on rice roots in
RM were in-between (Fig. 3b). CCA analysis again
indicated that water supply to the fields was impor-
tant for these differences (Fig. S2b). The same dif-
ferentiation was observed in NMDS analyses of the
individual bacterial phyla (Fig. 5), and also of puta-
tively methanotrophic bacteria (Fig. S4). All 15
phyla analyzed showed a significant (p < 0.01) dif-
ferentiation between rice and maize roots and be-
tween RR and MR plants. R-values were on the
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Fig.2 OTU-based relative abundance of Archaea on roots of rice
and maize plants grown under crop rotation (MR) or as flooded
rice only (RR) in 2012 and 2013 during the wet and the dry season.
The top 50 OTUs, based on relative abundance, were grouped

average R = 0.82 when comparing rice and maize
roots and R = 0.35 when comparing RR and MR
fields (Table S3). Comparing only the bacterial com-
munities on rice roots, field type had only a signif-
icant effect on Chloroflexi (R = 0.43), while sam-
pling year had effects on a number of different
bacterial phyla, especially on Actinobacteria
(R = 0.77), Bacteroidetes (R = 0.62), Chloroflexi
and Armatimonadetes (both R = 0.5) (Table S4).

Interestingly, field type had not only a significant
effect on the bacterial community on the roots but
also on that in the soil, while plant type (in contrast
to the community on root) had no significant effect
on the soil bacterial community as shown by NMDS
and CCA analysis (Fig. S5).
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according to their phylogenetic assignment on the level of (a)
phyla and (b) genera. The bubble size indicates the relative abun-
dance (1-30%), the phylogenetic groups were ordered according
to the number of OTUs they represent

Discussion

Our study showed that rice roots and maize roots
exhibited significantly different community struc-
tures of Archaea and Bacteria despite the fact that
the plants were grown in the same soil. The differ-
ence was apparent both in abundance and compo-
sition. Even when assessing individual bacterial
phyla, composition of the communities were differ-
ent on rice and maize roots. The bacterial and
archaeal community compositions grown on roots
of rice that was rotated with maize were only
slightly different from those of non-rotated rice.
They actually were in-between non-rotated rice
and maize, showing that it was not only the root
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bols). For further explanation of the symbols see Fig. 5

environment of a particular plant, but also the man-
agement by crop rotation that affected root coloni-
zation, and presumably also differences in nutrient
cycling. Since crop rotation between rice and maize
was also a rotation between flooded soil and upland
soil conditions, it is likely the water content and the
aeration of the soil that affected root colonization.
Indeed, the soil bacterial community in rotational
fields was significantly different of that vegetated
with non-rotated rice confirming previous observa-
tions (Breidenbach et al. 2016a).

Root associated microbiomes of rice are differ-
entiated between root compartments (rhizosphere,

rhizoplane or ectorhizosphere, endorhizosphere),
field sites (locations across California’s Central val-
ley), cultivation practice (EcoFarm, Organic), and
rice variety (six cultivars) indicating that coloniza-
tion of the roots is affected by the soil microbiota
and the plant genotype (Edwards et al. 2015). Soil
environment and plant genotype also shape the mi-
crobiota of the rhizosphere of maize, although soil
environment seems to be the most crucial factor, as
samples across different locations in the USA have
a more pronounced effect than samples of 27 dif-
ferent maize genotypes (Peiffer et al. 2013). Never-
theless, plant genotype is an essential factor as
demonstrated for rhizosphere bacterial communities
in maize (Bouffaud et al. 2012), methanogenic ar-
chaeal communities in rice (Conrad et al. 2008),
and methanotrophic bacterial communities in rice
(Liike et al. 2011). The present study extends these
results to two different plant species, maize and
rice, which exhibited completely different ecto-
and endorhizosphere communities although they
were grown in the same soil.

However, the soil type is not the only factor
shaping the soil microbial community. In fact, local
soil environmental conditions, water status in partic-
ular, are very important as seen by the effects of
flooding on the development of the soil microbial
community (Lueders and Friedrich 2000; Noll et al.
2005) and their transcription activity (Kim and
Liesack 2015; Ma et al. 2012; Shrestha et al.
2009). These studies show that the soil microbial
community changes because of adaptation from aer-
obic to anaerobic conditions. Therefore, it is mainly
the different soil microbial community in flooded
versus upland soil that results in different microbial
communities on the rhizoplane. Effects of water
management on rhizoplane communities have been
observed in poplar trees (Graff and Conrad 2005)
and are also seen here in rice-maize crop rotation.
While the rhizoplane community of rice roots was
adapted to the flooded conditions, that of maize
roots was adapted to upland conditions.

Rice roots are colonized by a community of anaerobic
bacteria and methanogenic archaea that are able to produce
CHy,4, most probably not only from soil organic matter but
also from root exudates derived from photosynthetically
fixed carbon (Pump and Conrad 2014; Watanabe et al.
1999; Yuan et al. 2012). Maize fields, however, that are
cultivated under drained upland conditions do not show
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Fig. 4 Relative abundance of bacterial phyla based on 16S rRNA gene sequences detected on roots of rice and maize plants grown under
crop rotation (MR) or as flooded rice only (RR) in 2012 and 2013 during the wet and the dry season

production and emission of CHy as seen on the experi-
mental fields in our study (Kraus et al. 2015; Weller et al.
2015). Although both maize as well as rice roots contained
archaeal OTUs from all major methanogenic taxonomic
orders, the absolute abundance of methanogenic archaca
was lower on maize than on rice roots. For Bacteria, on the
other hand, absolute abundance was similar for rice and
maize roots. However, composition of bacterial communi-
ties were different. In general, roots were dominated by the
phylum Proteobacteria, similarly as observed in other
studies with different plant roots (Bulgarelli et al. 2012;
Edwards et al. 2015; Lundberg et al. 2012; Peiffer et al.
2013). However, while rice roots were dominated by
OTUs from the Deltaproteobacteria, maize roots were
dominated by Alphaproteobacteria. Deltaproteobacteria
typically comprise bacteria with anaerobic metabolism
(often obligatorily), such as iron reducers, sulfate reducers
and syntrophic fermenting bacteria. Among the
Alphaproteobacteria it is apparently the obligately aerobic
genus Burkholderia that colonizes maize roots (Bouffaud
et al. 2012; Peiffer et al. 2013), and also the aerobic
methanotrophs, such as Methylocystis. However,
methanotrophs were not among the 100 most common
OTUs. Firmicutes comprising Clostridia as fermenting
bacteria were mainly found on rice roots, while they were
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less abundant on maize roots, again emphasizing the fact
that rice roots in contrast to maize roots develop in an
anoxic environment, where fermentation and
methanogenesis occurs. However, since the bacterial
OTUs were all based on 16S rRNA gene phylogeny,
analysis of microbial functions is limited to common
knowledge of the physiology of microbial taxa.

In conclusion, the results of our study answered our
initial questions and showed that the microbiomes of
maize and rice roots were different and that crop rotation
between rice and maize affected the community struc-
tures on rice roots. However, our study also indicated
that much of the differences between the microbiomes
on rice versus maize root was due to the different soil
environmental conditions, i.e. anoxic flooded soil
supporting anaerobic microbial metabolism on rice
roots versus oxic drained soil supporting aerobic micro-
bial metabolism on maize roots.

Fig. 5 NMDS analysis of 16S rRNA gene OTUs assigned to P>
major bacterial phyla detected on maize roots grown under crop
rotation (MR .1, Open symbols) and on rice roots either under
crop rotation (MRy;c., grey symbols) or under flooded rice only
(RR, closed symbols). The individual symbols indicate the field
(RR, MR), the year (2012, 2013) and the season (D-dry, W-wet)
when samples were taken
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