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a b s t r a c t

An increasing number of ecological studies compare the diversity of microbial taxa along

environmental gradients or between imposed treatments. Estimates are often based on

analysis-of-variance of taxon-richness inferred from pyrosequencing data. We conducted a

reanalysis of three 454-pyrosequencing studies on arbuscular-mycorrhizal-fungal diversity

to evaluate the suitability of using the Leinster and Cobbold diversity-indices (LCdis) to

assess diversity. We expected that the potential of LCdis to consider phylogenic relation-

ships could resolve problems arising from ambiguous species-delineation in microbial-

systems. Our reanalysis showed that comparisons between studies differing consid-

erably in sequencing depth may be risky. Moreover, we show that LCdis not only reproduce

the results of analyses of variance but can also resolve issues connected to variation in

sequence read number, while additionally representing a less conservative metric of

diversity than analysis-of-variance of taxa-richness. Based on these results we advocate

the use of inclusive diversity indices in ecological studies targeting microbial communities.

ª 2014 Elsevier Ltd and The British Mycological Society. All rights reserved.

Introduction

Recent decades have increasingly seen ecological theory being

tested using microbial systems (Poisot et al., 2013). There are

several reasons for this, the most obvious being that shifts in

community composition and structure can be observed over

small temporal and spatial scales (Jessup et al., 2004). The

development of pyrosequencing technologies have greatly

contributed to the accumulation of such studies, and will

continue to do so, due to their cost-efficiency (per sequence;

Rothberg and Leamon, 2008) and their ability to detect rare

individuals that cannot be adequately sampled using earlier

approaches (€Opik et al., 2009). Although it is common for such

studies to incorporate microbial community information in

analyses of a- and b- diversity after pooling data, in many

studies the unit for analyses of diversity is the replicated

sample.

The most common way to summarize diversity informa-

tion is to apply analysis of variance (ANOVA) to estimates of

species richness (e.g. €Opik et al., 2009; Lekberg et al., 2011),

which is the only diversity metric robust to potential PCR-

related biases in quantitative-community matrices.
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Community richness represents one extreme in diversity

assessment in which rare species are assigned the same

weight as abundant species. The other extreme is the inverse

of the Berger and Parker index (Berger and Parker, 1970), in

which only abundant species are considered. Both of these

extreme approaches for assessing community diversity may

be problematic. The former may be misleading since it does

not consider shifts in evenness among taxa, a characteristic of

communities that has been demonstrated to predict func-

tional resilience (Wittebolle et al., 2009). The latter ignores rare

or elusive taxa that may become important under certain

environmental conditions, such as in the lead-up to toxic algal

blooms (Burkholder et al., 1992; Hooper et al., 2005). Therefore,

a robust representation of species abundance is necessary in

order to accurately represent diversity in ecological studies of

microbes.

Leinster and Cobbold (2012) proposed the use of diversity

profiles (a series of multiple diversity estimates that differ in

the relativeweighting of abundant vs. rare taxa), as opposed to

point estimates of diversity (e.g. richness and Shannon diver-

sity index), to visually represent the importance of rare taxa in

making comparisons among sample groups. They also used an

extension of Hill numbers (Hill, 1973) to account for gradients

in similarity among species; diversity profiles may then com-

pare naive diversity profiles to profiles that explicitly account

for genetic or functional variation among species within

communities. Amajornovelty of these indices is their ability to

consider phylogenetic relationships between taxa; according

to the non-naive version of the indices a site with a given

number of species that belong to a single genus is typically less

diverse than another sitewith an equal number of species that

belong to different genera. This attributemaybe of particularly

high applied value in microbial ecology, where considerable

uncertainty surrounds approaches to species delineation (e.g.

Stockinger et al., 2010). Here we use the term “inclusive

diversity indices” to describemetrics that address diversity on

the basis of diversity profiles, i.e., considering the entire range

of weighting applied to rare (richness) and abundant (even-

ness) species. The result is a generalized comparison of

diversity between communities that requires no a priori

assumptions about the importance of species abundance.

Here, we use the approach of Leinster and Cobbold (2012) to

reanalyze data from published studies that have applied next-

generation sequencing. We had three objectives. First, we

highlight the importance of standardizing sequencing depth

in pyrosequencing studies before conducting assessments of

diversity. While the sample size dependency of diversity

metrics such as species richness has been known for a long

time (e.g. Smith and van Belle, 1984) this is a component of

bioinformatics that has not been sufficiently stressed even

within the latest pyrosequencing user guides (e.g. Lindahl

et al., 2013). Then we assess whether the results of recent

next-generation sequencing studies are comparable to earlier

studies that were based on lower numbers of sequences and

which consequently detected a much smaller fraction of each

community. This objective is important as it will allow

researchers to determine whether the inferences made from

Sanger sequencing studies are comparable to those made

from pyrosequencing studies. Finally, we assess whether the

conclusions that had been reached through implementation

of traditional comparison techniques such as ANOVAs would

be robust to consideration of alternative diversity metrics.

Specifically we consider the diversity profiles that are

obtained from inclusive diversity indices when rare species

are not weighted equally to abundance species, i.e., we ask

whether attributing variable importance to abundant species

might change our view of diversity responses in some cases.

Materials and methods

We focus here on ecological studies of arbuscular mycorrhizal

fungi (AMF), ubiquitous obligate symbionts associating with

the roots of most terrestrial plant species (Smith and Read,

2008). We chose AMF as a model for our purposes because

this system provides a clear sampling criterion delineating a

community of interacting individuals (within the root system

of a single host plant). This criterion is difficult to satisfy for

many ecological studies of microbes, where issues of scale

always exist and are dependent on the quantity and proper-

ties of the substratum sampled (e.g. Kang and Mills, 2006),

which can lead to confused definitions of a- and b- diversity

(Whittaker et al., 2001). In addition, a recurrent problem in

ecological studies of microbes is the recognition of ‘species’

and ‘individuals’ and the delineation of clusters of DNA

sequences into these groups (Smith et al., 1992; Powell, 2012).

This problem has been shown to have consequences for our

understanding of the ecological characteristics of AMF (Kr€uger

et al., 2011; Powell et al., 2011) and other microorganisms

(Koeppel et al., 2008). Finally, AMF represent a group of eco-

logically important microbes that has been studied exten-

sively in the past (€Opik et al., 2010). We did not consider

multiple microbial groups as we wanted our datasets to be

sufficiently homogenous to be comparable. However, we

acknowledge that this limits our ability to generalize our

results to other microbial groups.

We reanalyzed two studies that utilized next-generation

sequencing to assay AMF communities from plant roots

(Lekberg et al., 2011; Becklin et al., 2012). To expand our

dataset we further used a study that assayed AMF commun-

ities from soil (Davison et al., 2012); at the time when the

project was initiated these were the only published next-

generation sequencing studies on AMF that both reported

abundances and included replicated designs. In all three

studies phylogenetic information had been partitioned into

operational taxonomic units e OTUs; in our reanalysis we

adopted these OTU definitions as a means of delineating

species e a surrogate of a species in plants and animals.

Lekberg et al. (2011) used eleven replicates per treatment of

plants (Plantago lanceolata): (i) subjected to limited disturbance;

(ii) disturbed with recolonization from the surrounding AMF

community prevented; (iii) disturbedwith recolonization from

the surrounding AMF community possible; and (iv) mycor-

rhizal plants adjacent to these units; the native P. lanceolata

treatment was dropped to generate a balanced dataset

(Table 1).

Becklin et al. (2012) included 4e8 replicates per treatment

(Taraxacum ceratophorum, T. officinale and P. viscosum harvested

from open meadow plants and willow understory habitats)

(Table 1).
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