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Abstract

The ecological concept of the r-K life history strategy is widely applied in
macro-ecology to characterize functional traits of taxa. However, its adoption
in microbial communities is limited, owing to the lack of a measureable,
convenient functional trait for classification. In this study, we performed an
experiment of stepwise organic amendments in triplicate anaerobic
digesters. We found that high resource availability significantly favored
microbial r-strategists such as Bacillus spp. Incremental resource availability
heightened average rRNA operon copy number of microbial community,
resulting in a strong, positive correlation (r>0.74, P<0.008). This study
quantifies how resource availability manipulations influence microbial
community composition and supports the idea that rRNA operon copy
number is an ecologically meaningful trait which reflects resource
availability.

Introduction

Understanding ecological strategies is fundamental in plant and animal
ecology for predicting biodiversity patterns and community responses to
disturbances. The concept of r- and K-life history strategies describes the
early colonization of populations which is beneficial when resources are
abundant (that is, r-strategy), and their subsequent replacement by
populations which is beneficial when resources become limited (that is, K-
strategy) (MacArthur and Wilson, 2015). Despite criticism to be an
oversimplification, it provides a convenient framework to characterize the
ecological trait across different taxa (Reznick et al., 2002). The ecological
characteristics of many microorganisms have been documented by studying



laboratory isolates, leading to a proposition that microbial rRNA operon copy
number can potentially serve as a unifying life strategy trait for tracking
ecosystem response to environmental change (Green et al., 2008). A large-
scale survey of bacteria strains indicates that the rRNA operon copy number
is positively correlated with their maximum reproductive rates and
negatively correlated with the carbon use efficiency (Roller et al., 2016).
Cultivation experiments on microbial isolates also revealed a positive
correlation between the rRNA operon copy number and the capacity for that
microorganism to respond to resource availability (Klappenbach et al., 2000).
That is, organisms with few rrn operons tend to be K-strategy; those with
multiple rrn operons tend to be r-strategy, which are dominant when
resources are abundant (Lee et al., 2009). Nevertheless, despite recent
efforts to analyze the average rRNA copy number of bacterial community
(DeAngelis et al., 2015, Nemergut et al., 2016), it remains elusive to what
magnitude the mean rRNA copy number of microbial community responds to
resource availability.

In this study, we increased resource availability through addition of poultry
waste into triplicate digesters with dairy manure as the substrate, and used
modern molecular methods to quantify changes in bacterial community. We
maintained the organic loading rate (OLR) at 1.0 g volatile solid (VS) I"*day~!
(Day 1-44), then increased to 1.3gVS |"*day™! (Day 45-76), and 1.5g VS |
day~! (Day 77-98) by adding poultry waste to co-digesters (Supplementary
Figure S1; see Supplementary Materials for experimental details). The VS
level, an indicator index of organic matter (Federation and Association, 2005,
Larney et al., 2005), is used as a measure of resource availability in this
study. Following organic amendments, the VS level rose gradually from
14.15+0.17g17'to 17.80+0.26 g I"%. The increase in methane production was
proportional to the increase in OLR in co-digesters, suggesting that the
function of microbial community was not inhibited under our experimental
conditions (Chen et al., 2012). In contrast, methane production, biogas
production and VS removal remained largely stable in the control digesters
fed with dairy manure as the only substrate (Supplementary Figure S1).

Principal coordinate analysis (PCoA) suggested that microbial taxonomic
composition, as represented by the 16 S rRNA sequence data, changed over
time in co-digesters (Figure 1a), which significantly differed from that of
controls at both the first OLR increase (permutational MANOVA, F=5.30,
P=0.001) and the second OLR increase (permutational MANOVA, F=11.01,
P=0.001). We generated heatmaps with OTUs to compare the difference in
microbial community compositions between control and co-digesters
(Supplementary Figure S2). Three groups of OTUs were identified by
selecting branches presenting specific patterns of dynamics in the relative
abundance, which were then subjected to post hoc statistical tests (see
Supplementary Methods for details). Group 1 represented abundant OTUs in
both control and co-digesters. Group 2 represented OTUs significantly
increased in the co-digesters, while OTUs in Group 3 were abundant in



control but substantially decreased in the co-digesters. By comparing Group
2 and 3, we showed that phylogenetic clades were different (Figure 1b). For
example, most of the OTUs (71.8%) in Group 2 belonged to the phylum
Firmicutes, which was remarkably higher than that in Group 3 (39.1%) and in
all of the detected OTUs (52.7%). Among them, there was a 24.4%
enrichment of class Bacilli with many species known to be efficient in
fermentation and fast-growing under favorable conditions, such as Bacillus
subtilis (Karlin et al., 2001) and amylolytic lactic acid bacteria from the order
Lactobacillales (Diaz-Ruiz et al., 2003). A total of 9.4% of OTUs belonged to
the phylum Actinobacteria in Group 2, while none in Group 3 was from
Actinobacteria.



Figure 1. Dynamics of bacterial taxonomic compositions in response to OLR
manipulation. (@) principal coordinate analysis (PCoA) of control and co-digestion
samples. Control and co-digestion samples are indicated by red circles and blue
squares, respectively, with the gradient of color representing sampling time. (b)
Taxa classification at the phylum level of the four groups of OTUs: abundant OTUs
across all samples (Group 1); OTUs enriched under co-digestion (Group 2); OTUs
declined under co-digestion (Group 3); and the ‘all’ group representing all the OTUs
detected. (c) The mean of estimated rRNA operon copy number of OTUs for each
group. The error bar represents standard error. Values with different superscript
letters at each group are significantly (P<0.05) different from each other.
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The rRNA operon copy number for each OTU was estimated through the
rrnDB database, based on its closest relatives with known rRNA operon copy
number (Stoddard et al., 2014). ANOVA indicated significant differences in
the average copy number between groups (P<0.001). The average copy
number of OTUs from Group 2 was significantly higher (P=0.02, Tukey’s
test), while that of Group 3 was lower (P=0.03, Tukey’s test) than the

average copy number of all OTUs (Figure 1c), demonstrating that OTUs with
higher rRNA operon copy numbers were enriched by incremental OLR. In
particular, the most notable change was observed in OTU 333 belonging to
the genus Virgibacillus with the estimated copy number of 6.67, which was
undetected in control samples but presented in 31 out of 33 co-digestion
samples.

We calculated the abundance-weighted average rRNA operon copy number
of OTUs for each sample (Figure 2a). The average copy number of microbial
communities in control digesters were relatively stable across the study



period, with an average of 2.96. When supplied with additional poultry waste,
the average copy number in co-digesters increased to 3.09 at the end of the
first OLR increase and further increased to 3.38 at the end of the second OLR
increase. Linear regression analysis indicated that the abundance-weighted
average rRNA operon copy number of microbial community strongly
correlated (r>0.74, P<0.008) with the VS level in each co-digester (Figure
2b), which was incremental over time. This finding appeared to be reliable,
since results of the autocorrelation function (ACF) analysis (Supplementary
Figure S3) and the Wald-Wolfowitz runs test revealed no autocorrelation
(P>0.4) of residuals from the linear regression models. This finding
suggested that microorganisms with higher rRNA operon copy number were
favored when VS levels were higher.

Figure 2. Effects of OLR manipulation on the abundance-weighted average rRNA
operon copy number of microbial communities. (a) The abundance-weighted
average rRNA operon copy number of communities across time. The error bar
represents the standard error of three biological replicates. (b) linear regression
showing the correlation between the abundance-weighted average rRNA operon
copy number of microbial community and VS level in each co-digester.
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The shift of microbial communities was unlikely to arise from microbes
introduced by poultry waste because microbial community compositions of
dairy manure and poultry waste were remarkably distinct from those of
sludge (Supplementary Figure S4). For example, the relative abundance of
Firmicutes in dairy manure and poultry waste was less than 4% but was
more than 40% in sludge. In addition, the average rRNA operon copy number
was similar between dairy manure (1.97+0.01) and poultry waste
(1.96x0.01). The total ammonia was also correlated with the average rRNA
operon copy number in co-digesters, which was not surprising since VS and
ammonia were strongly correlated (r>0.9, P<0.001). In fact, the total
ammonia (mg N per g VS) were similar between the two substrates
(Supplementary Table S1). Nevertheless, VS remains to be the strongest



predictor for rRNA copy number, as the standardized regression coefficient of
VS is larger than that of ammonia in the multiple regression analysis
(Supplementary Table S2). Therefore, the increase in average rRNA operon
copy number were most likely to arise from the elevated VS level in co-
digesters.

Cultivation studies have demonstrated that bacteria exhibit various
ecological strategies (Gottschal, 1985, Koch, 2001). It has been shown that
genomic signatures, such as codon usage bias indices and the rRNA operon
copy number, could be used as proxies for ecological strategies (Lauro et al.,
2009, Vieira-Silva and Rocha, 2010). The rRNA operon copy humber
correlates to the pace with which microbes synthesize ribosomes and
respond to resource availability (Klappenbach et al., 2000, Roller et al.,
2016). However, the utility of using rRNA operon copy number as a readout
of life history strategies may be overridden by the complex interactions
present in natural communities. It has been shown that the average rRNA
operon copy number of bacteria communities decreased under warming
(DeAngelis et al., 2015). The average rRNA operon copy number also
decreased over time in ecological succession, which was indirectly
associated with changes in resource availability (Nemergut et al., 2016).
Here we showed that the average ribosomal copy number was lower under
low-organic nutrient levels (Figure 2a), and established a causal relationship
that incremental organic nutrient level in anaerobic digesters causes
increase in the average ribosomal copy number of microbial community
(Figure 2b), supporting the use of rRNA operon copy number as a
community-level functional trait associated with ecological strategies. Given
that the rRNA operon copy number can be conveniently estimated by
environmental genomics sequences in DNA database because the rRNA
operon copy number is conserved with phylogeny (Lee et al., 2009), the
rRNA operon copy number could be used in routine analyses of microbial
communities.

We used functional gene array (GeoChip) to examine microbial functional
gene composition, which remained unchanged (permutational MANOVA,
F=0.66, P=0.49) at the first OLR increase but changed significantly
(permutational MANOVA, F=4.65, P<0.005) at the second OLR increase
(Supplementary Figure S5). In contrast, microbial taxonomic compositions
changed more substantially as F values of taxonomic compositions
(permutational MANOVA) were larger at both OLR increase intervals,
suggesting that microbial functional trait might be more resistant to
environmental perturbation than taxonomic trait, which had been observed
in macro-ecology (Fukami et al., 2005). While Chao-1 indices based on OTU
sequences showed that microbial taxonomic diversities in co-digesters were
not different from those of controls, Shannon’s indices of GeoChip data
suggested an increase in microbial functional gene diversity during the
second OLR increase (Supplementary Table S3), which might be due to the
increased resource diversity from additional poultry waste.



GeoChip probes carry taxonomic information of microbial community (Tu et
al., 2014). We found that taxonomic patterns revealed by GeoChip were
consistent with the 16 S rRNA amplicon sequencing data. For example,
36.4% of the cellobiase gene sequences increased under co-digestion were
derived from the phylum Firmicutes, which was higher than average (21.3%,
Supplementary Figure S6). Among them, 66.7% of those Firmicutes
sequences belonged to the class Bacilli (for example, Bacillus clausii KSM-
K16). These results were consistent with sequencing data showing significant
increases in the relative abundance of Firmicutes, especially Bacilli in co-
digesters (Figure 1). Similar results were observed in the acetogenesis genes
codh (Supplementary Figure S7) and fthfs (Supplementary Figure S8)
involved in the reductive acetyl-CoA pathway, which encoded enzymes for
carbon monoxide dehydrogenase and formyltetrahydrofolate synthetase,
respectively.

Methanosaeta and Methanosarcina are the only two genera recognized as
acetoclastic methanogens. Methanosaeta is strictly acetoclastic, that is,
using acetate as the only substrate for methane production (Smith and
Ingram-Smith, 2007), while Methanosarcina is more flexible, capable of all
three pathways of methane production, that is, hydrogenotrophic,
acetoclastic and methylotrophic methanogenesis (De Vrieze et al., 2012).
When the dynamics of mcrA gene sequences derived from Methanosaeta
and Methanosarcina across time points was examined, average signal
intensities of Methanosaeta sequences were higher than Methanosarcina
throughout the study period, in consistency with gPCR data (Supplementary
Figure S9; see Supplementary Table S4 for primers used in qPCR).
Nonetheless, sequences from Methanosarcina, which could be considered as
r-strategists (copiotrophic) since Methanosarcina populations are known to
have higher maximum specific growth rates (umax) and half saturation
concentrations (Ks) for growth on acetate (Conklin et al., 2006) than
Methanosaeta, were enriched during the second OLR increase as compared
to controls, as indicated by both qPCR (P<0.05, two-tailed t test) and
GeoChip data (P<0.10, two-tailed t test). Although the archaeal result alone
was not strong evidence, it was consistent with the bacterial data showing
the enrichment of r-strategists by OLR increase.

In summary, this study showed that both taxonomic and functional traits of
microbial community were sensitive to organic amendments in anaerobic
digesters, with r-strategists enriched under higher OLR. The positive linear
correlation between the average rRNA operon copy number of microbial
community and organic nutrient level raises a possibility to manipulate the
microbial community on the r- to K- strategy continuum by organic
management, which has important implications on the trade-off of microbial
community stability because r-strategists might be less resistant but more
resilient than K-strategists (De Vries and Shade, 2013).

DATA ACCESSIBILITY



Sequence data are accessible in the GenBank database under the accession
number SRP070491. GeoChip data are accessible in the GenBank database
under the accession number GSE934109.
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