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Abstract

Microbial communities contain unparalleled complexity, making
them difficult to describe and compare. Characterizing this com-
plexity will contribute to understanding the ecological processes
that drive microbe-host interactions, bioremediation, and biogeo-
chemistry. Moreover, an estimate of species richness will provide an
indication of the completeness of a community profile. Such esti-
mates are difficult, however, because community structure rarely fits
a well-defined distribution. We present a model based on the word
usage in books to illustrate the power of statistical tools in describing
microbial communities and suggesting biological hypotheses. The
model also generates data to test these methods when there are in-
sufficient data in the literature. For example, by simulating the word
distribution in books, we can predict the number of words that must
be read to estimate the size of the vocabulary used to write the book.
Combined with other models that have been used to make inacces-
sible problems tractable, our book model offers a unique approach
to the complex problem of describing microbial diversity.
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INTRODUCTION

Just as the authors of the United States Con-
stitution mandated regular censuses to aid in
determining the boundaries of congressional
districts and to assess the effects of social
policies, microbial ecologists need censuses
of the communities they study. Determining
the number and comparing the types of bac-
teria of an environment would greatly aid at-
tempts to assess the effects of environmental
perturbations on community composition, di-
versity, evenness, and richness. Furthermore,
an accurate census would estimate the size
of the part of the microbial community that
is not taken into account by current models
of community structure and function. Con-
ducting a census in a microbial community
is difficult because of the large population
sizes (e.g., up to 10'? cells per gram of feces),
high richness (e.g., more than 5000 species
per gram of soil), and the recalcitrance to
the culturing of more than 0.1-10% of these
organisms.

The resistance of microorganisms to
growing in pure culture has been circum-
vented over the past 20 years through the de-
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velopment of culture-independent techniques
(19,22, 31), which have shown that the task of
characterizing microbial biodiversity is con-
siderably more complex than was previously
thought. Microbiologists have relied upon ri-
bosomal RNA (rRNA) genes, because they
are found in every cell from Escherichia coli
to Homo sapiens, appear to be less vulnera-
ble to horizontal gene transfer than many
other genes, evolve slowly, and contain a suf-
ficient number of base pairs to provide a
robust phylogenetic signature. Prior to the
use of culture-independent sequencing of 16S
rRINA genes, there were 15 known bacterial
phyla and now there are well over 50 bacte-
rial phyla, most of which lack any cultured
representatives (32, 34). Although bacterial
biodiversity can now be described without
culturing, defining a bacterial species based
entirely on the sequence of one rRNA gene
sequence is problematic (41) and has pro-
pelled the adoption of arbitrary definitions of
bacterial species, operational taxonomic units
(OTUs), which represent a collection of 16S
rRNA gene sequences that differ from each
other by no more than 3% (21). Random
sequences of 16S rRINA genes provide a
snapshot of the members of a microbial
community.

A controversy in the 2000 United States
Census arose over whether the Constitu-
tion called for an exhaustive sampling of the
country’s population or permitted the use of
sample-based techniques. Although a com-
plete census of the United States is theoret-
ically possible, it is currently impractical to
survey every cell in a gram of soil, necessi-
tating that we turn to a sample-based census
to estimate the number of bacterial species in
soil. The practical question becomes “How
many bacteria must be sampled to estimate
the number of bacterial species?” The purpose
of the Decennial Census was to measure and
account for demographic changes. By anal-
ogy we might ask how we can compare the
census of multiple communities to describe
changes in community membership and
structure.
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Table 1 Summary of word usage from seven books®

On the The The The
Origin of The Descent The Voyage Adventures of Adventures of | Portrait of a Goodnight
Species of Man of the Beagle | Huckleberry Finn | Tom Sawyer Lady Moon
n; | The (10,196) | The (22,164) | The (16,924) | And (6228) The (3681) The (8449) Goodnight (20)
ny; | Of(7396) Of (12,304) Of (9429) The (4771) And (3000) To (7469) And (17)
n3 | And (4387) In (7547) And (5765) 1(3210) A (1795) Of (6592) A (10)
ng | In(3920) And (7342) A (5325) To (2914) To (1705) A (5485) The (6)
ns | To(3567) To (5743) In (4288) A (2911) Of (1446) She (4772) Little (4)
ng | AQ2473) A (4412) To (4091) 1t (2279) He (1181) And (4504) Of(3)
n; | That (2059) That (3529) Is (2413) Was (2063) Was (1166) Her (4480) Moon (3)
ng Have (1760) Is (3237) It (1998) He (1667) It (1116) 1(4076) 20 words used
ng | Be(1655) As (3134) That (1940) Of (1641) In (937) That (3735) twice
ny | As(1579) Are (2522) On (1868) In (1428) That (890) You (3735)
St | 7426 14,557 12,726 7263 8111 12,427 55
Nt | 150,951 272,296 205,424 110,271 70,030 230,485 151

*The texts of all books, except Goodnight Moon, were obtained from Project Gutenberg (http://www.gutenberg.org/wiki/Main_Page) and parsed

using a Perl script to count the number of times each word was used, which is shown in parentheses. ST and Nt designate the total number of

different words and the total number of words used in the book, respectively.

FREQUENCY DISTRIBUTIONS
OF WORDS AND SPECIES

The seemingly simple question of determin-
ing the number of bacterial species in an en-
vironment (i.e., species richness) has yet to
be answered in a convincing manner in most
environments. Depending on how the data
are analyzed, DNA-DNA hybridization esti-
mated that 10-30 g of soil contained between
4000 and more than 10,000,000 genome
equivalents (14, 29, 30, 38, 39). These val-
ues have been widely cited as a measure of
species richness, but the conversion between
a genome equivalent and species remains con-
troversial (6,40). Other richness estimates be-
tween 5000 and 10,000 species per gram of soil
have been obtained using parametric models
based on the assumption that the incidence
of different species follows either a lognor-
mal (13) or a uniform distribution (24) and
that the rarest species has only one member
in the community (13). However, there are
insufficient data from any soil community to
conclude that the species distribution follows

a lognormal distribution and no evidence to
support a uniform distribution (Table 1). To
avoid these assumptions, estimates have been
made with sample-based nonparametric rich-
ness estimators (7, 8, 11). Previous applica-
tion of the nonparametric estimators to a col-
lection of 16S rRINA gene sequences from a
Scottish soil (28) estimated a richness of 590
species. We found, however, that an insuf-
ficient number of sequences had been sam-
pled to obtain a reliable estimate using the
nonparametric estimators (35). The inaccu-
racies introduced into the estimate by the as-
sumptions used to conduct the DNA-DNA
hybridization, parametric, and nonparamet-
ric analyses indicate that the problem of esti-
mating bacterial species richness in soil needs
more attention.

Other ecologically significant questions
that present their own statistical challenges
include comparisons of diversity (i.e., rich-
ness and evenness), membership, and struc-
ture of multiple communities without per-
forming an exhaustive sampling of each
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environment. Three primary problems sur-
round these questions: defining a species or
any other taxonomic unit, accessing the bacte-
ria in that sample, and determining how many
individuals need to be sampled before a reli-
able estimate of richness or the species distri-
bution is obtained. We have circumvented the
first two problems by assigning sequences to
OTUs that are based on the genetic distance
between 16S rRNA gene sequences obtained
using culture-independent PCR and cloning
methods (31, 35). The solution to the third
problem, determining the necessary sampling
effort, remains elusive.

SO MANY WORDS, SO MANY
SPECIES: HOW MANY IS
ENOUGH?

The fundamental problem in microbial ecol-
ogy, estimating the richness in complex com-
munities that cannot be exhaustively sam-
pled, has been encountered in literature (15),
linguistics (27), census taking (25), macro-
ecology (9), computer science (11), archae-
ology (8), transportation (8), and numerous
other fields. In microbial ecology, the prob-
lem is unique because of the extreme richness,
large number of individuals in a community,
and unknown frequency distributions of the
members.

To circumvent these methodological
problems, we sought a dataset of known
composition and structure with which to
develop statistical models appropriate to
microbial communities. We found a number
of such datasets in the words of classic books
and generated model microbial communities
using word usage distributions from these
books. These datasets are analogous to indi-
vidual populations and communities with a
well-known richness, evenness, diversity, and
membership. By using words and their fre-
quency in books as a substitute for 16S rRNA
gene sequences, the analysis is accessible and
can be generalized to other fields. Further-
more, these large datasets of words provide
surrogates for complex biological datasets
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that are beyond our current means to depict
fully, and analysis of the surrogate datasets
will generate hypotheses and direct the design
of future experiments in biological systems.

THE BOOK MODEL

Within the book model, each word in a book
represents a 16S rRNA gene sequence. Each
distinct word that the author used represents
a different OTU (perhaps species) in a se-
quence collection (the species richness). The
frequency of each word in the book represents
the frequency of OT'Us found in a 16S rRNA
gene sequence collection (the frequency dis-
tribution). The combined frequency and vo-
cabulary of words used in a book therefore
represents community structure and can be
used to make comparisons among different
books or communities.

We are not the first to propose combin-
ing literature and statistics. Efron & Thisted
(15) used the Shakespearean canon to esti-
mate the number of words in Shakespeare’s
vocabulary (i.e., the richness of his vocabu-
lary). When a putative Shakespearean poem
was found, they reapplied their model to de-
termine whether the addition of the poem fit
their model (37). When the poem fit their
model, they concluded that the poem was
an authentic Shakespearean piece on the ba-
sis of the richness of the author’s vocabulary.
The problem with this approach is analo-
gous to those faced in microbial ecology: The
true richness of Shakespeare’s vocabulary will
never be known because an exhaustive census
cannot be completed.

Our approach is to view each book as a
distinct community with a known richness,
evenness, diversity, membership, and struc-
ture. With this approach, we can ask questions
such as, “How many words must one read to
estimate the overlap in word usage?” or “How
many words must be read from two books to
know how much of the two books’ vocabular-
ies are shared?” Because we know the identity
and the number of words used in the book,
it is possible to validate any decision rule we
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construct to determine when to stop reading
or sampling.

DESCRIBING “COMMUNITIES”
OF WORDS

To demonstrate our ability to estimate the
word usage richness in a book, we selected
seven books: Charles Darwin’s books On the
Origin of Species, The Voyage of the Beagle, and
The Descent of Man, Henry James’ The Por-
trait of a Lady, Mark Twain’s The Adventures of
Tom Sawyer and The Adventures of Huckleberry
Finn, and Margaret Wise Brown’s Goodnight
Moon (Table 1). These books were selected
because they varied in length, richness, and
literary style. Distributions such as logseries,
lognormal (natural or base 10), broken stick,
and uniform (25), which are commonly ap-
plied in ecology, did not describe the distribu-
tion of word usage in these books (x* good-
ness of fit test, all p < 0.001), except for the
word usage in Goodnight Moon, which fits all
these distributions except the uniform distri-
bution (p < 0.001). As the shapes of these dis-
tributions differ considerably, we suspect that
Goodnight Moon is too short to differentiate
among the various distributions.

Instead of using a parametric model to
describe the shape of the word usage distri-
bution for these books, we constructed em-
pirical distributions based on the number of
times the author used each word. For exam-
ple, Goodnight Moon contains 151 words dis-
tributed among 55 different words. “Good-
night” was used 20 times, “and” 17 times, “a”
10 times, and so forth (Figure 14). The author
used 28 words only once (i.e., singletons) and
20 words twice in the book (i.e., doubletons)
(Table 1). To sample the community distri-
bution, we randomly sampled from this dis-
tribution so that the probability of sampling
the word “goodnight” was 20/151 or 0.132
and each singleton had a probability of 0.007
of being selected. We needed to sample 840
random words in order to achieve 95% confi-
dence of observing all 51 words. Next, we tried
using nonparametric richness estimators that

make use of the frequency distribution and
the number of observed words to estimate the
word usage richness for the entire book with-
out an exhaustive sampling of every word in
the book. The simplest nonparametric rich-
ness estimator, Chaol, predicts the total rich-
ness of a community as a function of the ob-
served richness (S,;), the number of OTUs
observed once (n1), and the number of OTUs
observed twice (,):

ny(ny —1)

Srm =Su: .
Chaol b 2(712+1)

Using the Chaol (8), asymptotic coverage-
based estimator (ACE) (10), and interpolated
Jackknife estimators (7), we needed to sample
less than 20 words in order for the 95% confi-
dence interval to include 55; however, further
sampling increased the precision of the esti-
mate (Figure 15-d). For example, sampling
360 words resulted in a Chaol 95% confi-
dence interval between 50 and 60.

DESCRIBING COMMUNITIES
OF MICROORGANISMS

By identifying a set of shape parameters and
richness that accounted for the sampling pat-
tern observed in large collections of 16S
rRINA gene sequences, we sought to engineer
aword distribution that could explain the sam-
pling distribution observed in samples from
Alaskan or Minnesotan soil microbial com-
munities (36). The overall distribution that
we selected was a generic truncated lognor-
mal distribution:

2
1 1 (InS—
S;a\/ﬁexp[_§< o “) i|

7 e e |4 (B5) Jas

where S; is the ith OTU and N; is the rel-
ative abundance of individuals in that OTU.
The maximum possible value of 7 is the to-
tal number of OTUs in the community, Sy.
The shape of the distribution is affected by the
values of the normal mean (1) and standard

deviation (o).
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Figure 1

o

100,000 200,000 300,000 400,000 500,000

Random words sampled

(@) Frequency of each word used and (b) the observed and estimated number of words used in Goodnight
Moon as a function of sampling effort (total number of words, N = 151; richness, S = 55). (¢) The
observed and estimated number of words used in On the Origin of Species (N = 150,951; S = 7426), and
(d) The Portrait of a Lady N1 = 230,485; S = 12,427). The horizontal line indicates the true richness of
words used for each book (panels 4, ¢, and d). Abbreviation: ACE, asymptotic coverage-based estimator.

Because the most frequently observed
species in the Alaskan collections was ob-
served only 23 times, we were unable to
obtain meaningful parameters to fit a trun-
cated lognormal distribution to the Alaskan or
Minnesotan 16S rRNA gene sequence collec-
tions using methods described elsewhere (25).
Instead, we heuristically identified normal
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mean and standard deviation values for a log-
normal distribution that would generate data
for the richness estimators and the number
of OTUs observed that were comparable to
those observed from the Alaskan collection.
Although our search was not exhaustive, we
determined that a community with a trun-
cated lognormal distribution and a richness
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Figure 2

Description of the community structure in (2, b) Alaskan and (¢, ) Minnesotan soil communities. Relative
abundance of each species predicted to reside in the Alaskan and Minnesotan soil communities is given in
panels # and ¢, respectively. The sampling effort to observe and estimate the true richness of each

community is given in panels # and d, respectively.

of 5000 best explained the data observed so
far from the Alaskan collection and that a
community with a richness of 2000 could ex-
plain the observed data from the Minnesotan
collection (Figure 2). To sample every mem-
ber of the Alaskan community twice with
95% confidence would require 380,000 16S
rRINA gene sequences and to observe 95% of

the richness would require 71,000 16S rRNA
genes. To obtain an estimate of the true rich-
ness using either the ACE or Chaol estimator
from the Alaskan community would require
sampling 18,000 or 39,000 16S rRINA genes,
respectively, which represents sampling 65
and 85% of the true estimated richness. Con-
sidering that the original sample contained
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The Adventures of Tom Sawyer

Unweighted pair group method with arithmetic mean-based dendrogram
of the word usage dissimilarity (1-Jaccard Similarity Index) among seven

books.
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1033 sequences, a significant amount of
effort remains. Although we have predicted
the richness of these two communities, our
estimates are empirical fits of data based on
four parameters, and the community was
assumed to follow a lognormal distribution. It
remains to be seen how well these simulated
books resemble microbial reality.

IS DARWIN DIFFERENT FROM
TWAIN?

As with the application of the model of
Shakespeare’s vocabulary (15, 37), others have
used statistical analysis to identify the author
of 12 of the anonymously written Federalist
Papers, which both Alexander Hamilton and
James Madison claimed to have written, and
other apocryphal writings (12, 16, 17, 27, 42—
44). The basic premise of these analyses is that
a piece of writing is a representative sample of
an author’s vocabulary and writing style. By
comparing the vocabulary used in the apoc-
ryphal writing to an author’s authenticated
writings, it is possible to assign a confidence
level to whether the apocryphal writing is that
author’s. Our strategy was to determine the
word usage frequency employed in books with
known authorship to assess the similarity of
their vocabularies. This is analogous to deter-
mining the relatedness of two communities on
the basis of the frequency of different OTUs
in them and assessing the fraction of OTUs
that they share.
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We compared the vocabulary used in seven
books by estimating the fraction of the vocab-
ulary used in one book and shared in each of
the other books. To simplify the discussion
of our results, we then calculated the Jaccard
Similarity Index, which measures the similar-
ity of vocabularies used in two books. A den-
drogram, which graphically presents clusters
of books that had the most similar vocabular-
ies, shows the three books written by Charles
Darwin clustered together and the two books
by Mark Twain clustered together (Figure 3).
On the basis of this analysis we can propose in-
teresting experiments: If we found a piece of
fiction from Charles Darwin, would the vo-
cabulary be more similar to fiction by Twain
or nonfiction by Darwin? What about the re-
verse? Does the vocabulary used by British
authors differ significantly from that used by
American authors? Do modern evolutionary
biologists use the same vocabulary as the field’s
pioneer? Is there a minimum vocabulary that
every book must have to represent a logical
“story”’?

This final question is most interesting to
us. We observed that between 64 and 80% of
the 55 different words used to write the book
with the lowest richness, Goodnight Moon,
were found in the other six books. Comparing
the other six books to each other, we observed
that between 18 and 67% of the words were
used in any pair of books. Here we can be-
gin to formulate additional hypotheses: Per-
haps there are words, such as “a,” “the,” “and,”
“to,” or “of,” that are essential to any piece of
writing. Perhaps, also, there are words that
perform a functional role in a story and, al-
though they may not be essential to forming
a coherent sentence, are essential to talking
about evolution (e.g., “selection”), a boy’s ad-
venture (e.g., “Huck”), or putting a child to
bed (e.g., “goodnight”).

ARE THIN MICE DIFFERENT
FROM FAT MICE?

By analogy, we could ask, when we compare
microbial communities, Are there core types
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Figure 4

Venn diagram showing the overlap between
microbial communities in mice with a +/+ (lean),
+/0b (lean), and ob/ob (obese) genotypes. The
numbers in the shaded regions indicate the
richness of species that are either endemic or
shared between genotypes. The overall richness
and 95% confidence interval (CI) for each
genotype as estimated by the Chaol estimator are
given outside of each region.

of bacteria found in similar environments and
are there accessory types of bacteria that per-
form specialized roles only in certain envi-
ronments? We reanalyzed a dataset of 16S
rRNA genes sequenced from the gut micro-
bial community of mice that varied in their
genotype at a locus that affects body type.
The mice were either phenotypically lean and
homozygous (+/4), phenotypically lean and
heterozygous (ob/+), or obese and homozy-
gous (ob/ob) (23). Because it is not feasible to
sequence every member of these communi-
ties, the dataset is necessarily an incomplete
census. We employed another set of nonpara-
metric estimators, which estimate the fraction
of a community’s membership that is shared
with another community when there are un-
observed populations. These estimators are
analogous to the Chaol richness estimator for

a single community. We found that approxi-
mately 151 OTUs, or 37% of all of the OTUs
in the three communities, were shared among
mice of all three genotypes. Interestingly, no
OTUs were predicted to be shared between
the ob/ob and +/+ communities. This led
to the observation that the communities in
the ob/ob and ob/+ mice are more similar to
each other than either is to the community in
the +/+ mice, although the phenotype of the
ob/+ mouse is the same as that of the +/+
mouse (Figure 4).

CONCLUSIONS
All models and analogies have both utility and

limitations. Using words as a substitute for
DNA sequences made the analysis accessible
and generalizable to fields outside of microbial
ecology. As we have shown, these models help
to develop hypotheses that may at first seem
opaque when applied to microbial communi-
ties but are simple to understand with books.
Other conceptual models have been presented
to describe complex issues and to assist in
the interpretation of data including the use of
chain letters to model genome evolution (2),
versions of The Canterbury Tales to model phy-
logenetic methods (1), necktie knots to model
the outcomes of a random walk (18), origami
to model self-organizing systems (26), and a
currency-tracking website to model intracon-
tinental human transportation (4). Also, tak-
ing tools used in the humanities to compare
books and languages and applying them to mi-
crobiology and applying the tools of micro-
biology to the data of the humanities gener-
ate a considerable amount of synergy. Finally,
these large artificial datasets represent a sur-
rogate for biological datasets that are beyond
our current means and their analysis will di-
rect the design of future experiments.
Itisimportant to note that rare species may
not be detected until the sequencing effort
is complete. For example, although we esti-
mated that 37% of the bacterial species es-
timated to be in the three mouse communi-
ties were shared, it is impossible to identify
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those species unless we sequence every one.
In our analysis of the simple book, Good-
night Moon, whose richness resembles that of
the simple microbial community in the gypsy
moth midgut (5), the entire book must be read
to encounter a word that starts with an “e”—
the last sentence of the book is “Goodnight
noises everywhere.” In microbial ecology, is the
“last word,” or one more bacterial taxon, im-
portant? In the Alaskan sequence collection,
two sequences belonging to the Sediment-1
candidate phylum (3) were found only af-
ter sampling 832 sequences. We suspect that
members of many poorly sampled candidate
phyla are rare in microbial communities (34)
but may play a significant functional role in
the microbial community. Sequencing 20,000
0r 200,000 16S rRNA genes will probably lead
to the discovery of many more new phyla and
species.

DISCLOSURE STATEMENT

There are numerous other ways that we
could use the book model to describe mi-
crobial communities. For instance, our anal-
ysis has focused on lexical data (20), such
as the raw number of times different words
were used. We could also consider content
data, which assigns individual words a func-
tion, context, and tone (27). Instead of mea-
suring the context of words, we might be in-
terested in understanding the organization of
a community at the gene, operon, genome,
and metagenome levels. A common analogy
for the human genome is a collection of 23
volumes that tell the story of each of us (33).
Considering that the number of bacteria that
live within and on us exceeds our own human
cells by a factor of 10 to 100, perhaps it is time
to start thinking about the ways in which the
other books on the bookshelf of life affect that

23-volume work.

The authors are not aware of any biases that might be perceived as affecting the objectivity of

this review.
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