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Abstract

Forward genetic screen via mutagenesis is a powerful method for identifying regulatory factors in
target pathways in model organisms such as the soil-dwelling free-living nematode
Caenorhabditis elegans (C. elegans). Currently manual microscopy is the standard technique for
conducting such screens; however, it is labor-intensive and time-consuming because screening
requires imaging thousands of animals. Recently microfluidic chips have been developed to
increase the throughput of some of such experiments; nonetheless, most of these chips are
multilayer devices and complicated to fabricate and therefore prone to failure during fabrication
and operation. In addition, most sorting decisions are made manually and the criteria used for
sorting are subjective. To overcome these limitations, we developed a simple single-layer
microfluidic device and an adaptive algorithm to make sorting decisions. The one-layer device
greatly improves the reliability, while the quantitative analysis with adaptive algorithm allows for
the identification of mutations that generate subtle changes in expression, which would have been
hard to be detected by eye. The screening criterion is set based on the mutagenized population, not
separate control populations measured prior to actual screening experiments, to account for
stochasticity and day-to-day variations of gene expression in mutagenized worms. Moreover,
during each experiment, the threshold is constantly updated to reflect the balance between
maximizing sorting rate and minimizing false-positive rate. Using this system, we screened for
mutants that have altered expression level of tryptophan hydroxylase, a key enzyme for serotonin
synthesis in a CaMKII gain-of-function background. We found several putative mutants in this
screen. Furthermore, this microfluidic system and quantitative analysis can be easily adapted to
study other pathways in C. elegans.

Introduction

Caenorhabditis elegans (C. elegans) is a free living soil nematode; the adult worm is about
1 mm in length and has 959 cells.! Since 1974, C. elegans has been broadly used for
biological and medical research to characterize signaling mechanisms. Its transparent body,
completely sequenced genome, mapped neuron wiring, short life cycle, and the ease of
applying genetics has enabled great discoveries including programmed cell death and RNA
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interference.2-> Many of the developmental mechanisms identified in C. elegans are
conserved in more complex animals including humans.

Genetic screen, based on selecting a phenotype of interest in a mutated population, is a
powerful tool to define components in pathways in C. elegans.? This screening requires
surveying large number of animals to find rare mutants.® Since conventional manual
microscopy to perform these screens is usually labor-intensive and time-consuming, it is
challenging to identify the complete set of genes involved in a regulatory process. Moreover,
human intervention and anaesthesia usage to inhibit worms’ movement during microscopy
may affect the phenotype of interest and consistency of data. In contrast to manual screening
method, the only commercially available high-throughput system, a complex object
parametric analyzer and sorter (COPAS, Union Biometrica), is a modified flow cytometer
for worms. This system has superior throughput and has been successfully used to analyze
the spatiotemporal activities of promoters in large-scale.”~9 However, its application is
limited because COPAS has essentially a one-dimensional tissue-level resolution and lower
data content as compared to manual microscopy.

Recent development of microfluidic systems has increased the throughput of imaging
experiments in high resolution.19-15 For example, Chung et al. reported automated
microfluidic system with a sorting speed of 150 — 900 worms/hr depending on the
magnification used and complexity of the screens.10 This system showed the ability to
perform screens based on cellular and subcellular phenotypes. Some studies also reported
the ability to perform laser ablations and sort the animals using microfluidic devices.16-18
However, most devices require a design with multiple layers, usually fluid and control
layers, and thus the fabrication is complex, especially for non-expert end-users.

There are some single-layer devices developed for C. elegans.13-15.19-20 Hyime et al.
developed the array device to trap and image C. elegans, which is simple to make and easy
to operate.14 19 However, valve control to load and release worms cannot be automated in
this device and thus it is not suitable for high-throughput imaging and sorting.21-22
Additionally, Chronis et al. reported the single-layer device to image neuronal and
behavioral responses in C. elegans.13: 15 This device is designed to record responses from
target neurons to odors, and a single outlet, thus not applicable to screening applications.

For screening applications, in addition to system requirement, another important element of
quantitative screens is the sorting criterion, particularly in image-based ones. It is important
to set a balanced criterion to sort putative mutants in screening: too relaxed criterion means
large false positive rates and would unnecessarily increase the number of candidates to be
scored to confirm positive hits, while a too strict threshold may result in missing mutants.
Target mutants are sorted usually based on the changes of certain morphological markers,
such as GFP transcriptional reporters. This selection in some scenarios is straightforward,
but some changes are too subtle to be characterized even at high magnification. For
example, changes in specific location or pattern of GFP expression are easier to be identified
rather than changes in expression intensity in a single cell.

To overcome these limitations in the existing methods, we designed a simple algorithm for
quantitative screening performed in a newly designed microfluidic device. The microfluidic
device developed for imaging and sorting C. elegansis a single-layer device, where all
sample, control, and cooling channels are in the same PDMS layer, unlike most of other
imaging/sorting devices that use additional layers to gate samples by using push-up or push-
down valves. The advantage of the single-layer design is that it avoids the requirement of
precise alignment of multiple patterned layers; consequently several hours of fabrication
time can be saved and the fabrication failure rate is decreased dramatically. The device is

Integr Biol (Camb). Author manuscript; available in PMC 2014 February 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Leeetal.

Page 3

operated in a semi-automated manner using MATLAB software. Here we show that the
throughput of up to 500 worms/hr is achieved with high reliability. In addition to
microfluidics, we also used a quantitative adaptive algorithm for the sorting criterion. This
algorithm minimizes efforts for verifying selected targets and can be integrated easily with
any other quantitative screening platforms.

Using the integrated system, we screened for mutants in the transcriptional regulation of
tryptophan hydroxylase (TPH; tph-1) in C. elegans. TPH is a rate-limiting enzyme for the
synthesis of neurotransmitter serotonin, which is known to integrate environmental signals
and modulate various neural functions such as mood, feeding, and aggression.23 Deficiency
of serotonin signaling is associated with various mental disorders like depression.24-25
Moreover, deficient serotonin signaling leads to diseases like migraine, an episodic pain
disorder, possibly through abnormal activity of calcium channel.26-27 For therapeutic
interest or general inquiry to understand how environmental perception is mediated to
change physiology, it is significant to identify the regulatory mechanism of serotonin
production.

Among serotonergic neurons where the tph-1 is expressed, in this study, we focus on ADFL/
R, since stressful environmental conditions such as starvation, aversive stimuli like
pathogens, and high temperature increase the tph-1 expression in the ADF neurons.27-28
Many genetic factors including insulin-like peptides, transforming growth factor beta, and
calcium signaling pathways are involved in regulating tph-1 expression in ADFL/
R.23.27,29-30 For example, gain-of-function (gf) mutant of unc-43, a gene that encodes the
calcium/calmodulin dependent protein kinase Il (CaMKII) in C. elegans, increases tph-1
expression in ADFL/R and loss-of-function (If) mutant of unc-43 decreases it. Here, we
sought the molecular components in the signaling pathway of unc-43 that regulates tph-1
expression. The engineered high-throughput microfluidic system with the simple analysis
enables us to find 43 putative mutants possibly relevant to this pathway in a relative short
period of time.

Materials and methods

C. elegans culture and sample preparation

Strains of C. elegans used include GR1333 [yzls71(Ptph-1::gfp; rol-6(d))], and mutant ZC5
[unc-43(n498); yzIs71(tph-1::gfp; rol-6(d))]. All worms were fed with E. coli OP50 and
grown according to standard protocols at 20 °C or 25 °C.1 For each experiment, age-
synchronized L4 or adult worms were suspended in M9 solution containing 0.02 wt% Triton
X100 for imaging.

Isolation and characterization of putative double mutants

To perform screening for factors in the CaMKII-mediated regulation of tph-1, animals that
express an integrated reporter Ptph-1::gfp in the unc-43(gf) mutant background were
mutagenized (PO generation) using ethylmethane sulfonate (EMS) with a standard
mutagenesis protocol.l Approximately 4,000 adult F2 progeny cultured at 20 °C were scored
for reduction of TPH-1::GFP in the ADF neurons. After selection, each isolated mutant was
cultured individually and its progeny cultured at 20 °C and 25 °C were imaged for
characterization.

Fabrication of devices

Soft lithography was used to fabricate all single-layer devices in polydimethylsiloxane
(PDMS) (Dow Corning Sylgard 184, Midland, MI).3! To make the masters, the
conventional UV photolithographic processes were used to transfer features on transparency.
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The 50 pm-thick mold was fabricated using SU-8 2025 (Microchem) and the wafer surface
was treated with tridecafluoro 1,1,2,2-tetrahydrooctyl-1-trichlorosilane vapor (United
Chemical Technologies, Inc, Bristol, PA) to prevents the PDMS from adhering to the
master. On top of the mold, the first layer (~1 mm; part A and B in a 20:1 ratio) was
partially cured at 70 °C for 10 min. Then, for mechanical integrity, the second layer (~5 mm;
10:1) was poured on the first layer and cured at 70 °C for 2 hr.20 Finally, the whole PDMS
layer was peeled off, cut into shape, punched for holes, and bonded onto a cover glass for
complete devices.

System operation and image analysis

To control all components in the system semi-automatically, previously developed
MATLAB routines were used.11 The z-stack (2-jum steps) images of worms were obtained
at 20X objective using an EM CCD camera (Hamamatsu C9100-13).

For quantitative analysis, software code developed in MATLAB was used to flatten z-stack
by computing the maximum projection of each stack. From the flattened images, target
neurons were manually selected, and then the neuron intensity was automatically calculated
in the MATLAB code with the following procedure: (1) nine pixels enclosing the center of
each neuron were automatically selected, (2) their intensities were summed, (3) the
intensities of background where TPH-1::GFP were not expressed were subtracted, And (4)
the intensities of the two ADF neurons were averaged.

To balance the false positive rate and reasonable sorting rate, an adaptive algorithm was
used. In this adaptive algorithm, the intensities of first 50 mutagenized worms were
measured using the software code and the minimum value was set as the first screening
threshold. Subsequently, the sorting criterion was updated every 50 worms to maintain a
sorting rate of the lowest 2% of total worms.

Statistical analysis

Statistical analysis was performed by applying a two-tailed Students’ t test and
Kolmogorov-Smirnov test (KS-test) to compare unc-43(gf) and the double mutants, as well
as the temperature-dependent phenotypic changes on each selected mutant population.

Results and discussion

Performance of the one-layer microfluidic device

In order to perform the screen in a high-throughput manner, we developed a simple single-
layer microfluidic device that can be operated robustly over long periods of time. This
device has two outlets, and has the flow, control and cooling channels in the same layer (Fig
1a, b). Most microfluidic methods for imaging and sorting C. elegans use multilayer soft
lithography to create complex microfluidic control components.19-12 Multilayer soft
lithography is a typical fabrication method where layers of patterned elastomeric are aligned,
stacked and bonded for three-dimensional (3D) microstructures,32-33 and enables
completely closed valves.19 In comparison, our device uses partially closed side-valves that
still allows fluid flow but stops the animals from passing. This single-layer design
minimizes the complexity of the system. In the imaging zone, this small space remaining
between the valves fits the worm’s head well and helps to position each worm in an identical
location. Moreover, the fabrication process does not require any alignment process, and thus
it enables fast fabrication with dramatically lowered failure rate and higher reliability than
its multilayer counterpart (Fig 1c). These advantages allow the device to be easily replicated
by users, especially by non-experts of microfluidics.
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Device operation is similar to previous work.10-11 Worms were loaded by pressure-driven
flow and reliably positioned in the imaging zone by controlling the side valves. Once worms
were loaded, they were immediately cooled because of the side cooling channel, then remain
immobilized for <5 sec during the imaging process.1? To cool down only worms in the
imaging zone, the cooling channel is designed to be close to the imaging channel; in
contrast, there is enough distance to other parts of devices such as the input chamber and
outlets so that their temperatures are not affected by the presence of the cooling channel.
After being completely immobilized, worms were imaged and quantified for their
expression level of a target gene (in this case Ptph-1::gfp). Based on the phenotype of the
animal, it would be sorted as either mutant of interest (i.e., double mutant whose tph-1
expression level is lower than that of unc-43(gf) in here), or waste. This unloading process is
very efficient and fast because of the use of the flushing channel.1® This sequence of
operation is automated by a program developed in MATLAB. This yields a high throughput
(up to 500 worms/hr, which is comparable with other microfluidic devices previously
developed for imaging C. elegans'®11 and 1-2 orders of magnitude higher than
conventional microscopy), and facilitates the screening performance for the regulation of a
target gene. In general, the system can be easily integrated for any screening or imaging a
large number of C. elegans.

Quantitative Screen of target of interest

Using the system developed here, we performed the screening to identify genetic factors that
regulate tph-1 expression to understand environmental responsive physiologies or serotonin-
deficient diseases. Currently it is known that stress, such as high temperature, stimulates
calcium signaling pathway including CaMKII encoded by unc-43, in ADFL/R and up-
regulates tph-1 expression level (Fig. 2).2-28 To look for additional genetic players in the
unc-43-dependent tph-1 regulation pathway, we performed a forward genetic screen with
mutagenized worms having unc-43(gf) background. Double mutants showing different
phenotype from unc-43(gf), i.e., low expression of tph-1, were sorted for further analysis. In
other words, screening target has similar Ptph-1::gfp expression phenotype as wild-type.

There are several challenges in performing this screen. First, we need to use quantitative
analysis to define the expression level of tph-1 to reduce the false-positive rate and post-
processing such as re-imaging the selected putative mutants as population. Previously some
genetic screens for tph-1 regulatory factors in ADFL/R were performed using a dissecting
microscope based on its relative intensity.2”: 29 From these previous screens, several genetic
regulators were identified. However, generally, qualitative screens are low throughput
because identifying subtle differences of tph-1 expression in each worm is difficult and it
introduces significant false positive rates. For example, by comparing Fig. 3b/c to Fig. 3d/e,
it is easy to distinguish between strong and weak tph-1 expressions. Also, it may be possible
to compare the relative expression levels of tph-1 among worms having low expressions in
Fig. 3b or 3c. However, from a single image (as during a screen in real time), it is not
reliable to define a target whose expression level is lower than the threshold of difference.
Thus, we can conclude that quantitative imaging is necessary and effective to find genetic
regulators of tph-1.

We quantified the GFP intensity levels using MATLAB®. From maximum-projection
images, we selected the region of interest and the software automatically calculated the
average intensity of target neurons. This quantitative analysis is fast and simple to use, and
can be easily translated to analyze any other neuron intensities.

The second, but toughest, challenge of this screening is the stochastic effects on gene
expression levels. To define the screening criterion for target selection, we imaged wild-type
and unc-43(gf) worms having Ptph-1::gfp cultured at 20°C. As seen in the histogram in Fig.
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4a, the average expression of tph-1 is lower in wild-type and higher in unc-43(gf); however,
because the histograms overlap significantly, it is virtually impossible to pinpoint the genetic
identity of individual worms and to have a threshold criterion to distinguish the two
genotypes (Fig. 4a, and supplemental materials). Any pre-determined threshold to sort
targets would result in an appreciable false positive rate (see supplemental figures and

table). Practically, we needed to set a relatively low intensity value as a screening threshold
instead of performing control experiment to compare wild-type and unc-43(gf).

Furthermore, the putative mutant animals that we selected during the screen might have a
fluorescent intensity that is above or below the average for the genotype, i.e. they may not
represent the population average. Therefore it is very likely that half of the animals isolated
are actually false positives even if we follow a stringent selection criterion (see supplemental
figures and table). Thus, after the first round of screen, we need to re-image the selected
putative mutants as populations and confirm the population average is indeed below the
unc-43(gf) expression. This re-screen is very time consuming since populations would have
to be reimaged; to minimize the workload, it is critical to minimize the false positive rate.

Lastly, we need to compensate for the day-to-day variation. First, noises from equipment
could interfere with accurate measurement of target GFP intensity. These external noises can
be tuned by control bead measurement but additional preparation steps and measurement are
required. Furthermore, the gene expression itself may be variable due to certain
environmental fluctuations such as culture temperature and bacterial food conditions.
Moreover, the worm age affects the expression level of the target gene and age
synchronization is often not perfect. For instance, two wild-type cultures at the same
conditions for the same period time show large difference in tph-1 expression, despite
negligible external equipment noises, which has been confirmed with control bead
measurement (Fig. 4b). In the case of unc-43(gf), two cumulative distribution functions are
similar but not identical, which is enough to affect the screening performance because
mutant selection is very sensitive to the intensity. Thus, to look for mutants with subtle
quantitative changes, a simple threshold of GFP intensity is insufficient to generate an
acceptable small number of false positives.

Screening with adaptive algorithm

Since a simple threshold based on GFP intensity is not sufficient to select putative mutants
due to fluctuations in gene expressions or instrumental noise, we used an adaptive algorithm
for sorting mutants. In the adaptive algorithm, the screening threshold was defined and
updated by values of mutagenized worms themselves, not by the comparison of wild-type
and unc-43(gf) (Fig. 5 and 6). This selection based on rolling minimum intensities is
advantageous because no positive or negative controls are required before the start of the
screen, and therefore insensitive to the many variations discussed before.

In the adaptive algorithm, first, we imaged fifty mutagenized unc-43(gf) worms, and the
minimum value of target reporter expression in this group was set as a screening criterion.
Putative mutant worms having lower expression level compared to the sorting threshold
were isolated. The sorting criterion was updated after each 50 additional worms passed
through and were imaged. We assume that the rate of finding relevant mutant is low (i.e.
lowest ~2% of worms). After hundreds of mutants, the screening criterion usually settles to
a stable value and does not require more adaptations. This algorithm is easy to implement by
modifying target selection rate depending on the expected hit rate with minimized efforts for
verifying selected targets.

Using the algorithm and the single-layer microfluidic device, we performed quantitative
screening of a mutagenized unc-43 population (Fig. 6). When the intensity of TPH-1::GFP
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in ADF neurons is higher than a certain threshold, we can easily eliminate the worms having
high expression of tph-1 without quantification (Fig. 6b). Thus, there was no need to analyze
the high expressing worms, i.e. those in the shaded region in Fig. 6a during actual screening.
This rough estimate eliminates many worms quickly, and increases the overall throughput of
screening. If the initial evaluation of the intensity is low, as shown in Fig. 6¢, we quantified
their expression levels and followed the adaptive algorithm to isolate the putative double
mutants (Fig. 6a). For example, 0.66 (AU) was set to the first screening threshold and one
worm with an intensity value of 0.63 was sorted. Subsequently, the threshold was updated as
0.64 and three worms whose intensities are 0.44, 0.51, and 0.50 were sorted. After hundreds
of mutants, usually, the screening threshold stabilized to a value between 0.5 and 0.7 and
does not require more adaptations. In total, we screened ~4000 mutagenized F2 unc-43(gf)
worms and selected 95 putative mutants. Moreover, the usage of high-throughput
microfluidic system enabled this screening within 25 hr, which would have taken longer
time (many days or possibly months) with manual conventional methods because of the
quantitative requirement of this screen.

After screening, we clonally cultured all sorted putative F2 double mutants and re-imaged
their progeny to eliminate false-positive strains. We compared the intensities of putative
double mutants to those of unc-43(gf) and eventually verified that 43 of the sorted
populations have lowered tph-1 expression than unc-43(gf) when cultured at 20 °C (Fig. 7).
These differences are all significant by student’s t test and K-S test (p<0.01). Among the 43
isolates, two (al56 and a157) have no tph-1 expression. We further characterized the rest of
the strains and compared with wild-type: 19% of them showed expression levels similar to
wild-type at 20 °C and some showed higher and the others showed lower average expression
than wild-type.

Interestingly, 14 of the mutants have temperature-dependent expression in ADF L/R, similar
to wild-type (Fig. 8a). Theses temperature-dependent changes in the expression levels are all
statistically significant by student’s t test and K-S test. It is likely that the genetic lesions in
these mutants do not disrupt the Ptph-1::gfp reporter itself. Thus these 14 strains could be
useful to identify new regulatory genes in tph-1 expression, particularly in the temperature-
dependent responses.

Furthermore, the actual distributions (histograms) of the expression levels can be
informative. For all 14 strains, Poisson distribution is not appropriate to fit the data since the
Fano factor (02/j. where o is the variance and ju is the mean) of the reporter expression level
is less than one. We considered both Gaussian and gamma distributions to describe the data.
Gaussian distribution was used to fit symmetric distributions and gamma the asymmetric
ones. In the cases that the data appear to be bimodal, we used double Gaussian distributions.
Examples and categorizations of the mutants are shown in Fig. 8b—d. We hypothesize that
these phenotypical groupings are possible results from the mutations happening in different
specific pathways.

Conclusions

In summary, we present a quantitative screen based on simple adaptive algorithm using a
single-layer microfluidic device. The fabrication of microdevice is simple, giving a low
failure rate and a robust and reliable performance. Since all control and fluid channels are in
the same layer, optimizing space between the channels when designing the system is
necessary. Moreover, to make a flexible control wall, proper aspect ratio was considered. In
addition to devices, quantitative analysis with adaptive algorithm was validated with
performing the screening of mutated unc-43(gf) worms.
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Using this system, we successfully performed a forward screen that identified tph-1
regulators in less than 25 hours and isolated 43 putative double mutants. The system
developed here is flexible, and thus can be readily integrated with other studies for screening
or imaging C. elegans; this system can also be applied to genome-wide RNAI screening and
drug screening, to look for genes that alter/regulate tempo-spatial expression patterns of
target genes in response of various conditions such as aging, food level, and pathogens.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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microdevice. The channels were filled with color dye to visualize features: blue, cooling

channel; green, control valves; and red, sample flow channel. (c) Comparison between
single-layer and double-layer devices.
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Fig. 2.

Simplified mechanism for CaMKII-dependent regulation of tph-1 in ADF neurons.
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Fig. 3.

Stochasticity in gene expressions in a genetically identical population. (a) Probability
histogram of tph-1 expression levels in single mutant (unc-43). The n value represents
number of worms imaged. (b—€) Representative images of tph-1 expressions in ADF
neurons in unc-43(gf), which correlate with each quantified bar in histogram (a). All
fluorescent images are revised as a heat map for clarity. The color bar on the left represents
the average intensity of target neurons, ADFL/R, which correlates with the expression levels
of tph-1.
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Fig. 4.

Challenges in screening of unc-43-dependent regulation on tph-1. (a) Probability histogram
of tph-1 expression levels in between wild-type and single mutant (unc-43). (b) Empirical
cumulative distribution functions of tph-1 expression for a different set of worms, which
illustrate day-to-day variations. The n value represents number of worms imaged.
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A mutagenized unc-43 (gf)

’ Check the intensity by eye

‘ Quantify the expression level ‘
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Sort as a ‘Mutant’ & next

Worm number = 50 ?
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Set ‘Min’ as
‘Screening threshold

Discard & next

Fig. 5.

Schematics of adaptive screening algorithm for a single worm. Quantitative analysis is only
applied to worms having dim TPH-1::GFP. The screening threshold is heuristically updated
by every 50 images and possible double mutant is sorted based on threshold.
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Quantitative screening with the adaptive algorithm. (a) The scattered plot showing tph-1
expression levels in mutagenized unc-43 worms. Each circle represents single worm
intensity (average of two ADF neurons). Worms in shaded regions are bright enough to be
identified by eyes due to high expression level of tph-1, which is above a certain threshold,
and thus, it does not require to be quantified during actual screening. An example of high (b)
and low (c) tph-1 expression in ADF neurons. Mutant (M) selection in quantitative
screening with flexible thresholds which are updated after every 50 worms. The first
screening criterion is set based on minimum value (Min) of first 50 images.
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Characterizations of putative mutants. (a) 13 putative mutants have temperature-dependent
changes in tph-1 expression. (b—d) Three types putative double mutants that have
temperature-dependent phenotype of tph-1 expression in ADF neurons. Each probability
histogram of tph-1 expression levels fits with either Gaussian (b), Gamma (c), or double
Gaussian distribution (d).
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