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Changes in methanogenic archaeal communities.  Dual cropping of Azolla along with rice had a mod-
erate e�ect on the alpha diversity of the methanogenic community in paddy soils during the rice cultivation 
period (Table�2). In total, 135, 354 high-quality reads (average length: 296.72 bp) were obtained a�er the opti-
mization process, and a total of 65 OTUs (at the 97% similarity cuto�) across all the samples were con�rmed to 
belong to methanogens. �e coverage values close to 1 among all the samples (0.9996�0.9999) re�ected the high 
depth of sequencing. Sampling time and the presence of Azolla had no signi�cant e�ect on methanogenic species 
richness (Chao 1) (Table�3). Methanogenic species diversity (1/Simpson, 1/D) remarkably increased with rice 
cultivation period but showed no signi�cant di�erence with or without Azolla cultivation. However, interaction 
was observed between sampling time and Azolla management. Treatments with Azolla cultivation intensi�ed 
increasing trend of 1/Simpson.

Hierarchical clustering analysis demonstrated that methanogenic archaeal communities were highly 
similar among all the samples. ANOSIM analysis was used to testify if methanogenic archaeal samples clus-
tered according to the presence of Azolla or cultivation period (Table�4). Samples were grouped according to 
with or without Azolla and cultivation period (17d, 47d and 67d), ANOSIM analysis indicated that cluster 

Treatmenta

Days a�er rice transplanting

10 17 24 33 40 47 54 61 Mean

Paddy bulk soil pH value

  NPK �​ Azolla 7.00 �​ 0.09ab 6.90 �​ 0.07a 6.80 �​ 0.19a 6.00 �​ 0.09a 6.00 �​ 0.11a 6.60 �​ 0.23a 6.50 �​ 0.15a 6.33 �​ 0.22a 6.5

  NPK 7.20 �​ 0.19a 7.00 �​ 0.09a 6.90 �​ 0.07a 6.40 �​ 0.20a 6.00 �​ 0.10a 6.80 �​ 0.06a 6.70 �​ 0.18a 6.40 �​ 0.20a 6.7

Floodwater pH value

  NPK �​ Azolla 6.48 �​ 0.08b 6.42 �​ 0.06b 7.05 �​ 0.19b 6.62 �​ 0.11b 6.73 �​ 0.12b 6.82 �​ 0.24b 6.63 �​ 0.15a 6.33 �​ 0.22b 6.6

  NPK 7.12 �​ 0.19a 7.21 �​ 0.10a 8.00 �​ 0.09a 7.52 �​ 0.23a 7.21 �​ 0.12a 7.32 �​ 0.07a 6.89 �​ 0.19a 6.82 �​ 0.22a 7.3

DO at the soil-water interface

  NPK �​ Azolla 2.17 �​ 0.21a 1.82 �​ 0.2a 1.98 �​ 0.21a 2.34 �​ 0.13a � 2.01 �​ 0.14a 2.17 �​ 0.14a 2.30 �​ 0.16b 2.11

  NPK 1.88 �​ 0.16b 1.15 �​ 0.05b 1.46 �​ 0.08b 1.75 �​ 0.20b � 1.65 �​ 0.08b 1.52 �​ 0.05b 2.64 �​ 0.12a 1.72

Eh in the root region of rice plants

  NPK �​ Azolla �​56.1 �​ 3.2a �​135.6 �​ 6.1a �​142.3 �​ 2.8a �​176.3 �​ 11.1a �​106.0 �​ 6.8a �​115.8 �​ 3.5a �​158.7 �​ 7.6a �​113.3 �​ 3.4a �​125.5

  NPK �​53.0 �​ 5.0a �​148.7 �​ 3.2b �​155.8 �​ 2.8b �​181.8 �​ 7.3a �​110.7 �​ 5.1a �​133.3 �​ 14.5b �​171.8 �​ 7.6b �​129.4 �​ 3.7b �​135.6

Table 1.   Environmental variations in the rice �eld under the in�uence of Azolla from day 10 to day 61 a�er 
early rice transplantation. aEach bulk soil pH value is the mean of 3 replications and the rest of environmental 
variables (�oodwater pH, DO and Eh) values were the mean of 6 replications. NPK, rice cropping without dual 
cropping of Azolla under recommended fertilization; NPK �​ Azolla, Rice cropping with dual cropping of Azolla 
under recommended fertilization. bIn a column, values with di�erent letters are signi�cantly di�erent (p �​ 0.05) 
by one way Anova test (comparison between two treatments in same environmental factor measurement).

Figure 2.  Redundancy analysis (RDA) displaying the relationship among environmental parameters (red), 
paddy soil samples (blue) and relative abundances (gray) of methanogenic archaeal (a) and methanotrophic 
bacterial (b) communities classi�ed at the genus level. Only the genera known to be methanogens (a) and 
methanotrophs (b) are shown on the RDA plot. NPK, rice cropping without dual cropping of Azolla under 
recommended fertilization; NPK �​ Azolla, rice cropping with dual cropping of Azolla under recommended 
fertilization.
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according to the presence of Azolla and cultivation period were both signi�cant (p �​ 0.05) based on genus level. 
�e methanogenic community consisted of Methanomicrobiales (53.6% �​ 0.6�60.0% �​ 0.6%), Methanosarcinales 
(24.3% �​ 0.6�35.0% �​ 0.4%), Methanocellales (5.9% �​ 0.005�9.3% �​ 0.08%) and Methanobacteriales 

Figure 3.  Relative abundances of methanogenic archaeal 16S rRNA genes (a) and methanotrophic bacterial pmoA 
genes (b) based on quantitative PCR in the paddy soil of the two treatments during the rice cultivation period 
(days 17, 47 and 67 a�er early rice transplantation). Vertical bars indicate the standard deviation of the means 
(n �​ 3). Di�erent letters above error bars denote a signi�cant di�erence between the two treatments at the same 
sampling time (n �​ 3, p �​ 0.05, T-test). NPK, rice cropping without dual cropping of Azolla under recommended 
fertilization; NPK �​ Azolla, rice cropping with dual cropping of Azolla under recommended fertilization.

Treatment Readsa

0.97b

OTU Chao 1/Simpson

Methanogenic archaea

  17d
NPK �​ Azolla 18397 53 57 �​ 4 6.61 �​ 0.19

NPK 25814 53 54 �​ 3 6.74 �​ 0.19

  47d
NPK �​ Azolla 20642 53 55 �​ 6 6.69 �​ 0.24

NPK 26205 57 59 �​ 3 6.81 �​ 0.18

  67d
NPK �​ Azolla 24242 59 61 �​ 3 7.57 �​ 0.24

NPK 20054 57 60 �​ 4 6.87 �​ 0.19

Methanotrophic bacteria

  17d
NPK �​ Azolla 23911 86 90 �​ 2 6.89 �​ 0.19

NPK 22116 115 142 �​ 7 8.02 �​ 0.27

  47d
NPK �​ Azolla 23958 72 94 �​ 5 11.7 �​ 0.29

NPK 23139 108 112 �​ 10 12.7 �​ 0.36

  67d
NPK �​ Azolla 22100 115 119 �​ 6 22.7 �​ 0.67

NPK 21921 104 116 �​ 7 24.2 �​ 1.05

Table 2.   Alpha-diversity of methanogenic archaeal and methanotrophic bacterial community during rice 
cultivation period (day 17, day 47 and day 67 a�er early rice transplantation). aSequence reads were the sum 
values of three replicates for each treatment. bAlpha-diversity indices (Chao, community richness; Simpson, 
community diversity) of methanogenic archaeal and methanotrophic bacterial community in each sample were 
calculated using �mothur�. OTUs, Operational Taxonomic Units, were clustered with 97% similarity cuto� using 
UPARSE. OTU numbers in the column were the union OTU numbers of three replicates for each treatment.

Main 
factors and 
interactions 

Methanogenic archaea Methanotrophic bacteria

Chao 1/Simpson Chao 1/Simpson

dfa MSb F p df MS F p df MS F p df MS F p

Time 2 39.5 2.37 nsc 2 0.52 12.59 �​0.01 2 390.72 9.22 �​0.01 2 405.69 1299.9 �​0.01

Azolla 1 0 0 ns 1 0.1 2.42 ns 1 2222.22 52.42 �​0.01 1 6.21 19.89 �​0.01

Time �​ Azolla 2 19.5 1.17 ns 2 0.34 8.3 �​0.01 2 1157.72 27.31 �​0.01 2 0.09 0.29 ns

Residual 12 16.67 12 0.04 12 42.39 12 0.31

Total 18 18 18 18

Table 3.   Results of the two factorial analyses of variance (ANOVA) for e�ect of rice cultivation 
period, Azolla and their two-way interactions on Chao and 1/Simpson of methanogenic archaeal and 
methanotrophic bacterial community. adf: degree of freedom. bMS: Mean square. cns: no signi�cant (p �​ 0.05).
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(4.5% �​ 0.005�6.4% �​ 0.06%) (Fig.�4a). Dual cropping of Azolla primarily a�ected Methanosarcinales and had lit-
tle in�uence on the other three. Representing the second dominant methanogenic population, Methanosarcinales 
mainly consisted of Methanosaeta (7.6% �​ 0.3�13.6% �​ 0.2%) and the GOM Arc I group (13.7% �​ 0.3�
23.0% �​ 0.3%), which were sensitive to the Azolla cultivation (Fig.�5b). Compared with NPK, the relative abun-
dance of Methanosaeta increased on day 17 (�​3.0%, p �​ 0.05) and decreased on days 47 (�​4.9%, p �​ 0.05) and 
67 (�​3.7%, p �​ 0.05). In contrast, the relative abundance of the GOM Arc I group decreased on day 17 (�​1.4%, 
p �​ 0.05) and increased on days 47 (�​3.0%, p �​ 0.05) and 67 (�​2.4%, p �​ 0.05). �e most predominant meth-
anogenic population, Methanomicrobiales, mainly consisted of Methanolinea (8.4% �​ 0.1�10.1% �​ 0.007%) and 
Methanoregula (39.9% �​ 0.6�46.9% �​ 0.5%) (Fig.�5a). During the rice growth period, dual cropping of Azolla 
signi�cantly (p �​ 0.05) increased the relative abundance of Methanoregula by 1.2% and 2.1% on days 17 and 47, 
respectively.

Furthermore, the RDA plot (Fig.�2a) demonstrated that the pH, including the bulk soil pH and �oodwater pH, 
had possible correlations with the relative abundance of most methanogens, including Methanosaeta, the GOM 
Arc I group, Methanosarcina, Methanospirillum, and Rice Cluster I.

Analysis of the shared and unique OTUs revealed that dual cropping of Azolla barely a�ected the methano-
genic archaeal OTU distribution (Fig.�6). �ere were in a total of 57, 59 and 61 OTUs from the two treatments 
(NPK and NPK �​ Azolla) on days 17, 47, and 67, respectively, and shared OTUs represented 86.0%, 87.9% and 
90.2%, respectively. Four unique OTUs (unique OTUs were identi�ed as unique that were found in all three 

Domain Grouping

based on OTU level based on Genus level

ANOSIM 
R statistic

ANOSIM 
P-value Signi�cant?

ANOSIM 
R statistic

ANOSIM 
P-value Signi�cant?

Methanogens

Azolla (with or without Azolla) 0.125 0.072 No 0.278 0.013 Yes

Cultivation period

17d �​ 47d 0.222 0.048 Yes 0.296 0.037 Yes

17d �​ 67d 0.502 0.002 Yes 1 0.002 Yes

47d �​ 67d 0.7 0.002 Yes 0.4 0.015 Yes

Methanotroph

Azolla (with or without Azolla) 0.352 0.003 Yes 0.187 0.047 Yes

Cultivation period

17d �​ 47d 0.7 0.002 Yes 0.4 0.006 Yes

17d �​ 67d 0.7 0.002 Yes 0.967 0.002 Yes

47d �​ 67d 0.1 0.21 No 0.328 0.024 Yes

Table 4.   Correlations between methanogenic archaeal and methanotrophic bacterial community 
similarity and the presence of Azolla or cultivation period of early-rice. A 999 permutations of the test for 
each ANOSIM analysis (higher than possible permutations). A test is considered signi�cant if P �​ 0.05.

Figure 4.  Cluster analysis (le�) combined with taxonomic composition barplot (right) of methanogenic 
archaea (a) and methanotrophic bacteria (b). NPK, rice cropping without dual cropping of Azolla under 
recommended fertilization; NPK �​ Azolla, rice cropping with dual cropping of Azolla under recommended 
fertilization.
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replicates of one treatment but not in any of the triplicates of the other treatment.) on day 17, 2 unique OTUs on 
day 47, and 4 unique OTUs on day 67 were detected in NPK �​ Azolla.

Changes in methanotrophic communities.  Dual cropping of Azolla along with rice had a signi�cant 
impact on the alpha diversity of the methanotrophic community in paddy soils during the rice cultivation period 
(Table�2). In total, 137, 145 high-quality reads (average length 299.98 bp) were obtained a�er the optimization 
process, and a total of 198 OTUs across all samples were de�ned belonging to methanotrophs. Coverage values 
in all samples approached 1 (0.9993�0.9999), re�ecting the high depth of sequencing. Species richness (Chao 1) 
was signi�cantly decreased by by 35.2% and 13.4% on days 17 and 47, respectively, under NPK �​ Azolla treat-
ment. �e species diversity (1/Simpson, 1/D) also decreased on days 17, 47, and 67 compared with NPK. Two 
factorial analyses of variance (ANOVA) revealed remarkable changes in the methanotrophic bacterial diversity 
(Chao 1, 1/D) under dual cropping of Azolla (Table�3). �e hierarchical clustering analysis indicated that the 
methanotrophic bacterial communities were a�ected by the growth of Azolla because the communities of these 
bacteria were similar during the initial days (day 17) in both treatments but were clearly di�erent in the samples 
from the later days (days 47 and 67) from the two treatments (Fig.�4b). ANOSIM analysis was carried out to test 
if methanotrophic bacterial samples clustered according to the presence of Azolla or cultivation period (Table�4). 
Samples were grouped according to with or without Azolla and cultivation period (17d, 47d and 67d), ANOSIM 
analysis indicated that cluster according to the presence of Azolla and cultivation period were both signi�cant 
(p �​ 0.05) based on OTU and genus level.

In terms of community composition, the methanotrophic community consisted of Type I methanotrophs, 
Type II methanotrophs and unclassi�ed methanotrophs (Fig.�4b). Type I methanotrophs were the overwhelm-
ingly predominant populations, with much higher relative abundances (74.4% �​ 1.9�97.6% �​ 0.13%) than those 
of Type II methanotrophs (�​0.01�11.8% �​ 1.1%) during the rice cultivation period. Type I methanotrophs 
mainly consisted of Methylomonas (29.2% �​ 0.002�39.4% �​ 2.5%), Methylococcus (6.3% �​ 0.4�39.7% �​ 0.6%), 
Methylobacter (1.5% �​ 0.003�7.8% �​ 0.6%) and unclassi�ed Methylococcaceae (1.3% �​ 0.002�11.4% �​ 1.7%) 
(Fig.�7a). Type II methanotrophs mainly consisted of Methylocystis (�​0.01�10.5% �​ 0.8%) (Fig.�7b). Compared 
with NPK, the NPK �​ Azolla treatment had a much lower Type II methanotroph relative abundance (�​0.01%, 
0.06% �​ 0.006%) and a correspondingly higher Type I methanotroph relative abundance (97.6% �​ 0.1%, 
93.2% �​ 0.7%) on days 17 and 47. In contrast, on day 67, a higher Type II methanotroph relative abundance 
(11.8% �​ 1.1%) and a correspondingly lower Type I methanotroph relative abundance (74.4% �​ 1.9%) were 
observed in the NPK �​ Azolla treatment. For the Type I methane oxidizer, cultivating Azolla significantly 
(p �​ 0.05) increased the relative abundance of Methylomonas (�​3.8% and �​6.8% on days 17 and 47, respectively) 
and dramatically (p �​ 0.05) decreased the relative abundance of Methylococcus (�​23.5% and �​10.5% on days 
47 and 67, respectively). Moreover, a�er being strongly inhibited, Type II methanotrophs, mainly Methylocystis 
(10.5% �​ 0.8%), increased on day 67 under dual cropping of Azolla.

�e RDA plot (Fig.�2b) demonstrates that the relative abundances of Methylobacter and Methylogaea were 
possibly correlated with methane emissions and pH values, including bulk soil pH and �oodwater pH values. 

Figure 5.  Variations in the communities of Methanomicrobiales (a), Methanosarcinales (b), Methanocellales 
(c) and Methanobacteriales (d) detected in the paddy soil during the rice cultivation period. Methanogenic 
archaeal 16S rRNA gene sequencing reads were classi�ed at the genus level using the RDP Classi�er (http://rdp.
cme.msu.edu/) against the silva (SSU115) 16S rRNA database; only the genera known to be methanogens are 
shown. NPK, rice cropping without dual cropping of Azolla under recommended fertilization; NPK �​ Azolla, 
rice cropping with dual cropping of Azolla under recommended fertilization.
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Figure 6.  Venn diagrams and pie charts showing the distribution of methanogenic archaeal 16S rRNA OTUs in 
the two treatments across three sampling times: day 17 (a), day 47 (b) and day 67 (c) a�er rice transplantation. 
�e numbers within the diagrams indicate the number of OTUs shared between two treatments (A) or unique 
to the given treatment (B,C) (unique OTUs were identi�ed as unique that were found in all three replicates 
of one treatment but not in any of the triplicates of the other treatment). �e pie charts denote the taxonomic 
identity and distribution of shared OTUs (A). Unique OTUs are listed beside the Venn diagrams (B,C). NPK, 
rice cropping without dual cropping of Azolla under recommended fertilization; NPK �​ Azolla, rice cropping 
with dual cropping of Azolla under recommended fertilization.
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