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INTRODUCTION

It is our great privilege to live in a world teeming 
with life. We have discovered, however, that the great 
majority of living things on Earth are largely invisible to us. 
Microscopic bacteria are actually the dominant form of life 
on this planet (14). Communities of bacteria are found in 
nearly every earthly environment, from soil (7, 16) to sea 
(9), from the roots of trees (3, 12) to within our bodies (9), 
from deep underground (4, 13) to literally living among the 
clouds (2). These bacterial communities participate in every 
biogeochemical cycle on Earth and have a direct impact 
on our climate (1) and our health (10, 15). Recently, the 
use of ultra-high throughput DNA sequencing technology 
has opened new opportunities for investigating microbial 
ecology (5). As the majority of bacteria cannot be easily 
cultivated in the laboratory for direct experimental obser-
vations, DNA sequencing technology has made it possible 
to observe them indirectly, through analysis of their DNA 
or RNA extracted from an environmental sample. The ef-
fort to analyze this data is truly multidisciplinary, invoking 
molecular biology, ecology, bioinformatics, computational 
modeling, and statistics.

Finding a way to make these invisible but beautiful mi-
croscopic worlds accessible and exciting to nonspecialists 
can be a challenge. Modern microbial ecology is dependent 

on next-generation sequencing technologies and advanced 
computational analysis, and the scientific literature can be 
dense with requisite jargon. While the specialist might find 
beauty in the carefully pruned phylogenetic tree or insight 
in the principal component analysis, the nonspecialist may 
be left cold to the potential wonders of microbial ecosys-
tems. Another difficultly in connecting modern microbial 
ecology to the citizen scientist is access to next generation 
molecular sequencing data and advanced computing capacity. 
Where the activities of microbiology and biology require 
increasingly powerful tools for data acquisition, what is the 
role of the citizen scientist? While it may be possible for 
citizen scientists to comb through images of distant Mars 
(http://beamartian.jpl.nasa.gov), track honeybee populations 
in their backyards (http://beespotter.org/), or help solve 
computationally intensive protein folding problems (http://
fold.it/portal/), the opportunities for the citizen scientist to 
explore the microbial communities of their own world or 
within their own bodies are scarce. Of course, such citizen 
scientists can offer themselves up as the subjects of scientific 
inquiry (e.g., http://americangut.org/), but how then can they 
be made into more active participants? Data analysis is the 
fulcrum about which the citizen scientist might find the lever-
age to enter the field of microbial ecology, but the learning 
curve can be steep and computational requirements costly.

As a part of my role as a microbial ecologist, I endeavor 
to make the invisible visible. Sometimes, I also try to make 
the invisible audible. To the set of scientific disciplines 
available for microbial ecological analysis, art and music 
theory have now been added. In an effort to link microbial 
ecology data interaction with an interface that is fun and 
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appealing to non-experts, we have previously presented a 
computational approach, Microbial Bebop, for the sonifica-
tion of complex microbial ecology data, by which data are 
transformed into improvisational jazz-like compositions (8). 
In this manuscript, the algorithm behind Microbial Bebop 
is presented as a fun, easily accessed and manipulated tool, 
using commonly and freely available software, for educators 
and citizen scientists.

PROCEDURE

The following is a protocol for educators and citizen 
scientist to transform potentially large datasets into musical 
compositions. The “Microbial Bebop” algorithm translates 
data into music using a computational method loosely in-
spired by improvisational jazz (stretching the definitions of 
“jazz,” and perhaps even “music,” to their absolute limit (11)). 
In a Microbial Bebop composition, the melody represents six 
to eight elements, out of potentially hundreds or thousands, 
from a biological dataset, the chord progression another 
element, and the pattern of note durations within a measure 
yet another element. The action of the Microbial Bebop 
algorithm is to synthesize those elements into a composition 
that obeys some of the dictates of music: melody, rhythm, 
and harmony. While a single musical measure represents 
one single observation, a complete composition is generated 
from all of the observations collected in an experiment. 
Owing to the vast amounts of data collected in an experi-
ment, a single microbial ecology dataset can be amenable to 
a near infinite number of possible musical interpretations.

To follow this procedure, it is necessary to have the 
“Bebopilizer,” a Microsoft Excel document available in Ap-
pendix 1, and ImproVisor (www.cs.hmc.edu/~keller/jazz/
improvisor/), a free, open-source music notation program 
that can play back the compositions generated by the Be-
bopilizer. The Bebopilizer Microsoft Excel spreadsheet is 
comprised of multiple worksheets for users to enter their 
data and manipulate the parameters for generating com-
positions (Fig. 1).

The user’s tabular data set is pasted into the Data work-
sheet (Fig. 1A). An example dataset has been provided in 
Appendix 1. The data must be formatted such that columns 
are individual observations and rows are the data types col-
lected for each observation. While the input can be of nearly 
any number of columns, a number of observations between 
around eight and twenty-five may be best for a composition 
of a tolerable length. However many rows are in the data, 
the user will select between eight and ten for inclusion in 
any particular composition.

The worksheet Bebopilizer contains the setting options 
for generating the composition. The selections are:

•	 Music Type: This allows the user to select the me-
ter and number of notes/data points per measure 
(Fig. 1B). “Jazz” is in 4/4 time with six notes per 
measure. “Blues” is in 12/8 time with eight notes 

per measure. “Waltz” is in 3/4 time with six notes 
per observation, played over two measures.

•	 There are two options for generating chords (Fig. 1C).
ºº Select data row: This allows the user to 

select which data type, identified by its row 
number from worksheet Data, will be used to 
generate the composition’s chords.

ºº Chord selection: This allows the user to 
select the possible specific chords that will 
be used in the composition. Users can add 
additional chord selections of their own by 
adding them to the list of chords on worksheet 
Data_Chords.

•	 There are multiple options to select for melody 
generation (Fig. 1D).
ºº Range: This allows the user to define the 

range of notes used to generate the melody, up 
to a value of 18 (two and a half octaves). The 
notes used are from the octatonic scale, but 
the user can change the intervals by modifying 
the list of notes on worksheet Data_Melody, 
column C.  

ºº Row - Data 1 to 8: This allows the user to 
select the data, identified by their row numbers 
from worksheet Data, which will be used to 
generate the melody. Notes 7 and 8 are only 
used when the Music Type is set to “Blues.”

ºº Row - Notes: The user can map a data row 
to the pattern of note durations and rests 
played during a single measure. The ambitious 
user can alter the possible patterns of note 
durations by making changes to worksheet 
Data_Melody, but care must be taken in modi-
fications if the melody is to remain in sync with 
the chords in each measure.

•	 Generate Melody: Pressing this button (Fig. 1E) 
will generate a new Excel file that contains the 
necessary data to generate a melody using the 
program ImproVisor. 

While the instructions here are enough to generate and 
play a new composition quickly, it is beyond the scope of 
this manuscript to provide complete instructions for use of 
ImproVisor. The reader will be well rewarded by becoming 
at least moderately familiar with the ImproVisor interface 
and user manual (www.cs.hmc.edu/~keller/jazz/improvisor/
tutorials.html). Briefly, the number of measures and the time 
signature in ImproVisor need to be set to match the output 
for “Bebopilizer,” i.e., 4/4, 12/8, or 3/4 time (Fig. 2A). Into the 
ImproVisor ‘Textual Entry’ bar (Fig. 2B), sequentially copy and 
paste the Chords and the Melody. The ‘Rectify Melody to 
Chords’ option in ImproVisor must then be selected (under 
Edit toolbar option, or else Shift-R). Not only will rectifying 
melody to chords produce compositions free of excessive 
discordant notes, but it will also uniquely modify the melody 
to the particular set of chords. Melodies generated with the 
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same data will be different when played with chords gener-
ated from an alternate data selection.

Once this has been accomplished, the full range of 
ImproVisor options for selection of tempo, musical in-
struments, and rhythm types can be modified by the user 
(Preferences (Fig. 2C) is a good place to start with this). 
ImproVisor provides the opportunity to output the compo-
sition as sheet music PDFs or as MIDI music files. A variety 
of free web-based tools is available (e.g., HammieNet at 
www.hamienet.com/midi2mp3) for converting MIDI files 
into mp3 files.

A series of Microbial Bebop examples is provided (Table 
1) to give the user a sampling of the kinds of data that can be 
used and the sorts of music that can be made. The data are 
as diverse as a decade of marine microbiology observations 
to daily measurements of a human’s symbiotic bacteria. The 
performers range from a laptop computer to the children of 
a primary school choir. For the reader and potential novice 
explorer of microbial ecosystems, there are two excellent 
sources of available data for analysis that may be easily 
used: MG-RAST (http://metagenomics.anl.gov/) and IMG/M 
(https://img.jgi.doe.gov/cgi-bin/edu/main.cgi). 

CONCLUSION

It is unlikely that the sonification of data will ever 
overtake the humble bar graph as the preferred method for 
easily communicating complex data. Likewise, I think it im-
probable that listening to a specific data sonification alone 
will ever lead to greater insights into that data (although 
I would be very happy to be proven wrong in this case). 
There are however, overlaps between the skills needed for 
manipulating large datasets for use in data sonification and 
data analysis that can be identified and put into practice 
by the science educator. For example, there are several 
ways the initial data can be considered. Log transformation, 

relative ratios, or rate of change are all ways that data can 
be precomputed before being entered into the Bebopilizer. 
While it is possible to select data at random for inclusion 
into the composition, data selection provides the oppor-
tunity to consider what variables are expected to interact 
within the dataset, or to identify data types with patterns 
that correlate, positively or negatively, with other data 
types. The activities associated with this sort of analysis of 
the data may lead to additional insights or to the mastery 
of the skills required to manipulate large datasets. For 
the purpose of education, outreach, and citizen science, 
it is the act of generating the composition, selecting the 
components, and thinking about how those components 
might interact, not the composition itself, which provides 
the opportunity to interact meaningfully with the data. 
Most importantly however, this sort of analysis brings the 
opportunity to have fun while discussing and analyzing data, 
by generating musical compositions that can be played and 
shared. And of course, if nothing is gained other than the 
appreciation of the beauty that underlies these important 
and pervasive bacterial communities, that will be more 
than enough.

SUPPLEMENTAL MATERIALS

Appendix 1: 	�Microsoft Excel spreadsheet Bebopilizer
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TABLE 1.  
Examples of Microbial Bebop Compositions.

Microbial Bebop  
Composition

Link Data Analysis

Blues for Elle https://www.youtube.com/
watch?v=EwZJj2k61ns

This composition highlights seasonal patterns in marine physical parameters at 
the L4 Station in the Western English Channel. The chords are generated from 
seasonal changes in photosynthetically active radiation. The melody of each measure 
is comprised of eight notes, each mapped to a physical environmental parameter, 
in the following order: temperature, soluble reactive phosphate, nitrate, nitrite, 
saline, silicate, and chlorophyll A concentrations.

Fifty Degrees North, Four 
Degrees West

https://www.youtube.com/
watch?v=IRb3-J2ABYA

All of the data in this composition derive from 12 observed time points collected 
at monthly intervals at the L4 Station during 2007. The composition is composed 
of seven choruses. Each chorus has the same chord progression of 12 measures 
each in which chords are derived from monthly measures of temperature and 
chlorophyll A concentrations. The first and last chorus melodies are environmental 
parameter data as in Blues for Elle. The melody in each of the second through sixth 
choruses is generated from the relative abundances of one of the five most common 
microbial taxa: Rickettsiales, Rhodobacteriales, Flavobacteriales, Cyanobacteria, and 
Pseudomondales.  A different ‘instrument’ is used to represent each microbial taxon.

Mycorrhizal Waltz https://www.youtube.com/
watch?v=V3GQ1HflNLk&​

feature=youtu.be

This composition is drawn from the interaction between a soil fungus and gene 
expression in tree roots (data unpublished). The melody is taken from the relative 
gene expression of signaling molecules from the soil fungus over time and across 
multiple conditions. The chords are taken from the differential gene expression of 
anti-fungal pathogen genes by the plant root.

A Microbiome Musical https://www.youtube.com/
watch?v=gJTBGtZIHFg

Final-year students at Stellenbosch University, South Africa, used the Microbial 
Bebop algorithm to generate a series of compositions derived from human gut 
microbiome data and had their compositions performed by students in the Eikestad 
Primary School Choir.

Sample Microbial Bebop Compositions “Blues for Elle” and “Fifty Degrees North, Four Degrees West” were initially presented in the 
Microbial Bebop manuscript (15). “Mycorrhizal Waltz” is first presented here and is derived from unpublished aspen root transcriptomic 
data. “A Microbiome Musical” data and methods are detailed here: http://stellenboschmicrobiomemusical.blogspot.com. 
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