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Introduction

The past decades have been a golden era during which great tasks were accomplished in the
field of microbiology, including food microbiology. In the past, culture-dependent methods
have been the primary choice to investigate bacterial diversity. However, using culture-
independent high-throughput sequencing of 16S rRNA genes has greatly facilitated studies
exploring the microbial compositions and dynamics associated with health and diseases.
These culture-independent DNA-based studies generate large-scale data sets that describe the
microbial composition of a certain niche. Consequently, understanding microbial diversity
becomes of greater importance when investigating the composition, function, and dynamics of
the microbiota associated with health and diseases. Even though there is no general agreement
on which diversity index is the best to use, diversity indices have been used to compare the
diversity among samples and between treatments with controls. Tools such as the Shannon-
Weaver index and Simpson index can be used to describe population diversity in samples. The
purpose of this review is to explain the principles of diversity indices, such as Shannon-
Weaver and Simpson, to aid general microbiologists in better understanding bacterial
communities. In this review, important questions concerning microbial diversity are
addressed. Information from this review should facilitate evidence-based strategies to explore
microbial communities.
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present in the GI tract [3-5].
The majority of the bacteria in the GIT are yet to be

The microbiome, the totality of microbes, is found in and
on all subjects from plants to animals. For example, in a
stable gastrointestinal (GI) ecosystem, all available niches
are inhabited by components of the microbiome, the
collection of microorganisms that normally occupy the GI
tract. Any transient species derived from foreign sources
other than the GI ecosystem will pass through the GI tract
without colonization [1, 2]. Nevertheless, the GI tract
ecosystem is very complex and dynamic. It has been
estimated that a total of about 10" bacteria populate the gut
microbiome, and that there are 500—1,000 bacterial species

discovered and are currently “unculturable” using standard
methods, although modern molecular techniques have led
to the characterization of complex bacterial communities.
The development of a culture-independent method based
on the PCR amplification, cloning, and sequencing of the
165 rRNA gene has been limited because of high costs and
the lack of throughput [5, 6]. However, the recent application
of targeted DNA sequence analysis of the 165 rRNA gene
coupled with next-generation sequencing technologies now
enables us to intensively explore microbial communities of
the GI tract and describe overall diversity [7, 8].
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With the development of high-throughput DNA
sequencing, characterization of microbial populations is
advancing at an accelerated pace. The approach to use
high-throughput next-generation sequencing in combination
with taxonomic classification of 16S rRNA genes maximizes
the bacterial species identification with high-resolution
power [9-12].

The important features of a bacterial community in a
certain niche are characterized by the number of species
present and their numerical composition, bacterial diversity.
In order to compare the bacterial diversity from samples of
microorganisms, a variety of bioinformatics tools have
been developed [13-15]. Shannon-Weaver and Simpson
diversity indices are commonly used in bacterial diversity
measurement based on operational taxonomic units (OTUs).
OTUs are inferred to exist based on sequence data, and can
be defined at different levels of resolution (phylum, class,
order, family, genus, and species). Rarefaction (a statistical
technique used to approximate the number of OTUs
expected in a random sample of individuals taken from a
sample collection) can be used to measure bacterial richness
(i.e., relative richness; measurement of OTUs actually
observed in samples), whereas ACE (Abundance-based
Coverage Estimator) and Chaol indices are used to estimate
richness (estimated richness; measurement of OTUs
expected in samples given all the bacterial species that
were identified in the samples) [16—-18].

In the analysis of microbial community diversity, there is
no general agreement on which diversity index is the best
to use [19]. However, the uses of Shannon-Weaver and

A B

Simpson diversity indices have been recommended to
robustly measure microbial diversity [20]. Here in, we
describe the estimates of species richness and evenness in
the study of structure, function, and evolution of microbial
communities. The purpose of this review is to explain
principles of diversity indices, such as Shannon-Weaver
and Simpson, to aid the general microbiologist to better
understand bacterial communities. In this review, important
questions concerning microbial diversity are addressed.

Shannon-Weaver and Simpson Diversity Indices

A definition of biodiversity is widely cited as follows:
“Biological diversity means the variability among living
organisms from the ecological complexes of which
organisms are part, and it is defined as species richness and
relative species abundance in space and time” [14]. A
variety of approaches have been used to quantify biological
diversity. Two main factors, richness and evenness, should
be taken into account when measuring the diversity of
certain samples. A measure of the number of different
kinds of organisms present in a particular community is
defined as richness; thus, species richness refers to the
number of different species present in a certain niche. If
more species are present in “A” than “B”, “A” is richer
than “B”. When it comes to species richness, it does not
consider the number of individuals of each species present
(Figs. 1A and 1B). Nevertheless, diversity depends not only
on richness, but also on evenness. Evenness compares the
uniformity of the population size of each of the species
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Fig. 1. Species richness, evenness, and rarefaction curve.

Community 2

Number of sequences

Both communities 1 (A) and 2 (B) have the same species richness, five species each. However, organisms in community 1 (A) are more evenly

distributed than in community 2 (B). With the same sampling efforts, A is more diverse than B based on the rarefaction curve (C). The triangles

represent bacterial species, and different species are presented in different colors.
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present. A measure of the relative abundance of the
different species consisting of a community is evenness
(Figs. 1A and 1B). In general, when species richness and
evenness increase, diversity does so too. A species
diversity index denotes a mathematical measure of species
diversity in a community. Shannon-Weaver and Simpson
diversity indices have been traditionally used to measure
the diversity of communities [15].

Shannon-Weaver and Simpson diversity indices provide
more inference about the community composition than
simple species richness or evenness (Table 1). Both also
contemplate the relative abundances of different species.
By considering relative abundances, a diversity index
depends on both species richness and the evenness, or
equitableness, with which individuals are distributed
among the different species. However, both diversity
indices have specific biases. The Shannon-Weaver index
places a greater weight on species richness, whereas the
Simpson index considers species evenness more than
species richness in its measurement [14, 15].

In addition, the Shannon-Weaver index measures the
average degree of uncertainty in predicting where individual
species chosen at random will belong. The value increases
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as the number of species increases and as the distribution
of individuals among the species becomes even [21, 22]. On
the other hand, the Simpson index indicates the species
dominance and reflects the probability of two individuals
that belong to the same species being randomly chosen. It
varies from 0 to 1 and the index increases as the diversity
decreases [23].

When we compare Shannon-Weaver or Simpson diversity
indices between samples with different number of
sequences, normalization of the number of sequences in all
samples is important before examining microbial community
diversity, because these diversity index values increase as
the number of sample size increases; hence normalization
is crucial to avoid biases in the results [21].

Rarefaction

When microbiota are collected from a certain niche, there
is a need to evaluate how well a sample reflects the true
diversity of the specific niche, which is synonymous with
species richness and relative abundance in time and space
[14]. The advent of cutting-edge biological techniques, such
as high-throughput sequencing technology, has uncovered

Table 1. Ecological diversity measures commonly used in microbial ecology studies.

Diversity indices/

Description Formula Reference

Parameters

S}'1ann(.)n E.stimator of speci.es H= 7i @ In py) Lemos et al. [21]

diversity richness and species 1 Magurran [22]

index (H) evennes's: m.ore weight where s is the number of OTUs and p; is the proportion of the
on species richness community represented by OTU i.

Simpson’s Estimator of species D-_1 Simpson [23]

index (D) richness and species ijlpiz Lemos et al. [21]
evennes.s: more weight where s is the total number of species in the community and p; is the
O species evenness proportion of community represented by OTU i.

ACE Abundance-based S =S . Spare . F, }/2 Chao and Lee [28]
coverage estimator of ACE T Sabund T C g Cace” *F Chao et al. [29]
species richness where S, and S,,,, are the number of abundant and rare OTUs,

respectively, C,c is the sample abundance coverage estimator, F, is
the frequency of singletons, and 7} is the estimated coefficient of
variation for rare OTUs.
The estimated coefficient of variation (y7c;) is defined as
10
2 Spure_Zizi(i-1F;
=max| 7 —————"—=-1,0
Vace |:CA CE (Nram) (Nmrc_ 1) }
Chaol Abundance-based F,(F,-1) Chao [16]

estimator of species
richness

Schaor = Sobs+m

where F, and F, are the count of singletons and doubletons,
respectively, and S, is the number of observed species.
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a variety of species that were not detected with conventional
culture-dependent methods and morphological identification.
Nevertheless, it is still impossible to discover all the species
of microbial communities. Consequently, microbiologists
must depend on samples to disclose the actual diversity of
microbial communities. A number of statistical approaches
have been developed to compare species richness between
samples. Rarefaction curves measure OTUs observed with
a given depth of sequencing, and are used to compare
observed richness among communities that have been
unequally sampled [24].

The simple method to measure species richness is to
count the number of species present in the community.
Some communities are simple enough to enable a complete
count of the species numbers present. However, it is often
impossible to count all the species in a community of
microorganisms. In addition, a typical problem emerges
from comparing samples of different sizes. A richness
measurement is affected by a sample size. Therefore, it is
difficult to determine immediately which community has
higher species richness when we compare samples of
different sizes. One way to overcome this problem is to
standardize all samples from different communities to a
common sample size of the same number of individuals
[24, 25].

Rarefaction is a statistical technique to approximate the
number of species expected in a random sample of
individuals taken from a sample collection. Rarefaction
permits direct comparisons of samples of different sizes of
their sample sizes. The rarefaction method is dependent
upon the shape of the species abundance curve and
discovery rate rather than the absolute number of species
per sample (Fig. 1C) [25]. Rarefaction informs us if the
sample composed of a certain number of individuals would
likely have been there [24]. A t-test can be used to test if
rarefaction curves are significantly different from one
another [19]. Moreover, the bootstrapping method can also
be used to estimate the precision of rarefaction curves [26].

Chao1 and the Abundance-Based Coverage
Estimator

In taxon-based approaches, a practical question is how to
estimate the number of microbial species in a given sample
since the degree of microbial diversity is often difficult to
decipher. Accurate assessment of species richness is useful
for the effective analysis of biological communities [27].
Contrary to rarefaction, which compares observed richness
among samples, richness estimators evaluate the total
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richness of a community from a sample [24]. Chaol and
ACE have been developed to estimate richness, and they
calculate expected OTUs based on observed OTUs (Table 1)
[13, 16, 28, 29].

Chaol is a nonparametric method for estimating the
number of species in a community. The Chao richness
estimator was developed by Anne Chao and is based on
the concept that rare species infer the most information
about the number of missing species. Because the Chao
richness estimator gives more weight to the low abundance
species, only the singletons and doubletons are used to
estimate the number of missing species [16]. Therefore, this
index is particularly useful for data sets skewed toward the
low-abundance species [24].

The ACE is a nonparametric method for estimating the
number of species using sample coverage, which is defined
as the sum of the probabilities of the observed species. The
ACE method divides observed frequencies into abundant
and rare groups. The abundant species are those with more
than 10 individuals in the sample, and the rare species are
those with fewer than 10 individuals. Only the presence or
absence information of abundant species is considered in
the ACE method because they would be discovered
anyway. Therefore, the exact frequencies for the abundant
species are not required in the ACE method. On the other
hand, the exact frequencies for the rare species are required
because the estimation of the number of missing species is
based entirely on these rare species [24, 28—30].

Concluding Remarks

The microbiome has been known to play important roles
in the well-being and health of animals. Thus, there have
been disparate endeavors to better understand the mecha-
nisms of actions of the microbiome contributing to the
overall health of the hosts. With the help of next-generation
high-throughput sequencing, immense information on
the microbiome has been generated. Subsequently,
understanding diversity indices became more necessary to
decipher the microbial communities. A review of this
literature addresses important questions concerning the
microbial diversities, such as Shannon-Weaver and Simpson
diversity indices, to aid in a better understanding of bacterial
communities. Information from this review should facilitate
evidence-based strategies to explore microbial communities.
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