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Cytoflow is a point-and click program and a Python library for analyzing flow cytometry data. It was written by
Brian Teague to address shortcomings in currently-available flow software.
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CHAPTER
ONE

HOW IS CYTOFLOW DIFFERENT?

* An emphasis on metadata. Cytoflow assumes you are measuring the fluorescence of several samples that were
treated differently: collected at different times, treated with varying levels of a chemical, etc. You specify these
sample conditions up front, then use those conditions to control your analysis.

* The analysis is represented as a workflow. Operations such as gating and compensation are applied sequentially;
a workflow can be saved a re-used or shared with colleagues.

* Good visualization. Make publication-ready plots right from the software.

* Thoughtful documentation. Each module, operation and visualization is documented, and particular attention
has been paid to getting users up-and-running quickly.

* Cytoflow is built on Python modules that you can use in your own workflows. The library was designed to work
particularly well in a Jupyter notebook.

* Cytoflow is free and open-source. Contribute bug reports at the GitHub project page or download the source
code to modify it for your own needs. Then, contribute your changes back so the rest of the community can
benefit from them.

If you’d like to see Cytoflow in action, here are some screenshots, or you can check out a screencast on Youtube.



https://jupyter.org/
https://github.com/cytoflow/cytoflow
https://www.youtube.com/watch?v=vfEfeFGVtro
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CHAPTER
TWO

GETTING STARTED

Quick installation instructions for the point-and-click program:
 Windows: Download the installer, then run it.

e MacOS (10.10+): Download the ZIP file. Unzip the file, then double-click to run the program. Depending on
your security settings, you may have to specifically enable this program (it’s not signed.)

e Linux: Download the tarball. Extract it, then run the cyfoflow binary.

More detailed installation instructions can be found in the user’s manual..



https://cytoflow.github.io/
https://cytoflow.github.io/
https://cytoflow.github.io
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CHAPTER
THREE

DOCUMENTATION

The user manual is broken into four different sets of documentation:

Tutorials take you step-by-step through some basic analyses. Start here if you’re new to Cytoflow.

How-to guides are recipes. They guide you through some common use-cases. They are more advanced than
tutorials and assume some knowledge of how Cytoflow works.

User guides discuss how Cytoflow works “under the hood”, which can make you a better Cytoflow user for more
advanced or non-standard analyses.

Reference pages document every operation and view. These are the same pages that are displayed in Cytoflow’s
“Help” panel.
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CHAPTER
FOUR

FOR DEVELOPERS

If you want to use Python to analyze flow cytometry data, then Cytoflow is for you! I've found Cytoflow useful for
both interactive data exploration (ie, poking data to see what it’s telling you) and automated data analysis (ie, writing
scripts and pipelines to process lots of data.)

To get a taste of what Cytoflow can do, check out an example Jupyter notebook.
Then, head over to the developers’ manual. There, you’ll find:
* Tutorial Jupyter notebooks to get you started writing your own analyses.
e In-depth examples that demonstrate more advanced usage.
* How-to guides to help you with common tasks.

e Developer’s guides to help you understand how Cytoflow is structured (particularly useful for writing your own
modules.)

e An API reference, documenting all the user-facing classes, operations and views.



https://www.python.org/
https://github.com/cytoflow/cytoflow/blob/master/docs/examples-basic/Basic%20Cytometry.ipynb
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CHAPTER
FIVE

FOR CONTRIBUTORS

Hooray! We’d love to have you.

The Cytoflow source code is hosted over at GitHub. Feel free to report bugs, request enhancements, fork the codebase
and start hacking. Also, check out the Developers’ guides for an overview and justification of Cytoflow’s design, as
well as useful information for writing your own modules, operations and views.

5.1 User manual

Note: If there’s something you’d like to do that isn’t well-explained by the user manual, please file an issue on GitHub.

The User Manual is divided into four sections:

1. Tutorials are step-by-step examples to get you started using Cytoflow. They include both some basic tutorials as
well as examples of some more advanced analyses.

5.1.1 Tutorial: Quickstart
Welcome to Cytoflow! This document will demonstrate importing some data and running a very basic analysis
using the GUL. It should help you get started with the following steps:

* Importing data

* Basic visualizations

* Gating

* Summary statistics

If you’d like to follow along, you can do so by downloading one of the cytoflow-#####-examples-basic.zip files
from the Cytoflow releases page on GitHub.

11
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https://github.com/cytoflow/cytoflow
https://github.com/cytoflow/cytoflow/releases
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Importing data

Start the software. The left panel is the “workflow” panel, and upon startup has a single operation named Import
Data. Click Set up experiment. ..

File View Help

e /
Mew Open Save SavePlot MNotebook Calibrate FCS Repc

Workflow (%]

@ !mport Data
~ Import

Events per
sample:

Samples: 0

Events: 0

Set up experiment...

_ Click "Set up experniment”, then

Error: "Import!”

MM @ [ "B

In the Experiment Setup dialog that appears, click Add tubes. ..

12 Chapter 5. For Contributors
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ITLOW/DLODY EE

Variables

® Type: FCS Metadata ~ | Name: |

i3

' Add a variable |

Experiment Setup
Tubes

- |

| Add tubes...

\Import from CSV... |

| Cancel H oK ]

™ |
Choose CFP_Well_A4.fcs and RFP_Well_A3.fcs. You can select multiple files by holding down the Control key

(Windows or Linux) or the Command key (Mac) while clicking on the files.

LLLRTELT N

Wl

|
Dialog

.0 Lookin:

|G,.fhnmefbrianf5rc,.fcytoﬂn...ocsfexample&basicfdata "'| &

Mame

E Computer

a brian

B crp well Ad.fcs
| ] ecoli.fcs

B RrRrFr well A3.fcs

- Size
626 KB fcs File
492 KB fcs File
626 KB fcs File

Type

Date Modified

4/12/18 4:54 FM
4/12/18 4:54 FM
4/12/18 4:54 PM

x

> 4 W BH[F

rFY

| | Yeast B1 B01.fcs 37 KB fcs File  4/12/18 4:54 PM
| | Yeast B2 B02.fcs 37 KB fcs File  4/12/18 4:54 PM
e | | Yeast B3 B03.fcs 37 KB fcs File  4/12/18 4:54 PM
| | Yeast B4 B04.fcs 37 KB fcs File  4/12/18 4:54 PM
5 | | veast B5_B05.fcs 37 KB fcs File  4/12/18 4:54 PM
| | Yeast B6_B06.fcs 37 KB fcs File  4/12/18 4:54 PM
| | Yeast B7 BO7.fcs 37 KB fcs File  4/12/18 4:54 PM
| | Yeast B8 B0S.fcs 37 KB fcs File  4/12/18 4:54 PM
| | Yeast B9 B09.fcs 37 KB fcs File  4/12/18 4:54 PM
| | Yeast B10 B10.fcs 37 KB fcs File  4/12/18 4:54 PM
| | Yeast B11 B11.fcs 37 KB fcs File  4/12/18 4:54 PM
|| Yeast B12 B12.fcs 37 KB fesFile  4/12/18 4:54 PM
| S T T Y. T T S L e B0 S ] Arl i A, A mea
File name: |"CFP_WEII_Ad.fc5" "RFP_Well_A3.fcs” [ B open ]
Files of type: | Flow cytometry files (*.fcs *.Imd) - | | @ cancel |

™ J

Each file is now a row in the Tubes table. Cytoflow assumes that your FCS files were all collected under the same
instrument settings (voltages, etc) but have varying experimental conditions (ie your independent variables.) We

5.1. User manual
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now have to tell Cytoflow what those conditions are for each tube. Click Add a variable.
|

1 Experiment Setup - O x

Variables Tubes

— [# Type: |FCS Metadata ~ | Name: |CF File ~ || Index ~  CF_File

— 0 CFP_wWell_A4

1 1 RFP_Well A3

Add a variable Add tubes... | | Remove tubes| | Import from CSV...

Cancel oK

We can make a new variable that is a Category, a Number or True/False (ie a boolean.) Since these two tubes
were exposed to different amounts of the small molecule doxycycline, pull down the “Type” selector and choose

Number.
1

—_—

Experiment Setup - O X

Variables Tubes

[# Type: FCS Metadata = | Name: | CF_File - Index «~  CF _File

; | 0 CFP_Well A4
® Type .FCS Metadata ~ _Mame: I |1 RFP_Well A3

|
*C Add a variable Add tubes... | | Remove tubes| | Import from CSV...

Cancel oK

Note: If you have an experimental variable saved as metadata in your FCS file, see the Frequently Asked
Questions.

14
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Type the name “Dox” into the Name box. Notice how there’s now a new column named “Dox” in the Tubes table.

M : .
Experiment Setup - O X
Variables Tubes
[# Type: FCS Metadata = MName: |CE Index «~  CF_File Dox

CFP_Well_A4 0.0

® Type:  Number v | Na RFP_Well A3 0.0

L1
¥

Add a variable Add tubes... | | Remove tubes|  Import from CSV...
Cancel oK

Note how the new column is red. Each tube must have a unique set of conditions to import the data — any tube
that shares conditions with another tube is labeled red like this. Type “1.0” into the “Dox” column for the first
row (CFP_Well_A4) and “10.0” into the “Dox” column for the second row (RFP_Well_A3). Notice how all the
cells are white.

L vour g i

L Experiment Setup - O x
[Variables Tubes

CF_File

CFP_Well 2 |

RFP_Well_A

.IEI Type: | FCS Metadata = | Name: CF_File « Index =

¥ Type: | Number « | Name: Dox 1

Add a variable Add tubes... | | Remove tubes |  Import from CSV...
Cancel OK

Click “OK?” to return to the main screen.

5.1.

User manual 15
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[ -

Experiment Setup

[‘I.-‘ariables Tubes

- [53] Type: FCS Metadata ~ | Name: |CF _File - Index «  CF_File Dox

i 0 [CFP Well A4
® Type: Number ~ | Name: Dox 1 RFP_ Well A3 10.0

Add a variable Add tubes... | | Remove tubes|  Import from CSV...

Cancel

<

Now, all the channels in those files show up in the Import dialog. You can rename the channels if you’d like,
or remove channels that you’re not using, but we won’t worry about that here. Click “Import!” to import the
data. Note that the red stop-sign on the module header changes to a green check-mark to show that the operation

succeeded.

16
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Basic plotting

Workflow F

||ﬁl

Channels
S
E5]
S
5]
S
(3]
E5)
(2]
S

® SSC-W -> |SSC W

s

B1-A > Bl A

B1-H --> |B1 H
B1-W —> Bl W

FSC-A > |[FSC_A
FSC-H —> |[FSC_H
FSC-W —> |FSC_W
HDRT —> HDR T
SSC-A > |SSC_A

S55C-H --= |55C H

EPMLeE

J

RN E S EeMo

® V2-A > V2 A

® V2-H -> [V2_H
® V2-W > (V2 W
® Y2-A —> Y2 A
® Y2-H —-> |Y2_H
® Y2W —> Y2 W

Reset channel names

Events per
sample:

Samples: 2
Events: 20000

Let’s plot the data. The right panel shows your view settings; choose the Histogram plot button.

. User manual 17
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View Properties

d
B
A
&

The controls in the right panel are the view parameters. We won’t get a plot until we choose a channel to view.
Pull down the Channel selector and choose “Y2_A”.

q Cytometry analysis - CytoFlow* _o x|
y File View Help

¥ P

| b ¥ =-» jupyter f ]
| . e - S y
New Open Save SavePlot Notebook Calibrate FCS Report a bug

5| Workflow (=l

View Properties a®

S0

/ Import Data
Import

a

7000 -

@

Channels

Horizontal
et:

None ~

[ B1-A > [BLA E{gtt::al e
® B1H > [BLH Color

® B1W BL_W 000 facet; 10 T

W >
= Color [

® FSC-A —> |FSC_A Scale: lin€ar =
Tab
Facet:

cw

==

& FSC-H -> FSC_H None ~
) HDRT —-> HDR_T Dox: |1 10
) SSC-A —> |SSC_A

) SSCH —> SSCH o000 4

N
M
le
[#
RO
%
)2,
E“U
A
A

® SSC-W —> SSC_W
® V2A > [V2 A

® V2-H > [V2_H

o
H
A
&
[ FSCW —> [Fsc W 5000 - Subset .%,
M
o
I
s
P

® V2W —> V2 W 3000 4

00
® Y2-A > Y2_A 200
B Y2-H > [Y2_H i
® Y2-W —-> Y2 W 2000 |
Reset channel names 13
" AF n
T

Events per
sample:

samples: 2 1000 -

n /’ Events: 20000
—_—
~a

Set up experiment...
Import!

i | | i ' '
] 0 10000 20000 30000 40000 50000 60000

o a Apply calls: 5

Plot calls: 4
Fiveen e s ——

Cytoflow immediately displays a plot. Unfortunately, most of the data in this channel is clustered around 0, which
makes it difficult to see using a linear scale (the default.) We can use a different scale by selecting the “Scale”
option — choose “logicle” instead.

18
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1
y File View Help

w3 e e M

i New Open Save SavePlot Notebook Calibrate FCS
Uorkflow EE]
u
a /i
mport Data

{ Import
@

Channels

® BlA —> [BLA

m

® B1-H --> [B1_H

CARNZ Bl B IMR e R

® B1W —> BLW

==

[® FSCA —> |FSC A
® FSC-H —> FSC_H
® FSCW > |FSC_ W

Ll

® HDRT —> HDRT
[® SSC-A —> SSC A
8 SSC-H —> |SSC H

® SSC-W > |SSC_W

wog

®V2A > [V2 A

® V2-H —> [v2_H

a

® V2W > V2 W

2

EY2A > Y2 A

® YZH -> Y2_H

EY2W > Y2 W

- A1

Reset channel names

Events per
sample:

2

samples: 2
Events: 20000

2

Set up experiment...

Import!

=z~

170 g

Cytometry analysis - Cytoflow*

*

Report a bug

1000 -

800 -

600 -

400 -

200 -

10% 10*
Y2_A

View Properties
Histogram Plot
Channel: [Y2Z A ~

scale: | logicle ~

Horizontal [~
Vertical
Facet: | NOMe ~
Color
Facet: None ~
Color [
Scale: |inear =
Tab
Facet: | None ~
Subset
Dox: 1 10
Apply calls: 5
Plot calls: 5

&8

s

FNhTESSHEOPEN

The logicle scale is interesting — it’s linear around 0 and logarithmic elsewhere, and we can immediately see that

this data is bimodal.

But wait — which tube are we looking at? Here we encounter one of the central principles of Cytoflow: by default,
we’re looking at the entire data set. This data comes from both tubes, not just one. We can tell Cytoflow to
make a separate plot for each Dox concentration by changing the Vertical facet option to “Dox”.

5.1. User manual
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y File View Help

Cytometry analysis - Cytoflow*
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n  New Open Save SavePlot Notebook Calibrate FCS Reporta bug

E Workflow EE]

/ Import Data
Import

Channels

 Bl-A —> [BLA
® B1-H --> [B1_H
® B1W —> BLW
® FSC-A —> [FSC A
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B SSC-H —> [SSC_H
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b

Set up experiment...

Import!

¥
y
“ AF
o/
"
-

11,1 DUL p—

Dox = 1.0
700 4

600 -

500 -

400 -

300 -

200 -

100 -
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500 -
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View Properties a®
Histogram Plot
Channel: Y2 A ~

scale: | logicle ~

izontal (o

"
Facet: | NOMe /\
Color |
Scale: |inear = @
Tab
Facet: | NoMe ~ .
Subset ol
Dox: 1 10 Nj
‘ * he
[
P
2
,A-:
0 &
200
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Apply calls: 5
Plot calls: 6

We can also plot the two different Dox concentrations on the same plot using different colors by setting Color
Facet to “Dox” instead. Note that you must change Vertical Facet back to ‘“None” as well.

20
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So there’s a clear difference between the two tubes: one has a substantial population above ~200 in the Y2-A
channel and the other doesn’t. What is the proportion of “high” cell in each tube? To count these two populations,
we first have to use a gate to separate them. Let’s use a threshold gate. First, make one by choosing the threshold

gate on the operations toolbar:

5.1. User manual
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3 New Open Save SavePlot MNotebook Calibrate FC

sl Workflow

Import Data
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=

B MM R
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- :|1-"|;'E5|"Iﬂ|d ®

T 4

Mame:

e

Channel: -

—

Threshold: 0.0

L. -

Error- You have to set the gate's name before
fror: applying it!

—d

LU

Then, set the operation’s name to “T” and the channel to “Y2-A”

& ®)

. Note that when you set the channel, a plot

appears in the central pane. It’s on a linear scale again — change it to “logicle” on the plot options pane.
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blue cursor that follows it. You can
tic above the 10”2 major label.)

5.1. User manual
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Workflow

J Import Data
Import

T
Threshold

Name: |T

Channel: Y2 A -

A EFPMMS @l wER

& L
oy

SN R K

[ElE]

Threshold: |200.8980855462378

1000 -

400 -

200 -

O ST T—— L ey T
-10% 0 102 10° 104
Y2_A

When you created a new Threshold gate, you added a new condition to the data set. This condition is exactly like
the “Dox” condition you set up when you imported your data. That is, now there are some events that are Dox

1 and T = True, some events that are Dox = 1 and T = False, some events that are Dox = 10 and T
True, and some events that are Dox =

10 and T = False.

You can get a good feel for this if you make a new Histogram. Set the histogram parameters as follows:

¢ Channel = "Y2_A"

e Scale = "logicle"

e Vertical Facet = "Dox"

e Color Facet = "T"

24
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What are we looking at? The two plots, top and bottom, represent the different Dox amounts (look at the titles!)
Each is showing the “high” and “low” populations we identified with the Threshold gate in different colors.
Play around with the different facets until you are comfortable with what does what. Also poke at the “subset”

controls. (Don’t worry, you won’t break anything!)

Basic statistics

Cytoflow’s reason for existing is to let you do quantitative flow cytometry. So lets quanitate those populations —
how many events are in each of them? Once you’ve identified populations, Cytoflow lets you compute a number
of summary statistics about each population, then graph statistics. To create a new statistic, choose the large
“sigma” button on the operations toolbar, which creates a new Channel Statistic operation.

5.1. User manual
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Workflow ()

Import Data
Import

T
Threshold 3

7?7
Channel Statistics
Name:
Channel: -

Function: -

%?d@g@ - ?EP

Group
By:
Subset

Dox T

Dox: (1 10

0, [€

T+ | T
Error: Summary function isn't set

L

=Y

[ e ]
Set the name of the new statistic to “Count”. Choose the “Y2_A” channel, and set the “Function” to “Count”.
Under “Group by”, check both the “Dox” and “T” tic boxes.
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Count &
Channel Statistics
Mame: Count
Channel: |[Y2Z A -
Function: | Count -
g'?‘”p v| Dox VT
W
Subset
Dox: |1 10
T+ T

The “Group by’ settings are particularly important. You’re telling Cytoflow which groups you want to compute
the function on. Cytoflow will break your data set up into unique combinations of all of these variables (which
could be experimental conditions, like “Dox”, or gates, like “T”, or other subsets from other operations) and
compute the function for each unique subset. So, what we’ve asked Cytoflow to do is break the data into four
subsets:

e Dox =1 and T = True
* Dox =1 and T = False
* Dox =10 and T = True
* Dox = 10 and T = False
and then compute the “Count” function on each subset.

Finally, let’s plot that summary statistic. Choose the bar plot from the Views toolbar:
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View Properties (3¢]

INTEESHO P HN -

P
=]
o

Set the view parameters as follows:
¢ Statistic = (‘Count’, ‘Count’)

Note: the new statistic is called (‘Count’, ‘Count’) because the channel statistic operaton’s name was
“Count” and the function you applied was also named “Count”.

¢ Variable = “Dox”

¢ Hue Facet = “T”
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Count : Count
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Dox
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1
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View Properties ()
Bar Chart
Statistic: |(‘Count‘, ‘Count’) « | L
Variable: |an - | ’
Scale: |linear ~+ | '
poreona [one | I
Vertical [,
Facet: | None ~ | A
Hue
Facet:
c @
S?;:irstic: |None e |
Subset .ﬁ
Dox: |1 == |10 | m
T+ [T
N
Ve
2
Vi
100
200
Apply calls: 15
Plot calls: 25

This is the bar plot we wanted: comparing different Dox levels (the two bars on the left vs. the two bars on the
right) and how many events were below the threshold (T = False, in blue) vs how many were above it (T = True,

in orange.)

Export the plot

I like to think that Cytoflow’s graphics are nice-looking. Possibly nice enough to publish! (Also, if you publish
using Cytoflow, please cite it!) To export the plot, choose “Save plot...” from the toolbar at the top.

File View Help

Jupyter _/_
“—

A

Motebook Calibrate FC5 Report a bug

T

In this dialog, you can set many of the visual parameters for the plot, such as the axis labels and plot title. You
can also export the figure with a given size (in inches) and resolution (in dots-per-inch) by clicking “Export

i)

figure....”.
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Cytometry analysis - Cytoflow* - O x
dl View
T Plot Parameters

A t|t|e Errorbarl |

width:
Cap width: | |

Threshold _—
Orientation: | horizontal ~ |

mmm False B

. True e

i Title: A title | '
X label: ‘Ccunt |
¥ label: [Dox] |

Hue label: reshold

Columns: ‘

Style:  whitegrid v|

Context: | talk -

[DO-XJ

Legend: v

Share
X axis? 9

Share
¥ axis?

Despine? v

Export

Width: |11
Height: 8.5

i 1 1 1 1 I I Dpi: |96

| 0 2000 4000 6000 8000 10000

: | Export figure...

Count |
| Return to Cytoflow
W p—

To return to Cytoflow, click “Return to Cytoflow”.

5.1.2 Tutorial: Dose-Response

A common way to use flow cytometry is to analyze a dose-response experiment: cells were treated with increasing
doses of some drug or compound, and we want to see how the response changed as we increased the amount of
the compound. In this case, I'm treating an engineered yeast line with isopentyladenine, or IP; the yeast cells are
engineered with a basic GFP reporter that is expressed in response to IP. We measured GFP fluorescence after
12 hours, at which time we expect the cells to be at steady-state.

(The experiment is described in more detail here: Chen et al, Nature Biotech 2005 )

If you’d like to follow along, you can do so by downloading one of the cytoflow-#####-examples-basic.zip files
from the Cytoflow releases page on GitHub.

Importing Data
Start Cytoflow. A workflow always starts with an Import Data operation; click the Set up experiment but-
ton...

Remember that we need to tell Cytoflow about the experimental conditions for each sample we’re analysing. In
this case, we only have one experimental variable, IP.

¢ Click Add a variable
* Change its type to Number and its name to IP.
¢ Click Add tubes...
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* Select all of the tubes whose names start with Yeast_B1 through Yeast_C9.

Note: Remember, you can select multiple files by holding down the Control or Command key.

* Fill in the experimental values for the IP column. 1 did a serial dilution; use the the table below for reference.

File IP
Yeast_B1_BOl1.fcs 5.0
Yeast_B2_B02.fcs 3.7
Yeast_ B3_B03.fcs 2.8
Yeast_B4_B04.fcs 2.1
Yeast_B5_BO05.fcs 1.5
Yeast_B6_B06.fcs 1.1
Yeast_B7_B07.fcs 0.88
Yeast_B8_BO08.fcs 0.66
Yeast_B9_B09.fcs 0.5
Yeast_B10_B10.fcs | 0.37
Yeast_B11_Bl11.fcs | 0.28
Yeast B12 B12.fcs | 0.21
Yeast_C1_COl1.fcs 0.15
Yeast_C2_CO02.fcs 0.11
Yeast_C3_CO03.fcs 0.089
Yeast_C4_C04.fcs 0.066
Yeast_C5_CO05.fcs 0.05
Yeast_C6_CO06.fcs 0.037
Yeast_C7_CO07.fcs 0.028
Yeast_C8_CO08.fcs 0.021
Yeast_C9_C09.fcs 0.015

At the end, your table should look like this:
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Experiment Setup - O &
Variables Tubes
¥ Type: FCS Metadata =  Name: CF_File = || Index =~ CF _File IP
0 Yeast B1 B0O1 5.0
® Type:  Number -+ | Name: |IP 1 Yeast B2 BO2 3.7
2 Yeast B3 BO3 2.8
3 Yeast B4 B04 2.1
4 Yeast B5 BO5 1.5
5 Yeast B6 BO6 1.1
6 Yeast B7_BO7 0.88
7 Yeast B8 BOB 0.66
8 Yeast B9 BO9 0.5
9 Yeast_B10 B10 0.37
10 Yeast B11 B11 0.28
11 Yeast B12 B12 0.21
12 Yeast C1 CO1 0.15
13 Yeast C2 C02 0.11
14 Yeast C3 CO3 0.088
15 Yeast C4 CO4 0.066
16 Yeast C5 CO5 0.05
17 Yeast C6_CO6 0.037
18 Yeast C7_CO7 0.028
19 Yeast C8_C08 0.021
20 [veast C9_C09 [0.015)
Add a variable Add tubes...| |Remove tubes | | Import from CSV...

Cancel 0K

Note: Filling out these tables can be a pain, especially if you’ve already got this information in a table somewhere
else already. If so, you can actually import the table directly, following the instructions at HOWTO: Import an
experiment from a table

Click Import! to import the data.

Filter out clumps and debris

Because these cultures were grown on a roller drum, they are quite uniform in size — but there are still some
clumps. Let’s filter that out with a polygon gate.

» Name the gate Single_Cells — so we can refer to this subset later — and set the X and Y channels to FSC_A
and SSC_A. (These are the forward and side-scatter parameters.)

* Click the polygon gate button on the operations toolbar:

 The initial plot is hard to work with — on the View pane, change both the X and Y scale to log.

* Draw a polygon around the major population the center of the plot. Single-click to set a new vertex; double-
click to close the polygon.

Here’s what my window looks like now:
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File View Help

w3 & =

New Open Save SavePlot Notebook Reporta bug
Workflow @®

j Import Data
Import

Single_Cells ®
Polygon
Name: |Single_Cells
X Channel: FSC_A -

Y Channel: | SSC_ A -

YNZKE<AOEPSIIMEEFER

Look at the FITC_A channel

Cytometry analysis - Cytoflow*

105 -

SSC_A

10t =

103_
. o . B e
10* 10°
FSC A

Let’s use a histogram to see if we’re seeing a dose-response.

* Choose the histogram view:

* Set the channel to FITC_A and the scale to log

View Properties

Polygon Setup View
X Channel: FSC_A
X Scale:

log -

¥ Channel: sSC_A

¥ scale: |log -
Color
Facet: Hone s
Subset
IP: |0.015
Plot Parameters
Alpha: |0.25
Size: 2

Markar: | »

» Set the Horizontal Facet to IP — this will give us one plot for each different value of IP

BHENherSESPrOP AN«

Q]

* To only look at the cells in the Single_Cells gate, under Subset, click the check-box next to Single_Cells+

The result is the following plot:
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View Properties

Histogram Plot

Channel: | FITC_A -
Scale: | log -
GHIEEGERIE T 0S0HPEE G G2 HMES T BH BEAA IR=TS .
IP # wm P33 BRE-emS! 75.0 Horizontal P -
Facet:
Vertical
Facet: ploney h
Color
Facet: jone h
g0 =t L A L L L LA L L L L L Color [.
Scale: linear =
Tab
Facet: jlongy h
Subset
IP: |0.015 5
P | R AR A A W AR AR AR AT AR Single_Cells+ v Single_Cells-
Tight layout not applied.
tight_layout cannot make axes
View warning: width small enough to
accommodate all axes
decorations
40 A AR A A
I o e el e e i i i i R

Plot Parameters
Num bins: |None

Histtype: | stepfilled +
LS I I o 1 o o 8 8 I I I R R Linestyle: | solid -
1ofrherhirh rbarhirherhirh rodrhirherhirh rodrh irh erhirh rbirn d ‘
Linewidth: |None
Density:
Alpha: [0.5

(E]ES]

- HANNFSESHFOPEN «

E&

]

We’ve got so many different values of IP that we can’t squeeze them all next to eachother. However, we can
ask Cytoflow to “wrap” them onto several lines, like the word-wrap on a word processor. To do so, in the Plot

Parameters pane (bottom-right in the default layout), scroll down to Columns and set it to 4.
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View Properties (=]
Histogram Plot - 10
IP =0.015 IP = 0.021 IP =0.028 IP = 0.037 +l1»
Channel: |FITC_A -
50 - - - - Scale: |log -
Horizontal P -
0= i B i - i — I Facet: ?
10+ 10 10+ 10¢ Vertical N i
Facet: one h
IP = 0.05 IP = 0.066 IP = 0.088 IP=0.11 Color g
Facet: flone e
501 7] T T g?;lﬁg; linear ~ !
0= | B | I | B | Tab  [yone - /\
102 102 102 102 Facet:
Subset
IP=0.15 IP=0.21 IP=0.28 IP = 0.37 @
IP: |0.015 5
50 — m a n Single_Cells+ || Single_Cells- .{.
0= i R i - i I I m
10+ 10 10- 10+
IP=0.5 IP = 0.66 IP=0.88 P=1.1 ‘*
50 - . 1 . 'l
0= I I I - I I I L
10 10 10 10 2
IP=1.5 P=21 IP=2.8 IP=3.7 Lo
100
50 - - . - 200
0= i B i I i B I -
102 10 10t 108 10% 102 10t Plot Parameters (=]
IP=5.0 Y label: |None =
Hue label: |None
501 Columns: 4
0 I Style: | whitegrid «
10¢  10*
Context: | paper -
Show legend? v -

Ah, much better. We can see each plot, and we’re clearly seeing an increase. However, histograms are kind of a
terrible way to compare lots of distributions like this. A better way is a violin plot.

* Choose the violin plot view:
¢ Set the X variable to IP, the Y variable to FITC_A, and the Y channel scale to log.

¢ As above, set Subset to Single_Cells+
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View Properties

Vielin Plot
X Variable: | IP -
Y Channel: |FITC_A -
Y Channel
Scale:
Horizontal
Facet: fiane h
4 _ Vertical
10 1 Facet: |Mone h
Color
Facet: fage e
Color

FITC_A

- ANNTSESHOPEN« % ¢

1 Scale: linear -
1 Tab
Facet: fage e
| Subset
IP: |0.015 F 1 5
10° - Single_Cells+ || Single_Cells-
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Plot Parameters
Y label: [None

=]
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Hue label: |None

Columns: |MNone
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T [ L O e [ I A B B e it o
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Context: | paper -
P

Show legend? v

-

I 'love how a violin plot lets you compare distributions side-by-side. In this case, it’s very clear that there’s a clear
dose-dependent response as IP concentration increases, as well as a clear saturation of the response.

Summarize the dose-response curve on a line plot

Next, let’s make a “traditional” dose-response curve with a scatter plot, where the X axis shows the amount of
IP and the Y axis shows the geometric mean of the FITC_A channel.

2

* Give the new statistic aname — I called it GFP_Mean — and choose the channel we want to analyze (FITC_A)
and the function we want to apply (Geom.Mean)

Add a Channel Statistics operation:

* Now we need to tell Cytoflow which subsets of our data we want to apply the function to. We want the
geometric mean computed for every different value of IP; so set Group by to IP.

¢ Again, we only want to analyze the cells in the Single_Cells gate — so set Subset to Single_Cells+.

At the end, your operation should look like this:

36
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GFP_Mean

Channel Statistics ®

Name: GFP_Mean
Channel: |FITC_ A -
Function: | Geom.Mean -

Group .

By: v IP Single_Cells
Subset
IP: |0.015 5

Single_Cells+ Single_Cells-

Now that we’ve made a new summary statistic, we want to plot it!

a“

Open the 1D Statistics View:

us both the name of the operation that created the statistic, and the function that we used.)
 Set the Statistic Scale to log. This is how the plot will scale the Y axis.
¢ Set Variable to the variable we want on the X axis — in this case, IP.
» Set Variable Scale to log — this is the scale on the Y axis.

Et voila, a scatter plot:

Set Statistic to the name of the statistic we just created: (‘GFP_Mean’, ‘Geom.Mean’) (note that it shows
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View Properties @
One-Dimensional Statistics Plot
Statistic: | ('GFP_Mean', 'Geom.Mean'] ~
Statistic

Scale: 9~
4 Variable: | IP -
Variable
Scale: (%9~
Horizontal
Facet: Hodche
Vertical
Facet: Honek
Hue
10°% - Facet: Hane i
4 Hue .
e linear «
1 Error
] Statistic: | NONe M
Subset
] IP: |0.015 5

EaNNFrFSSHOPHENE «

Plot Parameters [E]E]
Variable (e
Limits: Max:
Linestyle: | solid -

102 -
Marker: [0 ~

Markersize: |6

Export the dose-response curve as a table

Often, we want this data avilable for downstream analyses. Any statistic you’ve computed, you can also export
as a table (for imporing into a spreadsheet or other plotting or analysis tool.)

100

¢ Choose the Table View: 42

Set Statistic to the same statistic we were just looking at: (‘GFP_Mean’, ‘Geom.Mean’)
* Set Row to the variable you’d like to put on different rows. In this case, there’s only one, so set it to IP.

* You can preview the table in the center plot pane. To export it to a CSV file, click Export...
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View Properties (=]Es]
Table View
Statistic: | ('GFP_Mean', 'Geom.Mean'] ~

Rows: |IP - |

Subrows: | None ~

IP = 0.015 |111.461 Columns: | None ~

IP=0.021 |145.292 Subcolumn: | None -

IP =0.028 [160.033 Export...
Subset

IP =0.037 [187.577
IP: |0.015 5

IP=0.05 |252.491

IP=0.066 (417.172

IP =0.088 [680.333

IP=0.11 |981.298

IP=015 |1217.28

IP=0.21 |1178.52

IP=0.28 |1511.86

IP=0.37 |1694.55

IP=10.5 [1821.46

IP=0.66 [2238.85

IP=0.88 |2345.18

EENYNTSZHOPHEN -

IP=1.1 |2479.25

IP=1.5 |2408.16

]
5]

Plot Parameters

IP=21 |2387.24

IP=2.8 |2425.22

IP=3.7| 2596.3

IP=75 [2270.78

5.1.3 Tutorial: Machine Learning

One of the directions Cytoflow is going in that I'm most excited about is the application of advanced machine
learning methods to flow cytometry analysis. After all, cytometry data is just a high-dimensional data set with
many data points: making sense of it can take advantage of some of the sophisticated methods that have seen
great success with other high-throughput biological data (such as microarrays.)

The following tutorial goes in depth on a common machine-learning method, Gaussian Mixture Models, then
demonstrates with briefer examples some of the other machine learning methods that are implemented in
Cytoflow.
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Import the data

« Start Cytoflow. Under the Import Data operation, choose Set up experiment...
¢ Add one variable, Dox. Make it a Number.

* From the examples-basic data set, import RFP_Well_A3.fcs and CFP_Well_A4.fcs. Assign them Dox =
10.0 and Dox = 1.0, respectively. Your setup should look like this:

Experiment Setup - O X
Variables Tubes
x| Type: FCS Metadata - Name: CF File - Index - CF_File Dox
X Type: Number - Name: Dox 0 RFP_Well_A3 10.0
1 CFP_Well_A4 1.0
Add a variable Add tubes... Remove tubes Import from CSV...
Cancel ‘ OK ‘
¢ Choose OK

* Optional: Remove the -W and -H channels from the Import Data operation; we’re only using the -A
channels. Your Import Data operation should look like this:
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v/ Import Data
Import

Channels

X Bl-A --> B1 A
X FSC-A --> FSC A
X HDR-T --> HDR T
x| SSC-A --> SSC A
X V2-A --> V2 A
X Y2-A --> Y2 A

Reset channel names

Events per

None
sample:

Samples: 2
Events: 20000

Set up experiment...

Import!
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* Click the Import! button in the Import Data operation.

Examine the data

¢ Create a Histogram view. Set the channel to Y2-A and the scale to logicle.

®

View Properties

Histogram Plot

Channel: Y2 A
Scale: logicle - §-
1000 - Horizontal - -
Facet: one w
Vertical
Facet: Nome - !
Color
Facet: None -
Color . /\
Scale: linear - ]
800 -
Tab I
Facet; None - @
Subset f
. o'e
Dox: 1 10
ol
600 - "
s
27,..
400 - L=}
100
200
200 -
Plot Parameters 88
Num bins: None
Histtype: stepfilled -
Linestyle: solid
Linewidth: None
0 -SSR : o N ———
-102 0 102 10° 104 Density:
Y2_A Alpha: 0.5

Orientation: vertical

This data looks pretty bi-modal to me. If we wanted to separate out those two populations, a Threshold
operation would do nicely. However, using a Gaussian mixture model comes with some advantages which
we will see.

Create a Gaussian mixture model

¢ To model this data as a mixture of Gaussians, click the 1D Mixture Model button:
 Set the parameters as follows:

— Name — “Gauss” (or something memorable — it’s arbitrary)

Channel - Y2-A (the channel we’re applying the model to)

Scale — logicle (we want the logicle scale applied to the data before we model it)
— Num Components — 2 (how many components are in the mixture?)

...and click Estimate! You’ll see a plot like this:
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Cytometry analysis - Cytoflow* - o &
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IE‘ Gaussian Mixture Model | a
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By:
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AF Plot Parameters
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Histtype: [stepfilled -
A Linestyle: |solid
o -EEE——— e —— 1} — Linewidth: [None
-102 0 102 10° 104 Density:
Help as Y2_A Alpha: (0.5

Orientation: vertical

Excellent. It looks like the mixture model found two populations and separated them out.

What did the Gaussian Mixture Model operation actually do? Just like a threshold gate, it makes two new
populations — in this case, they’re named Gauss_1 and Gauss_2. You can now view and manipulate them
just like you could if you defined the two populations with any other gate. For example, I can view them
on separate histograms:

View Properties L]
Histogram Plot B
Gauss = Gauss_1 Channel: Y2 A - +lT
Scale: logicle -
1000 - q
Horizontal
Facet: one s ?
Vertical i
800 - Facet: (C3Uss -/ g
Color
Facet: None
600 Scale: linear
Tab /\
Facet: plone
400 -
Subset
Dox: 1 10 ’
200 - Gauss: Gauss_1 Gauss_2 .\]«'
o =TT . T R ' e "
Gauss = Gauss_2
1000 - '.
-
2p,
800 - /
Laa
100
600 — 200
400 7 Plot Parameters T
Num bins: None 1
200 - Histtype: |stepfilled -
Linestyle: solid -
0- Linewidth: None
AR RN RRRRRESES . T R e B I S R A
-10? ] 10? 10° 104 Density:
Y2_A Alpha: 0.5

Orientation: vertical
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Advanced GMM uses

» Sometimes, data does not separate “cleanly” like this data set does. If that’s the case, you can set the sigma
estimation parameter. This tells the operation to create a new boolean variable for each component in the
model, which is True if the event is within sigma standard deviations of the population mean. For example,
if we set sigma to 1 and click Estimate!, our diagnostic plot remains the same:

@ Import Data =
Import Gauss
Gauss_1
1000 - Gauss_2
@Gauss

Gaussian Mixture Model

Name: Gauss
Channel: Y2_A

Scale: logicle -

800 -

Estimation parameters

Num 2
Components:

Sigma: 1 600 -
Group
Estimates Dox
By:
Subset

Dox: 1 10

Estimate!
400 -

200 -

0-

-102 0 10? 10° 104
Y2_A

...but now we’ve got two additional variables, Gauss_1 and Gauss_2. For example, I can make a histogram
and set the color facet to Gauss_1:
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View Properties
Histogram Plot

Channel: Y2_A
Gauss_1

False
1000 True

800 -

600 -

400 -
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Y2_A

Scale: logicle -

Horizontal
Facet:

Vertical
Facet:

Color
Facet:

Color
Scale:

Tab
Facet:

Subset
Dox: 1
Gauss:
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Gauss_2+

Num bins:
Histtype:
Linestyle:
Linewidth:
Density:
Alpha:
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linear -

None

10
Gauss_1 Gauss_2
Gauss_1-

Gauss_2-

Plot Parameters

None
stepfilled -
solid

None

0.5

Orientation: vertical

and we can see that only the “center” of the first population has the Gauss_1 variable set to True.
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Sometimes, we don’t want to use the same model parameters for the entire data set. Instead, sometimes you
want to estimate different models for differe subsets. The Gaussian Mixture Model (and other data-driven
operations) have a Group Estimates By parameter that allows you to just that. For example, let’s say I
want a different model estimated for each value of Dox (remember, that’s my experimental variable.) I set
Group Estimates By to Dox, and instead of getting one mixture model, now I get one for each different

value of Dox:

Workflow ae View Properties
1D Mixture Model Default Plot
Al (¥ mport Data . Dox = 1.0 Channel: Y2.A
Import 700 - Horizontal
Gauss Facet:  None -
Gauss_1 Vertical
- - -l [Dox -
600 Gauss 2 Facet. 09|
(¥ Gauss View warning: Setting huefacet’ to ‘Gauss'
Gaussian Mixture Model 500 -
400 -
Name: Gauss
Channel: Y2 A - 300 -
Scale: logicle -
Estimation parameters 200 -
Num 2
Components:
100 -
sigma: None
Group
Estimates [] Dox 0 e —— ——— — T
BY:
ubot Dox = 10.0
ubse 700 =
Dox: [1 10
Estimate! 600 -
4
¥ 500 -
N
~ 400 -
300 -
AF Plot Parameters
/ 200 Num bins: [None
Histtype: [stepfilled -
100 -
Linestyle: |solid
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Note that there are two models shown, one for each value of Dox. (Note that I set Vertical Facet on the
view to Dox to show both of them.

» Finally, in addition to gating events, data-driven modules also often create new statistics as well. For ex-
ample, the Gaussian Mixture Model operation creates two statistics, mean and proportion, recording
the mean of each population and the proportion of events that was in that population. This is particularly
powerful when combined with the Group Estimates By parameter. For example, in the image above, it’s
pretty clear that there weren’t many events in the Gauss_2 population for Dox = 1.0. Let’s look at the actual
proportions using a bar graph:

View Properties @&
Bar Chart e
Statistic: ('Gauss', 'proportion') - +lT
Component X
1.0 - -1 Variable: Dox I
- 2 Scale: linear -
Horizontal *
Facet: jlone i
Vertical
Facet: one w
Hue [Camnanent <
0.8 Facet: Component - -
Error
Statistic: "\ /\
Subset
Dox: |1 [ 10
Component: 1 | [ J ]2 Q
[
f=
S 0.6 -
b=
S
a
: 1
o
0
: i
8 [}
0.4 - P
27,._
e
100
200
0.2 -
Plot Parameters o8|
Error bar ‘ 3
width:
Cap width: |
Orientation: vertical
0.0 - | Min: None
1.0 Limits:
Max: None
Dox
Title: None
tanat o

The Tutorial: Yeast Multidimensional Induction Timecourse tutorial gives a non-trival example of this.

More Machine Learning Operations

. 2-dimensional Gaussian Mixture model

A gaussian mixture model that works in two dimensions (ie, on a scatterplot.)
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Workflow 0 View Properties 26
2D Mixture Model Default Plot s
ﬁl} @Import Data - J Xchannel: V2_A +l1'
Import ] Gauss Ychannel: Y2_A
Gauss_1 1
- Horizontal
Gauss_2 Nopeps h |
|1. Vertical = ’
@Gauss acet.  None
lz‘ Gaussian Mixture Model View warning: Setting *huefacet' to 'Gauss' w
@ B
Name: |Gauss
2 X Channel: V2 A - \ /\
2 Y Channel: Y2 A 7 '
» ¥
o &
X Scale: [logicle - .
ab Y Scale: |logicle - o'e
D Estimation parameters Nj |
2
Components: < 10°-
|
M e 5 0
E Group
© Estimates | | Dox ..
By:
Subset /
g9 Doxl 10 z},.
¥ Estimate! L
h 100
- 200
4 3 ey
AF Plot Parameters
/ Alpha: 0.25
size: 2
p ] Marker: [0 -
_1023
10 Min: None
X Limits: ]
Max: None
Min: None
Help e Y Limits:
Max: None

Density gate

Computes a gate based on a 2D density plot. The user chooses what proportion of events to keep, and the
module creates a gate that selects the events in the highest-density bins of a 2D histogram.

Workflow on View Properties o
Density Gate Default Plot
Ei} (¥ mport Data . X channel: B1_A
Import Y channel: V2_A
X scale: logicle
¥ scale: logicle
@ pensity Hue scale: [linear -
Density Gate X This figure includes Axes that are not

View warning: compatible with tight_layout, so
results might be incorrect.

Name: Density
X Channel: B1_A
Y Channel: V2_A

X Scale: |logicle -

¥ Scale: logicle -
Estimation parameters
Proportion

EEAMMeEFE

L BENNTSSHEOPHN« S

tokeep: 08
Group
Estimates | Dox
By:
(@) subset
= Dox: 1 10
b=l |Estimate!
?’”
]
AF Plot Parameters
/ Grid size: 50
Smooth:
p Min: [None
X Limits:
Max: None
102 2 o Min: None
o 1o ° 10 10 ¥ Limits:
BLA Max: [None
Help -

Min quantile: 0.001

K-means clustering
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Uses k-means clustering on a scatter-plot. This sometimes works better than a 2D Gaussian mixture model
if the populations aren’t “normal” (ie, Gaussian- shaped).

Workflow CE)
AA ) Import Data J
Q Import = ] KMeans
KMeans_1
KMeans_2
@ KMeans
KMeans Clustering X
10% =

Name: KMeans
X Channel: B1_A
Y Channel: Y2_A

X Scale: |logicle -
Y Scale: |logicle -

Estimation parameters

Num
Clusters:

Group

Estimates | Dox
By:

Subset

Dox: 1 10

10% -

Y2_A

‘ Estimate!

TN\ : < EB<RAOEFPRAIMaEFE

-10? 0 10? 10°

B1_A
Help B® =

flowPeaks

Sometimes, Gaussian mixtures and k-means clustering don’t do a great job of clustering flow data. These
clustering methods like data that is “compact” — regularly spaced around a “center”. Many data sets are not
like that. For example, this one, from the ecoli. fcs file in examples-basic/data:
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Scatter Plot
(¥)Import Data = X Channel: FSC_A - -
Import
P X Scale: log *
e Y Channel: FSCH -
X FSC-A —> [FSC_A Y Scale: log w
10° - Horizontal
X FSC-H —> FSC_H ] poraontal None - !
X FSC-W --> FSC_W ] £ \Fl:gtcal E
X Time --> Time @ "
olor
Reset channel names Facet: None
Color
Events per Scale: linear -
eP<" [None
SIuflis Tab  none - ofe
Samples: 1 Facet:
Events: 5000 Subset Nj
Set up experiment... "
Import! -
(
Q10 - '
o ]
P4
27_
A
iy 100
& 200
¥ )
7
100 Plot Parameters
Alpha: 0.25
size: [2
Marker: [0 -
Min: [None
R R R T R LI R T R s
107! 10° 10! 107 10° 104 Max: None
FSCiA Min: None
o Y Limits:
Max: [None

There are clearly two populations, but the Gaussian mixture method isn’t effective at separating them:

EL @ :r’v'::oor:t pata x GMM
GMM_1
GMM_2
GMM_None
/)GMM

Gaussian Mixture Model < ]

Name: GMM
X Channel: FSC A - 4
Y Channel: |FSC_H
X Scale: log - 4 |
Y Scale: log - £

Estimation parameters
Num 2 /
Components: - BT
Sigma: |None o104 /
ml
Group o
Estimates
By:
Subset i

‘ Estimate! 4

N\ ZKE<@OEPSMMaFE

107t 10° 10t 10° 10° 104 10°
Help o= FSC_A

And neither is k-means:
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Workflow EE
ﬂl ) Import Data
leport = | KM
M
KM 2
Ii KM_None
smm .
Gaussian Mixture Model % 10 7
O cusen
) eans Clustering X
[
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b Name: KM
‘\ X Channel: FSC A -
Y Channel: FSC H -
M xsce 5
X Scale: log 8 104 -
= Y Scale: log o
@ | ectimat
Estimation parameters
e Clusters:
# & Group
¥ Estimates | GMM
N By:
. Subset
" GMM_1  GMM_None
y GMM:
/ GMM_2
AF Estimate!
/ 10° -
. N LA I 1L B B B T B B e B B e ) B R SRR RAL
107! 10° 10* 102 10° 104 10°
Help e FSC_ A

In cases like this, a flow cytometry-specific method called flowPeaks may work better.
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1]

V) Import Data X
9 =

FP_1

FP_2
@GMM X FP_None P

viminn Mk en MadAl
105 -
b1
kM X g
@FP X
Name: FP

X Channel: FSC A -
Y Channel: FSC H -

X Scale: log
Y Scale: log
Estimation parameters

H: 1.5

HO: 0.5
Tol: 0.5

Merge
Distance: 10

Group
Estimates GMM KM
By:
Subset
GMM_1 | GMM_None
GMM: 103 -
GMM_2 ]
KM_1 KM_None ] &

KM_2

KM:

TN\ KB EPRAMMAEFER

‘ Estimate!

107! 10° 10t 10? 10° 104 10°
Help o8 FSC_ A

flowPeaks is nice in that it can automatically discover the “natural” number of clusters. There are two
caveats, though. First, the peak-finding can be quite sensitive to the estimation parameters h, h@, t and
Merge distance. The defaults are a good place to start, but if you’re having trouble getting good perfor-
mance, try tweaking them (see the documentation for what they mean.) And second, flowPeaks is quite
computationally expensive. Thus, on large data sets, it can be quite slow.

5.1.4 Tutorial: Yeast Multidimensional Induction Timecourse

This workflow demonstrates a real-world multidimensional analysis. The yeast strain we’re studying responds to
the small molecule isopentyladenine (IP) by expressing a green fluorescent protein, which we can measure using
a flow cytometer in the FITC-A channel.

This experiment was designed to determine the dynamics of the IP —> GFP response. I induced several yeast
cultures with different amounts of IP, then took readings on the cytometer over the course of the day, every 30
minutes for 8 hours. The outline of the experimental setup is below.
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[IP] = 0.125 uM
FITCA

Yeast + Various [IP]

ENERE =

tOhr tlhr t=2hr t=3hr

IP]=0  [IP]=0  [P]=0  [IP]=0 " = -
i .l
ERIERENE! > o

t=0hr t=1hr t=2hr t=3hr 1
[IP]=10 [IP]=10 [IP]=10 [IP]=10 o}
[ ]

}

Time (min)
g
i
|

u GFP (au)

If you’d like to follow along, you can do so by downloading one of the cytoflow-#####-examples-advanced.zip
files from the Cytoflow releases page on GitHub. The files are in the yeast/ subdirectory.

Warning: This is a pretty big data set; on modest computers, the operations can take quite some time to
complete. Be patient!

Import the data

« Start Cytoflow. Under the Import Data operation, choose Set up experiment...
¢ Add two variables, IP and Time. Make both of them Number s.

¢ In this case, I’ve encoded the amount of IP and the time (in minutes) in the FCS files’ file names. For
example:

File IP Minutes
IP_0.0_Minutes_0 0 0
IP_0.05_Minutes_0 | 0.05 | O

IP_0.0_Minutes_30 | O 30

Note: There are a lot of rows in this table. Two things can make setting up these kinds of experiments
easier. First, if you already have the details in a table, you can import that table by following the instructions
at HOWTO: Import an experiment from a table. And second, you can select multiple cells in the table to
edit at once by holding Control or Command and clicking multiple cells.
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Warning: It is generally not a good idea to name a variable Time, because most flow cytometers
produce FCS files with a Time “channel” and you can’t re-use those names!

At the end, your table should look like this:

Experiment Setup - 0O =

Variables Tubes
® Type: |FCS Metadata ~ | Name: | CF_File - Index CF_File - P Minutes 4

55 IP_0.0312_Minutes_0 0.0312 0.0
e et M| = L 59 IP_0.0312_Minutes_120 0.0312 120.0
® Type:  Number « | Name: |Minutes 60 IP_0.0312_Minutes_150 0.0312 150.0

6l IP_0.0312_Minutes_180 0.0312 180.0

62 IP_0.0312_Minutes_240 0.0312 240.0

56 IP_0.0312_Minutes_30 0.0312 30.0

63 IP_0.0312_Minutes_300 0.0312 200.0

64 IP_0.0312_Minutes_360 0.0312 360.0

65 IP_0.0312_Minutes_480 0.0312 480.0

57 IP_0.0312_Minutes 60 0.0312 &0.0

58 IP_0.0312_Minutes 90 0.0312 90.0

12 IP_0.05_Minutes 0 0.05 0.0

19 IP_0.05_Minutes_120 0.05 120.0

21 IP_0.05_Minutes_150 0.05 150.0

24 IP_0.05_Minutes_180 0.05 180.0

25 IP_0.05_Minutes_240 0.05 240.0

14 IP_0.05 Minutes 30  0.05  30.0

27 IP_0.05_Minutes_300 0.05 300.0

29 IP_0.05_Minutes_360 0.05 360.0

a0 IR A AE Mimebn- A0A A nc Ann A '
Add a variable Add tubes...| | Remove tubes |  Import from CSV...

Cancel 0K

Filter out clumps and debris

Let’s have a look at the morphological parameters, F'SC-A and SSC-A. There are so many events in this data set
that a standard scatterplot isn’t a great choice:
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View Properties
Scatter Plot
X Channel: |FSC_A ~ |
X Scale: |Iog - |

10°
¥ Channel: |SSC_A ~ |

Y Scale:

I Herizontal [,
] Facet, . (None v |
Vertical [,,
] Facet: |Nome - |
: Col S ————
F:c:;:: |7None h |
Col Traar o
S‘c]a?g: |m|
-I!—:Eet: |N°n€'7'|
Subset
IP: |0 | O=——= |10
Minutes: |G—| ) |&

Plot Parameters

A

L L

Alpha: |0.25

Size: |2

Marker: |0 - |

Min: [None

5
10 X Limits:

Max: |Nune

Instead, let’s use a density plot.

* Set the X channel to FSC_A and the Y channel to SSC_A. Change both axis scales to log.

* Click the density plot button:
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View Properties

2D Histogram

X Channel: |FSC A ~

X Scale: |log -

Y Channel: |SSC A ~

¥ Scale: |log -

Horizontal

Facet: ficoe
Vertical
Facet: plong
Color [
Scale: linear ~
Tab
Facet: plong
Subset
IP: |0
Minutes: (0

Plot Parameters

Grid size: |50
Smooth:
Min: |MNone

X Limits:
Max: |None

-

10

480

-

This distribution looks quite tight. Instead of drawing a polygon, let’s use a density gate to keep the 80% of
events that are in the “center” of this distribution.

* Add a Density Gate operation to your workflow:

@
@

* Set X channel to FSC_A and Y Channel to SSC_A. Change both axis scales to log. By default, the

operation keeps 90% of the events; let’s change that to 80% by setting Proportion to keep to 0.8.

¢ Click Estimate! and check the diagnostic plot to make sure that the gate captures the population you want:
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@6

. Import Data
~ Import

J Single_cells ®
Density Gate

Name: |Single_Cells
X Channel: |[FSC A ~
Y Channel: |S5C_A ~
X Scale: |log -

¥ Scale: |log -

Estimation parameters

Proportion
to keep: 0.8

Group

Estimates P Minutes
By:

Subset

IP: |0 10

vEPSMMTMaEwER E

o

Minutes: 0 480

&

| Estimate!

LB

<«

10° _: = 12000
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— 4000
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10* 10°
FSC_A

Compute the geometric mean at each different timepoint and IP concentration

Next, we’ll create a new Channel Statistic to compute the geometric mean of the FITC_A channel at each

timepoint and IP concentration.

Note: Why the geometric mean? See Guide: Which measure of center should I use?

¢ Add a Channel Statistics operation: z

* Give the new statistic aname — I called it GFP_Mean — and choose the channel we want to analyze (FITC_A)
and the function we want to apply (Geom.Mean)

* Now we need to tell Cytoflow which subsets of our data we want to apply the function to. We want
the geometric mean computed for every different value of IP and timepoint; so set Group by to IP and

Minutes.

* Again, we only want to analyze the cells in the Single_Cells gate — so set Subset to Single_Cells+.

At the end, your operation should look like this:
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GFP_Mean

Channel Statistics 3
Name: |GFP_Mean
Channel: |FITC A -
Function: | Geom.Mean -
Group v IP Single_Cells
By: v | Minutes
Subset
Minutes: 0O 480
IP: (O 10

Single_Cells+ [v] Single_Cells-

Now that we’ve made a new summary statistic, we want to plot it!

a

¢ Open the 1D Statistics View:

 Set Statistic to the name of the statistic we just created: (‘GFP_Mean’, ‘Geom.Mean’) (note that it shows

us both the name of the operation that created the statistic, and the function that we used.)
¢ Set the Statistic Scale to log. This is how the plot will scale the Y axis.
¢ Set Variable to the variable we want on the X axis — in this case, Minutes.
» Set Hue Facet to the variable we want plotted in different colors — in this case, IP.
e The IP concentrations were a standard dilution series, so change the Hue scale to log.

Et voila, a scatter plot:
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GFP_Mean : Geom.Mean

103 -

|
100

|
200
Minutes

¢ Set Subset to Single_Cells+

|
300

|
400

500

Is a geometric mean an appropriate summary statistic?

P

View rlupeues [EEY)
One-Dimensional Statistics Plot
Statistic: | ('GFP_Mean’, 'Geom.Mean') ~ | L
Statisti 2
SC:II:: © |Ing—v| ’
Variable: | Minutes ~ '
Variable [,
Scale:  inear_~ | -
Horizontal [,
Facet, . [None |
Vertical |, /\
Facet: |None  ~ |
Hue [,  _
Facet: P 7| @
Hue |
Scale: .&
E
Sg‘:irstic: |None e | m
Subset
IP: |0 | (=10 | “
Minutes: |0 | O] |80 | '
LL]
s
e
.,.-
100
200
[
Plot Parameters [=]Es]
a
Variable i | |
Limits: Max: | |
Linestyle: | solid - |

Marker: (o ~ |

Markersize: |6

A geometric mean is only an appropriate summary statistic if the unimodal in log space. Is this actually true?
Let’s look at the histogram of each IP/time combination to find out.

* Choose the histogram view: L

¢ Set the Channel to FITC_A, the Scale to logicle, the Horizontal facet to Minutes and the Vertical facet
to IP.
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View Properties
Histogram Plot
Channel: |FITC_A ~

Scale: | logicle =
Horizontal
Facet:

Vertical
Facet:

Minutes -

IP -

Color

Facet: jlane e

Color
Scale:

Tab
Facet:

Subset
IP: |0 ; /|10
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_m _HT _m _m _W _” _HH T T T

o I o ¢ o o 0 ¢ ' EII’P‘ Linewidth: [None
FITC_A FITC_A FITC_A FITC_A FITC_A FITC_A FITC_A FITC_A FITC_A FITC_A FITC_A

Num bins: |Mone

Density:

Eeep, that’s impossible to read! Instead, let’s put the [P variable on the Hue axis, and then use the Columns
parameter to give us a table of plots. We’ll also change to a 1D Kernel Density Estimate, which will give us
smoothed lines instead of jagged histograms.
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View Properties £3]
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Okay, now this is interesting. Many of these distributions are not unimodal. Instead, there’s significant additional
structure. It’s almost like there are two populations of cells in each tube — on that’s “off” and one that’s “on” —
and different amounts of IP and time change the proportion of cells in each population.

Model the data as a mixture of gaussians

It turns out that this “mixture of Gaussians” thing is sufficiently common in cytometery that Cytoflow has
a module that can handle it explicitly. Let’s have Cytoflow model each IP/time subset as a mixture of two
gaussians and see if that’s more informative than the simple dose-response curve.

A\

¢ Set the name to something reasonable — I chose GM_FITC — and the channel to FITC_A and the scale to
log.

¢ Add a 1D Mixture Model to your workflow:

* We want a model with two components, so set Num components to 2.

e We want a separate model fit to each subset of data with unique values of /P and Minutes. So, set Group
estimates by to IP and Minutes.

* We only want to estimate the model from the cells in the Single_Cells gate — so set Subset to Single_Cells+.

Your operation should look like this:
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GM_FITC
Gaussian Mixture (€]
Model

MName: |(GM_FITC
Channel: |FITC A -

Scale: | log -

Estimation parameters

Num 2
Components:

Sigma: [None

Group v IP Single_Cells
Estimates )
By: V| Minutes

Subset

Minutes: 0 480

IP: |0 10

Single_Cells+ | Single_Cells-

Estimate!

¢ Click Estimate!

You can page through the tabs on the plot to look at the various models that were fit. For example, here’s the

IP=0.05, Minutes=300 tab:
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s
-

IP, Minutes = (0.05, 180.0) = (0.05, 240.0) | (0.05,300.0) | (0.05,360.0)  (0.05, 480.(

IF,MITULES — \U.UD, JUU.J)

300 - '
GM_FITC
B GM_FITC_ 1
0 GM_FITC 2
. GM_FITC_None
250
200
150
100
50
ﬂ 1 1 o
10-1t 107

I’d say that’s a pretty good fit!

It’s important to note that most data-driven operations also add statistics that contain information about the
models they fit. In this case, the 1D Mixture Model operation creates statistics named mean and proportion,
containing the mean and proportion for each component for each data subset.

First, let’s see if the means actually do stay the same for the two components:
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Select the 1D Statistics View *

Set Statistic to (‘GM_FITC’, ‘mean’) and the Statistic scale to log.
¢ Set Variable to Minutes. Leave the Variable Scale as linear.
 Set the Hue facet to /P and change the Hue scale to log.

* The tabs at the top of the plot window will show you the results for the different components. (Note that I
also set the Y axis minimum to “10”).

View Properties e
Component ‘ 1 | 2
One-Dimensional Statistics Plot P
LUTTIpUTIENL — L 1
- 10 Statistic: | ('GM_FITC', 'mean’) - | ‘H'T
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e 7
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! Facet. (None <] B
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H S
e o~ @
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© : & | Component: 1 |O=—=|2 | m
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s' . P:lo |10 | “
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View warning: o nnel; dropping it. —.
&)
| 2?..
'...-_
- 10-! N
] Plot Parameters *
| Min: 10 | |
i Limits:
L Max: |N0ne |
10! = ! ! ! ! ! Title: |None |
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Minutes
Y label: |None | =

5.1. User manual 63



Cytoflow Documentation, Release 1.2+0.9g70c0df5.dirty

Component 1 | 2 |

LUTTIPUNENL — £

— 10].
- 100

c J X

u

g |

8] ] o

= -

[T

=' 107 - .

5 ]

) - 107!
10t = i i I I I
0 100 200 300 400 500
Minutes

View Properties [E5]

One-Dimensional Statistics Plot

Statistic: | ('GM_FITC', 'mean') -
| || HT
Statistic
Scale: L
Variable: Minutes - g
| | ¥
Variable |, o
52;‘:: € |i|near v|
Horizontal [, _
porzona [ane | o
T &
et [one |
Hue [, _
Facet: |IP7'| /\
Hue
Scale: |i°g—'| @
Error
Statistic: |None i | Q.
|
Subset
Component: |1 |C—=—=1|2 | m
IP: |0 | (] |10 | ’
Minutes: |0 | C=——=1 480 |

s
B

Only one value for level

L Channel; dropping it.

D

Y

Plot Parameters B®
Min: 10 | |
Limits:
Max: |N0ne |
Title: |None |
X label: |None |
| |

¥ label: |None

-

So the means stay pretty constant? They change a lot less than the geometric mean does, at least. A little increase
over time — about 5-fold — for the “high” population, and a more-chaotic but still some increase over time for the

“low” population.

Second, let’s see if the proportion in the “high” component changes:

 Set Statistic to (‘GM_FITC’, ‘proportion’)

» Change the Statistic scale back to linear.

¢ Leave the Variable set to Minutes, the Variable scale on linear*, the Hue facet on /P and the Hue scale

on log.

* If you changed the Y axis minimum, reset it to nothing (default).

* Select Component 2 in the tabs at the top of the plot window.
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I think those dynamics look significantly different. For one thing, the mixture model “saturates” much more
quickly —both in time and in IP. The geometric mean model indicates saturation at about 5 uM, while the mixture
model seems to saturate one or two steps earlier. Things also stop changing quite as dramatically by about 240
minutes, whereas the geometric mean hasn’t reached anything like a steady state by 480 minutes (the end of the
experiment.)

I hope this has demonstrated a non-trivial insight into the dynamics of this biological system that are gained by
looking at it through a quantitative lens, with some machine learning thrown in there as well.

5.1.5 Tutorial: Synthetic Gene Logic Network

This example reproduces Figure 2, part (a), from Kiani et al, Nature Methods 11: 723 (2014). This experiment
uses a dCas9 fusion to repress the output of a yellow fluorescent reporter. The dCas9 is directed to the repress-
ible promoter by a guide RNA under the control of rtTA3, a transcriptional activator controlled with the small
molecule inducer doxycycline (Dox).

The plasmids that were co-transfected are shown below (reproduced from the above publication’s Supplementary
Figure 6a.)
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If you’d like to follow along, you can do so by downloading one of the cytoflow-#####-examples-advanced.zip
files from the Cytoflow releases page on GitHub. The files are in the kiani/ subdirectory.

Warning: This is a pretty big data set; on modest computers, the operations can take quite some time to
complete. Be patient!

Import the data

« Start Cytoflow. Under the Import Data operation, choose Set up experiment...

¢ Add three variables, Condition and Dox, and Replicate. Make Condition and Replicate Category*s, and
make *Dox a Number.

» Each replicate is in a separate subdirectory, with identical filenames. Here’s the mapping from filename to
conditions for one replicate:

Experiment Setup - o X

Variables Tubes
X| Type: FCS Metadata - Name: |CF_File o Index CF_File M Condition Dox Replicate
X Type: Category -] Name: [Condition 0 Specimen_002_A1l_AO01 Full_Circuit 0.0 0.0

1 Specimen_002_A2_A02 Full_Circuit 100.0 0.0
Al Ee Number ) VT (S 2 Specimen_002_A3_A03 Full_Circuit  500.0 0.0
x| Type: Category - Name: [Replicate] |3 Specimen_002_A4 A04 Full_Circuit ~ 4000.0 0.0

4 Specimen_002_C5_C05 No_gRNA 0.0 0.0

5 Specimen_002_C6_C06 No_gRNA 100.0 0.0

6 Specimen_002_C7_C07 No_gRNA 500.0 0.0

7 Specimen_002_C8 C08 No_gRNA 4000.0 0.0

8 Specimen_002_D1 D01 No_Cas9 0.0 0.0

9 Specimen_002_D2_D02 No_Cas9 100.0 0.0

10 Specimen_002_D3_D03 No_Cas9 500.0 0.0

11 Specimen_002_D4_D04 No_Cas9 4000.0 0.0
Add a variable Add tubes... Remove tubes Import from CSV...

Cancel ‘ OK ‘

Note: There are a lot of rows in this table. Two things can make setting up these kinds of experiments
easier. First, if you already have the details in a table, you can import that table by following the instructions
at HOWTO: Import an experiment from a table. And second, you can select multiple cells in the table to
edit at once by holding Control or Command and clicking multiple cells.
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Warning: It is generally not a good idea to name a variable Time, because most flow cytometers

produce FCS files with a Time “channel” and you can’t re-use those names!

At the end, your table should look like this:

Experiment Setup - 0o X
Variables Tubes
X Type: FCS Metadata - Name: CF_File Index - CF_File Condition Dox Replicate
X Type: Category -] Name: [Condition 0 Specimen_002_Al_A01 Full_Circuit 0.0 1
B 1 Specimen_002_A2 A02 Full_Circuit ~ 100.0 1
2 Type: |Number alianey Dox 2 Specimen_002_A3 A03 Full Circuit  500.0 1
X| Type: Category - Name: Replicate 3 Specimen_002_A4_A04 Full_Circuit 4000.0 1
4 Specimen_002_C5_C05 No_gRNA 0.0 1
5 Specimen_002_C6_C06 No_gRNA 100.0 1
6 Specimen_002_C7_C07 No_gRNA 500.0 1
7 Specimen_002_C8_C08 No_gRNA 4000.0 1
8 Specimen_002_D1_DO01 No_Cas9 0.0 1
9 Specimen_002_D2_D02 No_Cas9 100.0 1
10 Specimen_002_D3_D03 No_Cas9 500.0 1
11 Specimen_002_D4_D04 No_Cas9 4000.0 1
12 Specimen_002_Al_AO1 Full_Circuit 0.0 2
13 Specimen_002_A2_A02 Full_Circuit 100.0 2
14 Specimen_002_A3_A03 Full_Circuit  500.0 2
15 Specimen_002_A4_A04 Full_Circuit  4000.0 2
16 Specimen_002_C5_C05 No_gRNA 0.0 2
17 Specimen_002_C6_C06 No_gRNA 100.0 2
18 Specimen_002_C7_CO07 No_gRNA 500.0 2
19 Specimen_002_C8_C08 No_gRNA 4000.0 2
20 Specimen_002_D1_DO01 No_Cas9 4000.0 2
21 Specimen_002_D2_D02 No_Cas9 100.0 2
22 Specimen_002_D3_D03 No_Cas9 500.0 2
23 Specimen_002_D4 D04 No_Cas9 0.0 2
24 Specimen_002_A1l_A01 Full_Circuit 4000.0 3
25 Specimen_002_A2_A02 Full_Circuit 100.0 3
26 Specimen_002_A3_A03 Full_Circuit 500.0 3
27 Specimen_002_A4_A04 Full_Circuit 0.0 3
28 Specimen_002_C5_C05 No_gRNA 4000.0 3
29 Specimen_002_C6_C06 No_gRNA 100.0 3
30 Specimen_002_C7_C07 No_gRNA 500.0 3
Sil! Specimen_002_C8_C08 No_gRNA 0.0 3
32 Specimen_002_D1_DO01 No_Cas9 0.0 3
B Specimen_002_D2_D02 No_Cas9 100.0 3
34 Specimen_002_D3_D03 No_Cas9 500.0 3
85} Specimen_002_D4_D04 No_Cas9 4000.0 3
Add a variable Add tubes... Remove tubes Import from CSV...
Cancel oK
Gate out debris
There’s a lot of data here; let’s use a Density View to look at the FSC-A and SSC-A channels:
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| Repli LW
eplicate:
2
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Plot Parameters a%
1 Grid size: 50

BENNESSHOPHN «

10° Smooth:

Min: None
X Limits: "

This looks like it’s been pre-gated (ie, there’s not a mixture of populations.) It’s also pushed up against the top
axes in both SSC-A and FSC-A, which is a little concerning, but shouldn’t affect our analyses too much.

Select transfected cells

The next thing we usually do is select for positively transfected cells. mKate is the transfection marker, so look

at the red (PE_TxRed_YG_A) channel:
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View Properties
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Let’s fit a mixture-of-gaussians, for a nice principled way of separating the transfected population from the
untransfected population.
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File View Help
0& &2 & T %

New Open Save SavePlot Notebook Reportabug Preferences

Workflow ax View Properties =

1D Mixture Model Default Plot P

ﬁL (@ !mport pata . Transfected Channel: PE_TxRed_YG_A +lT
import 16000 - Transfected 1 Horizontal

Transfected_2 None_o

Vertical
Facet: Nome -

/) Transfected . Setting "huefacet' to
G —— 14000 - View warning: 7z ngfected"

Name: Transfected
Channel: PE_TxRed YG_A - 12000 -
Scale: logicle -

Estimation parameters

Components: 2

=ZPAMMeERE

BENhESSHOPHlN«

sigma: [None 10000 -
Group Condition Replicate
Estimates
By: Dox
Subset
©
=" . 3 8000 -
P Replicate
@
Full_Circuit | No_gRNA
# ¥ condition: - -9
¥ No_Cas9
Dox: [0 4000 6000 -
E 1
AF
4000 -
—_ 2000 -
~
/ Plot Parameters ED
. Num bins: [None 3
O D T T — Tt — T ——— "
Help an 0 102 10° 10 Histtype: |stepfilled -

n PE_TxRed_YG_A Linestyle: |solid

Looks good: the events with Transfected_2 == True are the cells in the transfected population. Let’s make
a statistic to see how many events are in each population:

Cytoflow - /home/bi

File View Help

\ *

New Open Save SavePlot Notebook Reportabug Preferences

A -

w X «

Workflow as View Properties =
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/) Transfected X
OGaussian Mixture Model Subcolumn: None -

Export..
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Function: Count
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Plot Parameters ax
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Examine the function of the gene circuit

Now, we can reproduce the bar chart in the publication by taking the output (EYFP, in the FITC-A channel)
geometric mean of the positively transfected cells, split out by condition and Dox. Don’t forget to look at just the
transfected cells (using subset). We’ll compute the geometric mean across circuit and Dox, and then split it out
by replicate so we can compute an SEM.

Please note: This is a terrible place to use error bars. See:
https://www.nature.com/nature/journal/v492/n7428/full/492180a.html
and

http://jcb.rupress.org/content/177/1/7

for the reason why. I’'m using them here to demonstrate the capability, rather than argue that you should perform
your analysis this way.

* First, make a statistic with the overall geometric mean (by condition and Dox):
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v FITC_Mean
Channel Statistics X

Name: FITC Mean
Channel: FITC A -

Function: Geom.Mean -

Group v Condition Replicate
BYy: v Dox Transfected
Subset
1 3
Replicate:
Full_Circuit No gRNA
Condition:
No Cas9
Transfected: Transfected 1 Transfected 2
Dox: 0 4000

» Next, make a statistic with the geometric mean broken out by condition, Dox and replicate.
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@ FITC By Replicate =
Channel Statistics
Name: FITC By Replicate
Channel: FITC A -

Function: Geom.Mean -

Group ¥ Condition Replicate
By: v Dox Transfected
Subset
1 3
Replicate:

Full_Circuit No _gRNA

Condition:

No_Cas9
Transfected: Transfected 1 Transfected 2
Dox: 0 4000

* Finally, compute the geometric standard deviation of the mean:
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v FITC_SEM
Transform Statistic

Name: FITC SEM
Statistic: ('FITC_By Replicate’, 'Geom.Mean') -

Function: Geom.SD -

Group v Condition Replicate
By: Dox
Subset
1 3
Replicate:
Full_Circuit No gRNA
Condition:
No _Cas9
Dox: 0O 4000

* Then plot them together:
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Further exploration

So that’s useful, but maybe there’s more in this data. We’ve noticed in our lab that gene circuit behavior frequently
changes as copy number changes. Is this the case here? We can bin the data by transfection level, and see if the

behavior changes as the bin number increases.

* Add a binning operation:

Cytoflow - /home/brian/src/cytoflow/kiani.flow*
Eile View Help
lead & 2 # o

New Open Save SavePlot Notebook Reportabug Preferences

Workflow s
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Plot Parameters as
Num bins: None '
Histtype: stepfiled -
Linestyle: solid
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* Make a statistic that computes the mean FITC signal in each bin:

v/ FITC_mean
Channel Statistics X

Name: FITC mean

Channel: FITC A -

Function: Geom.Mean -
v Condition Transfected
E;QUP v Dox v Transfection Bin
Replicate
Subset
Transfection_Bin: 0.1 63100
Dox: O 4000
1 3
Replicate:
2
Full_Circuit No gRNA
Condition:
No Cas9

Transfected: Transfected 1 Transfected 2

* Does it change as the bin number increases?
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Shade error:

I would say it does!

2. HOWTOs are “recipes” — step-by-step guides to accomplish a particular task. They are a little higher-level than
the tutorials.

5.1.6 HOWTO: Install Cytoflow

Windows

On Windows, you can use a graphical to install Cytoflow.
(a) Browse to https://cytoflow.github.io/

(b) Download the Windows binaries by clicking the button at the top of the page.

Download v1.1.1 for Windows (64 bit)

(c) Even though I've signed the Windows app, Windows doesn’t recognize me as a “certified” developer. (It’s
EXPENSIVE - even more so than becoming an Apple developer.) So you’ll get a Windows protected
your PC message:
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X
Windows protected your PC 2

Microsoft Defender SmartScreen prevented an unrecognized app from
starting. Running this app might put your PC at risk.
More info

However, if you click “More information”, then you can verify that the installer is signed “Open Source
Developer, Brian Teague” (that’s me!) and then click “Run anyway.”
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Windows protected your PC

M

Microsoft Defender SmartScreen prevented an unrecognized app from
starting. Running this app might put your PC at risk.
App: cytoflow-gui-1.1.1-win-amdé64.exe

Publisher: Open Source Developer, Brian Teague

(d) Follow the instructions in the installer. Once you’ve completed the installation, you should be able to find
Cytoflow in your Start menu.

MacOS

These instructions were developed using OSX Catalina. I don’t own a Mac or use one on a regular basis, so if
these instructions could be improved, please let me know. Also, these binaries were almost certainly built on an
Intel Mac, so they may not work on an Al mac.

(a) Browse to https://cytoflow.github.io/
(b) Download the MacOS binaries by clicking the button at the top of the page.

Download v1.1.1 for Mac (10.15+)
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(c) Using Finder, browse to your Downloads folder.

[ NON ] |8 Downloads

m % Q

Favorites Size Kind Date Added
@ Recents cytoflow-gui-1.1.1.macos.zip 346.1MB  ZIP archive Today at 5:43 PM
A Applications macos-oneclick.zip 341.9MB  ZIP archive Mar 1, 2021 at 7:2
7% APP Firefox 86.0.dmg 130.7MB  Disk Image Mar 1, 2021 at 7:2
[ Desktop

@ Documents
o Downloads

Locations

D macOS Base...

Tags

® Orange
Yellow

® Green

® Blue

| @) Downloads
.Y Wil K=) Q

Favorites Date Added

& Recents : Open ’

. macos-oneclick.zip 0 With T = ility (def
A Applications X pen Wi Archive Utility (defau
‘ & Firefox 86.0.dmg
[ Desktop Move to Trash App Store...
Other...

@ Documents Get Info
o Downloads Rename
Duplicate
Locations Make Alias
@ macOS Base... Quick Look “cytoflow-gui-1.1.1.macos.zip"
Share
s Quick Actions

® Red
Copy “cytoflow-gui-1.1.1.macos.zip"

® Orange Import from iPhone or iPad

Yellow
Use Groups

® Green Sort By
@ Blue Show View Options

[ o000
Tags...

This will extract the application from the archive.

(e) Double-click the new application. Unfortuantely, I am not an Apple Developer, and because it costs like
$100 a year, I likely never will be. So, the first time you run the application, you will be presented with a
screen like the following:
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“Cytoflow-1.1.1" cannot be opened because hi
it is from an unidentified developer. hi

L] macOS cannot verify that this app is free a

from malware.

cytoflow.github.io

(f) To launch Cytoflow anyway, open System Preferences and select the Security and Privacy pane:

Security & Privacy

m FileVault  Firewall Privacy

A login password has been set for this user Change Password...

Require password C after sleep or screen saver begins

Allow apps downloaded from:

“Cytoflow-1.1.1" was blocked from use because it is not from an Open Anyway
identified developer.

.
[E5] Click the lock to make changes.

(g) Click the Open Anyway button. Because MacOS wants you to be EXTRA SURE, you will be asked one
more time if you’re sure you know what you’re doing:
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macOS cannot verify the developer of

M “Cytoflow-1.1.1". Are you sure you want to
M X open it?

By opening this app, you will be overriding system
security which can expose your computer and

personal information to malware that may harm your
Mac or compromise your privacy.

cytoflow.github.io

? Open Cancel

L3

Click Open and after a moment, Cytoflow should launch.

(h) (Optional) Move the Cytoflow application to somewhere else “permanent”, like the desktop or your Appli-
cations folder.

Linux

These instructions were developed on Ubuntu 20.04 — they should work on any modern Linux desktop system.
However, they do require some comfort with the command line. If they don’t work for you, or you are desparate
for a point-and-click installer, please file a bug (or better, a patch or pull-request.)

This results in a program that you can launch from your desktop launcher — the “Programs” menu or similar.
(a) Browse to https://cytoflow.github.io/

(b) Download the Linux binaries by clicking the button at the top of the page.

Download v1.1.1 for Linux (64 bit)

(c) Extract the archive:
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ities Files

@ Home Downloads cytoflow

©® Recent

* starred - cytoflow-gui-1.1.1.linux_x86-64.tar.bz2
= OpenWith Archive Manager

fr Home Open With Other Application

Cut

Copy
Documents Move Lo...

[@ Desktop

Downloads Copyto...

Move to Trash
Music Rename...
Pictures Extract Here
Extract to...
Videos Compress...
= Trash Send to...
Properties

Other Locations

“cytoflow-gui-1.1.1.linux_x86-64.tar.bz2" selected (370.7 MB)

Rectangle Select
\Aal~crAraal g

(d) Move the resulting directory to a “permanent” home. I like to drop such things in ~/.local/1lib, but you
may prefer to put it elsewhere.

The remaining steps should be completed from the command line, starting in the directory containing
the extracted files.

If you would like to launch Cytoflow from the command line, you can do so by navigating to this directory
and running the executable cytoflow.

(e) Update the location of the icon in the .desktop file by calling the set_launcher_icon script:

$ ./set_launcher_icon

(f) Link cytoflow.desktop into the ~/.local/share/applications directory:

$ In -s $PWD/cytoflow.desktop $HOME/.local/share/applications/cytoflow.desktop

(g) Update the database of desktop entries:

$ update-desktop-database ~/.local/share/applications
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5.1.7 HOWTO: Import an experiment from a table

Cytoflow can allow you to analyze complex flow cytometry experiments, with many tubes and many conditions.
However, describing those tubes and conditions in the Experimental Setup dialog can be a pain — especially
if you already have that information in a table somewhere.

Unfortunately, the way I’ve programmed that dialog box, you can’t (yet) copy-and-paste into it. Instead,
Cytoflow allows you to import an experimental design from a CSV (comma-separated values) file, as long
as it is formatted in the following way:

 The first row is a header; subsequent rows are tubes.

* The first column is the filename. (If you include paths, they must be either absolute paths, or relative to the
location of the CSV file.)

* Each subsequent column is a variable. The entry in the header is the variable’s name, and in subsequent
rows the column contains the variable value for that tube.

» There is no way to specify the type of variable. You can change the type once it’s been imported.

An example will make this clearer. Let’s say I have the following 24 files:
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Home Downloads flow
D Recent Name v  Size Modified
it Yeast_B1_BO1.fcs 38.5kB 29 May 2020
% Starred
O} Home | Yeast_B2_B02.fcs 38.5kB 29 May 2020
O Desktop 5% Yeast_B3_B03.fcs 38.5kB 29 May 2020
[E Documents =
%' Yeast_B4_B0A4.fcs 38.5kB 29 May 2020
¥ Downloads
%' Yeast_B5_B05.fcs 38.5kB 29 May 2020
J3 Music
B Pictures i Yeast_B6_B06.fcs 38.5kB 29 May 2020
= Videos i Yeast_B7_BO07.fcs 38.5kB 29 May 2020
T Trash it Yeast_B8_BO08.fcs 38.5kB 29 May 2020
+ Other Locations %% Yeast_B9_B09.fcs 38.5kB 29 May 2020
il Yeast_B10_B10.fcs 38.5kB 29 May 2020
i Yeast_B11_B11.fcs 38.5kB 29 May 2020
%' Yeast_B12_B12.fcs 38.5kB 29 May 2020
5 Yeast_C1_CO1.fcs 38.5kB 29 May 2020
5l Yeast_C2_C02.fcs 38.5kB 29 May 2020
5t Yeast_C3_C03.fcs 38.5kB 29 May 2020
i Yeast_C4_C04.fcs 38.5kB 29 May 2020
51 Yeast_C5_C05.fcs 38.5kB 29 May 2020
i Yeast_C6_C06.fcs 38.5kB 29 May 2020
' Yeast_C7_CO07.fcs 38.5kB 29 May 2020
i Yeast_C8_C08.fcs 38.5kB 29 May 2020
51 Yeast_C9_C09.fcs 38.5kB 29 May 2020
i Yeast_C10_C10.fcs 38.5kB 29 May 2020
i Yeast_C11_C11.fcs 38.5kB 29 May 2020
il Yeast_C12_C12.fcs 38.5kB 29 May 2020
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As is clear from the filenames, they came from two rows of a multiwell plate. Let’s say that the two rows are
replicates, and the amount of some drug I added increases across each row. I might open my favorite spreadsheet
editor and create a table like so:

— | et | et | et | e | et | b | e | et | —
O o(Nloun b wlNn|mloP® (N UVHAIWIN =

NN
- 1O

22
23

A

Yeast B1 BOl.fcs
Yeast B2 BO02.fcs
Yeast B3 BO03.fcs
Yeast B4 BO04.fcs
Yeast B5 BO05.fcs
Yeast B6 BO06.fcs
Yeast B7 BO7.fcs
Yeast B8 BO08.fcs
Yeast B9 B09.fcs
Yeast B10 B10.fcs
Yeast B11 Bll.fcs
Yeast B12 B12.fcs
Yeast C1 CO01.fcs
Yeast C2_ CO02.fcs
Yeast C3 CO03.fcs
Yeast C4 CO04.fcs
Yeast C5 CO05.fcs
Yeast C6 CO06.fcs
Yeast C7 CO07.fcs
Yeast C8 CO08.fcs
Yeast C9 CO09.fcs

Yeast C10 C10.fcs
WX WlYeast C11_Cll.fcs
25 Yeast C12 C12.fcs

Drug

B

C
Replicate

0.1A
0.2A
0.5A
1A
2A
5A
10A
20 A
50 A
100 A
200 A
500 A
0.1B
0.2B
0.5B
1B
2B
5B
10B
20B
50B
100B
200B
500B

I’1l save this as a CSV file in the same directory as my .FCS files. When I import this file in the Experimental
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Setup dialog, it looks like this:

Experiment Setup - o X
Variables Tubes
[® Type: |FCS Metadata v | Name: | CF_File v | Index = CF_File Drug Replicate
0 Yeast_B1_B01 0.1 A
[# Type: | Category v | Name: Drug 1 Yeast:BZZBoz 02 A
[# Type: |Category v | Name: |Replicate 2 Yeast_ B3 B0O3 0.5 A
3 Yeast B4 B04 1.0 A
4 Yeast B5 B05 2.0 A
5 Yeast B6_B06 5.0 A
6 Yeast B7_B07 10.0 A
7 Yeast B8 B0O8 20.0 A
8 Yeast B9 B09 50.0 A
9 Yeast B10 B10 100.0 A
10 Yeast B11 B1l 200.0 A
11 Yeast B12 B12 500.0 A
12 Yeast C1 C01 0.1 B
13 Yeast C2 C02 0.2 B
14 Yeast C3 C03 0.5 B
15 Yeast_ C4 . C04 1.0 B
16 Yeast C5_C05 2.0 B
17 Yeast C6 C06 5.0 B
18 Yeast C7_C07 10.0 B
19 Yeast_ C8 C08 20.0 B
20 Yeast_C9_ C09 50.0 B
21 Yeast C10 C10 100.0 B
22 Yeast C11_C11 200.0 B
23 Yeast C12 C12 500.0 B
Add a variable Add tubes... |  Remove tubes| Import from CSV...

It is important to note that, by default, everything is imported as a Category variable. In this case, we obviously
want Drug to be numeric, so I can pull down the “Type” selector for that variable and change it to “Numeric”.
Similarly, if your table has TRUE and FALSE for values, “TRUE” and “FALSE” will be imported as categories,
but you can change it to a True/False variable by changing the variable type.

5.1.8 HOWTO: Export plots

I’'m really proud of the plots you can produce with Cytoflow, and I hope that you will find them nice enough to
use in your talks, posters and publications! To help you do so, it’s easy to export the current plot to a variety of
file formats.
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Procedure

(a) Create the plot you want to save. Here, I’ve got a set of histograms.

View Properties (G|
Histogram Plot
Dox = 1.0
Channel: | B1 A ~
700 - -
Scale: |log  ~ §:
600 - Horizontal i
Facet: Hlonchy w
500 - Vertical
Facet: (D%% 7 !
400 - Color
Facet: | None ~
300 - Color [ /\
Scale: linear ~
200 - Tab @
Facet: Honchy
100 - Subset a“p
Dox: |1 10 .*'
04 T T T I EEE o .
well: 1A |18 Mj
Dox = 10.0
700 - "
600 - '
500 - /,_.
=
400 -
27,..
300 - =
100
200 Apply calls: 2 200
100 - Plot calls: 6 o
Plot Parameters @®
0 T g (RN g (R N
107! 10° 10! 10? 10° Num bins: |None

Histtype: | stepfilled +

;‘

4

Save Plot

(b) Click the Save Plot button in the top toolbar:

(c) The Save Plot view will open. In the center panel, you’ll see the same plot — but on the right, you’ll see a
pane with a bunch of visual style options you can adjust. (The eagle-eyed among you will recognize this as
the same panel that shows up below the view parameters pane in the main application.)
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Plot Parameters
- [a]
Dox = 1.0 Num bins: |None I
700 Histtype: | stepfilled v
600 Linestyle: m
Linewidth: [None ]
500 - Density: | |
Alpha: [0.5
o | |
Orientation:
300 - in
Data Min: |None
Min quantile: (0.001 ]
100
Max quantile: 1.0 ]
0 — T ™ Title: |None ]
Dox = 10.0 X label: [None ]
700 Y label: [None ]
Hue label: [None I
600 -
Columns: [None ]
Context: paper  ~ |
400 -
Show legend?
Share
300 X axis? =
200 - Export
Width: [11
100 - Height: (8.5
Dpi: |96
0+ — pi |
107t 100 10t 102 10° ( Export figure...

B1_A [ Return to Cytoflow

(d) Adjust the display options to your liking. One particular one to pay attention to is the Context setting,
which changes the relative size of the annotations (axes, labels, legend, etc) relative to the main plot. Here,
I’ve changed it to falk and set the plot to a horizontal layout instead of a vertical one.

10°

10?

10!

fa
o
[=}

10714

fa
o
w

=
o
N

10!

10°

10714 i i
0 100 200

Dox = 1.0

Dox = 10.0

I
300

Plot Parameters

Num bins: [None
Histtype:
Linestyle: m
Linewidth: [None I
Density: | |
Alpha: 0.5 ]

Orientation:

Min quantile: |0.001

Max quantile: 1.0

Title: |None

None

Y label:

[
X label: |
[None

Hue label: |None

Columns: [None
Style: | whitegrid v

Show legend?
Share
X axis?

Export
Width: |11

Height: (8.5

|} I I |}
400 500 600 700
Bl A l

I Return to Cytoflow

Export figure...

l
l
Dpi: |96 ]
l
l

(e) Set the width, height, and resolution of the final image. (Width and height are in inches, and resolution is

in DPI — dots per inch.)
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Export
Width: 11

Height: |8.5

Dpi: 96

(f) Click Export figure... to open your system’s usual Save As dialog box. Pay particular attention to the file
type —it’s here where you can choose to save as, say, a PNG or a PDF or a TIFF. Which formats are available
to you are system-dependent, but if you need a raster image (to put in a talk, for example), I suggest PNG,
while if you need a vector image (to submit with a manuscript, for example), I suggest PDF or EPS.

(g) Once you're done, click Return to Cytoflow to return to the main application.

5.1.9 HOWTO: Add error bars to a statistics plot
While statistics plots of things like the geometric mean are useful, we often want to add some sort of “error bars”
to that plot as well.

For example, consider the following experiment (taken from the Kiani et al example), in which we have two
treatment levels that we’ve measured in triplicate:

Experiment Setup - O X
Variables Tubes
# Type: |FCS Metadata = | Name: CF File - Index = CF_File Dox Replicate
b 0 Specimen_002_Al_A01 0.0 1

EENEES phumher ~ | Name: | Dox 1 Specimen_002_A4 A04 4000.0 1
% Type: Category = | Name: |Replicate 2 Specimen_002_Al_AO1 0.0 2

3 Specimen_002_A4 AD4 4000.0 2

4 Specimen_002_Al_A01 0.0 3

5 Specimen_002_A4 AD4 4000.0 3
Add a variable Add tubes... | |Remove tubes| |Import from CSV...

Cancel 0K

Note that, as per the example, I'm only looking at cells that are already fluorescing in the PE_TxRed_YG
channel, which is my transfection marker.
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File View Help

\_lb i -

New Open Save SavePlot Notebook

Workflow

ﬁl j Import Data
Import
Transfected
Gaussian Mixture
Model

M
1e
(¥
@
>
Z,o
%
A
Ad

Name: |Transfected
Channel: | PE_TxRed YG A -
Scale: | logicle -

Estimation parameters

Components: 2

Sigma: N
Group
Estimates Dox
By:

Subset

Dox: |0

m

Replicate:

Estimate!

Xl

>
m

s
Jupyter
S

Report a bug
(E2]5]
Replicate
4000

Cytometry analysis - Cytoflow*

View Properties

1D Mixture Model Default Plot

Transfected Channel: PE_TxRed_YG_A
Transfected_1 Horizontal -
» Facet: Nene
Transfected_2
Vertical
2500 - B None ~

. Setting 'huefacet' to
View warning: Transfected'

2000 -

1500 =

1000 -

500 -

Plot Parameters

O T
010! 10? 10° 10! Num bins: |None

PE_TxRed YG_A Histtype: |stepfilled ~

Let’s look at how the FITC_A channel changes across my conditions and replicates:

CANNESEROPEAN«

@
Q]

[
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a0 -
60 =
40 -
20 -

04

a0 -
60 -
40 -
20 =

U

80 -
60 -
40 -
20 -

05
10t

Replicate = 1 | Dox = 0.0

Replicate = 2 | Dox = 0.0

Replicate = 3 | Dox = 0.0

I
10t

10°

I
10°

Replicate = 1 | Dox = 4000.0

L I I |
Replicate = 2 | Dox = 4000.0
a I I |
Replicate = 3 | Dox = 4000.0
A I I |
10t 10! 10* 10°

VIEW FTopertes (=)
Histogram Plot

Channel: | FITC_A - +lT

Scale: | log v

Horizontal
Facet: D0x s
Vertical 3
Facet: Replicate v
Color
Facet: jlongy h
Color [
Scale: linear =
Tab
Facet: floge s
Subset
Dox: |0 4000
1 B
Replicate:
Transfected: Transfected_1 V| Transfected

1

ENNFSEFOPEN -

Plot Parameters
Num bins: |None

Histtype: | stepfilled -

1

It’s clear from the histograms that the Drug == 0 populations have a much higher fluorescence in the FITC_A
channel than the Drug = 4000.0 condition. We can see that quantitatively by creating a Geom.Mean statistic:
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Cytoflow* - o =
File View Help
- s—
B & &~ o
Ll —n * —
New Open Save SavePlot Notebook Reporta bug
Workflow @ View Properties @®
One-Dimensional Statistics Plot
ﬁl V7 Import Data wme Statistic: | ('Mean_Yellow', 'Geom.Mean', =
Cueds 1 1 Statistic 10— ¥
2 Scale:
‘! 3 Variable: | Drug - g
] Variable |- -
E Transfected Scale; | Jinear
Gaussian Mixture ] Horizontal
@ Model Facet: ione, h
Vertical /\
Facet: lione, s
E Hue -
J " ven E Facet: ‘Repll(ate @
ean_Yellow
z, Channel Statistics ® = Hue (Geor « 4
(1] £ Scale: ale
=1
@ Error
;’b Name: |Mean_Yellow o Statistic: | None Nj
z
Channel: |FITC_A = 3 =z
B & Drug: |0 4000
Function: | Geom.Mean - |
5 3
m T ¥ Drug Transfected 2 Replicate: '.
BY: /| Replicate /-'
Subset L
2
© . ?"
Drug: 0 4000
,., ¥ Transfected: Transfected_1 v/ Transfected_2 102 - o5
¥ 3 200
Replicate: .!
g Plot Parameters (=]E3]
i i 1 1 i i i 1 1 Py
AF 0 500 1000 1500 2000 2500 3000 3500 4000 Variabl Min:
ariable
Drug n
Limits: T

«

[l 3

1

When we compute the geometric mean of all six different subsets (two drugs and three replicates), there’s a
definite decrease. Our goal is to also show a visual representation of the amount of variation between the three
replicates.

Before that, though, there’s a subtle question to answer — do we want to take a “mean of means” — that is, the
geometric mean of these three means? Or do we want a geometric mean of al/ of the underlying data? I’'m going
to choose the first approach, but I encourage you to think carefully about the which is more appropriate in your
own case.

So I'll add a Transform Statistic operation, to take the mean-of-geometric-means:

5.1. User manual 93



Cytoflow Documentation, Release 1.2+0.9g70c0df5.dirty

File View Help

\_lb z -

New Open Save Save Plot
Workflow
ﬁl j Import Data
Import
Transfected
Gaussian Mixture
Model

M
1e
(¥
@
>
Z,o
%
A
Ad

Mean_Yellow
Channel Statistics

J Mean_of means
Transform Statistic

Name: |Mean_of_means

Statistic:
Function: | Mean
Group
’., 3 By: v Drug
¥ Subset
Y
. Drug: 0
1 3
’ Replicate:
2

AF

<«

-

Jupyter

o
Notebook Report a bug

(E2]5]

('Mean_Yellow', 'Geom.Mean', ~

Replicate

4000

6x 102

4x102

3 %102

T
L

I
2 %102

[LCET

10°

Cytoflow*

- o *

View Properties

One-Dimensional Statistics Plot

Statistic:

Statistic
Scale:

Variable
Scale:

Horizontal
Facet:

Vertical
Facet:

Hue
Facet:

Hue
Scale:

Error
Statistic:

Subset

Drug: |0

I

I I | 1 | 1 1
o] 500 2000 2500 3000 3500 4000

Drua

| 1
1000 1500

('Mean_of means’, '"Mean') ~

log -

Variable: | Drug

linear -

None -

None -

None -

linear -

None -

4000

Plot Parameters

Min:

Variable
Limits:

Max:

®

BHENherSErOP AN«

@
Q]

[

And now, to add error bars, I need another statistic. This will also be a Transform Statistic operation, but this
time to compute the standard deviation of the means:

File View Help

w3 -
|| S =
New Open Save Save Plot
Workflow
Import
Transfected
Gaussian Mixture
Model

Jill
M
le
[#
@
>
Z,a
%
A
Ad

Mean_Yellow
Channel Statistics

Mean_of_means
Transform Statistic

SD _of means
Transform Statistic

Name: |SD_of_means

Statistic:
Function: | Std.Dev
Group
By: v Drug
Subset
Drug: 0
1 3
Replicate:
2

-

Jupyter
S’

Report a bug
(=]

Notebook

('Mean_Yellow', 'Geom.Mean', ~

Replicate

4000

Mean_of means : Mean

10?

Cytoflow*

- O

View Properties

One-Dimensional Statistics Plot

Statistic:

Statistic
] Scale:
Variable:
1 Variable
Scale:
Horizontal
Facet:
Vertical
Facet:
Hue
Facet:
Hue
Scale:
Error
Statistic: ==—
Subset
1 Drug: |0

('Mean_of means’, '"Mean’) ~
log -

Drug -

linear -

None -

None -

None -

linear ~

4000

Plot Parameters

1 I I I 1 I 1 1
500 1000 1500 2000 2500 3000 3500 4000

o

Min:

Variable

Drug

Limits:

Max:

®

BEThTrSSPrOP AN«

@
rHE

[l
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Two important things to note about the above image. First, I have used the same Group by: settings as the
Mean_of_means operation. And second, when I set up my One-dimensional statistics plot, I chose the new
statistic as the Error statistic.

One last thing — the “default” visual properties of those error bars are just vertical lines. This is useful if you’ve
got a lot to visualize, but less so if it’s just a few points. Many people like “end caps” on their error bars — to get
those, change the Capsize option in the Plot Parameters pane to something greater than 0.

e e e [ryiy

One-Dimensional Statistics Plot

Statistic: | ('Mean_of_means’, 'Mean') ~
Statistic 3
] Scale: 109~ ’
Variable: | Drug - “
J Variable |-
Scale: linear « !
Horizontal
Facet: Hones
Vertical A
Facet: Hones
Hue - <:P
. | Facet: faney
m
3 Hue [ - P
= Scale; | linear o'
W Errar : o v -
= Statistic: | ( 5D_of means', 'std.Dev’) Nj
7]
£ Subset
w! 4
S Drug: |0 4000
=
1+
[}
2 o
Laa
Plot Parameters (=]
10% - _ -
Markersize: |6
Capsize: |5
Alpha: |
T Shade errar:
I 1 I I I I I I I
0 500 1000 1500 2000 2500 3000 3500 4000 Shade alpha: [0.2
Drug Orientation: |vertical

-

Alternately, choose Shade error to get a “shaded” error display. This one is particularly nice if you have lots of
error bars.
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VIS e ues

One-Dimensional Statistics Plot
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Scale: g
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4000
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@
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r

One final thing — the use of error bars is a subtle topic — much more so than most biologists grasp. For a useful

overview of the issues at play, please see:
Know when your numbers are significant
and

Error bars in experimental biology

5.1.10 HOWTO: Use different gates for different subsets of data

Sometimes, it makes sense to apply different gates to differen subsets of your data set. It’s particularly useful
when we’re estimating the gate parameters from the data. For example, consider the following data (taken from

the Yeast Dosage-Response Curve tutorial.)
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Experiment Setup - O =

Variables Tubes
[® Type: |FCS Metadata = | Name: | CF_File || Index = CF_File IP

0 |veast B4 B04 2.0 |
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Cancel oK

Cytometry analysis - Cytoflow*
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Workflow @& View Properties @=®
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Set up experiment... 60 — .l_
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’ 20 -
o Plot Parameters (=]
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Histtype: |stepfilled ~

[]

Imagine that we want to use the /D Gaussian operation to choose the events from the center +/- 0.5 standard
deviation this data. It’s clear that a gaussian model that fits the first data set won’t fit the second or third!

To address this problem, most data-driven gates have a Group estimates by option. Set this to a condition, and
the operation will subdivide the data by that condition and estimate separate model parameters for each subset.
For example, if we choose IP as the group-by condition:
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Center
Gaussian Mixture %)
Model

Mame: Center
Channel: | FITC_ A -

Scale: |logicle -

Estimation parameters

Num
Components:

Sigma: 0.5

Group
Estimates |v| IP

By:
Subset

IP: |0.02 2

Estimate!

Then the operation will give us three different estimates, one for each value of IP:
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And of course, don’t forget that the operation also makes a new statistic containing the means:
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5.1.11 HOWTO: Compensate for bleedthrough

One common issue in flow cytometry is the fact that spectrally adjacent channels often overlap. For example, if
I’'m trying to measure a green fluorophore like FITC, and a yellow fluorophore like PE, a significant amount of
FITC fluorescence will also be picked up by my PE channel, as demonstrated by the screenshot below (from the
BD Spectrum Viewer)

488
BEED 585/42)
T T T T T
500 550 600 650 700

Wavelength (nm)

As you can see, something like 12% of the FITC fluorescence ends up in the PE channel!
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Fortunately, a little linear algebra can fix this problem, and Cytoflow makes it easy. However, you’ll need to
run a few controls:

* A blank control — one with your cells but without any fluorophores. This will let us measure the “back-
ground” fluorescence (or autofluorescence) of the samples.

* A set of single-color controls — for each fluorophore, one control that is stained with (or expresses) only
that fluorophore and no others. These let us measure how much signal “bleeds through” into the non-target
channels. These controls should be as bright as (but no brigher than) your brightest experimental sample.

Warning: These controls must be collected using the SAME instrument settings as your experimental
samples. It’s really best if they’re collected at the SAME TIME as your experimental samples — even properly
calibrated instruments are known to drift substantially between days, or even over the course of a single day.
And yes, that means you really should run these controls for every experiment. If you'd like a way to correct
for day-to-day variability, see HOWTO: Use beads to correct for day-to-day variation.

Procedure

(a) Collect the controls listed above.

(b) Import your data into Cytoflow. Do not import your control samples (unless they’re part of the experi-
ment.) In the example below, we’ll have three fluorescence channels — Pacific Blue-A, FITC-A and PE-Tx-
Red-YG-A — in addition to the forward and side-scatter channels.
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{/' Import Data
Import

Channels

[#®] FITC-A --> |FITC_A
FSC-A --> |FSC_A
PE-Tx-Red-YG-A --> PE Tx Red YG A

Pacific Blue-A --> |Pacific_ Blue A

® = & &

SSC-A --> |SSC A

Reset channel names

Events per
sample: None
Samples: 4

Events: 40000

Set up experiment...

Import!

(c) (Optional but recommended) - use a gate to filter out the “real” cells from debris and clumps. Here, I'm
using a polygon gate on the foward-scatter and side-scatter channels to select the population of “real” cells.
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(I’ve named the population “Cells” — that’s how we’ll refer to it subsequently.

v E&

Import Data
Import =

Cells
Polygon &3]

Name: lCe\ls l T

X Channel: | FSC_A v
Y Channel: | SSC_A v

S5C_A

I 1 1 I I
50000 100000 150000 200000 250000
- FSC_A

AF

(d) Add the Autofluorescence operation (it’s the button). Specify the file containing the data from
the blank control, choose the channels you want to apply the correction to, and (if you followed the optional
step above) choose the subset that you want to use to estimate the correction from. Once you’re done, click
Estimate!

The diagnostic plot shows a histogram of the fluorescence values from the blank file, and the red line indi-
cates their median. This is the amount of “autofluorescence” that will be subtracted from your experimental
data.
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Note: By choosing the “Cells” subset, I told Cytoflow to apply the same gate from that operation to the
blank data before estimating the autofluorescence correction. This way, the clumps and debris in the sample
don’t influence that estimate. We’ll do the same thing in the next step, when we apply the bleedthrough

compensation.

(e) Add the Bleedthrough operation (it’s the button). For each control you have, click Add
Control. In the Controls list, choose the channel you’re correcting and the file that contains the control
data. Again, if you followed the optional step, also choose the subset you want to estimate the correction
from. Then, click Estimate!.

Here, the diagnostic plots show the data in the control files and the estimate that was fit to them. Because
it’s a linear estimate, but the data is plotted on a logarithmic scale, the estimate lines are shown as curves.
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And that’s it. Now you can continue on with your analysis, secure in the knowledge that you’ve successfully
separated the adjacent fluorescence channels.

If you’d like to learn more, Abcam has a good page about compensation, and Mario Roederer has an even more
detailed treatment.

5.1.12 HOWTO: Use beads to correct for day-to-day variation

Flow cytometers are complex instruments, and the precise numerical values they report depend not only on the
fluorescence of the sample, but also on the illumination intensity, optical setup, gain of the detectors (ie PMT
voltages), and even things such as whether the flow cell has been cleaned recently. We often want to compare
data that was collected on different days, and this instrument drift can make these comparisons difficult.

Many cytometers, especially those used in a clinical setting, use a daily calibration to counter these effects. How-
ever, these calibrations are intended for standardized protocols that are run regularly, not the one-off experiments
that many investigators run.

One approach to this problem is to calibrate each day’s measurements using a stable calibrant. The idea is
straightforward: each day, in addition to your experimental samples, you measure a sample of stable fluorescent
particles (of known fluorescence), then use these calibrant measurements to convert the arbitrary units (au) for
your experimental samples to the known units for your calibrant. For example, if your particles have a fluores-
cence of 1000 molecules of fluoresceine (MEFL), and you measure their brightness to be 5000 au, then you know
that an experimental sample with a brightness of 10,000 au is equivalent to 2,000 MESF. This relationship holds
even if tomorrow the laser is a little dimmer or the fluidics are a little dirty.

While there are a number of different kinds of stable calibrants that might be used this way, we have had very
good success with Spherotech’s Rainbow Calibration Particles. (We usually refer to these particles as “beads”.)
Because they’re made of polystyrine with the fluorophores “baked in” (not on the surface), they are ridiculously
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stable. Spherotech also provides enough technical data about their fluorescence to make it easy to determine a
calibration curve and apply it to experimental data. Below, you can find the process for doing so using Cytoflow.

Note: It is often considered “best practice” only to compare data that was on the same instrument with the
same detector gain settings. Using beads this way can help you get around the “same detector gain settings”
requirement — for example, if you have a really bright sample and a really dim sample — but it is not a good
idea to try to compare between different instruments unless those instruments have exactly the same optical
configuration (lasers, filters, and from the same vendor.)

Procedure

(a) Collect a sample of beads on the same day, and with the same settings, as your experimental samples.

(b) Import your data into Cytoflow. Do not import your bead control. In the example below, we’ll have three
fluorescence channels — Pacific Blue-A, FITC-A and PE-Tx-Red-YG-A — in addition to the forward and
side-scatter channels.
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Import Data
J Import (]

Channels

#®| FITC-A --> FITC A

FSC-A --> |FSC_A

(]

PE-Tx-Red-YG-A --> PE Tx_Red YG A

Ed

Pacific Blue-A --> | Pacific_Blue A

Ed

SSC-A --> |SSC_A

Reset channel names

Events per
sample: | one
Samples: 4

Events: 40000

Set up experiment...

Import!
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(c) Add the Beads operation to your workflow. It’s the icon.

(d) Choose the beads you used, including the specific lot, from the drop-down list.

Note: If the beads you want to use are not in the list, please submit a bug report. Adding a new set of
beads is pretty trivial.

(e) Specify the file containing the data from the beads.

(f) Click Add a channel for every channel you want to calibrate. In the Channels list, specify both the channel
you want to calibrate and the units you want to calibrate it.

Note: It works best to choose units of a fluorophore that is spectrally matched to the channel that you’re
calibrating. Here are the beads that Cytoflow knows about (including the laser and filter sets used to
characterize the beads):

Spherotech ACP 30-2K

Spherotech RCP-30-5A Lot AN04, ANO03, AN02, ANO1, AM02, AMO1, ALO1, AK04, AKO3 &
AKO2%*

Spherotech RCP-30-5A (Euroflow) Lot EAM02 & EAMO1

Sphreotech RCP-30-5A (Euroflow) Lot EAKO1, EAGO1, EAEO1 & EAFO1

Spherotech RCP-30-5A Lot AKO1, AJO1, AHO2, AHO1, AF02, AF01, AD04 & AEO1
Spherotech RCP-30-5A Lot AGO1

Spherotech RCP-30-5A Lot AAO1, AA02, AAO3, AAO4, ABO1, AB02, ACO1 & GAAOI-R
Spherotech RCP-30-5A Lot AC02, AC03 & ADO1

Spherotech RCP-30-5A Lot Z02 and Z03

Spherotech RCP-30-5 Lot AAO1, ABO1, AB02, ACO1 & ADO1

Spherotech RCP-30-5 Lot AM02, AMO1, ALO1, AHO1, AGO1, AF01 & ADO3

Spherotech RCP-60-5

Spherotech URCP 38-2K

Spherotech URCP 38-2K Lot ANO1, AMO1, AL02, ALO1, AK03, AK02, AKO1, AJO2 & AJO3
Spherotech URCP 50-2K Lot AMO1 & AJO1

Spherotech URCP 50-2K

The Spherotech fluorophore labels and the laser / filter sets used to measure them (that I know about) are:

MECSB (Cascade Blue, 405 —> 450/50)
MEBFP (BFP, 405 —> 530/40)

MEFL (Fluroscein, 488 —> 530/40)
MEPE (Phycoerythrin, 488 —> 575/25)
MEPTR (PE-Texas Red, 488 —> 613/20)
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MECY (Cy5, 488 —> 680/30)
MEPCY7 (PE-Cy7, 488 —> 750 LP)
MEAP (APC, 633 —> 665/20)
MEAPCY7 (APC-Cy7, 635 —> 750 LP)

(g) Click Estimate! Check the diagnostic plots to make sure that each peak in your data was found, and that
you have a fairly linear relationship between the (measured) peaks and the (known) calibration.
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| 105 -

—
.
w
=

! e ! ! T B
107 10% 10%
FITC_A

Beads

Bead Calibration 8

W@ B LEMOEFE

Beads: Spherotech RCP-30-! v
Beads file: trols/BEADS-1_H7_H07_P3.fcs| [
Channels

Channel: | FITC_A v | | MEFL v

Channel: | PE_ Tx Red YG A v | MEPTR ~

MEPTR

Channel: | Pacific_Blue_A v |MEBFP +

Add a channel

Remove a channel [ R ENLIT B SRR

e e b R RS RN T e Y
10! 10? o? ot 10° 108 10% 10*

| Peak 80
| Quantile: 15 PE Tx Red YG A PE Tx Red YG A
Peak 100.0 i E
: - 4
Threshold : 100 - { H 10 |
| Peak [ { |
| Cutoff: 75 - : : o
N 1 1
Estimate! i 1 B
501 : boE
1 1
‘ 25 - :
! 10° =
0= I | 1
TR LR R R R R e LT S T R T Rt} ] ey
10* 10? 10° 10! 10° 10°
Pacific Blue A Pacific Blue A

Note: If not all of the peaks were identified, try messing around with the peak-finding parameters.

Note: Bead calibration is particularly powerful when combined with the autofluorescence correction and
bleedthrough compensation described in HOWTO: Compensate for bleedthrough. They’re so useful when done
together that this sequence of operations has its own module — see HOWTO: Use the TASBE workflow for cali-
brated flow cytometry.

5.1.13 HOWTO: Use the TASBE workflow for calibrated flow cytometry

As outlined in HOWTO: Use beads to correct for day-to-day variation, flow cytometry’s quantitative power is
somewhat belied by the sensitivity of single-cell measurements to instrument configuration and state. In a word,
cytometers drift — sometimes by as much as 20% over the course of a day, even with identical settings. This can
complicate experiments or processes that depend on precise, reproducible measurements — predictive modeling
of gene expression in particular.

Fortunately, a set of data manipulations can go a long way towards fixing these issues:

* Subtract autofluorescence from the experimental measurements. This requires the measurement of a non-
fluorescent control.
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* Compensate for spectral bleed-through. This requires the measurement of controls stained with (or ex-
pressing) the individual fluorophores alone.

* Calibrate the measurements using a stable calibrant. This requires measuring a calibrant such as the
Spherotech rainbow calibration particles

* (Optional) Translate all the channels so they’re in the same units. This requires the measurement of multi-
color controls where the staining (or expression) of each fluorophore is equal.

You can read more about this workflow in the following resources:
¢ A Method for Fast, High-Precision Characterization of Synthetic Biology Devices
* Accurate Predictions of Genetic Circuit Behavior from Part Characterization and Modular Composition
¢ The TASBE Jupyter notebook

Because this method originated in software called Tool-Chain to Accelrate Synthetic Biology Engineering, we
abbreviate it TASBE. And while it was developed in the context of modeling and simulating synthetic gene
networks, there is nothing about it that is syn-bio specific. If you want to generate data sets that you can directly
compare to eachother (particularly if they’re collected on the same instrument), this is the calibration that will
let you to so. And while each of the steps above has its own operation, they’re also combined in the TASBE
operation.

Procedure

(a) Collect the following controls:
¢ Blank, un-stained, non-fluorescent cells (to subtract autofluorescence).
¢ Cells stained with (or expressing) only one fluorophore (to compensate for spectral bleedthrough).
¢ Beads (to calibrate the measurements)

* (Optional) multi-color controls, where each pair of fluorescent molecules stains (or is expressed) at
equal intensity.

(b) #. Import your data into Cytoflow. Do not import your control samples (unless they’re part of the ex-
periment.) In the example below, we’ll have three fluorescence channels — Pacific Blue-A, FITC-A and
PE-Tx-Red-YG-A — in addition to the forward and side-scatter channels.
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{/' Import Data
Import

Channels

[#®] FITC-A --> |FITC_A
FSC-A --> |FSC_A
PE-Tx-Red-YG-A --> PE Tx Red YG A

Pacific Blue-A --> |Pacific_ Blue A

® = & &

SSC-A --> |SSC A

Reset channel names

Events per
sample: None
Samples: 4

Events: 40000

Set up experiment...

Import!

(c) (Optional but recommended) - use a gate to filter out the “real” cells from debris and clumps. Here, I'm
using a polygon gate on the foward-scatter and side-scatter channels to select the population of “real” cells.
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(I’ve named the population “Cells” — that’s how we’ll refer to it subsequently.

I E&
Import Data
J Import ®
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X Channel: | FSC_A v
Y Channel: | SSC_A v
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»
(d) Add the TASBE operation (it’s the button).
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Channels: FSC A SSC A
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Blank file:
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Bead Calibration

Beads: v

Beads file:
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Peak
Quantile:

Peak
Threshold :

Peak None
Cutoff:

Color Translation
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Estimate progress: No model estimated
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Error: Click "Estimate"!
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(e) Select which channels you are calibrating.

V| FITC_A v Pacific_Blue_A
Channels: | FSC_A SSC_A
v| PE_Tx Red YG A

(f) Specify the files containing the blank and single-fluorophore controls.

Autofluorescence

Blank file: iasbe/controls/Blank-1 H12 H12 P3.fcs
Bleedthrough Correction

FITC_A ed/tasbe/controls/EYFP-1_H10 H10 P3.fcs
PE Tx Red YG A ontrols/mkate-1 H8 HO8 P3.fcs

Pacific_Blue_A e/controls/EBFP2-1_H9 H09_P3.fcs

(g) If you are not doing a unit translation: select the beads you’re using, the data file, and the appropriate units
for each channel:
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Bead Calibration

Beads: Spherotech RCP: +
Beads file: sbe/controls/BEADS-1 H7 HO7 P3.fcs

FITC_A MEFL v

Begd PE Tx Red YG A | MEPTR v
units: - = - =
Pacific Blue A  MEBFP v
Peak
Quantile: 80
Peak
Threshold : (199-0
Peak None
Cutoff:

Color Translation
Do color translation?

(h) If you are doing a unit translation, specify the beads you’re using, the data file, the unit you want all the
channels in, the channel you want everything translated to, and the multi-color control files.
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Bead Calibration

Beads: Spherotech RCP- «
Beads file: sbe/controls/BEADS-1 H7 HO7 P3.fcs

Beads unit: MEFL v
Peak

Quantile: 80
Peak
Threshold : (199-0
Peak None
Cutoff:

Color Translation
Do color translation? v

To channel: | FITC A v

Use mixture
model?

PE_Tx Red YG A -> FITC_A Y-1 H11 H11 P3.fcs

Pacific_Blue A -> FITC_A RBY-1 H11 H11 P3.fcs

Note: If you're measuring cells that have a large non-fluorescent population — such as transfected mam-
malian cells — choose Use mixture model as well.

(i) (Optional but recommended) - if you set a gate above to select for cells (and not clumps or debris), select
that gate under Subset:’
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Subset
Cells+ Vv Cells-

0.1 10
Dox:

1 100

(j) Click Estimate!
(k) Check all three (or four) diagnostic plots — make sure that the estimates look reasonable.

» Autofluorescence — there’s a single peak in each channel, and a red line at the center.

Autofluorescence Bleedthrough Bead Calibration Color Translation
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* Bleedthrough — the bleedthrough estimates (green lines) follow the data closely.
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Autofluorescence Bleedthrough Bead Calibration Color Translation
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* Bead Calibration — all the peaks between the minimum and maximum cutoffs (blue dashed lines) were
found, and there’s a linear relationship with the vendor-supplied values.
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Autofluorescence Bleedthrough Bead Calibration Color Translation
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* Color translation — there’s a linear relationship between the channels, and if you’re using a mixture
model, the centers of the two distributions were successfully identified.
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Autofluorescence Bleedthrough Bead Calibration Color Translation
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(1) Proceed with your analysis. If this will involve multiple data sets from multiple days, you may wish to
export the calibrated data back into FCS files, as described here: HOWTO: Export FCS files.

5.1.14 HOWTO: Export FCS files

I’ve tried to make Cytoflow both powerful and straightforward to use, but I understand that some people may
wish to use other software for their cytometry analysis. Cytoflow has some unique capabilities — in particular, its
Bead Calibration and TASBE modules — and it is possible to import data into Cytoflow, calibrate or otherwise
manipulate it, then export it back to FCS files that can be opened with other analysis programs.
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Procedure

(a) Import your data into Cytoflow. Do not import your control samples (unless they’re part of the experi-
ment.) In the example below, we’ll have three fluorescence channels — Pacific Blue-A, FITC-A and PE-Tx-
Red-YG-A — in addition to the forward and side-scatter channels.

120 Chapter 5. For Contributors



Cytoflow Documentation, Release 1.2+0.g70c0df5.dirty

{/' Import Data
Import

Channels

[#®] FITC-A --> |FITC_A
FSC-A --> |FSC_A
PE-Tx-Red-YG-A --> PE Tx Red YG A

Pacific Blue-A --> |Pacific_ Blue A

® = & &

SSC-A --> |SSC A

Reset channel names

Events per
sample: None
Samples: 4

Events: 40000

Set up experiment...

Import!

(b) Perform whatever calibration or manipulation you would like. In this case, I've applied the Autofluores-
cence and Bleedthrough modules.
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Workflow ®

Import Data _
Import

Cells
Polygon ®

J Autofluorescence
Autofluorescence £5) -
correction

NE2¥\E<RNOEPAM"MawEZR=

FCS

(c) Choose the Export FCS view. It’s the

not the Operations toolbar.

(d)

S

—-1090 102

S

-10910% 10° 10* 10°

i L T R T

-10810? 10° 10* 10°

107 =
<, 10% = E
G} - 3]
> ] 4
Bleedthrough ki ] -
Linear Bleedthrough £3] ®, ] 2
Correction x 4 10% =
F,o0-
w |
Controls | 0
Channel: |FITC_A v | %-1_H10_H10_P3.fcs| [ 3 .
e g B T I S R IT e
Channel: |PE_Tx Red YG_ A v | te-1 H8 H08_P3.fcs| [ —-100102 10° 10% —-10910% 10° 10 10°
Channel: | Pacific_Blue A v | %2-1_H9_H09_P3.fcs| [ - Pacific_Blue_A
Add a control 1
Remove a control <(I
Subset 5
Cells+ V| Cells- € 107 <
01 |10 & 3
Dox: E |
1 100 0=
Estimate! 3

b T R TR RN R RRTI T
-10910% 10° 10* 10°
PF Tx Red YG A

10°  10*

FITC A

button. Note that this is found on the Views toolbar,

Select how you’d like the data split up when it is exported. Remember, when Cytoflow imports data, it

“forgets” everything about the “tubes” that the data came from — it only knows which sets of data were
treated with which conditions. Select which conditions should be split into separate FCS files in the view

parameters.
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View Properties

Export FCS

Group
Estimates Cells
By:

Subset
Cells+ Cells-

0.1 10
Dox:

1 100

Export...

v Dox

In this case, I've asked for each unique value of Dox to go into its own FCS file. The table in the view pane

will show you which files will be created.
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#|(Dox Alename

1| 0.1| Dox_0.1.fcs

2l 1 Dox_1.fcs

3| 10| Dox 10.fcs

41100 | Dox_100.fcs

(e) Click Export... and select the directory to save the FCS files to.

3. Guides help you understand some of the principles Cytoflow is based on and some subtler points about using it
to analyze flow cytometry data. They can help you use Cytoflow more effectively!

5.1.15 Guide: Which measure of center should | use?

When analyzing flow cytometry data, we often want to know the center of a distribution. For example, we may
be treating our cells with a drug and want to be able to report that “fluorescence decreased XXX fold.”

Often, we use the arithmetic mean to find the center. For example, in the histogram below, I’ve drawn 100,000
samples from a normal distribution with a mean of 1000 and a standard deviation of 100. The arithmetic mean
is 999.40; I"ve drawn a red line on the plot at this position.

124 Chapter 5. For Contributors



Cytoflow Documentation, Release 1.2+0.g70c0df5.dirty

2500 A

2000 4

1500 -

Count

1000 -

500 4

0 -

T
600 800 1000 1200 1400

It’s pretty clear that this is a good measure of this distribution’s center. However, in cytometry, we often encounter

distributions that are symmetrical on a log scale. This is the case below — and again, I’ve drawn a red line at the
arithmetic mean of this distribution.

2500 ~

2000 ~

1500 +

Count

1000 +

500 ~

10° 10! 1072 103 104

In this case, it’s pretty clear that the arithmetic mean is not a good measure of this distribution’s “center”. It’s
easy to see why this is happening if we plot the same data on a linear scale instead:
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The reason that the arithmetic mean isn’t a good measure of center is because on a linear scale, the distribution
is not symmetric. Instead, the mean is being “dragged” up by the larger values in the “tail” of the distribution.

A better measure of center for this kind of distribution is the geometric mean. Let’s say we have n values. Instead
of adding the values together and dividing by n (arithmetic mean), to find the geometric mean we multiply all the
numbers together and then take the nth root. Below, you can see the log-scaled data again, with the arithmetic

mean in red and the geometric mean in blue. It’s clear that for data of this sort, the geometric mean is a better
measure of “center”.
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Cytoflow implements both a geometric mean (to measure center) and a geometric “standard deviation” to mea-
sure spread. I highly recommend you use these instead of their arithmetic brethren when analyzing data that
appears normal (or at least symmetric) on a logarithmic scale.

PS - why is so much biology log-normal? My colleague Jacob Beal has done some theoretical work on the topic.
You can read his paper here:

Biochemical complexity drives log-normal variation in genetic expression. Jacob Beal, Engineering Biology,
1.1 (2017), pp. 55-60, July 2017. https://digital-library.theiet.org/content/journals/10.1049/enb.2017.0004

5.1.16 Guide: Using statistics to summarize data

Summarizing data is a key step in flow cytometry. Even simple, “traditional” analyses involve drawing gates and
counting the number of events in them.

0. R

SSCA
#..0
sSCA
o w0

%,

Fig. 1: What proportion of these events were T-cells?

Cytoflow calls these summary values — such as the mean or count of a set of events — statistics. Here, I’'m using
the word “statistic” in the technical sense, as in “a quantity that is computed from a sample.”

Another key insight is that we are usually interested in how a statistic changes across our experiment. For
example, let’s say that I have some cells that express GFP, and I want to know how the amount of GFP expression
changes as I alter the amount of a small molecule that I treat my cells with. I can create a statistic, then plot that
statistic, to answer my question. Let’s see how I might do so. (I'm using data from the examples-basic directory
— feel free to follow along.)
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First, I need to import my data. In my experiment setup (in the Import Data operation), I must specify the
conditions for each tube — that is, how the cells in each tube are different. In this case, I treated each tube with a
different concentration of my drug, so I use “Drug” as a condition.

Experiment Setup - o =
Variables Tubes

(¥ Type: FCS Metadata = | Name: CF_File = || Index = CF_File Drug
Yeast B1 B0l 100.0
Yeast B4 B04 30.0
Yeast B7 BO7 10.0
Yeast_B10_B10 3.0
Yeast C1 C01 1.0
Yeast C4 CO4 0.3
Yeast C7_CO7 0.1
Yeast_C10 C10 0.0

[ Type: | Number w | Name: Drug

o B = T B - WU S R e

Add a variable Add tubes...| Remove tubes |  Import from CSV...

Cancel 0K

Using a histogram (and a vertical facet), I can see that the GFP intensity (as displayed in the FITC-A channel) is
in fact changing when I vary the amount of drug I treat the cells with.

128 Chapter 5. For Contributors



Cytoflow Documentation, Release 1.2+0.g70c0df5.dirty

View Properties (=15)
Histogram Plot
Drug = 0.0
Channel: | FITC_A -
50 = Scale: | logicle = ?
Horizontal
0 — e e - | —— | pomzONE | None v u
Drug = 0.1 Vertical -
g Facet: |C4g !
d Color
50 Facet: None -
cor |} A
0 L R ——r——r—rrrt — ceale: |linear =
Drug = 0.3 Tab .
g Facet: flone @
50 - Subset g.
Drug: 0 100 .
Drug = 1.0 "
50 = '
Drug = 3.0 Loa
y —
50 - {:
0- — T T I AU " = | — 100
200
Drug = 10.0 .
50 =
0- ' ' T i [ R R | i [ e e R | L Plot Parameters & @)
Drug = 30.0 Num bins: |Maone
50 — Histtype: | stepfilled =
Linestyle: | solid -
ott— s e H e D SN - | ———
Linewidth: |MNone
Drug = 100.0 .
Density:
50 = Alpha: |0.5
o Orientation: |vertical ~
- L B B S I T e . P T S
2 3 4 FEN P
10 HT.:;)A 10 Data Min: |None
- Limits: Max:
-

Each distribution seems pretty symmetrical when plotted on a logarithmic scale, so let’s use a geometric mean
to summarize them. I can do that with a Channel Statistics operation (the one whose button is a big sigma.)
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Workflow () [2€)

Import Data
Import

Mean_GFP o
Channel Statistics —
Name: |Mean GFP
Channel: FITC A v
Function: Geom.Mean v

Group
O By: v Drug

a/b Subset

Drug: O 100

Note that I’ve set a name for the statistic, the channel I want to summarize, and the function I want to apply.
Probably the most important — and most confusing! — parameter is By. This specifies how I want to Cytoflow
to group the data before applying Function to channel — in this case, I've set it to Drug. Here’s the order that
things happen in:

# Cytoflow sees how many different values of the Drug parameter are in the data set.

# It separates the data into groups — subsets — by those different values of Drug. If each tube has a different
Drug value, then each of those subsets is the events from a single tube. However, if I had multiple tubes
with the same **Drug* value, those tubes would be combined.*

# For each subset of the data — each unique value of Drug — Cytoflow applies the function I asked for (in
this case, Geom.Mean — the geometric mean — to the channel I said — in this case, FITC_A.

This results in a table of those summary numbers for each subset. You can view this table directly (with the
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Table View, natch) — here’s what we see.

Drug =0 | 121.803
Drug = 0.1 | 160.033
Drug = 0.3 |417.172

Drug =1 |1217.28

Drug = 3 | 1694.55
Drug = 10 |2345.18
Drug = 30 |2387.24
Drug = 100 (2270.78

View Properties

Table View

Statistic:
Rows:
Subrows:
Columns:

Subcolumn:

Subset

Drug: |0

(‘Mean_GFP', ‘Geom.Mean') =

Drug
None
None

None

v

4

b4

v

Export...

100

B =

FENThESSPOPlN«

If you would like to export this data, you can of course do so with the Export button. However, Cytoflow can
plot it directly as well, with the 1D Statistics View.
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View Properties E5]
One-Dimensional Statistics Plot
Statistic: | (‘Mean_GFP', 'Geom.Mean') v
Statistic

Scale: log M
1 Variable: |Drug  +
Variable B -
Scale: 9
Horizontal None «
Facet:
Vertical None +
Facet:
ER Hue
10 Facet: Llon i
| Hue :
i Scale: lincariy
Error e -
7] Statistic:
i Subset
Drug: |0 100

Mean_GFP : Geom.Mean

Plot Parameters

c BEENhYFSSHEOQ PN«

variable M
Limits: Max:

r — — | — Linestyle: [solid -
107t 10° 10t 107

Drug Marker: [0 ~

Markersize: |6 h/

In setting up this plot, I selected the statistic to plot and the variable I wanted on the X axis. I also changed the
statistic scale (to log) and the variable scale (to logicle), which makes things easier to interpret. (Note that if I had
left the variable scale on log, it would not have plotted the “Drug = 0” condition, because log(0) is undefined!

It’s clear from this analysis that the mean GFP value increases as the amount of drug increases. However, statistics
are more powerful than this because they can capture multiple variables at the same time. For example, let’s
imagine that I did two different replicates on two different days:
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Experiment Setup

Variables Tubes

® Type: | FCS Metadata v | Name: | CF_File v | Index = CF_File Drug Day |
0 Yeast B1 BO1 100.0 A

[# Type: | Number ~ | Name: |Drug 1 Yeast B2 B02 100.0 B |

[# Type: Category ~ | Name: |Day 2 Yeast B4 B04 30.0 A 2
3 Yeast B5 BO5 30.0 B P
4 Yeast B7 B07 10.0 A
5 Yeast B8 B0O8 10.0 B P
6 Yeast B10 B10 3.0 A 1
7 Yeast B11 B11 3.0 B L
8 Yeast C1 CO1 1.0 A [
9 Yeast C2 C02 1.0 B v
10 Yeast C4_C04 0.3 A
11 Yeast C5_ C05 0.3 B a
12 Yeast C7 C07 0.1 A
13 Yeast C8 C08 0.1 B F
14 Yeast C10 C10 0.0 A |
15 Yeast C11 C11 0.0 B b

Add a variable Add tubes...| Remove tubes | Import from CSV... p

Cancel OK

T w AR T

In this case, I have imported twice as many tubes, and labeled them with both the amount of drug I used and
which day I did the experiment on.

Now, when I set up my Channel Statistic, I’ll set Group By to both Day and Drug.
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Workflow

AN
M

Import Data
Import

«/ Mean_GFP
Channel Statistics

Name: |Mean GFP

Channel: FITC A
Function: | Geom.Mean
Group
By: v Day
Subset
Drug: 0

Day: A B

Let’s see what this does to my table:

e

Drug

100
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View Properties

(i3]

Table View
Statistic: | (‘Mean_GFP', '‘Geom.Mean') v
Rows: | Drug ~

Subrows: | None ¥

Day = A |Day =B Columns: | Day v
Drug = 0 |121.803 |110.202 Subcolumn: [ None +
Drug = 0.1 | 160.033 |145.292 Export...
Subset
Drug = 0.3 |417.172 |252.491 ubse
Drug: 0 ; 1 100
Drug = 1 |1217.28 |981.298
Day: A B
Drug = 3 |1694.55 [1511.86

Drug = 10 [2345.18 |2238.85

Drug = 30 [2387.24 |2408.16

Drug = 100 |2270.78 | 2596.3

NESSHOPHEE «

Note that I now have two conditions that I can use when making my table: Drug and Day. This is because the
channel statistic operation computed a geometric mean for each unique combination of Drug and Day values.
So instead of 8 means, now I have 16. Here, I’ve configured the table view to show different amounts of drug on
different rows and different days in different columns.

Again, I could export this if I wanted — or I could plot it. Let’s make another 1D Statistics View plot, putting
the two different days in different colors:
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View Properties [E]Es)
One-Dimensional Statistics Plot
. A Statistic: | (‘Mean_GFP', 'Geom.Mean') v
i Statistic [ | . .
i Scale: 9 t
4 Variable: | Drug v w
Variable s
Scale: 9 !
Horizontal
Facet: WIS
Vertical /\
Facet: Lone v
Hue
3
| Hue .
linear « a?
7 Scale: s
5 o’e
= 4 Erm.r q None v
] Statistic: Nj
% 4 Subset
© Drug: |0 100 "
& i D A B
ay:
o
& 4
= Va
-
i 2D, =
e
100
200
'
Plot Parameters [=]ES]
-
Variable e
Limits: Max:
102 - i
[ I R A B R | 1 1 e 1 e 1 e LIneSty|e‘ SD“d v
0 107t 10° 10t 10%

Drug Marker: |o ¥

Markersize: A v

Note that the “Day A” values are pretty consistently higher than “Day B”. I wonder how much higher, and how
consistently so? We can answer this question with another operation, called Transform Statistic. This works
similarly to Channel Statistic, in that it groups things together and applies a function. However, instead of
grouping together events from the flow cytometer, it groups together values in another statistic before applying
the function. (This way, it transforms that statistic — see?)

This time, I’1l group by Drug (and not Day). Remember, this will take the starting statistic, split it into groups
for each unique value of Drug, and then apply the Fold function to each group. (Fold simply divides every value
in the group by the minimum value.)
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Fold _GFP
Transform Statistic

£

Name: Fold GFP

Statistic: (‘Mean_GFP’', ‘Geom.Mean') =

Function: Fold v
Group
By: Day v Drug
Subset

Day: A B

Drug: O 100
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View Properties
Table View
Statistic: | (‘Fold_GFP', 'Fold") v
Rows: | Drug +

Subrows: | None

Day = A |Day =B Columns:

Drug =0 |1.10527 1 Subcolumn: | None ~
Drug = 0.1 |1.10146 1 Export...
Subset
Drug = 0.3 |1.65223 1 ubse
Day: A B
Drug = 1 |1.24048 1
Drug: |0 : 1 100
Drug = 3 |1.12084 1
Drug = 10 |1.04749 1
Drug = 30 1|1.00877
Drug = 100 1[1.14335

The Fold function produces a statistic the same size and shape as the one it’s operating on. However, some
functions reduce the size of the statistic — for example, if we apply Geom.Mean again, we only get a table with
one column (because it’s taking the geometric mean of all the values in each group):
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Cytometry analysis - Cytoflow* - o0 &

File View Help

Bx 2 S %

New Open Save SavePlot Notebook Reporta bug

Workflow @ View Properties @&
Table View
Import Data Statistic: | (‘'Fold_GFP', 'Geom.Mean') ~
Import
Rows: Drug v
Subrows: None v
Drug = 0 [115.857 Columns: | None ¥
Mean_GFP —
Channel Statistics ® Drug = 0.1 |152.484 Subcolumn: | None ~
Drug = 0.3 [324.549 Export...
Subset
Drug =1 |1092.94
Drug: |0 100
Fold_GFP

Transform Statistic ® Drug = 3 | 1600.6

Drug =10 | 22914

Name: |Fold_GFP
= Drug = 30 |2397.68

Statistic: | (‘Mean_GFP', 'Geom.Mean') v
Drug = 100 |2428.09

Function: | Geom.Mean v
Group
By: Day V| Drug
Subset

Day: A B

Drug: 0 100

BENYNFSSEOP N«

B

MO BPLMMAERER

Table

Make a table out of a statistic. The t gotliarameters e
be exported.

Statistics are a pretty key part of the way Cytoflow is meant to be used. I hope this explanation made sense — if
you feel it can be improved, please feel free to submit a bug (or, even better, a patch or pull request) to improve
it.

5.1.17 Guide: Using facets to compare data sets

Cytoflow uses an idea called facets to help you analyze data. It’s taken from Tufte’s trellis plots, which is a
fancy term for a simple idea: that to compare two data sets, you should plot them next to eachother using the
same scale and axes:

Let’s say I have two different FCS files. As I imported them, I created a Sample variable and assigned the tubes
Sample_1 and Sample_2, respectively. Now I want to compare them using a histogram plot. Remember that by
default, Cytoflow shows all of the data, from both of the tubes, at the same time on the plot:
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Fig. 2: This figure shows multiple line plots on the same X axes, making it easy to compare between them. (Image by

Wikipedia user Chrispounds)
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View Properties

Histogram Plot
Channel: |Y2_.A ~

1000 - Scale: | logicle -

Horizontal

Facet: m
Vertical
Facet:

Color

Facet: m
Color [ __— _|
Scale: fnear_~ |
Tab

Facet: m

Subset
Sample: | | Sample_1 | | Sample_2

None -

800 -

600 -

400 -

200 -
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However, Cytoflow also makes it easy to compare these two samples. I can put them on separate plots, side-by-
side, by setting Horizontal Facet to the variable that I want to compare. In this case, it’s Sample:
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View Properties @®
Histogram Plot
Sample = Sample_1 Sample = Sample_2
- - Channel: | Y2 A =
700 - = =
Scale: | logicle = ;’
Horizontal .
Facet: I g
600 - = Vertical
Facet: |MNome v !
Color
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Color [
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Note that the title of the plot shows me both which variable I'm comparing and what the value of that variable is
in each plot. Similarly, I can create separate plots but stack them on top of eachother with the Vertical Facet
setting:
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View Properties
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You can also view them on the same plot but with different colors using the Color Facet setting:
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(No, you can’t change the colors, at least not in the point-and-click interface — they’re the from default Seaborn
qualitative palette. If you’d like to be able to change the colors, submit a feature request or (even better) a patch!)

Finally, if you have multiple variables, you can set multiple facets at once to compare across them all. For
example, I’ve added a Threshold gate called Morpho, and now I can compare data across different values of
both Sample and Morpho:

View Properties @

Sample = Sample.1 Histogram Plot +l1'

400 = Channel: |Y2. A =~
False -
350 True Scale: | logicle =
Horizontal
300 - Facet: None -
Vertical
250 1 Facet: |oample ~
Color
2007 Facet: [MorPhO_~
SO [inear ~
Tab
1007 Facet: | NOM&
50 - Subset

Morpho+ Morpho-

0 R — T} ——r— | sample: [ ] sample 1 [ ] sample 2

Sample = Sample_2
400 —
350 -
300 -
250 —
200 -

150 —

100 -
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0_I""""'I""""'\ ' '’ L | ' i AL |
—10? 0 10% 10° 104
Y2_A

5.1.18 Guide: How can | understand the experiment structure?

When creating a complex analysis, it can be easy to lose track of the channels, conditions, and statistics that
you’ve created in your workflow. In order to give users both a quick overview of their experiment and allow them
to “drill down” into their experiment structure, Cytoflow includes an Experiment Browser.

Consider the experiment outlined in Tuforial: Synthetic Gene Logic Network — five channels, three experimental
conditions, two conditions added in the analysis, and a number of statistics. It’s a lot to keep in your head!
However, if you select the last operation in the workflow, the Experiment Browser shows this:
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v FITC_mean
Channel Statistics
Name: FITC mean
Channel: FITC A

Function: Geom.Mean

<G ==V MV

v Condition
Group
By: v Dox
Replicate
Subset
Full Circuit
Condition:
No Cas9
Dox: 0
1 3

Experiment Browser

~ @ Channels
= FITC A
o FSC A
o PE TxRed YG A
= Pacific_ Blue A
m SSC A
~ @ Conditions
» o Condition
» o Dox
» o Replicate
»
3

- - - - -

o Transfected
o Transfection_Bin
~ @ Statistics
» o ('Transfected', 'mean')
» @ ('Transfected’, 'sigma’)
» o ('Transfected', 'interval')
» @ ('Transfected', 'proportion')
» @ ('FITC_mean', 'Geom.Mean')

Transfected

Vv Transfection_Bin

No gRNA

4000

@ &
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Note: If the Experiment Browser isn’t visible, you can show it by selecting it from the View menu or clicking
the corresponding button on the button bar.

Here, you can see the channels, conditions, and statistics in the experiment in a tree view. If you open one, by
clicking the caret or double-clicking the name, you are shown additional information about each. Let’s walk
through all three below.

Channels

Each channel is shown in the experiment browser. When you open a channel, additional metadata about the
channel is visible, such as the original name in the . fcs file and the range of the channel. Additionally, if the
channel has been manipulated in any way, or is a “synthetic” or derived channel, the operations that did so leave
some metadata as well. For example, if you create a new channel with the Ratio operation, the numerator and
demoninator are show.
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v/ FITC_mean
Channel Statistics

Ratio

Name: FITC over FSC
Numerator: FITC A

2.
2,
O
a/b / FITC_over_FSC
JIN
\\

Denominator: FSC A

‘Experiment Browser

~ @ Channels
- o FITC A
= type: 'channel’
= fcs_name: 'FITC-A'
® range: '262143.0'
B FITC over FSC
m type: 'channel’
= numerator: 'FITC_A'
= denominator: 'FSC_A'
o FSC A
o PE_ TxRed YG A
o Pacific_Blue A
m SSC A

4

- - - -

X

@
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Conditions

Remember, conditions — either experimental conditions or conditions that were added by operations — are how
you control the plotting and statistics. You can view the conditions in the browser as well. When you open them,
you can see the type of condition, the condition’s type (boolean, numeric, categorical), and the values of that
condition.

1Experiment Browser B 6

i » @ Channels
- @ Conditions
~ @ Condition
m type: 'condition’
m dtype: 'category’
® values_type: 'categorical’
m values: "['Full_Circuit’, 'No_Cas9', 'No_gRNA']"
m experiment: 'True'
1 » 0 DOX
' o Replicate
o Transfected
m type: 'condition'
m dtype: 'category’
m values_type: 'categorical’
m values: "['Transfected 1', 'Transfected 2']"
o Transfection Bin

b

4

-

Statistics

Remember, statistics are summaries of the data that are computed by an operation. The statistics that have been
added to the experiment are also shown by the browser window, including the facets over which the statistic was
computed and the various values of those facets.
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Experiment Browser BE

» @ Channels
» @ Conditions
- @ Statistics
- & ('Transfected’, 'mean')
m Operation: 'Transfected'
B Name: 'mean’
= Facet 0: 'Component’
= Facet O Levels: '1, 2'
m Facet 1: 'Channel’
m Facet 1 Levels: 'PE_TxRed YG_A'
@ ('Transfected', 'sigma’)
m (‘Transfected', 'interval')
= ('"Transfected', 'proportion')
= ('"FITC_mean’', 'Geom.Mean')
® Operation: 'FITC_mean’
® Name: 'Geom.Mean'
= Facet 0: 'Condition'
= Facet O Levels: 'Full_Circuit, No_gRNA, No _C...
® Facet 1: 'Dox’
m Facet 1 Levels: '0.0, 100.0, 500.0, 4000.0'
m Facet 2: 'Transfection_Bin'
m Facet 2 Levels: '50.12, 63.1, 79.43, 100.0, 1...

-

-

-

4

4. Reference documents for each operation and view in Cytoflow. These are the same documents that appear in the
Help pane in the user interface.
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5.1.19 Operation and View Gallery

Below is a gallery of Cytoflow’s operations and views. Each header will take you to the corresponding manual

page.
Operations
Autofluores- Bead calibration | Binning Bleedthrough correction
cence correction
operations/bead_dalibgigddfpidn®Minning-1|ppgrations/bleedthrough_linear-
operations/autofluorescence-1.png
Channel Statistics Color translation | Density gate | FlowPeaks
operations/color |transdetderods Piéhsity-1|pRgrations/flowpepks-1_01.png
1D Gaussian | 2D Gaussian | KMeans Clustering | Principle Component
Analysis
operations/gapssian_lépkrargons/gapssian_PedrPibons/kmeans-1.png
Polygon Gate | Quad Gate | Range Gate | Rectangle Gate
operations/polygon-1.mpgrations/quad-1.pngoperations/range-1.pngperations/range2d-1.png
Ratio TASBE Calibration | Threshold Gate | Transform Statistic
operations/tasbe-4.pngperations/threshold-1.png
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Views

Bar Chart | Density Map | Export FCS

Histogram

.png

views/histogram_2d-1|wiews/kde_1d-[.png

views/kde_2d-

l.pn

views/bar_chart-1.pngjews/densityf1.png views/histogram-1
2D Histogram | Kernel Density Estimate | 2D Kernel Den- | Parallel Co-
sity Estimate | ordinates Plot

y views/parallell_co

prds-1.png

RadViz Plot | Scatterplot 1D

views/radviz-ll.png |views/scatterplottl.p

Statistics

Plot

dgiews/stats_l

2D Statistics Plot

d-1.png |views/stats_2d-1.

png

Table View | Violin Plot

views/table-1| png views/violin-[l.png

Operations

Autofluorescence correction

Apply autofluorescence correction to a set of fluorescence channels.

This module estimates the arithmetic median fluorescence from cells that are not fluorescent, then subtracts the

median from the experimental data.

Check the diagnostic plot to make sure that the sample is actually non-fluorescent, and that the module found the

population median.

Channels
The channels to correct

Blank file
The FCS file containing measurements of blank cells.

Note: You cannot have any operations before this one which estimate model parameters based on experimental
conditions. (Eg, you can’t use a Density Gate to choose morphological parameters and set by to an experimental

5.1. User manual

151



Cytoflow Documentation, Release 1.2+0.9g70c0df5.dirty

condition.) If you need this functionality, you can access it using the Python module interface.

Pacific Blue-A
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Bead Calibration

Calibrate arbitrary channels to molecules-of-fluorophore using fluorescent beads (eg, the Spherotech RCP-30-
5A rainbow beads.)

Computes a log-linear calibration function that maps arbitrary fluorescence units to physical units (ie molecules
equivalent fluorophore, or MEF).

To use, set Beads to the beads you calibrated with (check the lot!) and Beads File to an FCS file containing
events collected using the same cytometer settings as the data you're calibrating. Then, click Add a channel to
add the channels to calibrate, and set both the channel name and the units you want calibrate to. Click Estimate,
and make sure you check the diagnostic plot to see that the correct peaks were found.

If it didn’t find all the peaks (or found too many), try tweaking Peak Quantile, Peak Threshold and Peak Cutoff.
If you can’t make the peak finding work by tweaking , please submit a bug report!

Beads
The beads you’re calibrating with. Make sure to check the lot number!

Beads file
A file containing the FCS events from the beads.
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Channels
A list of the channels you want calibrated and the units you want them calibrated in.

Peak Quantile
Peaks must be at least this quantile high to be considered. Default = 80.

Peak Threshold
Don’t search for peaks below this brightness. Default = 100.
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Note: It works best to choose units of a fluorophore that is spectrally matched to the channel that you’re cali-
brating. Here are the beads that Cytoflow knows about (including the laser and filter sets used to characterize
the beads):

» Spherotech ACP 30-2K

* Spherotech RCP-30-5A Lot AN0O4, ANO3, AN02, ANO1, AM02, AMO1, ALO1, AK04, AKO3 & AK02**
¢ Spherotech RCP-30-5A (Euroflow) Lot EAM02 & EAMO1

* Sphreotech RCP-30-5A (Euroflow) Lot EAKO1, EAGO1, EAEO1 & EAFO1

* Spherotech RCP-30-5A Lot AKO1, AJO1, AHO2, AHO1, AF02, AF01, AD04 & AEO1

* Spherotech RCP-30-5A Lot AGO1

¢ Spherotech RCP-30-5A Lot AAO1, AA02, AA03, AA04, ABO1, AB02, ACO1 & GAAO1-R

¢ Spherotech RCP-30-5A Lot AC02, AC03 & ADO1
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* Spherotech RCP-30-5A Lot Z02 and Z03
¢ Spherotech RCP-30-5 Lot AAO1, ABO1, AB02, ACO1 & ADO1
¢ Spherotech RCP-30-5 Lot AM02, AMO1, ALO1, AHO1, AGO1, AF01 & ADO3
* Spherotech RCP-60-5
¢ Spherotech URCP 38-2K
¢ Spherotech URCP 38-2K Lot ANO1, AMO1, AL02, ALO1, AK03, AK02, AKO1, AJO2 & AJO3
¢ Spherotech URCP 50-2K Lot AMO1 & AJO1
* Spherotech URCP 50-2K
The Spherotech fluorophores labels and the laser / filter sets (that I know about) are:
¢ MECSB (Cascade Blue, 405 —> 450/50)
* MEBFP (BFP, 405 —> 530/40)
¢ MEFL (Fluroscein, 488 —> 530/40)
* MEPE (Phycoerythrin, 488 —> 575/25)
* MEPTR (PE-Texas Red, 488 —> 613/20)
* MECY (Cys5, 488 —> 680/30)
* MEPCY7 (PE-Cy7, 488 —> 750 LP)
* MEAP (APC, 633 —> 665/20)
* MEAPCY7 (APC-Cy7, 635 —> 750 LP)

Binning

Bin data along an axis.

This operation creates equally spaced bins (in linear or log space) along an axis and adds a condition assigning
each event to a bin. The value of the event’s condition is the left end of the bin’s interval in which the event is
located.

Name
The name of the new condition created by this operation.

Channel
The channel to apply the binning to.

Scale
The scale to apply to the channel before binning.

Bin Width
How wide should each bin be? Can only set if Scale is linear or log (in which case, Bin Width is in
log10-units.)
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Linear Bleedthrough Compensation

Apply matrix-based bleedthrough correction to a set of fluorescence channels.

This is a traditional matrix-based compensation for bleedthrough. For each pair of channels, the module estimates
the proportion of the first channel that bleeds through into the second, then performs a matrix multiplication to
compensate the raw data.

This works best on data that has had autofluorescence removed first; if that is the case, then the autofluorescence
will be subtracted from the single-color controls too.

To use, specify the single-color control files and which channels they should be measured in, then click Estimate.
Check the diagnostic plot to make sure the estimation looks good. There must be at least two channels corrected.

Add Control, Remove Control
Add or remove single-color controls.

Note: You cannot have any operations before this one which estimate model parameters based on experimental
conditions. (Eg, you can’t use a Density Gate to choose morphological parameters and set by to an experimental
condition.) If you need this functionality, you can access it using the Python module interface.

Channel statistic

Apply a function to subsets of a data set, and add it as a statistic to the experiment.

First, the module groups the data by the unique values of the variables in By, then applies Function to the
Channel in each group.

Name
The operation name. Becomes the first part of the new statistic’s name.

Channel
The channel to apply the function to.
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Function
The function to compute on each group.

Subset
Only apply the function to a subset of the data. Useful if the function is very slow.

Color Translation

Translate measurements from one color’s scale to another, using a two-color or three-color control.

To use, set up the Controls list with the channels to convert and the FCS files to compute the mapping. Click
Estimate and make sure to check that the diagnostic plots look good.

Add Control, Remove Control
Add and remove controls to compute the channel mappings.

Use mixture model?
If True, try to model the from channel as a mixture of expressing cells and non-expressing cells (as you
would get with a transient transfection), then weight the regression by the probability that the the cell is
from the top (transfected) distribution. Make sure you check the diagnostic plots to see that this worked!

Note: You cannot have any operations before this one which estimate model parameters based on experimental
conditions. (Eg, you can’t use a Density Gate to choose morphological parameters and set by to an experimental
condition.) If you need this functionality, you can access it using the Python module interface.

Density Gate

Computes a gate based on a 2D density plot. The user chooses what proportion of events to keep, and the module
creates a gate that selects those events in the highest-density bins of a 2D density histogram.

A single gate may not be appropriate for an entire experiment. If this is the case, you can use By to specify
metadata by which to aggregate the data before computing and applying the gate.

Name
The operation name; determines the name of the new metadata

X Channel, Y Channel
The channels to apply the mixture model to.

X Scale, Y Scale
Re-scale the data in Channel before fitting.

Keep
The proportion of events to keep in the gate. Defaults to 0.9.

By
A list of metadata attributes to aggregate the data before estimating the model. For example, if the ex-
periment has two pieces of metadata, Time and Dox, setting by to ["Time", "Dox"] will fit the model
separately to each subset of the data with a unique combination of Time and Dox.
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FlowPeaks Clustering

This module uses the flowPeaks algorithm to assign events to clusters in an unsupervized manner.

Name
The operation name; determines the name of the new metadata

X Channel, Y Channel
The channels to apply the mixture model to.

X Scale, Y Scale
Re-scale the data in Channel before fitting.

h, ho
Scalar values that control the smoothness of the estimated distribution. Increasing h makes it “rougher,”
while increasing hQ makes it smoother.

tol
How readily should clusters be merged? Must be between 0 and 1.

Merge Distance
How far apart can clusters be before they are merged?

By
A list of metadata attributes to aggregate the data before estimating the model. For example, if the ex-
periment has two pieces of metadata, Time and Dox, setting By to ["Time", "Dox"] will fit the model
separately to each subset of the data with a unique combination of Time and Dox.
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Gaussian Mixture Model (1D)

Fit a Gaussian mixture model with a specified number of components to one channel.

If Num Components is greater than 1, then this module creates a new categorical metadata variable named
Name, with possible values {name}_1.... name_n where n is the number of components. An event is assigned
to name_i category if it has the highest posterior probability of having been produced by component i. If an
event has a value that is outside the range of one of the channels’ scales, then it is assigned to {name}_None.

Additionally, if Sigma is greater than 0, this module creates new boolean metadata variables named {name}_1
... {name}_n where n is the number of components. The column {name}_i is True if the event is less than
Sigma standard deviations from the mean of component i. If Num Components is 1, Sigma must be greater
than 0.

Finally, the same mixture model (mean and standard deviation) may not be appropriate for every subset of the
data. If this is the case, you can use By to specify metadata by which to aggregate the data before estimating and
applying a mixture model.

Note: Num Components and Sigma withh be the same for each subset.

Name
The operation name; determines the name of the new metadata

Channel
The channels to apply the mixture model to.

Scale
Re-scale the data in Channel before fitting.

Num Components
How many components to fit to the data? Must be a positive integer.

Sigma
How many standard deviations on either side of the mean to include in the boolean variable {name}_i?
Must be None or > 0.0. If Num Components is 1, must be > 0.
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By
A list of metadata attributes to aggregate the data before estimating the model. For example, if the ex-
periment has two pieces of metadata, Time and Dox, setting By to ["Time", "Dox"] will fit the model
separately to each subset of the data with a unique combination of Time and Dox.
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Gaussian Mixture Model (2D)

Fit a Gaussian mixture model with a specified number of components to two channels.

If Num Components is greater than 1, then this module creates a new categorical metadata variable named
Name, with possible values {name}_1 .... name_n where n is the number of components. An event is assigned
to name_i category if it has the highest posterior probability of having been produced by component i. If an
event has a value that is outside the range of one of the channels’ scales, then it is assigned to {name}_None.

Additionally, if Sigma is greater than 0, this module creates new boolean metadata variables named {name}_1
... {name}_n where n is the number of components. The column {name}_i is True if the event is less than
Sigma standard deviations from the mean of component i. If Num Components is 1, Sigma must be greater
than 0.

Finally, the same mixture model (mean and standard deviation) may not be appropriate for every subset of the
data. If this is the case, you can use By to specify metadata by which to aggregate the data before estimating and
applying a mixture model.

Note: Num Components and Sigma will be the same for each subset.

Name
The operation name; determines the name of the new metadata

X Channel, Y Channel
The channels to apply the mixture model to.

X Scale, Y Scale
Re-scale the data in Channel before fitting.

Num Components
How many components to fit to the data? Must be a positive integer.

5.1. User manual 161



Cytoflow Documentation, Release 1.2+0.9g70c0df5.dirty

Sigma

How many standard deviations on either side of the mean to include in the boolean variable {name}_i?
Must be >= 0.0. If Num Components is 1, must be > 0.

By

A list of metadata attributes to aggregate the data before estimating the model. For example, if the ex-
periment has two pieces of metadata, Time and Dox, setting By to ["Time", "Dox"] will fit the model
separately to each subset of the data with a unique combination of Time and Dox.
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Import Files

Import FCS files and associate them with experimental conditions (metadata.)

Channels
Here, you can rename channels to use names that are more informative, or remove channels you don’t need.
Names must be valid Python identifiers (must contain only letters, numbers and underscores and must start

with a letter or underscore.)

Reset channel names
Reset the channels and channel names.

Events per sample
For very large data sets, Cytoflow’s interactive operation may be too slow. By setting Events per sample,
you can tell Cytoflow to import a smaller number of events from each FCS file, which will make interactive
data exploration much faster. When you’re done setting up your workflow, set Events per sample to empty
or 0 and Cyroflow will re-run your workflow with the entire data set.

Set up experiment....
Open the sample editor dialog box.

The sample editor dialog
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Allows you to specify FCS files in the experiment, and the experimental conditions that each tube (or well)
was subject to.

Note: You can select sort the table by clicking on a row header.

Note: You can select multiple entries in a column by clicking one, holding down Shift, and clicking another
(to select a range); or, by holding down Ctr/ and clicking multiple additional cells in the table. If multiple
cells are selected, typing a value will update all of them.

Note: Each tube must have a unique set of experimental conditions. If a tube’s conditions are not
unique, the row is red and you will not be able to click “OK”.

Add tubes
Opens a file selector to add tubes.
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KMeans

This module uses the KMeans algorithm to assign events to clusters in an unsupervized manner.

Name
The operation name; determines the name of the new metadata

X Channel, Y Channel
The channels to apply the mixture model to.

X Scale, Y Scale
Re-scale the data in Channel before fitting.

Num Clusters
How many clusters to assign the data to.

By
A list of metadata attributes to aggregate the data before estimating the model. For example, if the ex-
periment has two pieces of metadata, Time and Dox, setting By to ["Time", "Dox"] will fit the model
separately to each subset of the data with a unique combination of Time and Dox.
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Principal Component Analysis

Use principal components analysis (PCA) to decompose a multivariate data set into orthogonal components that
explain a maximum amount of variance.

Creates new ‘“channels” named {name}_1 ... {name}_n, where name is the Name attribute and n is Num
components.

The same decomposition may not be appropriate for different subsets of the data set. If this is the case, you can
use the By attribute to specify metadata by which to aggregate the data before estimating (and applying) a model.
The PCA parameters such as the number of components and the kernel are the same across each subset, though.

Name
The operation name; determines the name of the new columns.

Channels
The channels to apply the decomposition to.
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Scale
Re-scale the data in the specified channels before fitting.

Num components
How many components to fit to the data? Must be a positive integer.

By
A list of metadata attributes to aggregate the data before estimating the model. For example, if the ex-
periment has two pieces of metadata, Time and Dox, setting By to ["Time", "Dox"] will fit the model
separately to each subset of the data with a unique combination of Time and Dox.

Whiten
Scale each component to unit variance? May be useful if you will be using unsupervized clustering (such
as K-means).

Polygon Gate

Draw a polygon gate. To add vertices, use a single-click; to close the polygon, click the first vertex a second time.

Name
The operation name. Used to name the new metadata field that’s created by this module.

X Channel
The name of the channel on the gate’s X axis.

Y Channel
The name of the channel on the gate’s Y axis.

X Scale
The scale of the X axis for the interactive plot.

Y Scale
The scale of the Y axis for the interactive plot

Hue facet
Show different experimental conditions in different colors.

Subset
Show only a subset of the data.
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Quadrant Gate

Draw a “quadrant” gate. To create a new gate, just click where you’d like the intersection to be. Creates a
new metadata column named name, with values name_1 (upper-left quadrant), name_2 (upper-right), name_3

(lower-left), and name_4 (lower-right).

Note: This matches the order of FACSDiva quad gates.

Name

The operation name. Used to name the new metadata field that’s created by this operation.

X channel
The name of the channel on the X axis.

X threshold
The threshold in the X channel.

Y channel
The name of the channel on the Y axis.

Y threshold
The threshold in the Y channel.

X Scale
The scale of the X axis for the interactive plot.

Y Scale
The scale of the Y axis for the interactive plot

Hue facet

Show different experimental conditions in different colors.

Subset
Show only a subset of the data.
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Range Gate

Draw a range gate. To draw a new range, click-and-drag across the plot.

Name
The operation name. Used to name the new metadata field that’s created by this module.

Channel
The name of the channel to apply the gate to.

Low

The low threshold of the gate.
High

The high threshold of the gate.

Scale
The scale of the axis for the interactive plot

Hue facet
Show different experimental conditions in different colors.

Subset
Show only a subset of the data.
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Count

400

200 -
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2D Range Gate

Draw a 2-dimensional range gate (eg, a rectangle). To set the gate, click-and-drag on the plot.

Name
The operation name. Used to name the new metadata field that’s created by this operation.

X channel
The name of the channel on the X axis.

X Low
The low threshold in the X channel.
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X High
The high threshold in the X channel.

Y channel
The name of the channel on the Y axis.

Y Low
The low threshold in the Y channel.

Y High
The high threshold in the Y channel.

X Scale
The scale of the X axis for the interactive plot.

Y Scale
The scale of the Y axis for the interactive plot

Hue facet

Show different experimental conditions in different colors.

Subset
Show only a subset of the data.
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Ratio

Adds a new “channel” to the workflow, where the value of the channel is the ratio of two other channels.

Name
The name of the new channel.

Numerator
The numerator for the ratio.

Denominator
The denominator for the ratio.
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TASBE Calibrated Flow Cytometry

This module combines all of the other calibrated flow cytometry modules (autofluorescence, bleedthrough com-
pensation, bead calibration, and channel translation) into one easy-use-interface.

Channels
Which channels are you calibrating?

Autofluorescence

Blank File
The FCS file with the blank (unstained or untransformed) cells, for autofluorescence correction.

Pacific Blue-A
500
250
D - T T T T T T T
—100 0 100 200 300 400 500 600 700
FITC-A
1000
500
D - T T T T
0 200 400 600 800
PE-Tx-Red-YG-A
500 4
D - L] T T T T T
0 200 400 600 800 1000 1200

Bleedthrough Correction
A list of single-color controls to use in bleedthrough compensation. There’s one entry per channel to
compensate.

Channel

The channel that this file is the single-color control for.
File

The FCS file containing the single-color control data.

Bead Calibration
The beads that you used for calibration. Make sure to check the lot number as well!
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The FCS file containing the bead data.
The unit (such as MEFL) to calibrate to.
Peak Quantile

The minimum quantile required to call a peak in the bead data. Check the diagnostic plot: if you have
peaks that aren’t getting called, decrease this. If you have “noise” peaks that are getting called incorrectly,
increase this.

Peak Threshold
The minumum brightness where the module will call a peak.
Peak Cutoff

The maximum brightness where the module will call a peak. Use this to remove peaks that are saturating
the detector.
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Color Translation

To Channel
‘Which channel should we rescale all the other channels to?

Use mixture model?
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If this is set, the module will try to separate the data using a mixture-of-Gaussians, then only compute the
translation using the higher population. This is the kind of behavior that you see in a transient transfection
in mammalian cells, for example.

Translation list

Each pair of channels must have a multi-color control from which to compute the scaling factor.
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104  10° 104 10° 10° 10t 10° 10°
PE-Tx-Red-YG-A PE-Tx-Red-YG-A
Threshold Gate
Draw a threshold gate. To set a new threshold, click on the plot.
Name
The operation name. Used to name the new metadata field that’s created by this module.
Channel
The name of the channel to apply the gate to.
Threshold
The threshold of the gate.
Scale
The scale of the axis for the interactive plot
Hue facet
Show different experimental conditions in different colors.
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Subset
Show only a subset of the data.
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Transform statistic

Apply a function to a statistic, and add it as a statistic to the experiment.

First, the module groups the data by the unique values of the variables in By, then applies Function to the statistic
in each group.

Note: Statistics are a central part of Cytoflow. More documentation is forthcoming.

Name
The operation name. Becomes the first part of the new statistic’s name.

Statistic
The statistic to apply the function to.

Function
The function to compute on each group.

Subset
Only apply the function to a subset of the input statistic. Useful if the function is very slow.

Views
Bar Chart

Plots a bar chart of a statistic.

Each variable in the statistic (ie, each variable chosen in the statistic operation’s Group By) must be set as
Variable or as a facet.
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Statistic
Which statistic to plot.

Variable
The statistic variable to use as the major bar groups.

Scale
How to scale the statistic plot.

Horizontal Facet
Make muliple plots, with each column representing a subset of the statistic with a different value for this
variable.

Vertical Facet
Make multiple plots, with each row representing a subset of the statistic with a different value for this
variable.

Hue Facet
Make multiple bars with different colors; each color represents a subset of the statistic with a different value
for this variable.

Error Statistic
A statistic to use to make the error bars. Must have the same variables as the statistic in Statistic.

Subset
Plot only a subset of the statistic.

10000 - Threshold
Bl False
8000 1 I True
G000 -
4000 ~
2000 1
D -
10.0
Density Plot

Plots a 2-dimensional density plot.

X Channel, Y Channel
The channels to plot on the X and Y axes.

X Scale, Y Scale
How to scale the X and Y axes of the plot.

Horizonal Facet
Make multiple plots. Each column has a unique value of this variable.
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Vertical Facet
Make multiple plots. Each row has a unique value of this variable.

Color Scale
Scale the color palette and the color bar

Tab Facet
Make multiple plots in differen tabs; each tab’s plot has a unique value of this variable.

Subset
Plot only a subset of the data in the experiment.
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10 40
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Export FCS

Exports FCS files from after this operation. Only really useful if you’ve done a calibration step or created deriva-
tive channels using the ratio option. As you set the options, the main plot shows a table of the files that will be
created.

Base
The prefix of the FCS file names

By
A list of metadata attributes to aggregate the data before exporting. For example, if the experiment has two
pieces of metadata, Time and Dox, setting By to ["Time", "Dox"] will export one file for each subset of
the data with a unique combination of Time and Dox.

Keywords
If you want to add more keywords to the FCS files’ TEXT segment, specify them here.

Export...

Choose a folder and export the FCS files.
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Histogram

Plots a histogram.

Channel
The channel for the plot.

Scale
How to scale the X axis of the plot.

Horizonal Facet
Make multiple plots. Each column has a unique value of this variable.

Vertical Facet
Make multiple plots. Each row has a unique value of this variable.

Color Facet
Plot with multiple colors. Each color has a unique value of this variable.

Color Scale
If Color Facet is a numeric variable, use this scale for the color bar.

Tab Facet
Make multiple plots in differen tabs; each tab’s plot has a unique value of this variable.

Subset
Plot only a subset of the data in the experiment.
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2D Histogram

Plots a 2-dimensional histogram. Similar to a density plot, but the number of events in a bin change the bin’s
opacity, so you can use different colors.

X Channel, Y Channel
The channels to plot on the X and Y axes.

X Scale, Y Scale
How to scale the X and Y axes of the plot.

Horizonal Facet
Make multiple plots. Each column has a unique value of this variable.

Vertical Facet
Make multiple plots. Each row has a unique value of this variable.

Color Facet
Plot with multiple colors. Each color has a unique value of this variable.

Color Scale
If Color Facet is a numeric variable, use this scale for the color bar.

Tab Facet
Make multiple plots in differen tabs; each tab’s plot has a unique value of this variable.

Subset
Plot only a subset of the data in the experiment.
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1D Kernel Density Estimate

Plots a “smoothed” histogram.

Channel
The channel for the plot.

Scale
How to scale the X axis of the plot.

Horizonal Facet
Make multiple plots. Each column has a unique value of this variable.

Vertical Facet
Make multiple plots. Each row has a unique value of this variable.

Color Facet
Plot with multiple colors. Each color has a unique value of this variable.

Color Scale
If Color Facet is a numeric variable, use this scale for the color bar.

Tab Facet
Make multiple plots in differen tabs; each tab’s plot has a unique value of this variable.

Subset
Plot only a subset of the data in the experiment.
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2D Kernel Density Estimate

Plots a 2-d kernel-density estimate. Sort of like a smoothed histogram. The density is visualized with a set of
isolines.

X Channel, Y Channel
The channels to plot on the X and Y axes.

X Scale, Y Scale
How to scale the X and Y axes of the plot.

Horizonal Facet
Make multiple plots. Each column has a unique value of this variable.

Vertical Facet
Make multiple plots. Each row has a unique value of this variable.

Color Facet
Plot with multiple colors. Each color has a unique value of this variable.

Color Scale
If Color Facet is a numeric variable, use this scale for the color bar.

Tab Facet
Make multiple plots in differen tabs; each tab’s plot has a unique value of this variable.

Subset
Plot only a subset of the data in the experiment.
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Parallel Coordinates Plot

Plots a parallel coordinates plot. PC plots are good for multivariate data; each vertical line represents one at-
tribute, and one set of connected line segments represents one data point.

Channels
The channels to plot, and their scales. Drag the blue dot to re-order.

Add Channel, Remove Channel
Add or remove a channel

Horizonal Facet
Make multiple plots. Each column has a unique value of this variable.

Vertical Facet
Make multiple plots. Each row has a unique value of this variable.

Color Facet
Plot different values of a condition with different colors.

Color Scale
Scale the color palette and the color bar

Tab Facet
Make multiple plots in differen tabs; each tab’s plot has a unique value of this variable.

Subset
Plot only a subset of the data in the experiment.

B1-4 WV2-A Y2-A F5C-A
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Radviz Plot

Plots a radviz plot. Radviz plots project multivariate plots into two dimensions. Good for looking for clusters.

Channels
The channels to plot, and their scales. Drag the blue dot to re-order.

Add Channel, Remove Channel
Add or remove a channel

Horizonal Facet
Make multiple plots. Each column has a unique value of this variable.

Vertical Facet
Make multiple plots. Each row has a unique value of this variable.

Color Facet
Plot different values of a condition with different colors.

Color Scale
Scale the color palette and the color bar

Tab Facet
Make multiple plots in differen tabs; each tab’s plot has a unique value of this variable.

Subset
Plot only a subset of the data in the experiment.

V2-A
Dox
10
10.0
Y2-A *'j- B1-A
[ ] ‘Li.| 4 ]
FSC-A
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Scatterplot

Plot a scatterplot.

X Channel, Y Channel
The channels to plot on the X and Y axes.

X Scale, Y Scale
How to scale the X and Y axes of the plot.

Horizonal Facet
Make multiple plots. Each column has a unique value of this variable.

Vertical Facet
Make multiple plots. Each row has a unique value of this variable.

Color Facet
Plot with multiple colors. Each color has a unique value of this variable.

Color Scale
If Color Facet is a numeric variable, use this scale for the color bar.

Tab Facet
Make multiple plots in differen tabs; each tab’s plot has a unique value of this variable.

Subset
Plot only a subset of the data in the experiment.
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1D Statistics Plot

Plots a line plot of a statistic.

Each variable in the statistic (ie, each variable chosen in the statistic operation’s Group By) must be set as
Variable or as a facet.

Statistic
Which statistic to plot.

Variable
The statistic variable put on the X axis. Must be numeric.

X Scale, Y Scale
How to scale the X and Y axes.

Horizontal Facet
Make muliple plots, with each column representing a subset of the statistic with a different value for this
variable.

Vertical Facet
Make multiple plots, with each row representing a subset of the statistic with a different value for this
variable.

Hue Facet
Make multiple bars with different colors; each color represents a subset of the statistic with a different value
for this variable.

Color Scale
If Color Facet is a numeric variable, use this scale for the color bar.

Error Statistic
A statistic to use to make the error bars. Must have the same variables as the statistic in Statistic.

Subset
Plot only a subset of the statistic.

MeanByDox : geom_mean
(]
[]
P
i

10° 10!t
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2D Statistics Plot

Plot two statistics on a scatter plot. A point (X,Y) is drawn for every pair of elements with the same value of
Variable; the X value is from ** X statistic** and the Y value is from Y statistic.

X Statistic
Which statistic to plot on the X axis.

Y Statistic
Which statistic to plot on the Y axis. Must have the same indices as X Statistic.

X Scale, Y Scale
How to scale the X and Y axes.

Variable
The statistic variable to put on the plot.

Horizontal Facet
Make muliple plots, with each column representing a subset of the statistic with a different value for this
variable.

Vertical Facet
Make multiple plots, with each row representing a subset of the statistic with a different value for this
variable.

Color Facet
Make lines on the plot with different colors; each color represents a subset of the statistic with a different
value for this variable.

Color Scale
If Color Facet is a numeric variable, use this scale for the color bar.

X Error Statistic
A statistic to use to make error bars in the X direction. Must have the same indices as the statistic in X
Statistic.

Y Error Statistic
A statistic to use to make error bars in the Y direction. Must have the same indices as the statistic in Y
Statistic.

Subset
Plot only a subset of the statistic.

Table

Make a table out of a statistic. The table can then be exported.

Statistic
Which statistic to view.

Rows
Which variable to use for the rows

Subrows
Which variable to use for subrows.

Columns
Which variable to use for the columns.

Subcolumns
Which variable to use for the subcolumns.
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Export
Export the table to a CSV file.

Violin Plot

Plots a violin plot, which is a nice way to compare several distributions.

X Variable
The variable to compare on the X axis.

Y Channel
The channel to plot on the Y axis.

Y Channel Scale
How to scale the Y axis of the plot.

Horizonal Facet
Make multiple plots. Each column has a unique value of this variable.

Vertical Facet
Make multiple plots. Each row has a unique value of this variable.

Color Facet
Plot with multiple colors. Each color has a unique value of this variable.

Color Scale
If Color Facet is a numeric variable, use this scale for the color bar.

Tab Facet
Make multiple plots in differen tabs; each tab’s plot has a unique value of this variable.

Subset
Plot only a subset of the data in the experiment.

There are also a few odds and ends:
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5.1.20 Screenshots of the Cytoflow GUI

The main GUI.

File View Help

WX o S

New Open Save SavePlot Notebook Calibrate FCS Reportabug

The experiment editor.

WorkFflow ® View Properties 3]
1D Kernel Density Estimat«
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X Channel: | FSC-A 0 Color | hear -
@ scale: = /\
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Linestyle: |solid
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. Orientation: |vertical
DenSlty 10" 10° 10° 10t Min:
. _ _ FITC-A Data
Estimate P =10000 1P =20000 mis:
Title:
Plots a “smoothed” histogram.
X label:
Channel 10" 10?2 10 10t 100 10?0 100 10 Y label:
The channel for the plot. FITCA FITC-A
Hue label:
Scale = -
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The plot editor.
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Cytoflow*

File View Help
Plot Parameters
Smooth: [
Min:
X Limits:
Max:
Min:
Y Limits:
Max:
Title:
X label:
Y label:
Hue label:
Columns:
style: | whitegrid =
Context: |talk &

Legend: &

Share
X axis? &

Share
Y axis? @

Despine? &

Pacific Blue-A

Export
width: |11

Height: |8.5
Dpi: |96
Export figure...

Do exit: | Return to Cytoflow

FSC-A

Convert FCS files to calibrated units.
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Cytoflow*

File View Help
D TAsBE calibration

Autofluorescence

Morphology

Forward Scatter Channel: | FSC-A
side Scatter Channel: | SSC-A =

Channels To Calibrate

™ Fitc-a & Pacific blue-a

] Fsc-a ] ssc-a

& Pe-tx-red-yg-a

Bleedthrough Correction

Bead Calibration

Beads: |Spherotech R¢ = |

Bead prcp [MEFL -
units: N

Blank File: #he/(nnlruls/BlankJ_H12_H12_P3.ch ‘ =]

FITC-A ',’tashe{(unlruls[EYFP-1_H1D_H1D_P3.ch ‘ =
Pacific Blue-A /controls/EBFP2-1_H9_H09_P3.fcs | [

PE-Tx-Red-YG-A |ontrols/mkate-1_H8_H08_P3.fcs | [

Beads file: be/(nnlruls/BEADS-1_H7_HOT_P3.ch ‘ =]

Peak

Quantile: [so

Peak

Threshold : 100

Peak
Cutoff:

Color Translation
| Do color translation? |
To channel: | FITC-A =

Use mixture
model? g

Output
Status: Done estimating

Output directory: |

Estimate parameters

Pacific Blue-A -> FITC-A 3Y-1_H11_H11_P3.fcs | (@

PE-Tx-Red-YG-A -> FITC-A -1_H11_H11_P3.fcs | (@

Convert files...

| Return to Cytoflow |

L 10°

Morphology = Autofluorescence Bleedthrough Bead Calibration | Color Translation
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Help

TASBE
Calibrated
Flow
Cytometry

This module combines all of the other
calibrated flow cytometry modules
(autofluorescence, bleedthrough
compensation, bead calibration, and
channel translation) into one easy-
use-interface.

Files
Choose the files to calibrate

X Morpho Channel
The X channel to select
morphology

X Morpho Scale
How to scale the X morpho
channel?

Y Morpho Channel
The Y channel to select
morphology

Y Morpho Scale
How to scale the Y morpho
channel?

Fluorescence channels
Which channels are you
calibrating?

Autofluorescence
Blank File
The FCS file with the blank
(unstained or untransformed)
cells, for autofluorescence
correction.

it e

One-dimensional Gaussian mixture models.

B ®
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3500

Transfected
[ Transfected_1
[0 Transfected_2

-10? o 102 10° 10t 109
PE-Tx-Red-YG-A

Two-dimensional kernel density estimates.
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Transfected
Transfected_1
Transfected 2
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‘104 -

10° - (=

PE-Tx-Red-YG-A

10° 3

02 =

10° 104
SSC-A

Violin plots to compare distributions.
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L
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-10°

-10*

1.0 20 5.0
Dox

Calibrate raw data to physical calibrants like beads.
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Bin data to analyze subsets.
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Summarize data with statistics plots.
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Export straight to a Jupyter notebook.
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@ -0 Jupyter Notebook Viewer - Google Chrome
/Dot B (B (wdwi@B e @dec@(pdctcinysx\ci\_ e
€ c Q | nb'.'iewer.jupyter.org,’github,’bpteague/cytoﬂow-examplesjlﬂz' [ B~ IR S 1) =

:Jupyter JUPYTER  FAQ = O I

nbviewer

In [19]: ex_bin.metadata["Dox"]["repr"] = "log"
flow.StatslDView(name = "Dox vs IFP",

by = "Dox",

ychannel = "Pacific Blue-A",

huefacet = "CFP_Bin",

subset = "Morphol == True and Morpho2 == True and "

"Plasmids = 200 and CFP_Bin Count > 508",
yfunction = flow.geom mean).plot(ex bin)
plt.ylabel("IFP (logl® MEFL)"}
plt.xlabel("[Dox] (uM)")
plt.yscale("log")
_ = plt.title("Raw Dox transfer curve, colored by plasmid bin")

10° - Raw Dox transfer curve, colored by plasmid bin _

g8 8 8 8 ® & &

IFP (log10 MEFL)

10*

[Dox] (uM}

| ¢
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5.1.21 Frequently Asked Questions

These are some questions that are commonly asked about Cytoflow’s GUI, especially by new users.
I’ve made one of the panels (eg, the View settings panel) disappear. How do I make it come back?
You can restore them by going to the View menu and toggling the checkbox next to the panel that you made disappear.

I have some information in the FCS files’ metadata that I’d like to use as experimental variables. How do I
“import” them?

In the Experiment Setup dialog:
1. Click Add a variable
2. Select FCS Metadata as the variable type
3. Choose the metadata you want from the Name dropdown

4. Change the Type to something appropriate — probably Number or Category

5.1.22 Tutorials

The following are step-by-step examples to get you started using Cytoflow. They include both some basic tutorials as
well as examples of some more advanced analyses.

Easy tutorials

Advanced tutorials

Tutorial: Transcriptional Repressor Characterization

This example demonstrates using cytoflow to use calibrated flow cytometry to characterize a transcriptional repressor
in a mammalian multi-plasmid system. The implementation closely follows that described in Beal et al and its imple-
mentation in Davidsohn et al. The experiment whose data we’ll be analyzing characterizes a TALE transcriptional
repressor (TAL14, from Li et al) using a multi-plasmid transient transfection in mammalian cells, depicted below:

P@.
2 ¥,

The small molecule doxycycline (“Dox”) drives the transcriptional activator rtTA3 to activate the transcriptional re-
pressor (“R1” in the diagram), which then represses output of the yellow fluorescent protein EYFP. rtTA3 also drives
expression of a blue fluorescent protein, eBFP, which serves as a proxy for the amount of repressor. Finally, since we’re
doing transient transfection, there’s a huge amount of variability in the level of transfection; we measure transfection
level with a constitutively expressed red fluorescent protein, mKate.

Dox —) Output

If you’'d like to follow along, you can do so by downloading one of the cytoflow-#####-examples-advanced.zip files
from the Cytoflow releases page on GitHub. The files are in the tasbe/ subdirectory.
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Setup

o Start Cytoflow. Under the Import Data operation, choose Set up experiment...
¢ Add one variable, Dox — make it a Number.

* Load the TAL14. ... fcs files from the tasbe/ subdirectory, and fill in the Dox concentrations as per the table

below:
Experiment Setup - 0o X
Variables Tubes
X Type: FCS Metadata - Name: CF_File - Index -  CF_File Dox
X Type: Number - Name: Dox 2 el 0.0
1 TAL14 2 0.1
2 TAL14 3 0.2
3 TAL14 4 0.5
4 TAL14 5 1.0
5 TAL14 6 2.0
6 TAL14 7 5.0
7 TAL14 8 10.0
8 TAL14 9 20.0
9 TAL14 10 50.0
10 TAL14 11 100.0
11 TAL14 12 200.0
12 TAL14 13 500.0
13 TAL14 14 1000.0
14 TAL14 15 2000.0
Add a variable Add tubes.... Remove tubes Import from CSV...

Cancel OK

Gate out the debris

 Use a scatter plot to look at the FSC_A and SSC_A channels:
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View Properties
Scatter Plot

X Channel: FSCA |

X Scale:

Y Channel:

Y Scale: log -
Horizontal

10 4_ Facet:

-1 Vertical
- Facet:

Color
Facet:

Color
Scale:

Tab
Facet:

Subset
Dox: [0

SSC_A

103_ sl -

L Plot Parameters

a
H

NheESESHOPr S«

vl
2 ol
88|

9

1
104

Alpha: 0.1]

Size: 2

Marker: o -

* This looks pretty good — a nice tight distribution. Let’s use a 2D gaussian model to take 2 standard deviations

around the centroid.

Cytometry analysis - Cytoflow*
File View Help
0w & & * &

New Open Save SavePlot Notebook Reportabug Preferences

Workflow £l View Properties
2D Mixture Model Default Plot
1 (@) mport Data = Morpho_1 Xchannel: FSC_A
Import 1 — -
 False Ychannel: SSC_A
H True
Horizontal
Facet, | [None -
(Morpho = o
‘Gaussian Mixture Model Yertical Inone -
acet: [NOE

F
Name: Morpho 10 - View warning: Setting ‘huefacet to 'Morpho_1'
X Channel: FSC_A

Y Channel: SSC_A

-+
=

BHENNTFSSHOP AN«

E X scale: log
b3 ¥ scale: log
0 Estimation parameters
Num i
Components:
0 sigma: 2
Estimates  Dox <,
By: 9
Subset o
©@  oox: 0 O {1 2000
=4
[ Estimate!
=
¥
X
A
Plot Parameters
B — Alpha: 0.25
100 .
Help - SC A size: 2
= Marker: o -
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TASBE Calibration

¢ Use the TASBE calibration module to calibrate the FITC_A, Pacific_Blue_A, and PE_Tx_Red_YG_A channels.
Settings:

Autofluorescence / Blank file: controls/Blank-1_H12_H12_P3. fcs
— Bleedthrough / PE_Tx_Red_YG_A file: controls/mkate-1_H8_HO8_P3. fcs
— Bleedthrough / FITC_A file: controls/EYFP-1_H10_H10_P3. fcs

— Bleedthrough / Pacific_Blue_A file: controls/EBFP2-1_H9_H09_P3. fcs

— Beads: Spherotech RCP-30-5A Lot AA®1-AA04, ABO1, ABO2, ACO1, GAAO1-R
— Beads file: controls/BEADS-1_H7_H07_P3. fcs

— Beads unit: MEFL

— Remaining beads parameters: left at default

— Color translation / Do color translation? : True

— Color translation / To channel: FITC_A

— Color translation / Use mixture model? True

— Color translation / PE_Tx_Red_YG_A -> FITC_A: controls/RBY-1_H11_H11_P3.fcs
— Color translation / Pacific_Blue_A -> FITC_A: controls/RBY-1_H11_H11_P3. fcs
— Subset / Morpho_1+: True
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) TASBE <
Quantitative Pipeline
v FITC_A v Pacific_Blue_A

Channels: FSC A SSC A

v PE_Tx_Red YG A
Autofluorescence
Blank file: be/controls/Blank-1_ H12 H12 P3.fcs
Bleedthrough Correction
PE_Tx_Red YG_A itrols/mkate-1_H8 HO08 P3.fcs
FITC_A l/tasbe/controls/EYFP-1_H10 H10_P3.fcs
Pacific Blue A controls/EBFP2-1 H9 H09 P3.fcs
Bead Calibration

Beads: RCP-30- -
Beads file: .e/controls/BEADS-1 H7 HO7 P3.fcs

Beads unit: MEFL -
(I?\)?le;tile: 80
Threshold : 100.0
Cutoft: None

Color Translation
Do color translation?

To channel: FITC_A -

Use mixture v
model?

PE_ Tx Red YG A -> FITC_A 1 H11l H11 P3.fcs
Pacific Blue A -> FITC_A 3Y-1_H11 H11 _P3.fcs
Subset

Morpho 1+ v Morpho 1-

Dox: 0 2000

Estimate progress: Valid model estimated!

Estimate!
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Autofluorescence

800 -

600 —

400 -

200 -

800 —

600 -

400 -

200 -

600 -
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200 -

0=
—-100

Bleedthrough Bead Calibration

200

0 100
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Color Translation

PE_Tx_Red_YG_A

600
FITC_A

1
400

Pacific_Blue_A

300

400

800

600
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1000

800

600

1200

1000
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5.1. User manual

203



Cytoflow Documentation, Release 1.2+0.9g70c0df5.dirty

Autofluorescence

Bleedthrough

Bead Calibration

Color Translation
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Autofluorescence Bleedthrough Bead Calibration ‘ Color Translation

80 —

70 -

60 —

10° -
50 -

40 -

30 -

20 -

10 -

MEFL

i ! 1 | —— ; ; ; — ——
10t 103 10° 107 102 103
FITC_A FITC_A
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Autofluorescence  Bleedthrough Bead Calibration Color Translation

108 80 -

70 =

107 60 -

50 =

40 -

FITC_A

30 -

10 20 -

10 -

e e e —— e I L e UL B e
10t 102 103 104 10° 10t 102 103 104 10°
PE_Tx_Red YG_A PE_Tx_Red YG_A
% 80 -
108
70 -

60 -
107

50 =

40 -

FITC_ A

30 -

20 -

=
o
o

10 -

o

1
10t 10? 10° 10% 10! 10? 10° 10% 10°
Pacific_Blue_A Pacific_Blue_A

Binned Analysis

As described above, the example data in this notebook is from a transient transfection of mammalian cells in tissue
culture. What this means is that there’s a really broad distribution of fluorescence, corresponding to a broad distribution
of transfection levels.

e Let’s check the PE_Tx_Red_YG_A channel, where our mKate transfection marker is:
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View Properties
Histogram Plot
Channel: PE_Tx_Red YG A -

Scale: log -

Horizontal
Facet:

Vertical
Facet:

Color *‘

Facet: (None =

Color |

Scalg; lnear

Tab

Facet: None |
Subset

Dox: 0 |l | 2000
Morpho_1+ V| Morpho_1-

None

None

B NhFrSSHOPEN« % .

Plot B

Num bins: None

10°
PE_Tx_Red_YG_A Histtype: stepfilled -

Linachula: [calid

The way we handle this data is by dividing the cells into bins depending on their transfection levels. We find that
cells that recieved few plasmids frequently behave differently (quantitatively speaking) than cells that received many
plasmids. The Binning module applies evenly spaced bins; in this example, we’re going to apply them on a log scale,
every 0.1 log-units.

* Apply the Binning module with a log scale and a bin width of 0.1 log units:

Workflow @
/) Import Data
N x
ZH 3500 108
@ Morpho 5
Gaussian Mixture Model
masee 3000 107
OQuantitative Pipeline
/) CFP_Bin o
O Binning & 2500 - 108

Name: CFP_Bin
Channel: PE_Tx_Red YG A -
Scale: log

Bin Width: 0.1

2000

CFP_Bin

1500

1000 =

500 -

TN R NE<MOEPAIMeE R

10* 10° 10° 107 108
Help co PE_Tx_Red_YG_A

* Also, we really only want to look at transfected cells — so let’s use a 1D Gaussian gate to separate the transfected
population from the untransfected population:
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Workflow
{ 1 @ :mporl"t Data = 2000 - Transfected
mpo Transfected_1
ZH Transfected_2
Transfected_None
- @Morpho = -
-l-!- Gaussian Mixture Model 1750 -
@TASBE X
@ Quantitative Pipeline
Z 1500 -
() CFP_Bin =
> %, Binning
o
? 1250 -
b @ Transfected =
[j Gaussian Mixture Model
Name: Transfected
/y\ Channel: PE_Tx Red YG_A - 1000 -
(@w Scale: log
" Estimation parameters
b Num
il Components: 2 750 -
?’\* Sigma: None
~ Group CFP_Bin Morpho_1
Estimates
* By: Dox
y" Subset 500 -
CFP_Bin: 19.95 t .512e+08
AF oox: o 2000
Morpho_1+ v Morpho_1-
/ Estimate! 250
0- ) o O R . T . o
10* 10° 10° 107 10°
Help PE_Tx_Red_YG_A

Creating Transfer Curves

e Let’s normalize our input and output fluorescent proteins by our constitutive protein expression using Ratio
operation:

v InputPerConstitituve

Ratio X

Name: InputPerConstitituve
Numerator: Pacific Blue A -

Denominator: PE Tx Red YG A -
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v OutputPerConstitutive
Ratio

Name: OutputPerConstitutive
Numerator: FITC A -
Denominator: PE Tx Red YG A -

* Now, create four statistics: the geometric mean of the input and output fluorescence measurements ,both normal-
ized and not, for each bin, in each Dox condition. And make sure to only look at transfected single cells!
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v/ Input
Channel Statistics
Name: Input
Channel: Pacific_Blue A -

Function: Geom.Mean -

Group v CFP_Bin Morpho 1
By: Dox Transfected
Subset
Morpho_1+ v Morpho_1-
Dox: 0 2000

Transfected: Transfected 1 + Transfected 2
CFP_Bin: 19.95 512e+08
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v/ Output
Channel Statistics

Name: Output
Channel: FITC A -
Function: Geom.Mean -
Group v CFP_Bin Morpho 1
By: Dox Transfected
Subset
Morpho 1+ + Morpho_1-
Dox: 0 2000

Transfected: Transfected_1 « Transfected_2

CFP_Bin: 19.95 .512e+08
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@ InputNormalized -
Channel Statistics

Name: InputNormalized
Channel: Pacific_Blue A -

Function: Geom.Mean -

Group v CFP_Bin Morpho 1
BYy: v Dox Transfected
Subset
Morpho_1+ v Morpho_1-
Dox: O 2000

Transfected: Transfected 1 + Transfected 2

CFP _Bin: 19.95 .512e+08
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@ OutputNormalized .
Channel Statistics

Name: OutputNormalized
Channel: OutputPerConstitutive -
Function: Geom.Mean -

Group v CFP_Bin Morpho 1

By: Dox Transfected
Subset
Morpho 1+ + Morpho 1-
Dox: 0 2000
Transfected: Transfected_1 + Transfected 2
CFP_Bin: 19.95 .512e+08

* Now, we can start looking at transfer curves. First question: does the blue signal (our “input” signal) increase as
we increase Dox concentration?
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®

View Properties

One-Dimensional Statistics Plot
Statistic: (‘Input’, 'Geom.Mean')

Statisti
scale: o3|

Variable: Dox -]

Variable
n 10° Scale: [log n
Horizontal
Facet: . Nome -

Vertical

Facet: None -

Hue . (CFPBin -
H
conle: 09|

Error
Statistic:

Subset
CFP_Bin: 631000 | | | |.512e+08]

Dox: 0 | 2000 |
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CFP_Bin

- 107

Input : Geom.Mean

106 -

Plot

®

X label: None
Y label: None

Hue label: None

. EENNhFSSHEOPENE - .

Columns: None

— 106 e
L Style: whitegrid -/

Context: paper -]
s— — — — Tt ————rr Show legend? v
107t 10° 10t 10? 10° Share
Dox X axis?
b -

"
®

View Properties
One-Dimensional Statistics Plot
Statistic: (‘InputNormalized', 'Geom.Mean’) -/

Stati
Scal

istic
e o9 |

Variable: Dox

108 Variable
[ 10 Scale: log

Horizol

Facet:
Vertical
Facet:

ntal \7None
100 -
] [None

Hue ~pn .
Facet; CFPBin -

/z’
i |
1 /,/{’

> 4,_/47;/1; |
)

géjaele: llog -
Error
Statistic:
Subset
CFP_Bin: 631000 |~ |512e+08
Dox: [0 [ 12000

|None -]

CFP_Bin

- 107

heSESHOPEN« I

InputNormalized : Geom.Mean
5
I
|

/

EEIN

9

Plot

®
®

1077 -

X label: None
Y label: None

Hue label: None

Columns: None

108
[ Style: whitegrid -

Context: paper
Show legend? v/

1071 10° 10! 107 10% share | |
Dox X axis?
hare 3

Yes! That’s a good sign that our experiment is working.

* Does the yellow signal (our “output”) decrease as the blue signal (our “input”) increases? le, is the repressor
“inverting” the signal?
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108 -

Output : Geom.Mean

10° -

107 =

1077 =

OutputNormalized : Geom.Mean
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e o e
10° 107
Input : Geom.Mean

View Properties
Two-Dimensional Statistics Plot
X Statistic: ('lnput’, 'Geom.Mean')

X Scale: log -

Y Statistic: ('Output’, 'Geom.Mean')

Y Scale: log -]
~ 108 B
5 10 Variable: Dox
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Linestyle: solid

Marker:

Markersize: 6

Capsize: None
Alpha: 1.0
Min: [None
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X Limits:

(! Max: [None
108
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Y Limits:
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Two-Dimensional Statistics Plot
X Statistic: ('InputNormalized', 'Geom.Mean')

X Scale: log -]

Y Statistic: (‘OutputNormalized', 'Geom.Mean') -

Y Scale: log -|

- 108

Variable: Dox

Horizontal
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Facet:
Color
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X Error
Statistic:

Y Error
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Subset
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CFP_Bin
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Linestyle: solid

Marker:

Alpha: 1.0

Markersize: 6
\ 108 Capsize: None

1072 107!

InputNormalized : Geom.Mean

Min: [None

- . — X Limits:
! Max: None

Min: None

Y Limits:
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The data is a little “messy” — primarily because of bins that didn’t have many events in them, and thus gave quite
noisy signals — but it’s clear that we are seeing an inversion of the input signal to the output signal. The repressor

works.
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5.1.23 How-To Guides

These guides are “recipes” — step-by-step guides to accomplish a particular task. They are a little higher-level than the
tutorials. If there is something that you find confusing, please feel free to submit a bug report (or even better, a patch
or pull request.)

5.1.24 Users’ guides

These documents help you understand some of the principles Cytoflow is based on and some subtler points about using
it to analyze flow cytometry data. They can help you use Cytoflow more effectively!

5.2 Developer Manual

So you want to use cytoflow in your own Python-based analyses. Great! May I recommend you start with the rutorials
and examples — they will give you a feel for the kinds of things you can use cytofIlow to do. All of them are generated
from Jupyter notebooks, and those notebooks and data can be found in the Releases tab at the project homepage (look
for cytoflow-$VERSION-examples-basic.zip and cytoflow-$VERSION-examples-advanced.zip).

Then, if you decide you want to have a go, see the installation notes. Quick hint: if you have Anaconda installed, say:

conda config --add channels cytoflow
conda create --name cytoflow cytoflow

This creates a new Anaconda environment named cytoflow and installs the latest cytoflow package from the Ana-
conda Cloud.

For more details of these modules, you’re likely to want to see the module documents

5.2.1 Contents:

Tutorials

These tutorials illustrate some of the capabilities of the cytoflow library. They are generated from the example
notebooks and data sets in the cytoflow-$VERSION-examples-basic.zip file, available from the Releases tab at
the project homepage. Feel free to fire up a Jupyter notebook and follow along!

Basic example cytometry workflow

Welcome to cytoflow! I'm glad you're here. The following is a heavily commented workflow for importing a few
tubes of cytometry data and doing some (very) basic analysis. The goal is to give you not only a taste of using the
library for interactive work, but also some insight into the rationale for the way it’s designed the way it is and the way
it differs from existing projects.

cytoflow’s goal is to enable quantitative, reproducible cytometry analysis. Reproducibility between cytometry exper-
iments is poor, due in part to differences in analysis between operators; but if all your analysis is in a Jupyter notebook
(like this one!), then sharing and reuse of workflows is much easier.

Let’s look at a very basic experiment, containing only two tubes. These two tubes contain cells that are expressing
fluorescent proteins as the read-out of some cell state. We’ll assume that these two tubes are identical, except that
one has been induced with 1 uM of the small molecule inducer Doxycycline (aka ‘Dox’) and the other tube has been
induced with 10 uM Dox.
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Start by setting up Jupyter’s plotting interface, then import the cytoflow module.

# in some buggy versions of the Jupyter notebook, this needs to be in its OWN CELL.
%matplotlib inline

import cytoflow as flow

# 1f your figures are too big or too small, you can scale them by changing matplotlib's.
—DPIT

import matplotlib

matplotlib.rc('figure', dpi = 160)

The central data structure in cytoflow is the Experiment, which is basically a pandas.DataFrame containing the
events; its associated metadata (experimental conditions and the like); and some methods to manipulate them.

You usually create an Experiment using an instance of the ImportOp class. Start by defining two tubes, including their
experimental conditions (ie, how much Dox is in each); then give those tubes, and a dict specifying the experimental
conditions’ names and types, to ImportOp. Call the apply () function to get back the Experiment with all the data
in it.

tubel = flow.Tube(file = 'data/RFP_Well_A3.fcs"',
conditions = {'Dox' : 10.0})

tube2 = flow.Tube(file='data/CFP_Well_A4.fcs',
conditions = {'Dox"' : 1.0})

import_op = flow.ImportOp(conditions = {'Dox' : 'float'},
tubes = [tubel, tube2])

ex = import_op.apply()

Once you have an Experiment instance, this is the last time you should ever think about tubes or wells. Rather, think of
your experiment as a very large set of single-cell measurements, each of which has some metadata associated with it; in
this case, how much Dox the cell was exposed to. cytoflow helps you focus your analysis on how those measurements
change as the experimental conditions change, without worrying about what cells were in what tube.

Let’s have a quick look at one of the fluorescence channels, Y2-A. Instantiate a HistogramView and tell it which
channel we’re looking at, then call plot and pass it the experiment containing the data. Remember, this is not a single
tube, but rather all the data in the Experiment.

hist = flow.HistogramView()
hist.channel = 'Y2-A'
hist.plot(ex)
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Hmmm. This plot is hard to interpret because most of the data is clustered around 0, in the linear range of the detector’s
response. Let’s re-plot using a different scale. My favorite is 1ogicle, which has a linear response around O and a
log range elsewhere. We specify the plot scale by setting the scale attribute of HistogramView to logicle; other
options are log and linear.

The cell below also demonstrates a different way to parameterize the Hi stogramView instance, by passing parameters
to the constructor instead of setting the values of the instance’s attributes after we make it. Either way is correct.

hist = flow.HistogramView(channel = 'Y2-A'",
scale = 'logicle')
hist.plot(ex)
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Ah, much better. There is clearly a population of cells around 0 and a population of cells around about 5000. But!
This is the entire Experiment — is is one of the populations from the low-Dox tube and the other population from the
high-Dox tube?

Let’s see if the histogram is different for the two different concentrations of inducer. CytoFlow’s plotting takes inspi-
ration from Trellis plots (eg the lattice package in R): to split the data into subsets, you tell the plotting module which
metadata “facet” you want to plot in the X, Y and color (hue) axes.
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This time, we tell HistogramView to make a separate plot for each different value of Dox and stack them on top of
eachother by saying yfacet = 'Dox'; if we wanted the plots side-by-side, we would have said xfacet = 'Dox"'.

Also note that this time, we don’t keep around the HistogramView object; if we don’t need to re-use it, we can just
call plot right after the constructor.

flow.HistogramView(channel = 'Y2-A",
scale = 'logicle',
yfacet = 'Dox').plot(ex)

Dox = 1.0
700 -

600 -
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400 -
300 -
200 —
100 -
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Indeed, the two tubes have dramatically different histograms. We could also plot them on top of eachother with different
colors, by using huefacet instead of yfacet.

flow.HistogramView(channel = "Y2-A",
scale = "logicle",
huefacet = 'Dox').plot(ex)
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So, there’s a clear difference between these tubes: one has a substantial population above about ~200 in the Y2-A, and
the other doesn’t. What’s the proportion of “high” cells? Let’s gate out the “high” population using a ThresholdOp.

thresh = flow.ThresholdOp(name = "T",
channel = "Y2-A",
threshold = 200)

ex2 = thresh.apply(ex)

Two important things to note here: first, an Operation (such as ThresholdOp) does not operate in place; instead, you
create a ThresholdOp object, then call apply() to run it on an Experiment. The apply () function returns a new
Experiment.

Second, a gate does not remove events; it simply adds additional metadata to the events already there. You can see this
if we look at the underlying pandas.DataFrame for ex and ex2:

print(ex.data.head())
print("----")
print(ex2.data.head())

B1-A B1-H B1-W Dox FSC-A FSC-H 0 -127.094002 .
—257.718353 -63040.300781 10.0 459.962982 437.354553
-70.234840 255.798340 -34034.042969 10.0 -267.174652 365.354553
-96.471756 313.398346 -41931.687500 10.0 -201.582336 501.354553
18.831570 277.669250  8514.489258 10.0 291.259888 447.029755
100.882095 255.756256 51291.074219 10.0 -397.168579 354.565308

BwWw N =

FSC-W HDR-T SSC-A SSC-H SSC-W 0 137847.578125 .
—2.018511  840.091370  747.917847 147225.328125
-95849.679688 27.451754 3476.902344 3163.917969 144038.046875
-52700.828125 32.043865 480.270691 507.917877 123937.437500
85399.273438 79.327492 8026.275879 6741.838867 156043.484375
-146821.125000 79.731194 7453.750488 609.884277 262143.968750

B W N =

V2-A V2-H V2-w Y2-A Y2-H O 41.593452 240.
153854  22701.017578  109.946274  153.630051
1 103.437637 336.153870  40332.058594 5554.108398 4273.629883
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2 -271.375580 256.153870 -138860.828125 81.835281 121.630051
3 -26.212378 207.677841 -16543.453125 -54.120304 98.122017
4  44.559933 216.036865 27035.013672 -10.542595 127.326027

Y2-w
0 93802.468750
1 170344.203125
2  88188.023438
3 -72294.242188
4 -10852.761719

B1-A B1-H B1-W  Dox FSC-A FSC-H 0 -127.094002 .

—257.718353 -63040.300781 10.0 459.962982 437.354553
1 -70.234840 255.798340 -34034.042969 10.0 -267.174652 365.354553
2 -96.471756 313.398346 -41931.687500 10.0 -201.582336 501.354553
3 18.831570 277.669250  8514.489258 10.0 291.259888 447.029755
4 100.882095 255.756256 51291.074219 10.0 -397.168579 354.565308

FSC-W HDR-T SSC-A SSC-H SSC-W O 137847.578125 .,
—2.018511  840.091370  747.917847 147225.328125
-95849.679688 27.451754 3476.902344 3163.917969 144038.046875
-52700.828125 32.043865 480.270691 507.917877 123937.437500
85399.273438 79.327492 8026.275879 6741.838867 156043.484375
-146821.125000 79.731194 7453.750488  609.884277 262143.968750

W N =

V2-A V2-H V2-w Y2-A Y2-H O 41.593452 240.
—153854  22701.017578  109.946274  153.630051
1 103.437637 336.153870  40332.058594 5554.108398 4273.629883
2 -271.375580 256.153870 -138860.828125 81.835281 121.630051
3 -26.212378 207.677841 -16543.453125 -54.120304 98.122017
4  44.559933 216.036865 27035.013672  -10.542595 127.326027

Y2-W T
93802.468750 False
170344.203125 True
88188.023438 False
-72294.242188 False
-10852.761719 False

A W N~

In ex2, the ThresholdOp added a new column, named T, which has the same name as the ThresholdOp’s name
attribute. It is True if the Y2-A value is greater than 200, and False otherwise. The T column is now a piece metadata
just like the Dox concentration that we can use to facet the plots. For example, the following plots different Dox

concentrations in separate plots stacked on top of eachother (yfacet = "Dox"), and on each of these plots uses separate
colors for the “low” and “high” populations (huefacet = 'T'):
flow.HistogramView(channel = "Y2-A",

scale = "logicle",

yfacet = "Dox",
huefacet = 'T').plot(ex2)
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It’s also important to note that we can still access the underlying pandas.Dataframe: either by looking at the
Experiment.data attribute, or by referencing a column directly:

ex2["T"] .head(10)

False
True
False
False
False
False
True
False
True
False
Name: T, dtype: bool

O o0 NOUVT DD WN R

Because the data is all stored in a single pandas.Dataframe, we can use the pandas API, and indeed the rest of
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the SciPy stack, to ask sophisticated questions of the underlying data. For example, “how many events of each Dox
concentration were above the threshold?”

ex2.data.groupby(['Dox', 'T']).size()

Dox T

1.0 False 9946
True 54

10.0 False 5561
True 4439

dtype: int64

cytoflow can answer the same question for us using one of its statistics views. In cytoflow, a statistic is a number
that summarizes a population; one of the key features of cytoflow is that it makes it easy to see how these summary
statistics change as your experimental conditions change.

Several operations add statistics to an experiment; one of the most straightforward ones is ChannelStatisticOp. It
groups the experiment’s data by the conditions specified in by, then applies function to channel for each group.

In this case, we’ll divide up the data into the subgroups T == True & Dox == 1;T == True & Dox == 10;T ==
False & Dox == 1l;and T == False & Dox == 10. Then, we’ll apply the function len to the Y2-A channel.

ex3 = flow.ChannelStatisticOp(name = "ByDox",
channel = "Y2-A",
by = ['T", "Dox'],
function = len).apply(ex2)

Now we can look at the new statistic: Experiment.statistics is a dictionary whose keys are tuples and whose
values are the computed statistics (stored as MultiIndexed pandas.Series). The first element in the tuple is the
name of the operation that added it, and the second is defined by that operation. In this case, it’s 1en, the name of the
function.

ex3.statistics[("ByDox", "len")]

T Dox

False 1.0 9946
10.0 5561

True 1.0 54
10.0 4439

Name: ByDox : len, dtype: int64

We can also plot statistics using one of the various statistics views, such as BarChartView.

flow.BarChartView(statistic = ("ByDox", "len"),
variable = "Dox",
huefacet = 'T').plot(ex3)
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Statistics are important enough that they get an entire notebook of examples; please see Statistics.ipynb for a more
in-depth exploration.

I hope this makes the semantics of the cytoflow package clear. This was a pretty simplistic toy analysis; for more
sophisticated examples, see the other accompanying Jupyter notebooks.

Interactive Plots

The cytoflow package is designed for both scripting and interactive use. As much as I would like the whole world to
use data-driven gating and analysis methods, many workflows still require manually specifying gates, and this is most
easily done by drawing the gate on a plot.

Fortunately, through the combination of matplotlib and the Jupyter notebook, we can have the best of both worlds:
interactive REPL and plots that we can point-and-click with.

Clearly, this is best run interactively; but if you're looking at this notebook online, you should still get a flavor of the
package’s capabilities.

First, set up Jupyter’s matplotlib support, and import the cytoflow module. Note the %matplotlib notebook
instead of %matplotlib inline.

# in some buggy versions of the Jupyter notebook, this needs to be in its OWN CELL.
%matplotlib notebook

import cytoflow as flow

# if your figures are too big or too small, you can scale them by changing matplotlib's.
—DPT

import matplotlib

matplotlib.rc('figure', dpi = 160)

Load a few example files, conditioning them on a float variable Dox.
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tubel flow.Tube(file="'data/RFP_Well_A3.fcs', conditions {"Dox" : 10.0})
tube2 = flow.Tube(file='data/CFP_Well_A4.fcs', conditions = {"Dox" : 1.0})

import_op = flow.ImportOp(conditions = {"Dox" : "float"},
tubes = [tubel, tube2])

ex = import_op.apply()

Plot the Y2-A channel. We can see there’s a bimodal distribution in one of the tubes.

flow.HistogramView(channel = "Y2-A",
scale = "logicle",
huefacet = "Dox") .plot(ex)

<IPython.core.display.Javascript object>

Let’s use a ThresholdOp to split out the top peak. You can get an interactive plot (the same HistogramView as above)
by calling ThresholdOp’s default_view() method. The view that gets returned is linked back to the ThresholdOp
that produced it: it shows the proper channel, and when you draw a threshold on it the ThresholdOp instance’s
threshold trait gets updated.

One other thing to note: because the ThresholdOp’s default view is derived from HistogramView, you can use all
(well, most!) of the functionality in a regular HistogramView. Here, we’ll use the the huefacet trait to plot the same
multi-colored histogram as above.

As shown below, the steps for using an interactive view are: * Instantiate the operation * Call the operation’s
default_view() to get the interactive view. * Plot the view. * Set the view’s interactive trait to True. This
step can go before or after calling plot (). * Note that the view now shows a cursor (a vertical blue line) that follows
your mouse as you move it around the view. Select the threshold you want, then click the mouse button to set it. A
fixed blue line appears.

t = flow.ThresholdOp(name = "Threshold",
channel = "Y2-A")

tv = t.default_view()

tv.huefacet = "Dox"

tv.scale = "logicle"

tv.interactive = True

tv.plot(ex)

<IPython.core.display.Javascript object>

After you’ve drawn a threshold on the plot, look at the ThresholdOp instance’s threshold trait and see that it matches
the threshold you drew.

t.threshold

235.97817044140453

You can then apply the newly parameterized operation to the data set.

ex2 = t.apply(ex)
flow.HistogramView(channel = "Y2-A",
scale = "logicle",

(continues on next page)
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(continued from previous page)

huefacet = "Dox",
yfacet = "Threshold").plot(ex2)

<IPython.core.display.Javascript object>

We can use a similar strategy with the RangeOp. The setup is very much the same; but instead of a single click, drag
the cursor to set the range.

Also note that we can compress the invocation by passing the parameters to default_view() (as we would to a
constructor.)

r = flow.RangeOp(name = "Range",
channel = "Y2-A")

r.default_viewChuefacet = "Dox",
scale = "logicle",
interactive = True).plot(ex)

<IPython.core.display.Javascript object>

r.low, r.high

(2007.3540593264756, 11086.840684744158)

You can also draw ranges on 2D plots. Again, drag the cursor to draw a range.

r2d = flow.Range2DOp(name = "Range2D",
xchannel = "V2-A",
ychannel = "Y2-A")

r2d.default_viewChuefacet = "Dox",
xscale = "logicle",
yscale = "logicle",
interactive = True).plot(ex)

<IPython.core.display.Javascript object>

r2d.xlow, r2d.xhigh, r2d.ylow, r2d.yhigh

(-203.01634412009793,
104.94315196137035,
2038.5106539405642,
24562.81382553335)

You can specify a polygon this way too. Unforunately, the JavaScript link between the Jupyter notebook and the Python
kernel is a little slow, so the performance here is ... not ideal. Be patient.

Single click to set vertices; click the first vertex a second time to close the polygon.

p = flow.PolygonOp(name = "Polygon",
xchannel = "V2-A",

(continues on next page)
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(continued from previous page)

ychannel = "Y2-A")

pv = p.default_viewChuefacet = "Dox",
xscale = "logicle",
yscale = "logicle",

interactive = True)

pv.plot(ex)

<IPython.core.display.Javascript object>

p.vertices

[(-109.22381313438126, 4552.48571716678),
(47.581169555466914, 23032.99288702212),
(359.0848827803494, 23609.72249982525),
(603.6648998740229, 5808.103794745581),
(318.0855902021553, 1315.7691688032837),
(41.025767639853456, 1513.9301298793557),
(41.025767639853456, 1513.9301298793557),
(-15.72537611199034, 1702.8785363694597),
(-15.72537611199034, 1702.8785363694597)]

You can also specify a quadrant (or quad) gate. Move the cursor to where you want it; click to set the gate.

q = flow.QuadOp(name = "Quad",
xchannel = "V2-A",
ychannel = "Y2-A")

qv = q.default_viewChuefacet = "Dox",
xscale = "logicle",
yscale = "logicle",
interactive = True)

qv.plot(ex)

<IPython.core.display.Javascript object>

q.xthreshold, q.ythreshold

(278.2187356624719, 5531.465729647518)
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Machine Learning for Flow Cytometry

One of the directions cytoflow is going in that I’'m most excited about is the application of advanced machine learning
methods to flow cytometry analysis. After all, cytometry data is just a high-dimensional data set with many data points:
making sense of it can take advantage of some of the sophisticated methods that have seen great success with other
high-throughput biological data (such as microarrays.)

The following notebook demonstrates a heavily-commented machine learning method, Gaussian Mixture Models, ap-
plied to the demo data set we worked with in “Basic Cytometry.” Then, there are briefer examples of some of the other
machine learning methods that are implemented in cytoflow.

Set up the Jupyter notebook and import cytoflow.

# in some buggy versions of the Jupyter notebook, this needs to be in its OWN CELL.
%matplotlib inline

import cytoflow as flow

# if your figures are too big or too small, you can scale them by changing matplotlib's.
—DPT

import matplotlib

matplotlib.rc('figure', dpi = 160)

We have two Tubes of data that we specify were treated with two different concentrations of the inducer Doxycycline.

tubel = flow.Tube(file = 'data/RFP_Well_A3.fcs"',
conditions = {"Dox" : 10.0})
tube2 = flow.Tube(file='data/CFP_Well_A4.fcs',

conditions = {"Dox" : 1.0})
import_op = flow.ImportOp(conditions = {"Dox" : "float"},
tubes = [tubel, tube2],
channels = {'V2-A" : '"V2-A",
"Y2-A' : 'Y2-A'})

ex = import_op.apply()

Let’s look at the histogram of the Y2-A channel (on a logicle plot scale).

flow.HistogramView(scale = 'logicle',
channel = 'Y2-A').plot(ex)
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This data looks bimodal to me! Not perfect Gaussians, but close enough that using a Gaussian Mixture Model will
probably let us separate them.

Let’s use the GaussianMixtureOp to separate these two populations. In operations that are paramterized by data
(either an Experiment or some auxilliary FCS file), cytoflow separates the estimation of module parameters from
their application. Thus, after instantiating the operation, you call estimate() to estimate the model parameters.
Those parameters stay associated with the operation instance in the same way instances of ThresholdOp have the gate
threshold as an instance attribute.

Additionally, many modules, including GaussianMixtureModelOp, have a default_view() factory method that
returns a diagnostic plot so you can check to see that the parameter estimation worked. This is particularly important
for unsupervised learning methods! In this case, the GaussianMixtureModelOp’s default_view() returns a View
that plots a histogram, colored by the component each event was assigned to, and an overlay of the Gaussian distributions
on top of the histogram.

g = flow.GaussianMixtureOp(name = "Gauss",
channels = ["Y2-A"],
scale = {"Y2-A" : "logicle"},

num_components = 2)

g.estimate(ex)
g.default_view() .plot(ex)
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Excellent. It looks like the GMM found the two distributions we were looking for. Let’s call apply(), then use the
operation’s default view to plot the new Experiment.

ex2 = g.apply(ex)
g.default_view() .plot(ex2)

/home/brian/src/cytoflow/cytoflow/operations/base_op_views.py:341: CytoflowViewWarning:..
—.Setting 'huefacet' to 'Gauss'

1000 — Gauss
Gauss_1
800 - Gauss_2
600 -
400 -
200 -
0_ jrrrrrrrrrprrrrnnnng 1 1 rLrrrnng 1 1 rrrrrrg 1 1 LI B |
-102 O 107 103 104
Y2-A

When you apply () the GaussianMixturelModelOp, it adds a new piece of metadata to each event in the data set: a
condition whose name that’s the same as the name of the operation (in this case, Gauss).

The values are {Name}_{#}, where {Name} is the name of the operation and {#} is which population had the
highest posterior probability. So, in this example the events would be labeled Gauss_1 or Gauss_2.
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ex2.data.head()

We can use that new condition to plot or compute or otherwise operate on each of the populations separately:

flow.HistogramView(channel = "Y2-A",
scale = "logicle",
huefacet = "Gauss").plot(ex2)

1000 - Gauss
Gauss_1
800 - Gauss_2
600 —
400 -
200 -
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-10°2 0 102 103 104
Y2-A

There’s an important subtlety to notice here. In the plot above, we set the data scale on the HistogramView, but prior
to that we passed scale = {"Y2-A" : "logicle"} tothe GaussianMixtureOp operation. We did so in order to
fit the gaussian model to the scaled data, as opposed to the raw data.

This is an example of a broader design goal: in order to enable more quantitative analysis, cytoflow does not re-
scale the underlying data; rather, it transforms it before displaying it. Frequently it is useful to perform the same
transformation before doing data-driven things, so many modules that have an estimate () function also allow you to
specify a scale.

A 1-dimensional gaussian mixture model works well if the populations are well-separated. However, if they’re closer
together, you may only want to keep events that are “clearly” in one distribution or another. One way to accomplish this
by passing a sigma parameter to GaussianMixtureOp. This doesn’t change the behavior of estimate(), but when
you apply () the operation it creates new conditions, one for ea