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Summary

Quantitative high throughput cell array phenotyping (Q-HTCP) is applied to the genomic
collection of yeast gene deletion mutants for systematic, comprehensive assessment of the
contribution of genes and gene combinations to any phenotype of interest (phenomic analysis).
Interacting gene networks influence every phenotype. Genetic buffering refers to how gene
interaction networks stabilize or destabilize a phenotype. Like genomics, phenomics varies in its
resolution with there being a tradeoff allocating a greater number of measurements per sample to
enhance quantification of the phenotype vs. increasing the number of different samples by
obtaining fewer measurement per sample. The Q-HTCP protocol we describe assesses 50,000-
70,000 cultures per experiment by obtaining kinetic growth curves from time series imaging of
agar cell arrays. This approach was developed for the yeast gene deletion strains, but it could be
applied as well to other microbial mutant arrays grown on solid agar media. The methods we
describe are for creation and maintenance of frozen stocks, liquid source array preparation, agar
destination plate printing, image scanning, image analysis, curve fitting and evaluation of gene
interaction.
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1. Introduction

Phenotypes are polygenic and mediated by gene interaction, meaning that genetic and
environmental variables that influence a phenotype further depend on the allele status of
multiple loci across the genome. This combinatorial aspect of the phenome renders it
complex, and understanding this complexity is fundamental to mapping functional genomic
variation (1)- Saccharomyces cerevisiae is the best model for studying eukaryotic gene
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interaction due to the availability of yeast deletion mutant arrays, including deletions of non-
essential genes and hypomorphic alleles of essential genes (2). To investigate genetic
buffering networks, mutant strain cell arrays can be challenged with drugs or environmental
variables and/or systematically combined with mutations of interest (378). Rigorous
quantification of cell proliferation phenotypes enables accurate classification of gene
interactions based on their strength of effect, thereby facilitating identification of genetic
modules and buffering networks (3+ 9' 10). Development of quantitative cell array
phenotyping for growth curve analysis is in a relatively early stage (11), as its importance
came to light only after work with the yeast mutant arrays, constructed fairly recently (12),
revealed a high frequency of gene interaction (3: 6: 13: 14).

In a general sense, gene interaction is defined as the difference between the expected and
observed phenotypes resulting from a genetic mutation in combination with another
biological perturbation (see Section 3.6). Yeast mutant arrays provide genomic coverage of
gene mutations, thus genetic buffering can be studied relatively comprehensively with
respect to drug perturbation, environmental alteration, and/or introduction of additional
mutations to study gene-drug, gene-environment, or gene-gene interaction, respectively. Q-
HTCP is a protocol that involves cell array production, time-lapse imaging, image analysis,
and fitting of the resulting data to a logistic growth function to obtain kinetic growth
parameters that can be used to measure gene interaction across the entire genome (3: 15 16).
Quantification of gene interaction is also variable depending on a phenotypic parameter
chosen for analysis, and a neutrality function that establishes an expected phenotype (17).

The methods described here are envisioned for collection of kinetic cell array phenotype
data in a systematic and scalable way so that it can be analyzed in a flexible and cumulative
manner. Gene interaction varies as a function of cellular context, and thus the interpretation
of gene interaction networks depends on the biological nature of the aggregated phenotypic
data (9). Q-HTCP can be used to obtain gene interaction profiles for any drug,
environmental factor, or gene of interest. It is ideal if the perturbation of interest is rate
limiting for cell proliferation so that both aggravating (enhancing) and alleviating
(suppressing) interaction can be observed (16).

For gene-gene interaction studies, the synthetic genetic array (SGA) method, described
elsewhere (6), should be carried out to construct double mutant strains before Q-HTCP. For
application of the Q-HTCP method, the following variation of the SGA method may be
considered: in the SGA method, double mutants are assessed for gene interaction in the final
step of strain construction. SGA can be done quantitatively, where phenotypes are measured
as colony outgrowth area at a selected time point, and a multiplicative neutrality function is
used (6 14 18720). However, if using Q-HTCP to quantify gene-gene interaction, a
variation of the SGA procedure works better, where the mutation of interest is conditionally
expressed, frozen stocks are made at the final step of SGA, and quantitative growth curve
analysis is carried out as a subsequent step (16: 21). By utilizing conditional (e.g.,
tetracycline-regulated) expression of the query gene, interactions can be assessed at multiple
levels of query gene expression by shifting cells to media containing different concentrations
of tetracycline (22). Thus for Q-HTCP-based gene-gene interaction analysis, the SGA
procedure is first used for strain construction (not phenotypic analysis) and subsequent
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experiments can incorporate a variety of media not compatible with SGA selection. Kinetic
phenotyping and gradations of perturbation rigorously assess gene interaction, but in doing
so, reduce the overall throughput in exchange for increased quantitative precision.
Nevertheless, robust measurement of gene interaction can be performed on a phenomic scale
(3 15 16' 21723).

Future directions of Q-HTCP methodology include development of robotic cell array
imaging equipment with supporting software (15 18 24+ 25), database development for
storing and retrieving Q-HTCP-derived gene interaction data (26), and network analysis for
developing yeast phenomic models informative of human disease (16' 27).

2. Materials

1.

Yeast mutant arrays consist of deletion strains for non-essential yeast genes (7
12), hypomorphic alleles for essential genes called DAmP (Decreased
Abundance by mRNA Perturbation) alleles where the 3’ untranslated region
(UTR) of genes has been disrupted (5), and temperature sensitive alleles (4). In
general, these are constructed in the same genetic background (e.g., BY4741,
BY4742, or BY47473). These libraries provide nearly full coverage of the S.
cerevisiae genome. The deletion strain project is described at: http://
yeastdeletion.stanford.edu/. Strains can be purchased from Open Biosystems at
Thermo Scientific. Q-HTCP methodology is applicable to any yeast mutant
array, as well as other organisms or cell types that grow to a lawn on agar
media.

Yeast media: Use YPD liquid media to passage cells and for making glycerol
stocks (28), adding selective anti-biotics when useful (e.g., G418 and/or
ClonNat/nourseothricin). It’s ideal to grow cell arrays (“happy arrays”) by
inoculating from frozen glycerol stocks just prior to Q-HTCP. However, happy
arrays can be stored at 4 degrees and used for a few weeks. The composition of
the agar media is typically integral to the study design and thus experiment-
specific. We use glass-distilled water, add amino acids after autoclaving, and
use a Mediaclave (Integra Biosciences) and peristaltic pump for media
consistency.

Pin tools: 96- and 384-pin tools can be obtained from V&P Scientific (http://
www.vp-scientific.com/pin_tools.htm); ours were customized for use with the
Sciclone ALH3000 instrument (Caliper Life Sciences). There are many types
of pin tools, including manual versions and different robotic adapters. The
main technical parameter is the diameter of the pin. For Q-HTCP, we use the
FP6 style pin (1/16 inch cut with blunt end); these provide an adequate area to
create a lawn when transferring cells from liquid to agar yet are small enough
to accommodate a 384-format. A floating pin-style (not fixed/rigid) is best and
is required for robotic printing.

Microtiter plates: Different microtiter plates are used throughout the protocol:
a) “Rectangular monowell” plates (greater interior plate area) are used for
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imaging purposes (Nunc Cat# 267060) (see Note 1); b) “Notched monowell”
plates (Nunc Cat# 242811) are preferred for SGA (because they are more
affordable, provide orientation, and work well except for quantitative imaging),
though the rectangular monowell plates also work; c) “Standard profile 384-
well” plates (Nunc Cat# 242757) are used for glycerol stocks for long-term
storage. These provide greater well volume- up to ~65 uL working volume-
and are stackable; d) Low profile 384-well plates from Evergreen scientific
(Evergreen Scientific Cat# 222-8210-011 and Cat# 290-8217-010) have
cylindrical wells with a working volume of ~40 pL that yield more consistent
volume of transfer, leading to better printing quality for the agar array.
Therefore, Evergreen 384-well plates are used for “happy arrays” and “dilution
arrays”, where precision in the volume of transfer affects the uniformity of the
results; and €) “96-well plates” (Cat# 260860) are obtained from Nunc (see
Note 2).

Tools for producing cell arrays: There are many robotics options, but manual
array printing systems, with a mechanical guide to insure arrays are printed
precisely the same, can also be used successfully. We primarily use the
Sciclone ALH3000 (Automated Liquid Handling with 20-position work deck)
integrated with Twister 11 (transport arm and microplate storage) (http://
www.caliperls.com/products/lab-automation/). Such systems are operated by a
PC, with control software (e.g., Caliper “Maestro” software), and provide a
drag and drop graphical interface to create automated liquid handling methods.

Scanner for cell array imaging: The Epson Expression 10000 XL - Photo
Scanner with Transparency Unit Lid.

Incubator: a floor model incubator is ideal given the high number (200 or
more) of cell arrays one may wish to analyze simultaneously per experiment.

Centrifuge with swinging style rotor and microtiter plate adapters.

Plate Shaker: e.g., Lab-Line Instruments, Inc.; titer plate shaker model No.
4625.

3/32” thick plexiglass cut to ¥ 7 by 12” and metal washers (for Scanner; see
3.4.3).

Adhesive aluminum foil (USA Scientific, Cat. # 2938-4100). We have found
the foil rated for —40°C, rather than —80°C, prevents adhesive sticking to the
plates when foil is removed.

‘Brayer’ from USA Scientific (http://www.usascientific.com/
filmaccessories.aspx) for sealing glycerol stocks with adhesive foils.

IMonowell plates should be labeled on the left side (Al being in the top left corner), looking down on the agar array (see Figure 2),
and the same volume of agar (38—40 mL) should be poured in every array. Use a striping pattern to indicate media type at time of
pouring, but number plates consecutively just prior to cell array printing, when each source array will be printed to an identical series
of different media types. Use 2% agar and allow it to cool ~45 minutes unlidded after pouring; this will improve printing by
facilitating absorption of liquid after printing (see Note 8).

Except for the Evergreen Plates, we use all Nunc brand to maintain lid compatibility (lids are non-interchangeable between brands).
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13. Pin Cleaner: from V&P Scientific (http://www.vp-scientific.com/
V&P_pincleaner.php)

14. For pin tool sterilization: 10% Bleach, sterile water, 100% ETOH, blotting
paper, paint pad.

15. Roll of plastic wrap (e.g., Saran wrap).

Optional

15) Bench top MediaClave - from Integra Biosciences (http://www.integra-
biosciences.com/sites/mediaclave_new_1 e.html) facilitates media consistency
through being programmable with continuous stirring and internal temperature
monitoring.

16) Peristaltic pump - streamlines pouring media from mediaclave. For use with the
Mediaclave, a ‘homemade’ system for media pouring is sometimes helpful
(available upon request).

17) “Tough Tags” labels: these help at —80°C for reading writing on frosty plates;
double labeling (on tag and directly on plate) is recommended for long-term
storage.

3. Methods
3.1 Sterilizing the pin tool

The pin tool must be sterilized to avoid cross-contamination. Effective sterilization can be
achieved by using 10% bleach to kill contaminating cells, water to rinse, and a final dip in
ethanol followed by air drying (or ethanol with flaming if manually pinning). A ‘scrub pad’
(made from a paint pad obtained from a hardware store, cut to size of the microtiter plate;
this can also be bought from V&P Scientific) is useful if working with cell paste transfers.
The scrub pad should be wet with 10% bleach and is used at the start of the cleaning process
to loosen the cell paste from the pins. Blotting paper is used to remove bleach before rinsing
in water and to remove water before finally rinsing the pin tool in ethanol. Using two bleach
baths provides additional sterilization, as cells will accumulate in the first bleach bath; 30—
60 seconds at each step of the sterilization is adequate, and intervals can be empirically
determined by experimental assessment of decontamination for a particular protocol.

3.2 Cleaning the pin tool

Whereas pin tool ‘sterilization’ is performed multiple times during every protocol, pin tool
‘cleaning’ is needed at the beginning of an entire experiment (e.g., every few days or so) to
remove proteins, lipids and other debris that can build up on the pins. Prolonged use without
cleaning can lead to loss of liquid transfer efficiency and uniformity. We use V&P Pintool
cleaner (proprietary solution) and follow their directions. It’s a good habit to clean the pin
tool before each Q-HTCP printing (we reuse the solution), and consider pintool cleaning
anytime a decline or variability in spot quality is experienced. Sanding or polishing the pins
may also improve the quality of cell array printing.
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3.3 Creating and working with frozen glycerol cell array stocks

There are many scenarios for creating and handling cell array frozen stocks; examples are
described below. When creating new cell arrays, (e.g., from hand-picking colonies off agar
media, or to consolidate existing arrays through a “hit picking” process), it is generally best
to first inoculate cultures in a 96-well liquid array format. By contrast, it is easier to replicate
glycerol stocks already in 384 format by first growing the array on agar (e.g., similar to the
final step of SGA). Slow growing cultures will reach a lower density on agar than in a liquid
array, however very slow growing strains are difficult to work with regardless of how they
are maintained. In the case of consolidating from 4 x 96-array format to 1 x 384-array
format, propagating arrays in liquid or agar may work equally well. Whether on agar or in
liquid, arrays are grown to near stationary phase (2—3 days) before glycerol stocks are made.

3.3.1. Create new 96-well-format cell array frozen stocks—Strains are provided
commercially as 96-well glycerol stocks. To improve Q-HTCP throughput, strains should be
consolidated into a 384-well format. Before consolidating however, making multiple copies
of the library in 96-well format will help preserve it by providing a means of recovery in
case of future cross contamination or other accidental loss. Multiple copies can be made at
once; using a multi-channel pipette (robotic 96-channel if possible), draw an amount of
volume of stock culture desired to inoculate all copies (e.g., 1-2 pL/copy) and distribute
evenly. Alternatively, new 96-well arrays can be made by inoculating wells individually,
such as consolidating hits for retesting and/or streaking the original library for single
colonies to assess single-colony clones for reproducibility. After 2-3 days incubation at 30
degrees, autoclaved 80% glycerol is added to a final concentration of 20%; arrays are sealed
with adhesive foil and shaken to mix glycerol and cells. To make copies:

1 Label and pre-fill plates with 150 pL (or less) YPD (G418 if appropriate for
selection/sterility).

2. Re-suspend cultures of the existing 96-array (if copying an existing glycerol
stock) and inoculate, or individually inoculate each well of the 96-well plate.
Consider placing Reference Strains (ydl227¢c-A\0::G418R) on each array when
possible (see Notes 5 and 9).

3. Incubate at 30°C for 48—72 hrs.

4. Re-suspend cells by orbital shaking (this will facilitate final cell suspension
after adding glycerol). Add sterile 80% glycerol to final concentration of 20%
(50 pL of autoclaved 80% glycerol; use 80% glycerol to reduce viscosity).

S1n addition to placing the reference strain on each 384-well yeast mutant array to assess plate effects (e.g., mislabeling or other
problem with media production), create full “Reference Arrays” (all wells have the reference strain) to assess position effects and print
them at the beginning and end of each experiment. The Ref Arrays, if printed first and last in an experiment, provide assessment of
technical variation from beginning to end of experiment, and also provide data to assess array position effects (e.g., variation in pin
tool transfers or edge effects on cell proliferation). We recommend using the #0-A0 deletion strain (yd/227c-Aa:G418R), which can
also be manipulated identically to the yeast mutant arrays for SGA-construction of double mutant array controls (16).

Use a full “Reference Array” at the beginning and end of each experiment. The Ref Arrays provide assessment of technical variation
from beginning to end of experiment and also provide data to assess ‘array position effects’. For the reference arrays, instead of the
true reference strain (e.g., BY4741 or BY4742), which is functionally homothallic, we use the G418-sensitive /0-A0 deletion strain
(ya’/227c—A(2:G418R), which can be manipulated identically to the yeast mutant arrays for growth on G418 and SGA-construction of
double mutant array controls (16). In addition to the reference arrays, control strains can be added to 3 of the 8 empty positions on the
yeast mutant arrays to aid identification of plate-to-plate variation among destination plates of the same type (see Note 5).
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5. Apply adhesive foil and affix with roller/brayer.

6. Mix by orbital shaking until the glycerol/water interface is gone and cells are
evenly suspended. Pipetting is usually inadequate to suspend cells or mix
glycerol. Store at —70°C immediately.

3.3.2 Consolidate 96-well frozen glycerol stock to 384-well arrays—To transfer
yeast strain cultures from four 96-well plates into the corresponding quadrants of a 384-well
plate, positions Al from the first, second, third and fourth 96-well plates correspond
(clockwise) to positions Al, A2, B2 and B1 on the 384-well plate, respectively. The working
volume for 96 well plates is 100-200 pL, meaning cells can be suspended by orbital shaking
without well spillover. Max volume for 96-well plates is 300 L, thus after orbital shaking of
cell arrays, additional volume can be added and suspension mixed by pipetting before
transfer. The optimal volume for Evergreen plates is 30-40 pL or 40-65 L for standard
384-well plate. Orbital shaking will not suspend cells or glycerol in 384 well plates, however
this can be achieved by stirring with a pin tool. In general, glycerol should be mixed before
adding to 384-well plate. 384-array glycerol stocks can be created simultaneously with
making new 96 glycerol stocks (3.3.1), or by freezing/thawing 96 glycerol stocks. To
consolidate from 96 to 384 arrays:

1 Prepare a sterile 20% solution of glycerol in water, YPD, or YPD
supplemented with G418 if diluting/expanding existing stock prior to
consolidation. Use 80% sterile glycerol if making new 96-well glycerol stocks
and consolidating to 384-well at the same time (described in 3.3.1).

2. Thaw (if necessary) four 96-well frozen glycerol stock plates and shake to
suspend cells, then remove foil (see Note 3).

3. Add to a 96-well plate a volume of 20% glycerol that will provide adequate
volume to transfer to 384-well plates (e.g., 100 uL so that 50 uL can be
transferred to each of two 384-well plates); more than one 384-well array can
be made at a time. Mix by pipetting if well volume exceeds 200 L (orbital
shaking will cause spillover). Use a volume adequate to preserve the original
96-well stocks (slightly diluted) as the new 384-well stocks are created (see
Note 4).

4, Seal plates with adhesive foil, and move promptly to —70°C to minimize time
thawed. Retrieve the next set of 4 plates to thaw while next set of thawed plates
are processed.

5. For downstream application, as a way of controlling for plate effects, add the
reference strain (same genetic background with no gene deletion; we use the
hoA0::G418R strain for this) to 3 of the 4 empty wells in Rows O and P of a
384 array. These are arranged in a square (e.g., O3, 04, P4, P3 for the MATa
collection), resulting from an empty well on Row H of each 96-well array of

3Work with 8-12 plates out of freezer at a time (in sets of four); one or two sets thawing while other is being transferred.
Rinse tips with water and sterilize by autoclaving to recycle/reuse and reduce cost.
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deletion mutants. Leaving one of the four wells empty provides a way of
distinguishing the MATa from a MATalpha library array (see Note 5).

3.3.3 Create/replicate frozen stocks from agar plates—This protocol is used to
preserve double mutants after SGA, make additional copies of 384-array glycerol stocks, or
as an alternative method of consolidating 96-well liquid arrays to a 384-well format (see
Note 6).

1 Start by making a 384-agar cell array (e.g., endpoint of the SGA method or
after inoculating liquid array to agar to replicate 384 stocks).

2. Label and pre-fill standard profile 384 well plate(s) with 60 pL YPD/20%
glycerol.

3. Transfer cells with sterile pin tool directly from the agar media to the glycerol

stock media (see Note 7).
4, Seal with adhesive aluminum foils, and store at —80°C.

5. Sterilize pin tool, and repeat steps above for each cell array stock.

3.4 Quantitative High Throughput Cell Array Phenotyping

Overview: An ‘Experiment’, by definition, should have a completely matrixed design (Fig.
1); one axis of the matrix will be gene mutations (i.e., the identities of the strains on the
yeast mutant arrays), and the other axis will be the perturbations systematically tested for
every yeast mutant array. Perturbations can be drugs, genes (e.g. double mutants), or a
combination (e.g., tetracycline-regulated gene in a query strain). Thus defined, multiple Q-
HTCP experiments can be performed simultaneously, but the arrays should be grouped as
separate experiments (do not place plates from different experiments on the same scan).
Performing experiments in this way streamlines downstream analysis after the imaging step.
Within an experiment, every source yeast mutant array will be tested with the same number
and type of perturbations, which are defined by the make up of the media in the destination
plates to which the yeast mutant arrays are transferred prior to imaging. Thus, the number of
source arrays multiplied by the number of destination plate types is equal to the total number
of arrays to be imaged as part of one experiment (see Notes 8 and 9).

6Agar arrays are easier to work with, but slow growing strains may be outcompeted on the agar array (since the media is shared), thus
yielding low-density stocks. Such strains can be difficult to analyze subsequently, however low density stocks can be partially restored
to higher density at the “happy array” step of Q-HTCP (where media is not shared and each culture is grown to saturation). Since it is
not possible to vortex in 384-well format, glycerol should be pre-mixed before adding to plates. Cells will not grow appreciably in the
high glycerol media, so move glycerol stocks to =70°C storage soon after transferring cell paste.

Before freezing the new glycerol stock, consider inoculating fresh media for happy arrays that can be used to proceed directly to Q-
HTCP without the need for a later freeze-thaw step.

Source-destination combinations should be unique within an “experiment” (no duplicates). For example if an experiment is being
performed in replicate (e.g., every source to destination is printed in duplicate), replicate arrays should be grouped and scanned as two
separate series, rather than a single ‘experiment’. In general, plates from each experiment are scanned together in successive groups of
ten, and plates from different experiments should not be grouped on the same scan (if the last scan of one experiment contains less
than ten plates, do not include the first plate of the subsequent experiment on that scan). For example, if in a single experiment there
are 7 source arrays and 4 different destination/perturbation plates, with two replicates of each plate, the first replicate set would be
imaged on scans 1-3, and the second replicate set on scans 4-6; scans 3 and 6 would consist of only 8 arrays.
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3.4.1 Making Happy Arrays—*‘Happy arrays’ are freshly grown liquid culture arrays
inoculated from glycerol stocks. Happy arrays increase reproducibility by reducing
expression of confounding phenotypes, for example, gene-specific strain variability in
freeze-thaw viability or survival in stationary phase. Happy arrays can be used after storage
at four degrees, and uniform handling of the entire happy array collection can only help
(e.g., time held at each temperature). It is not recommended to inoculate destination plates
directly from glycerol stocks. To make happy arrays:

1 Label and fill Evergreen 384-well plates with 40 uL YPD (G418 or other
selective antibiotic can be added to the media if desired to maintain mutant
selection or prevent contamination). Consider filling a couple of extra plates
for backup in case of error/need for extra plate during protocol.

2. Centrifuge filled plates 30 sec at ~400 x g (see Note 10).

3. Thaw cell array frozen stocks (groups of four are convenient to work with to
minimize the time the arrays are out of freezer). Centrifuge arrays for 30 sec at
~400xg and remove foil (see Note 9).

4, Inoculate pre-filled Evergreen 384-well plates with glycerol stock (sterilize pin
tool, stir pin tool on bottom of stock, transfer to happy array, repeat).

5. Reseal and return glycerol stocks to —80°C.

6. Wrap happy arrays with cellophane in packs of 5-10 plates to reduce
evaporation and provide easier handling (Evergreen plates are not interlocking
and do not stack well).

7. Incubate at 30°C for 48-72 hrs.

8. Optional: Observe happy arrays and record cultures that fail to grow.
Alternatively, or in addition, vegetative growth can be assessed by printing to
YPD agar as a control in the Q-HTCP experiment. Happy arrays can be stored
at 4 degrees and used as short-term stocks (a few weeks).

3.4.2 Print happy arrays to test media—After they are fully-grown (48-72 hrs),
happy arrays serve as ‘source’ arrays and are printed (i.e., transferred/inoculated) to
‘destination’ plates consisting of rectangular monowell plates filled with agar media. To
optimally discriminate growth differences, a dilution step is recommended. The purpose of
the “dilution’ plate is to reduce the cell density before transfer, similar to serial dilution in a
traditional spot test. As diluted cultures go through more generations to reach the endpoint
of growth, smaller differences in cell proliferation can be detected (3). From the dilution
plate, the cell arrays are printed to agar media containing drugs or other variable of interest
that constitute the assessment of gene interaction (see Note 11).

TN important to centrifuge the media-filled plates to remove trapped air bubbles that may occur during filling; if forgotten, bubbles
can expand by trapping CO2 and forcing cultures out of well.

The exact amount of dilution matters less than consistency in the dilution factor for cultures across the array. Higher dilution
enables discrimination between smaller growth differences, but it is important to have a lawn density high enough (100-1000 cells per
spot) for confluent population growth, rather than distinct colonies, which introduce artifactual differences. Have the plates at room
temp before printing and make sure the agar surface is dry. Printed cultures will run together where the agar surface is wet. To avoid
this problem, allow agar plates to solidify with lid off (see Note 1), and store plates agar side up. It is ok to invert agar arrays after
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Prepare agar plates for an experiment and number them consecutively. The
plates are printed in mini-series with each happy array being printed to all
destination plate types (e.g. destination plates 1 thru 5= happy array source
plate 1 printed to no-drug-control destination agar media, and media with high
and low concentrations of Drug 1 and Drug 2; plates 6 thru 11 = happy array 2,
plated to the next series of 5 destination plates, etc.). see Notes 8-12.

Prepare dilution plates by filling Evergreen 384-well plates with 40 pL sterile
distilled water or media (it’s a good practice to make a couple of extra dilution
plates). Media will usually yield larger spots than water (a given drop volume
will spread out over a larger area); approximate volume to spot is .5-1 uL;
approximate number of cells to spot is 200-1000 (see Notes 11 and 12).

Centrifuge dilution plates 30 sec at ~400g (to remove air bubbles; if forgotten,
cultures may not be diluted correctly).

Transfer cells in series from the happy array to the dilution plate and then to
the destination agar plates. As a rule of thumb, transfer ~0.5 uL from happy
array to dilution plate (~1:100 dilution), and about ~.5 pL from destination to
agar plate (~500 cells). Use pin tool to stir wells on source and dilution plates.
Agar printing should be precise and reproducible with array squarely aligned
with plate (use a robot or a mechanical guide, see Note 12).

Record the time that each happy array is processed in the workflow (this will
be needed for growth curve fitting; the same time stamp can be used for all of
the destination plates of a given source array as they are all moved to the
incubator at the same time). Automated liquid handlers should have capability
to collect print times, but this data must be recorded manually if not.

As the printing is completed for each set of agar destination plates
corresponding to a happy array, move these to the incubator before processing
the subsequent happy array (an important detail to equalize times of incubation
for all arrays in the experiment as small temperature differences can have large
effects on growth rate) (see Note 10).

3.4.3 Acquire images

1

Use the Epson Expression 10000 XL - Photo Scanner with Transparency Unit Lid.
Make sure a 3/32” sheet of clear Plexiglas cut to % ” x 12” is used as a guide along
the left side of the scanner, and that it is squarely flush against the glass border at
top left. This is required to properly position the plates for imaging. The scanner

liquid drops have been absorbed into agar, but not before. Move sets of competed destination plates to incubator immediately and
record print time before proceeding with cell array printing. If spots on destination arrays are not uniform, pin tool cleaning may help

(32

2Using V&P Scientific FP6 (1/16” diameter) style pins, 3 transfers will yield about the desired 0.5 uL. One can empirically
determine the transfer volumes needed to obtain a light lawn of cells at each spot of the array. If there are spot quality/uniformity
issues on the cell arrays, trouble-shooting includes cleaning the Pin tool with V&P cleaner or another suitable chemical wash. In
addition, different agar media have different surface tension properties and water has greater surface tension than media. How well
plates are dried also affects spot characteristics on array. If spots are not desirable size consider using media instead of water for

dilution plates.
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transparency unit lid must be raised in the z-direction so that it can rest evenly
across the plates; metal washers should be used for the purpose of holding the
transparency unit lid in this optimal position. Remove the lids from the cell array
agar plates prior to scanning. The scanner should accommodate 10 plates, oriented
as shown in Fig. 2. Careful positioning of plates prior to scanning is essential,
because the same array map will be used to analyze images from an entire
experiment of scans (see Note 13).

Scanner settings

Mode: professional mode
Document type: Film

Film type: Positive film

Image type: 8-bit gray scale
Resolution: 280dpi

Document size: 12.20 in x 16.50 in
Target size: 12.20 in x 16.50 in
Scale: 100%

(uncheck all options):

No unsharp mask filter

No grain reduction

No dust removal

Scan File Type = Tiff

2 Create a new “experiment folder”, so that it can be selected from the scan driver as
the location to save the images. The ‘film” document type mode of scanning is
used, in which the images if opened and viewed, will appear to be flipped
horizontally, representing the view looking upward from beneath the glass surface
of the scanner (this is normal, and the image analysis software assumes this
orientation). Using the “positive film” mode, the cultures will appear gray and the
background white. Begin scanning as soon as printing of all destination plates in an
experiment is completed (this may be several hours after printing the first source to
destination plate series). Scanning will be in groups of ten, and typically in the
order the plates were printed. The file-naming scheme utilizes a format provided by
the Epson scan driver and the resulting file names are important for proper calling

L3create a directory to contain all Q-HTCP experiments. Within the Q-HTCP image folder, create a separate folder for each
experiment and name accordingly (date, initials of experimenter, brief description of experiment, etc.). Scan 10 plates at a time unless
it is the final scan of an experiment. Remove only 10 plates at a time from incubator. Pay careful attention to the placement of cell
arrays on the scanner. Correctly position the plexiglass guide, and make sure all 10 cell arrays are flush against the glass surface
border of the scanner, bases of plates are not overlapping, and all sides of arrays are squarely in contact (Fig. 2). Do not have plates
from different experiments on the same scan. If working quickly, it will take ~2 minutes per scan; e.g., for experiment with 150 plates,
expect it will take about 30 minutes to collect each time point of data.
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by the image analysis software described below. In the Epson Scan driver, choose
the “experiment folder” to store images. Name each scan setaccording to the
approximate hours after the first scan set was taken. Use three digits followed by
‘hr’ (e.g., the first scan set will be *000hr’). The driver will automatically increment
each scan file name and save to the selected experiment folder (e.g., 000hr001,
000hr002, etc.). The order for scanning and the order of plates on each scan must
be maintained the same for every time point, and the placement of plates on the
scanner must be precise for all scan sets throughout the experiment (Fig. 2). Scan
sets should be acquired at 2—6 hour intervals for 3-5 days, until all cultures have
reached their plateau phase of growth, or carrying capacity.

The first scan set (‘000hr’) should be obtained immediately after all plates are
printed. Typically, the second scan set should be obtained 12-16 hrs after the first
plates are printed if grown on glucose media (see Note 14). If spotting at higher
density (e.g. without dilution), earlier scans will be needed; or alternatively, if the
growth rate on the media (e.g., non-fermentable media) is slow, it may take longer
before proliferation of the cell culture arrays is detectable by scanning. In any case,
once the image threshold is reached (it generally correlates with when spots can be
seen by careful visual inspection), scanning should be more frequent during early/
exponential growth (e.g., once per doubling time), and can be less frequent as
cultures begin reaching carrying capacity and growth slows down. It is ideal to have
6 or more readings during the dynamic growth of each culture. This will occur in
different time windows on different scans, but the reference arrays serve as a guide
(see Note 9).

Scanning protocol

1.

Group plates in the incubator in sets of ten, in the order to be scanned. If
performing more than one experiment at a time (se¢ Note 8), start each new
experiment as a separate scan set (i.e., do not combine plates from two
different experiments on a single scan). Leave empty positions on the final
scan of an experiment; do not fill them with plates from the subsequent
experiment. Otherwise, always include ten cell arrays per scan.

Remove from the incubator one scan/stack of plates at a time (to avoid
temperature effects).

Name scan images following the convention “000hr001” where the first 5
digits are entered into the Scan driver file name box and represent an
approximate elapsed time from the first scan and the last three digits represent
the scan number. The Epson scanner software will autoincrement and append
the last digits as an auto-indexing feature (deselect the option to automatically
overwrite file names).

14Return plates quickly to incubator (only ten at a time should be out for scanning) to avoid plate effects due to temperature variation.
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4, Scans from all time points can go in the same experiment folder (e.g.,
“000hr001.... 000hr008; 010hr001... 010hr008, etc.). Each scan time series
will be later separated prior to image analysis.

5. Continue scanning until all cultures appear to have reached a growth plateau at
which time additional imaging is non-informative (see Note 15).

3.5 Kinetic analysis of growth from time series of cell array images

After imaging has been completed, image analysis and growth curve fitting is carried out
using custom software. An earlier version of image analysis software for agar cell arrays was
described (15). Time series images of agar cell arrays are analogous to OD readings of a
liquid culture array. Compared to OD monitoring of liquid cultures, agar cell array image
analysis reports over a greater dynamic range and does not saturate at high growth density;
these data fit very well to a logistic growth function (15). For Q-HTCP the density of each
spot culture is assessed as a pixel average over its area on the cell array. A newer version of
the software (EASY Phenomics) takes multiple input files for image analysis (see Note 16).
These include: 1) the raw images reorganized by placing each scan time series in a separate
folder; 2) an array map file defining the approximate location of each spot culture on a scan
(see Note 17); 3) a print times file, which defines ‘time zero’ when each proliferating agar
cell array was created (by printing/inoculating from the happy array and dilution plate to the
destination plate); and 4) the Master Plate and Drug/Media files, which contain information
associated with each cell array in the experiment and their organization in the plate/scan
layout. The latter information can be incorporated after image analysis and growth curve
fitting has been satisfactorily completed; essentially providing the experimental labels for
each growth curve. To perform Q-HTCP analysis with Easy Phenomics software (see Note
16):

1 Create the necessary files.

a. Create a directory of Q-HTCP experiments and an ‘Experiment
Folder’ for each experiment. Sort the time series for each scan in
the experiment into its own folder (000h001, 010hr001... etc. in a
folder called “Scanl”; 000hr002, 010hr002... etc. in a folder called
“Scan2”... etc.), and place all the Scan folders into the experiment
folder.

b. Create a folder named ‘PT Map Scans’ within the Experiment
Folder. Select a few good quality images, and copy them into the

151 plate contamination occurs during the course of scanning, in general it is easier to leave it alone, and remove the images prior to
image analysis rather than trying to remove the contamination from the plate. If a plate must be removed during scanning, use an
empty plate as a placeholder to maintain the scan positions for all other plates in the series. Keep a tray of water inside the incubator to
increase humidity, which will slow cracking in the agar. Additionally, it may help to reduce airflow, depending on the incubator model.
The software is still under development, but we have compiled an executable prototype for use with this protocol. It is available
u;;on request, along with a more detailed user’s manual.
1 Exemplary scan images from the experiment, where nearly all cultures on the scan are growing, should be used to create the array
map. This is typically the reference arrays and arrays that are unperturbed (control media). Scans can be taken with ten exemplary cell
arrays solely for the purpose of creating the array map file if there are not exemplary scans within the experiment. Multiple scans can
be overlaid so that a composite image maps all cell array positions of a scan (see 3.5, step 2). The array map file may be similar from
experiment to experiment, but it is good practice to obtain exemplary scan images specific for each experiment in case something
about the cell array printing or placement of cell arrays changes from one experiment to another.
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PT Map Scans folder. Use scan images containing cell arrays at all
of the ten positions and where the plates are perfectly placed.
Choose well-aligned scans without shifted or angulated plates, and
with most spot cultures having growth (see Note 17).

Make a Print Times file, called ‘PrintTimes.txt’ and place it in the
Experiment Folder. The print times file contains the time at which
each Source Array was printed, marking the beginning of the
growth curve for each set of destination plates; a single print time
applies to all destination plates associated with a single source
array. All plates associated with the same print time should be
moved as a group to the incubator prior to printing the subsequent
source array. The number of print times will be equal to the number
of source arrays in the master plate file. The ‘PrintTimes.txt’ has
the format:

3/1/2012 14.45
3/1/2013 14.52

Create a folder in the Experiment Folder called “MasterPlateFiles”.
This folder contains the information about the Source Arrays and
Destination Plates comprising the experiment, and will be
incorporated to correctly label the cell array growth curve data (see
Note 16).

i Make a “Master Plate File”, consisting of the identities
of strains on each source arrays file and store it in the
‘MasterPlateFiles’ folder (templates will be provided
with the software).

ii. Make a “DrugMedia” file and store it in the
MasterPlateFiles folder (templates will be provided with
the software). The DrugMedia file contains information
about the media and perturbations that are being tested
in the experiment (i.e., the series of destination plates
that each source array is printed too).

2. After all files have been placed in their correct location in the Experiment
Folder, run the EASY Phenomics software (see Note 16):

a.

From the “File’ dropdown menu, select “New Analysis Folder” and
browse to the correct Experiment Folder to create an Analysis
Folder that will contain several folders used for image analysis,
curve fitting, and report generation. The Analysis Folder will
automatically be named with the current date with any additional
name information input appended (the same experiment can be
analyzed multiple times and ways). Results will be output to this
Analysis Folder.
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From the ‘Run’ drop down menu, select “Create PinTool Map”, and
then select images from the ‘PT Map Scans’ folder to create an
array map locating all 3840 spots on a scan. Inspect the array map
and choose other scan images if needed to improve the array map,
and continue when array map is satisfactory.

From the ‘Run’ drop down menu, select “Run Image Analysis”, and
then choose one or more scan series to be analyzed. A pop up box
will indicate when the image analysis is complete.

From the ‘Run’ drop down menu, select “Run Curve Fit”. The
image density data for a single spot culture can be chosen and
displayed as a plot with the fitted growth curve, or entire scans
(3840 spot cultures per scan) can be analyzed in which case the
growth parameters are output to a spreadsheet and saved in the
Analysis Folder. For curve fitting, the data are fit to a logistic
growth function:

GO)=K/(1+¢770)

G(t)is the size of the population at time, £ K'is the carrying
capacity, or final yield of the culture; ris the maximum specific rate
(biologically, this is a population size-normalized rate, when there
is nutrient excess); /is the time at which half the carrying capacity
is reached, which also corresponds to the maximum growth rate
(absolute population size increase, not normalized to population
size). The parameters K, r, and /are cell proliferation phenotypes,
which can be used to quantify interaction from multiple growth
curves (15). A method for quantifying gene interaction is described
in the next section, though the growth curve parameters could be
employed in other models of gene interaction (16 17).

3. Compile the final results.

a.

From the “Generate Reports” drop down menu, select “Import MP
and DrugMedia Data”, and browse to the MasterPlate and
DrugMedia files in the MasterPlateFiles folder within the
Experiment Folder and choose them. The data in these files will be
associated with curve fits obtained previously.

From the “Generate Reports” drop down menus, select ‘Gen
Results File’. This will incorporate all together, the labels, curve fit
parameters, time series data used for curve fitting, statistical quality
metrics and diagnostic criteria. The final result files are found in the
PrintResults folder within the Experiment Analysis folder. This
ResultsFile.txt should be saved as ResultsFile.xls file to further
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utilize the EASY Phenomics plotting and figure generation utilities
(see Note 16).

3.6 Quantify Interactions

Conceptually, gene interactions provide experimental insight to predict how a phenotype
resulting from biological perturbations can unexpectedly change when the perturbations
occur in combination (1 23). The biological perturbations must include at least one genetic
mutation, where gene interaction can be generally represented as:

Phenotype ,p.scrypeq=Phenotype .ppecicq+ Gene Interaction
Gene Interaction=Phenotype Phenotype

observed expected

Phenotypeypserveq 1S the directly-measured phenotype in the context of a perturbation
combination (e.g., double mutant or single mutant additionally treated with drug).
Phenotypeéexpectes incorporates the directly-measured phenotypes in the context of no
perturbation and each single perturbation, and depends in part on a neutrality function (17),
which reflects the assumptions inherent to determining the Phenotypegxpecreq (See Note 18).
An approach we have recently found to be useful employs “AL” (/is a parameter of the
logistic growth function known as Time to Maximum Growth (TMR), or the time at which
half the carrying capacity (K/2) is achieved); it’s used as an indication of a time shift in the
growth curve (15' 16). Using the /values to compare growth of cultures, we: a) determine
the distribution of control strain phenotypes over a range of perturbation intensity; 4)
normalize the effect of the yeast mutant array strain mutation in the absence of a second
perturbation (i.e., the single perturbations not treated with drug or dial down of a query
gene); ¢) subtract the /value for each perturbation combination from the median single
perturbation state of wild type strain; d) fit the differences between the single and double
perturbation states across a range of perturbation intensity to a quadratic equation; and €) use
the fitted difference at the highest perturbation intensity observed (16). Other neutrality
models of interaction and/or incorporating other cell proliferation phenotypes (e.g., other
parameters of the logistic function) can be investigated with Q-HTCP data. We expect that
the utility of particular cell proliferation phenotypes (i.e., K, /, or r) will be different for
different perturbations. For example, the phenotype induced by some drugs may be best
reflected in the rate, while others are better reflected by the carrying capacity or L parameter.

With the goal of Q-HTCP providing growth curve-derived phenotypes that support high-
resolution modeling of genetic buffering networks, it is important to establish protocols that
can be applied across different laboratories will lead to an accumulation of gene interaction
data that can be assessed in an integrative manner to advance our understanding of complex
phenotypes in yeast, which may also be evolutionarily relevant for phenomic analysis of
human disease (16).

18For quantifying interactions, it is recommended to incorporate summary statistics from the relevant cell proliferation parameter for
the Reference Arrays to assess the full range of assay variation and to more confidently assess whether a particular gene mutant
influences the phenotype.
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3.7 Plate Sterilization

To help research funds go further and preserve the environment, plastic wear can be reused
by scooping out agar and rinsing plates, soaking plates in 7% bleach in deionized water
(with a dash of dishwashing liquid) for several hours, rinsing with deionized water, drying,
rinsing with 100% ETOH, and storing in sealed plastic bins. (More details available upon
request).
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