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Abstract—The diversity indices used in ecology for assessing the metagenomes of soil prokaryotic commu-
nities at different phylogenetic levels were compared. The following indices were considered: the number of
detected taxa and the Shannon, Menhinick, Margalef, Simpson, Chaol, and ACE indices. The diversity
analysis of the prokaryotic communities in the upper horizons of a typical chernozem (Haplic Chernozem
(Pachic)), a dark chestnut soil (Haplic Kastanozem (Chromic)), and an extremely arid desert soil (Endosalic
Calcisol (Yermic)) was based on the analysis of 16S rRNA genes. The Menhinick, Margalef, Chaol, and ACE
indices gave similar results for the classification of the communities according to their diversity levels; the
Simpson index gave good results only for the high-level taxa (phyla); the best results were obtained with the
Shannon index. In general, all the indices used showed a decrease in the diversity of the soil prokaryotes in
the following sequence: chernozem > dark chestnut soil > extremely arid desert soil.
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INTRODUCTION

The diversity of soil microbiota is an important fac-
tor of the biological stability of soils and the intensity
and direction of many biochemical processes in the soil;
this is a biodiagnostic tool with wide potential. Most
data on the microbial diversity in different soils were
obtained by classical methods [2, 6]; however, molecu-
lar biological methods, which account for the multitude
of uncultivated and rare soil microorganisms, have
become more common in recent years [9, 10]. Metage-
nomic methods occupy a particular place. The study of
soil metagenomes is based on the isolation of the total
DNA from the sample followed by the sequencing of
nucleotide sequences for their identification at different
taxonomic levels. The development of sequencing
methods of a new generation resulted in the wide appli-
cation of metagenomics for assessing the diversity of
microbial communities in samples of different nature,
including soils, which are unique sources of the genetic
and phenotypic diversity of microorganisms [18, 20].

Most attention of researchers is focused on the
16S rRNA gene, which is used for the determination
of the taxonomic (phylogenetic) position of prokary-
otes [21]. The similar nucleotide sequences of the
16S rRNA gene obtained by sequencing are com-
bined into operational taxonomic units, which can be
then classified as phylogenetic taxa of different levels;
this is the principle of biodiversity analysis in metage-
nomics.
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The diversity of biological communities is assessed
using different indices: numerical parameters calcu-
lated from the number of taxa in the community and
the number of organisms (in megagenomics, the num-
ber of sequences) in different taxa. It should be noted
that the diversity includes two components: the rich-
ness (number of taxa) and the evenness (relative abun-
dance of taxa) [7]. Some diversity indices combine
these two parameters into a common measure, which
allows comparing different communities in terms of
diversity.

In metagenomics, numerous diversity indices are
used, including the classical Shannon and Simpson
indices widely used in ecology for the analysis of com-
munities of higher organisms and the recent specific
Chaol and ACE indices [8—10]. However, while the
suitability of any diversity indices, their variation
ranges, and other parameters are well known in classi-
cal ecology, their applicability for metagenomics data
is still insufficiently clear. The soil metagenome has a
specific structure; it is characterized by an extremely
high taxonomic diversity of microorganisms [20] and
usually the absence of distinct dominants at the low
taxonomic level; therefore, some classical diversity
indices are poorly applicable for its analysis.

The simplest diversity indices ignoring the relative
abundance of taxa include the Margalef index
Dy, = 5= and the Menhinick index Dy, = - [7];
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only the number of detected taxa S and the total num-
ber of organisms /V are used for their calculation.

The Shannon index is most frequently used to char-
acterize the diversity of communities; it is sometimes
referred to as the Shannon—Weaver or Shannon—

Wiener index: H' = ZS p;logp;, where p; is the rela-

i=1

tive abundance of the ith taxon, and .S is the number of
detected taxa. The logarithm base is frequently 2 or e,
although any other number is also acceptable [7]. For
the Shannon index, the number of taxa is a more
important factor at .S < 10; the role of evenness increases
with the number of taxa [11]. In the case of the soil
prokaryotic metagenome, where even the number of
high-level taxa is relatively large, the Shannon index is
mainly determined by the evenness of the taxon abun-
dances. The evenness measure from the Shannon index
is sometimes calculated separately using the ratio of the

. . H
observed evenness to its maximum value £ = =

max

H [7], which is sometimes referred to as the Pielou

InS
index.

Another diversity index frequently used in ecology is
the Simpson index, which is frequently determined as
the probability of belonging to different taxa for two
organisms randomly selected from an indefinitely large
community [11]. The Simpson index is calculated from
the formula D = Z[MJ, where #; is the num-

N(N-1)

ber of organisms in the taxon, and N is the total number
of organisms [7]. The value of D decreases when the
evenness of the taxa increases; therefore, the Simpson
index is frequently used in the form 1 — D (called the
probability of interspecies encounter) or in the form
1/D (called the inverse Simpson index or the Williams
polydominance index) [11]. Both indices increase with
increasing evenness of the taxon abundances in the
community (i.e., with increasing diversity). Some
authors note that the Simpson index is almost com-
pletely determined by the proportion of the one to two
most abundant species [11]; therefore, the Simpson
index and its derivatives (1 — D, 1/D) can be considered
as dominance measures: indicators of dominance of
one or several species.

The simplest method of characterizing the commu-
nity richness is the use of the number of detected taxa
(usually, species). However, the use of this parameter in
soil metagenomics is difficult because of, first, the
uncertainty in the selection of a specific taxonomic level
and, second, the extremely large number of species and
genera, the complete detection of which requires the
analysis of 20000 sequences and more per sample [20].
Therefore, the analysis of the bacterial metagenome
frequently includes different estimates of the actual
number of taxa, e.g., the Chaol index, which is calcu-
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lated from the formula Chaol = S, + ;—b [13, 15],
where S, is the number of detected taxa, a is the
number of taxa containing one sequence (singletons),
and b is the number of taxa containing two sequences
(doubletons). Another parameter estimating the
actual number of taxa—the abundance coverage esti-
mator (ACE) [14, 19]—is calculated by a significantly
more complex method using the taxon abundance
level selected by the researcher (usually it is equal to
10 species) to separate the rare and common taxa.
Both parameters, Chaol and ACE, are widely used
and considered as giving good results in the analysis of
diversity [16].

The suitability of the above-mentioned diversity
indices for characterizing the soil prokaryotic commu-
nity from the pyrosequencing data and the description
of the metagenome of the studied soils was assessed. In
our opinion, a suitable index should be characterized
by a low spread of values for random sample sets, little
depend on the sample set size, and be applicable for
diversity analysis at different taxonomic levels.

OBJECTS AND METHODS

Three soil types of high biological activity that
compose a zonal series from the steppe to the desert
zone were selected for the analysis. Samples from the
upper humus-accumulative horizons of a typical
chernozem (Haplic Chernozem (Pachic) [5]) and a
dark chestnut soil (Haplic Kastanozem (Chromic)
[5]), as well as the surface K horizon (biological
crust) of an extremely arid desert soil (Endosalic Cal-
cisol (Yermic) [3]), were analyzed. The WRB soils
names are given according to [4] with consideration
for the third edition of the WRB [17].

The samples of a typical chernozem were taken in
Kursk oblast (51°34'27.8" N, 36°05'67.2" E); the dark
chestnut soil was sampled in Volgograd oblast
(49°13'29"" N, 42°56'32" E), and the extremely arid
desert soil was sampled near the settlement of
Taskarasu in the Uigurskii district of Almaty oblast in
Kazakhstan (43°42'44.8"" N, 79°22'21.1"" E).

The samples were stored at —70°C. The DNA was
isolated from 0.5 g of soil after mechanical breaking
with glass beads in an extracting buffer containing
350 puL of solution A (200 mM sodium phosphate
buffer and 240 mM guanidine isocyanate, pH = 7),
350 uL of solution B (500 mM Tris—HCI and 1%
(w/v) SDS, pH = 7), and 400 pL of a 1 : 1 phenol—
chloroform mixture. The sample breaking was per-
formed using a Precellys 24 homogenizer (Bertin
Technologies, France) with 3D motion at maximum
power (speed of 6500 rpm) for 40 s. The obtained
preparation was centrifuged at a maximum speed of
16000 rpm for 5 min. The water phase was separated
and reextracted with chloroform. The DNA was pre-
cipitated by adding a similar volume of isopropanol.
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Fig. 1. Number of detected taxa (richness) as a function of the number of sequences (N). Here and below, extremely arid desert soil:
(1) genera, (2) families, (3) phyla; dark chestnut soil: (4) genera, (5) families, (6) phyla; typical chernozem: (7) genera, (&) families,

(9) phyla.

After centrifugation, the precipitate was washed with
70% ethanol and dissolved in water at 65°C for 5—
10 min. The DNA was purified by electrophoresis in a
1% agarose gel followed by the separation of the DNA
from the gel by sorption on silicon oxide [1].

Then, the purified DNA (10—15 ng) was entered
into a polymerase chain reaction with the Encyclo
polymerase (Evrogen, Russia) and universal primers
to the V4 variable region of the 16S rRNA gene:
F515 (GTGCCAGCMGCCGCGGTAA) and R806
(GGACTACVSGGGTATCTAAT) [12]. The reac-
tion had the following temperature profile: 95°C, 30's;
50°C, 30s; 72 °C, 30 s; a total of 30 cycles were used.
Oligonucleotide identifiers for the samples and ser-
vice sequences necessary for the Roche pyrose-
quencing protocol were introduced into the primers.
The sample preparation and sequencing were per-
formed using a GS Junior instrument (Roche, Swit-
zerland) according to the manufacturer’s guidelines.
At least 2500 sequences were obtained for each soil.

The alignment of the sequences and the determi-
nation of the taxonomic position from the RDP data-
base were performed online using VAMPS (Visual-
ization and Analysis of Microbial Population Struc-
tures, http://vamps.mbl.edu). From the obtained
sequences, random sets of 100, 500, 1000, 2000, and
2500 sequences (30 sets for each size) were selected.
For each set, the following diversity parameters were
calculated: the number of taxa and the Chaol, ACE,
Shannon, Margalef, Menhinick, 1/D, and 1-D
(where D is the Simpson index) indices. The diversity
indices were considered for three taxonomic levels:
genera, families, and phyla. The average value of each

index was then determined, as well as the confidence
interval (p = 0.05) for 30 sets of similar size.

The diversity indices as functions of the number of
sequences in the set were plotted for the three analyzed
taxonomic levels.

RESULTS AND DISCUSSION

The analysis of rarefaction curves describing the
richness (the number of taxa) as a function of the
number of sequences N showed the incomplete
determination of the taxonomic composition for the
sets of 2500 sequences at the level of genera and fam-
ilies (Fig. 1). For all three soils, the curves do not
reach a plateau, which indicates the presence of a sig-
nificant number of undetected taxa in the commu-
nity. However, the gently sloping shapes of the rar-
efaction curves point to the evenness of the commu-
nity and the absence of reliably dominant bacterial
genera or families. A sufficiently complete determi-
nation of the phyla is observed already for the set of
500 sequences.

The Chaol and ACE indices (Figs. 2a, 2b), which
estimate the total number of taxa in the community,
show about 10—15% of the families and genera unre-
vealed by the analysis. The Chaol index (taking into
account the number of taxa with one and two
sequences) gives a higher estimate for the number of
taxa in the community than the ACE index (which
considers the taxa containing less than 10 sequences as
rare). The distribution of soils by these indices is simi-
lar to that by the numbers of the detected taxa.

The analysis of the Shannon index (Fig. 2¢) showed
a low dependence of this parameter on the size of the
EURASIAN SOIL SCIENCE Vol. 48
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Fig. 2. Index values as functions of the number of sequences: (a) Chaol; (b) ACE; (c) Shannon index; (d) Margalef index;
(e) Menhinick index.
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Fig. 3. Values of indices (a) 1/D and (b) 1 — D as functions of the number of sequences.

sample set and a narrow spread of values between the
sets of the same size. The sets of 500—1000 sequences
were sufficient for the determination of the Shannon
index, the value of which remains almost unchanged
when the set size increases to 2500 sequences. The
communities of the three soils reliably differ in the
Shannon index and compose the following series by
decreasing diversity for all the taxonomic levels (gen-
era, families, and phyla): typical chernozem > dark
chestnut soil > extremely arid desert soil.

The Margalef and Menhinick indices (Figs. 2d, 2e¢)
show that the distribution of the communities by diver-
sity is almost similar to those for the species abundance
parameters (the number of detected taxa and the Chaol
and ACE indices) for the set of 2500 sequences. For
large sets (common in metagenomics), the number of
sequences little affects the values of these indices, which
are almost completely determined by the number of
detected taxa. In distinction from the other studied
indices, the decrease of the set size results in the overes-
timation of the diversity at the use of the Menhinick
index, which can indicate the low suitability of this

index for the analysis of large sets with high J]_V values.

The inverse Simpson index and the value of 1 — D
(Fig. 3) little vary among the metagenomes of the three
soils at the levels of families and genera. This is related
to the absence of distinct dominant taxa on these taxo-
nomic levels, which is typical for the soil microbial
community, although these are the few dominant taxa
that determine the value of the Simpson index. The
analysis at the phylum level showed significantly better
separation by diversity on the basis of both Simpson
index derivatives: the absolute dominants can be sepa-
rated among the large taxa, in distinction from the levels
of genera and families.

CONCLUSIONS

The Shannon index showed the least dependence on
the size of the sample set (more than 500 sequences), a
narrow spread of the values within the community, and
good discrimination of all the soils at all the taxonomic
levels. The number of taxa and the Chaol, ACE, Mar-
galef, and Menhinick indices showed almost similar
discriminations of the communities by diversity at the
levels of genera or families; however, these indices are
the least suitable for the discrimination of communities
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at the level of phyla. The Simpson index derivatives gave
good results for the discrimination of the communities
at the level of phyla, but they are unsuitable for the anal-
ysis at the low taxonomic levels.

In spite of the different methods of diversity
assessment, all of the indices used showed a decrease
of the diversity in the following soil series: typical
chernozem > dark chestnut soil > extremely arid
desert soil, which agrees with the general concepts of
the microbial communities in these soils; however,
we consider the Shannon index to be the most suit-
able for assessing the diversity of the soil bacterial
metagenome.
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