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Abstract

Spinal muscular atrophy (SMA) is a degenerative disorder that selectively deteriorates motor 

neurons due to a deficiency of survival motor neuron protein (SMN). The illness is the leading 

genetic cause of death in infants and is difficult to study in complex biological systems such as 

humans. A simpler model system, such as the nematode C. elegans, can be used to study potential 

mechanisms underlying this disease; C. elegans expresses the smn-1 gene, a homologue of SMN; 

powerful genetic tools in C. elegans research can be used to discover novel genes whose effect on 

SMN remains unknown or uncharacterized. Currently, conventional screening methods are time-

consuming and laborious, as well as being subjective and mostly qualitative. To address these 

issues, we engineer an automated system capable of performing genetic suppressor screens on C. 
elegans using microfluidics in combination with custom image analysis software. We demonstrate 

the utility of this system by isolating 21 alleles that significantly suppress motor neuron 

degeneration at a screening rate of approximately 300 worms per hour. Many of these mutants also 

have improved motor function. These isolated alleles can potentially be further studied to 

understand mechanisms of protection against neurodegeneration. Our system is easily adaptable, 

providing a means to saturate screens not only implicated in the smn-1 pathway, but also for genes 

involved in other neurodegenerative phenotypes.
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A fully automated high-throughput screen using C. elegans to investigate genetic mechanisms 

affecting spinal muscular atrophy (SMA).

Introduction

Neuronal degeneration is a fundamental biological phenomenon and a characteristic attribute 

of neuromuscular diseases, which affect as many as 1 in every 3,000 people[1]. One such 

disease is spinal muscular atrophy (SMA), an autosomal recessive neurodegenerative 

disorder that is one of the leading genetic causes of infant mortality[2]. SMA results from a 

loss of function of survival motor neuron protein (SMN) due to mutations in the SMN1 
gene[3, 4]. The decreased SMN function causes specific motor neuron degeneration leading 

to muscular wasting, paralysis, and even death[2, 5]. Although the genetic bases of SMA 

have been shown to reside in the Smn1 gene, the molecular mechanisms and pathogenesis 

leading to SMA remain poorly understood[6].

Caenorhabditis elegans is a nematode and an important model used to elucidate the 

intricacies of complex cellular processes that underlie neurodegeneration. Previous research 

has used C. elegans to study molecular mechanisms behind devastating neurodegenerative 

disorders such as amyotrophic lateral sclerosis, Huntington’s, and Parkinson’s disease[7–

10]. The nematode, despite its low level of evolutionary complexity, is particularly well 

suited for neurobiology research because of the considerable number of conserved molecular 

pathways between worms and mammals, including major neurotransmitter systems[8, 11]. 

Furthermore, C. elegans have a mapped and comparatively simple nervous system of 302 

neurons, unlike other model organisms that contain thousands to millions of neurons, greatly 

simplifying analysis of neuronal circuits[12]. The nematode is also uniquely fit for 

neurodegeneration research because it is transparent, allowing for the inspection of 

fluorescently labelled neurons within a living multicellular organism at all stages of 

development[8, 11, 13]. C. elegans is also appealing for genetics research due to its ease of 

genetic manipulation, mapped genome, and large number of genetic homologs to 

vertebrates[11, 14, 15]. For instance, 60-80% of the C. elegans genes are homologous to 

human genetic disease genes, such as smn-1, a homolog of the human SMN protein[11, 16]. 

Additionally, the 19 D-type motor neurons along the nematode’s ventral nerve cord provide 

multiple opportunities to study degenerative conditions in a localized area of the animal 

body.
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Currently there are only few well-characterized genetic modulators of human SMN, such as 

SMN2 and PLS3[5, 17–19]. Studies using C. elegans to discover additional modulators of 

SMN have utilized visual inspection to measure pharyngeal pumping rates, custom image 

analysis methods to measure motility, or the COPAS Biosorter to measure animal body 

length[17, 20–24]. These methods, however, either require manual analysis, are 

comparatively low-throughput, or provide indirect correlations of motor neuron 

degeneration. The limitations in these systems, therefore, bottleneck the discovery of SMN 

modulators and ultimately potential therapies for SMA.

To overcome these limitations, we developed an automated system using microfluidics and 

computer vision. By manipulating C. elegans in microfluidic chips and automatically 

analysing high-magnitude images, throughput gains up to two orders of magnitude are 

achieved when compared to manual methods of handling[25]. Additionally, screening of 

nematodes on-chip can be performed to take advantage of C. elegans low cost, rapid life 

cycle, and large number of progeny[11, 14, 25-29].

Here, for the first time, we present a fully automated system to identify modulators of motor 

neuron phenotypes using genetic screening techniques. Our system reduces human bias and 

subjective analysis from visual screening practices. Phenotype analysis is rapid, performed 

within 12 seconds per animal on average, as we directly inspect the animal nervous system, 

removing the need for behavioral analysis or indirect correlations to motor neuron 

degeneration. We demonstrate the utility of our system by performing an automated screen 

and isolating 21 mutants that rescue the neurodegenerative phenotype seen in C. elegans D-

type motor neurons due to the silencing of smn-1. Many of the isolated double mutants also 

show significant improvement of locomotion.

Materials and methods

Microfluidic device fabrication and operation

Microfluidic devices were fabricated using standard soft lithography methods to create 

single-layer chips made from the elastomer polydimethylsiloxane (PDMS, Dow Corning 

Sylgard 184)[30]. Master molds were fabricated as in previous work using silicon wafers, 

SU-8 photoresist (Microchem), and treated with tridecafluoro-1,1,2,2-tetrahydrooctyl-1-

trichlorosilane vapor (United Chemical Technologies) to reduce elastomer adhesion to the 

substrate[25, 27, 28]. Likewise, thermal bonding between a thin (~0.5mm) 20:1 and a 

thicker (~3mm) 10:1 layer of PDMS was used during chip fabrication to facilitate valve 

flexibility, while maintaining overall rigidity[28]. After cutting and preparing PDMS devices 

to interface with tubing and pins, chips were bonded to cover-glass using oxygen plasma.

Similar to our previous work, we used partially closed valves and pressure driven flow to 

route, image, and sort animals within the device[26, 27]. Channel and chip feature height for 

our presented design is approximately 60μm for all areas excluding the curved portion of the 

flow channel in the imaging area, which is approximately 40μm.
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C. elegans culture, mutagenesis, and phenotype scoring

The C. elegans strains used in this study are: NA1355 gbIs4[Punc-25::smn-1 RNAi sas; 

Pchs-2::GFP]; oxIs12[Punc-47::GFP; lin-15(+)] and NA1330 gbIs4[Punc-25::smn-1 RNAi 
sas; Pchs-2::GFP] [31]. These strains carry gbIs4, a transgene for cell-specific, transgene-

driven, RNA-interference to selectively silence smn-1 gene in 19 D-type motoneurons, to 

which we will refer as smn-1(RNAi sas) or smn-1. To obtain neuron-specific silencing we 

used a short form of unc-25 promoter, which is specifically expressed from embryonic to 

adult stages only in 19 D-type motor neurons in the ventral cord and not in other 

GABAergic neurons[32]. Using a PCR fusion approach[33] the promoter was fused to each 

orientation of an exon-rich region of smn-1 gene, to obtain sense and antisense 

fragments[34] The two constructs were then injected at high concentration (200ng/μL) and 

after demonstrating that this was the condition showing the highest effect, the transgene was 

integrated (as gbIs4) to increase the penetrance, overcome the variability in the phenotypes, 

and the incomplete transmission observed when non-integrated transgenes are used[31]. The 

strain was cultured between 15°C and 25°C using established protocols[14].

For both the manual pilot screen and the automated screen, a standard concentration of the 

chemical mutagen ethyl methanesulfonate (Sigma Aldrich) was used to mutagenize animals 

in order to perform a pooled F2 suppressor screen of gbIs4, the smn-1(RNAi sas) 
mutant[35]. Animals were screened when most animals reached gravid adulthood in terms 

of age.

Phenotype scoring of alleles isolated from the automated screen was performed on animals 

cultured at 20°C anesthetized with 5mM concentrations of sodium azide (Sigma Aldrich) on 

prepared agar slides[36]. All animals were manually inspected under fluorescence for the 

presence of D-type motor neurons using 20×/0.4NA and 20×/0.5NA objectives on wide field 

inverted compound microscopes (Leica DM IRB/E and Leica DMI 6000B); fluorescently 

labeled DVB, RIS, AVL, and RME neurons, where smn-1 is not silenced, were not counted 

in this analysis. Automated experiments and visual analysis of C. elegans were both 

performed when animals became gravid adults using the same objectives and microscope 

equipment as mentioned above. Unless mentioned otherwise, all images are of gbIs4, the 

smn-1(RNAi sas) neuron specific knockdown strain.

To test whether the suppressing alleles that we identified were impairing the RNA-

interference pathway, animals were fed using HT115(DE3) bacterial strain harboring the 

mom-2 construct from J. Ahringer library (HGMP, Cambridge) [37] [36][37–38]. Five 

young adults for each strain were placed on NGM plates without bacteria for 1h to remove 

residual OP50 and then deposited onto NGM plates containing 100 mg/ml ampicillin, 1 mM 

IPTG, and IPTG-induced HT115(DE3) transformed bacteria and allowed to lay eggs. 9 F1 

were removed and allowed to lay F2 progeny, that was quantified in triplicate as larvae or 

unhatched eggs and their ratio used to determine the percentage of embryonic lethality 

(unhatched eggs/ unhatched eggs+larvae). Control worms were grown on bacteria 

transformed with L4440, an empty plasmid from A. Fire (Stanford, California) carrying no 

insert for RNAi. WM27 rde-1(ne219) mutant animals, which are impaired in RNAi, were 

used as positive control [38] We were not able to RNA-interfere by feeding two alleles (a201 
and a203) for unknown reasons.
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To test D-type motor neurons function, backward movement assay was performed blindly on 

well-fed, young adult animals not carrying the transgene oxIs12, which may contribute to 

locomotion defective behaviour. To obtain this condition and to eliminate undesired 

additional mutations, animals from the suppressor screen were outcrossed multiple times 

against NA1330 gbIs4[Punc-25::smn-1 RNAi sas; Pchs-2::GFP] transgenic strain and the F2 

progeny was selected for maintaining suppression of smn-1(RNAi sas) phenotype and 

carrying the transgene oxIs12 in heterozygous condition, so that we could separate in the 

next generation oxIs12/oxIs12 homozygotes from non-oxIs12 transgenic animals. To score 

backward movement, animals were placed in NGM plates (6cm in diameter, seeded with 

bacteria) and were touched on the tail to induce a forward movement and then on the head to 

induce a backward movement. A defect in movement was scored when the animals were not 

able to fully move backward[39].

To test the mode of inheritance of the most interesting alleles, animals from the suppressor 

screen were outcrossed against a NA1330 strain carrying gbIs4[Punc-25::smn-1 RNAi sas; 

Pchs-2::GFP] transgene and the F1 non-self progeny, heterozygote for the suppressor allele, 

was scored for suppression of smn-1(RNAi sas) phenotype.

Automated system operation

System automation describes the process of autonomously controlling all system 

components to execute animal loading, imaging, phenotype analysis, and sorting. System 

setup is similar to our previous work utilizing off-chip components such as pneumatic 

solenoids, a compound microscope, and a digital CCD camera to control on-chip valves; 

however, no cooling system was used for immobilization in this study[25, 26, 28, 40]. All 

system automation software was programmed in MATLAB® in conjunction with Micro-

Manager[41].

Results and discussion

Microfluidic device performance and pilot screen

In order to perform genetic screens in an automated manner, we used a single-layer 

microfluidic device, shown in Figure 1. Previous work has shown the potential of 

microfluidics for vastly improving the throughput of imaging, sorting, and genetic screening 

studies involving C. elegans [25–28, 42]. A key limitation in many of these devices is the 

lack of orientation control. The design used in this screen was adapted from existing designs, 

using curved geometries to passively position animals into lateral orientations for improved 

inspection and imaging[27]. This orientation method is particularly advantageous when 

inspecting objects along the ventral nerve cord, such as the D-type motor neurons.

Our current design has three improvements. First is the introduction of a partial 

immobilization method using compressive force from actuated valves (IMM in Fig. 1A and 

1B) to limit animal movement during image acquisition. This method allows for improved 

image quality while maintaining overall ease of device fabrication. Second is the use of a 

single-layer design which as shown in previous work, maintains compatibility with on-chip 

valves while greatly simplifying standard multi-layer fabrication techniques[28, 43]. Lastly, 
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to ensure that animals were not obstructed by the use of partial immobilization valves (Fig. 

1C), we introduced a height decrease of 20μm in the flow channel of the imaging area. With 

this height difference, valve obstruction of animal body regions dropped significantly in 

frequency as animals were more likely to stay close to the cover glass (Fig. 1D).

To verify our ability to find suppressors of the smn-1 mutation using our microfluidic 

system, we first performed a manual pilot screen of ~1,000 mutagenized animals. We used a 

strain in which the function of smn-1 is selectively reduced in D-type GABA motor neurons 

using a neuron-specific RNAi method[31] (Fig. 1E). The silencing of smn-1 in these neurons 

induces degeneration, detectable as the disappearance of motor neurons expressing GFP 

(from the oxIs12[Punc-47::GFP] transgene) (Fig. 1F). We performed mutagenesis on a 

population of smn-1(RNAi sas) mutants (Materials and Methods), and loaded and manually 

inspected mutagenized animals on-chip to search for animals with a high number of 

neurons. All animals were inspected as gravid adults as age-associated neurodegenerative 

diseases in humans demonstrate similar age dependence in many C. elegans transgenic 

models, including ours[31]. From this screen, we isolated allele a205 (Fig. 1G), which 

displayed a statistically significant difference in visible neuron number when compared to 

smn-1(RNAi sas) knockdown mutant, 13.8±2.7 for smn-1;a205 (n=54) versus 9.3±2.8 for 

smn-1 (n=60) respectively (population average ± standard deviation, p<0.0001, t-test).

While the average number of neurons provides some information about the differences 

between these populations, further insight is obtained through analysis of the numerical 

distribution of neurons present for each allele. For example, inspecting the histogram data 

for smn-1 and smn-1;a205 (Fig. 1H) reveals the amount of phenotypic overlap between 

strains, due to natural variations within the population, which is potentially concealed when 

only considering mean and standard deviation values between populations.

Software design and validation for automated screen

Upon the discovery of a suppressor mutant, allele a205 was used for the development and 

testing of custom neuron detection software. Figure 2A demonstrates the background (β), 

worm (ω), and correct position (ρ) areas used for detecting an animal within the imaging 

area of the device. This method uses average intensity thresholds of each region to scan for 

the presence of nematodes (Materials and methods). Figure 2B-F displays the step by step 

process of discovering neurons while minimizing the detection of false positives such as 

miscellaneous image artefacts, fluorescent co-injection marker present in the head of the 

animal, or neurons where smn-1 is not silenced in the tail. We verified the effectiveness of 

this method by hand-selecting neurons from a set of high quality images and compared them 

with our software results. Strain smn-1;a205 was used in place of smn-1 due to interest in 

isolating similar phenotypes with a comparatively high number of neurons from suppressor 

screens (14 neurons on average for smn-1;a205 versus 9 for smn-1). Using these images, we 

found that our software algorithm was capable of correctly identifying 87% of fluorescently 

labelled motor neurons in our image library (448 correctly identified out of 513 determined 

visually, 56 total images). The amount of false positives, or objects detected by our program 

that were not actually neurons was 8% (39 of all 487 objects detected); while the amount of 

false negatives, or actual neurons that were not detected by our software, was 13% (65 of 
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513 visually determined neurons). The average number of false positives per image was 

0.7±0.8, while false negatives per image was 1.2±1.3 (mean ± standard deviation, n=56).

Reviewing segmented neurons from our image library reveals that most false positives are 

due to mistaking puncta, RME or DVB neurons, and cells expressing the co-injection 

marker, for D-type motor neurons. Size filters in our custom software reduce the number of 

puncta and RME neurons detected by removing objects too small or too large to be 

considered D-type neurons. However, a careful balance must be maintained when setting 

size thresholds as altering ranges to decrease false positives can simultaneously increase the 

number of false negatives, resulting in actual neurons not meeting requirements for 

detection. In this work, size thresholds were determined from empirical results and set to 

values to minimize the amount of both false positives and negatives.

To further decrease the number of false positives, we also limited the area of image analysis 

(area labelled in red in Fig. 2B), and applied a mean filter to binary images. Image analysis 

was reduced to the mentioned area due to the observation that curved device geometry 

places head and tail regions in the same image section. Therefore, removing these areas from 

analysis decreases the risk of detecting false positives in head and tail regions which contain 

RME and DVB neurons, as well as cells expressing the co-injection marker. To compensate 

for occurrences when the head area of the animal is within our analysis region, we use a 

mean filter to combine and remove any objects within close proximity of each other that are 

falsely detected as neurons. While the head region of animals are the most prone to detection 

of a high number of false positives (Fig. 3A-B), this can also occur due to animals with egg 

laying deficiencies (Fig. 3C-D), or due to multiple animals within the analysis region (Fig. 

3E-F).

False negatives detected in our sample image library can be attributed to neurons not 

meeting minimum or maximum size threshold requirements. These instances occur when 

neurons are too small due to natural variation between animal expression and size, or too 

large due to diffused light from out of focus neurons. Images captured for analysis within 

our device are captured at a single focal plane, which expedites the time required for image 

acquisition and removes the need for further immobilization schemes typically required for 

Z-stacks. Additionally, we do not observe a focus drift during our experimental sessions.

While any error in our detection results is undesirable, we are especially concerned with 

high numbers of false positives because they mimic a partial rescue phenotype. In this case, 

we err on the side of having a higher number of false negatives than false positives as 

putative suppressors require further phenotyping to assess penetrance and degree of rescue. 

Software results from testing on our sample image library show that both the average false 

positive and false negative rates for neuron detection are approximately one neuron, and are 

considerably low when compared to the average difference in neuron number between 

smn-1(RNAi sas) phenotype and suppressors of that mutation (approximately five). 

Therefore, neuron detection software is adequate for an automated screen.
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Automated screen for suppressors of smn-1 silencing

To test the ability of our system to successfully identify and sort suppressors of the 

smn-1(RNAi sas) phenotype (referred to as double mutants from this point forward), we 

performed an automated pilot screen of over 7,500 F2 mutagenized animals (>750 haploid 

genomes). Our average screening rate was approximately 300 animals per hour, calculated 

over 8 trials on different days, and utilizing multiple microfluidic devices of identical design. 

All animals were imaged and analyzed using a single focal plane on-chip, determined 

manually at the beginning of each screen. Similarly, analysis regions for automated worm 

detection were manually selected at the beginning of each automated screening experiment.

In this automated screen, we isolated 74 potential double mutants. Of these double mutants 

detected and sorted by our automated system, approximately 62% were visually verified as 

having phenotypes different from smn-1(RNAi sas) mutants, containing 10 or more neurons 

within the analysis area (n=46 over 74 total mutants). This analysis, however, takes into 

account double mutants sorted before the implementation of a mean filter to reduce the 

number of false positives in neuron detection. Analysing only mutants sorted after the 

implementation of the mean filter increases the sorting accuracy of our system to 85% (n=23 

of 27 total).

Many factors can lead to classification errors during automated phenotype analysis due to 

the random nature of forward genetic screens. Differences in body size (affecting head 

position), loading of multiple worms into the imaging area, or animals with progeny that 

have hatched inside of them complicate analysis, normally requiring individual software 

solutions specific for each circumstance. However, using a mean filter as the final step in 

neuron detection provided a single solution for these issues while increasing the sorting 

accuracy of our system 23%.

Characterization of isolated alleles

From our potential pool of 74 double mutants, we decided to confirm the data from the 

automated screening by manual inspection and scoring of each population. This secondary 

screening resulted in 21 suppressors of the smn-1(RNAi sas) phenotype (Fig. 4), isolated 

from eight different pooled populations. A table of the number of neurons for each isolated 

allele is listed in Supplemental Table S1. All double mutants were found to be statistically 

different when compared to the smn-1(RNAi sas) single mutant (p<0.0001 for all alleles 

except a185, which is p<0.001, one-way ANOVA Dunnett’s post-test).

For the purpose of this study, we considered strong suppressors of the smn-1(RNAi sas) 
phenotype to have an average of approximately 15 neurons for their respective population. 

This number was chosen because it corresponds with the 95% confidence interval of smn-1 
(mean + 1.96 × standard deviation). Using this measure, we find that 11 of the 21 isolated 

alleles are strong suppressors of the smn-1(RNAi sas) phenotype (a187-a190, a192, a193, 
a195, a196, a199, a201, a203). Allele a195 is the strongest suppressor demonstrating a near 

perfect rescue of the neurodegenerative phenotype with 17.5±1.2 neurons on average of the 

possible 19 (mean ± standard deviation).
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Fig. 5A demonstrates the cumulative distribution functions (CDF) for all isolated double 

mutants which can be used to visualize the differences in numerical distributions between 

alleles. Analyzing the CDF illustrates the effect of the allele for suppressing the 

neurodegenerative phenotype of smn-1(RNAi sas) in a whole population. The farther right 

shifted the distribution function is, the more consistent the suppression. Furthermore, this 

characterization demonstrates the variability in the phenotypes of smn-1 and the discovered 

suppressor mutants. The CDF for alleles a194-a198 and a202-a203 are shown in Fig. 5B and 

display varying levels of smn-1(RNAi sas) rescue for strains isolated from the same pooled 

population. A histogram of three representative alleles from this group is shown in Fig. 5C 

and reveals the small amount of overlap between each double mutant, demonstrating unique 

phenotypes among potential siblings. These comparisons illustrate that our system is capable 

of capturing animals with varying levels of smn-1(RNAi sas) rescue, even when screening 

for single animals. Additionally, our system is not limited to only strong suppressors of the 

neurodegenerative mutation.

To verify whether any of the mutant alleles affects the RNAi machinery, thus causing a non-

informative “technical” suppression of smn-1(RNAi sas) induced degeneration, we silenced 

mom-2 essential gene using RNAi by feeding[44] (Fig. 6). RNA interference of mom-2 
causes a fully penetrant embryonic lethality in wild-type animals and smn-1(RNAi sas) non-

mutagenized parental strain and this phenotype is completely suppressed in rde-1 knock out 

animals, which are strongly resistant to RNAi. Among the 21 suppressors obtained from the 

secondary screening, only 10 alleles showed 100% lethality, while four (a186, a190, a200, 
a202) showed an almost complete suppression of the phenotype, similar to rde-1 positive 

control mutant strain, and therefore discarded from further analysis.

The isolated alleles rescue the defect in locomotion

To demonstrate that the suppression of smn-1(RNAi sas) neurodegenerative phenotype 

corresponds to a functional rescue of the effects caused by smn-1 silencing, we tested the 

locomotion behaviour of suppressor alleles (not impaired in RNAi) choosing the strongest 

and healthy ones. The regulation of C. elegans backward movement involves D-type motor 

neurons[39] and the silencing of smn-1 in these neurons causes severe defects in 

locomotion[31]. Most of the alleles tested show a strong and significant increase in the 

number of animals with a normal backward movement compared to smn-1 alone (Fig. 7), 

confirming a functional rescue and the role of 9 isolated alleles in suppressing various 

smn-1(RNAi sas) induced defects. Unexpectedly all these alleles showed a dominant or 

semidominant mode of inheritance, except a196 allele.

Conclusions

We present an automated system to perform suppressor screens aimed at identifying novel 

modulators of smn-1 mediated neuronal degeneration. Using comparatively simple 

microfluidic designs and image analysis methods, we are capable of performing these 

screens at a consistent rate of 300 worms per hour, approximately 100 times faster than 

standard methods. Additionally, we provide a system capable of directly examining motor 

neurons within C. elegans to characterize degeneration. We demonstrate that our software 
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analysis is selective by sorting approximately one percent of the 7,500 animals screened, and 

validate our classification algorithm accuracy of 85% through visual analysis of sorted 

double mutants. Using our microfluidic system and software in concert, we successfully 

isolated 21 alleles suppressing the smn-1(RNAi sas) neurodegenerative phenotype. We 

identified 15 of these alleles as not impaired in RNAi machinery and, among these, 9 were 

confirmed for their capability to strongly increase the number of visible D-type MNs and 

rescued the defect in locomotion elicited by smn-1(RNAi sas). Two alleles (a194 and a199) 

did not rescue the locomotion defect thus demonstrating an additional benefit of our 

approach over high throughput behavorial screening. To our knowledge, this is the first 

implementation of an automated forward genetic screen for mutants affecting the SMN-1 

neurodegenerative phenotype.

Our system is versatile, using simple and widely available image analysis techniques, and 

can easily be adapted to search for other neurodegenerative mutants instead of suppressors 

with minimal changes. This work, therefore, lays the ground for saturate screens searching 

for genes that modulate neurodegeneration. By elucidating the molecular mechanisms and 

pathways that cause neurodegenerative diseases, we can potentially discover new treatments 

for various neurological and neuromuscular pathologies, not limited to genes that only 

influence smn-1 or SMA.
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Spinal muscular atrophy (SMA) is a neuronal degenerative disorder that arises from 

deterioration of motor neurons due to a deficiency of survival motor neuron protein 

(SMN), but mechanisms affecting this disorder are poorly understood. The nematode C. 
elegans can be used to investigate potential mechanisms underlying this disease as it 

expresses smn-1 gene, a homologue of SMN. In this work, we present a system capable 

of performing a high-throughput screen using C. elegans to investigate mechanisms 

behind SMA. We performed a fully automated forward genetic screen using 

microfluidics, machine vision, and automation, improving the screening rate by two 

orders of magnitude over standard methods. The screen resulted in 21 isolated alleles that 

suppress the smn-1 mutation.
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Fig. 1. 
Single layer microfluidic device. (A) Device used for on-chip characterization and 

automated sorting of C. elegans. Flow layer is shown in green with black text, valve control 

layer shown in red with white text. Fluid flows from left to right, top to bottom, and is 

marked by white arrows. Flush channel, wild-type (WT), and mutant (MT) channels are all 

labelled. STP is the stop valve, IMM are the immobilization valves, IMG is the imaging 

valve, and WT and MT are the wild-type and mutant valves. Imaging area shown with 

dashed black box. Scale bar is 200μm. (B) Imaging area shown in panel A demonstrating 

valve expansion into flow layer and use of two immobilization valves to limit animal 

movement. Actuating the valve control layer simultaneously routes fluid flow and obstructs 

animal passage during device operations such as loading (shown) and imaging. (C) Example 

image of an animal body obstructed by immobilization valves. Device used for this image 

does not have a height difference in the imaging area. White arrow indicates area obscured 

from camera. (D) Example image of an animal body not obstructed by immobilization 

valves. Device used for this image does include a height difference of 20 μm in the imaging 

area. Scale bar for panels B-D is 70μm. (E) A rendering of a representative image of an adult 
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worm carrying gbIs4[Punc-25::smn-1(RNAi sas); Pchs-2::GFP] [31] and 

oxIs12[Punc-47::GFP] transgenes, whose expression is visible in panels C, D, F and G. D-

type motor neurons are shown in blue, cells expressing Pchs-2::GFP co-injection marker in 

orange, other GABA neurons where smn-1 is not silenced in red, green and purple. Image 

not to scale. Scale bar is 70μm (F) Image of one of the most severe example of smn-1(RNAi 
sas) transgenic animals with 2 out of 19 visible D-type motor neurons. (G) Image of allele 

smn-1;a205 with 16 out of 19 visible D-type motor neurons. Scale bar for panels F and G is 

70μm. (H) Histogram demonstrating differences between motor neuron distributions within 

the two populations.
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Fig. 2. 
On-chip image analysis for system automation. (A) Image of animal taken on-chip with 

example background (β), worm imaging (ω), and correct position (ρ) regions marked. Solid 

line borders ω, while dashed boxes show β and ρ. The mean intensity for all pixel values 

within each region are calculated and used to determine status of system through equations 

(1-2). Scale bar is 70μm. (B) Representative zoomed in image of ω in panel A. Different 

animal shown. (C) Results of image analysis. Detected D-type motor neurons circled in 

green. Red box in B-C marks analysis area. Only the analysis area is processed during 

system operation in order to reduce the number of false positive D-type motor neurons 

detected due to head and tail co-injection markers. Scale bar for B-C is 70μm. (D) 

Segmentation of key features using empirically determined global thresholds. Worm body 

outline is shown in green while detected objects are shown in white. Objects detected 

outside of worm body are discarded. (E) Size and morphology filtering to isolate detected 

neurons. True positive segmentation results from D circled in green. False positive neurons 

detected during intensity segmentation, but removed due to size and morphological filtering, 

circled in red. (F) Remaining objects after all image analysis processes shown circled in 
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green. Scale bar for panels D-F is 70μm. Animals carry the transgenes 

oxIs12[Punc-47::GFP] and gbIs4[Punc-25::smn-1(RNAi sas)].
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Fig. 3. 
Application of mean-filter to remove false positives. (A) Image of randomly mutated 

smn-1(RNAi sas) animal loaded on-chip with the head region present in the analysis area. 

Co-injection marker expressing cells, not removed by previous analysis steps, are falsely 

detected as neurons, labelled in red. (B) Results of mean and size filter to remove false-

positives from panel A. Objects that were previously detected in the head region have been 

removed. Final results shown in green. (C) Image of randomly mutated smn-1(RNAi sas) 
animal loaded on-chip demonstrating egg laying deficiency. Fluorescent markers of progeny 
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within parent falsely detected as neurons labelled in red. (D) Results of mean and size filter, 

objects previously detected within the animal body removed. Final results shown in green. 

(E) Example of multiple animals within the imaging area. Falsely detected neurons from the 

head of one animal are detected along with neurons from the other animal’s body. Falsely 

detected D-type neurons shown in red. (F) Results after applying mean and size filter to 

remove co-injection markers seen in head of worm. Final results shown in green. Scale bar 

for all panels is 70μm. All animals carry the transgenes oxIs12[Punc-47::GFP] and 

gbIs4[Punc-25::smn-1(RNAi sas)].
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Fig. 4. 
Average number of D-type motor neurons per allele. Error bars represent standard error of 

mean. Control is shown in black (non mutagenized) and corresponds to smn-1(RNAi sas) 
single mutant; isolated alleles are shown in grey. All animals carry the transgenes 

oxIs12[Punc-47::GFP] and gbIs4[Punc-25::smn-1(RNAi sas)]. Dashed line corresponds to 

wild-type condition, where all 19 motor neurons are always visible. Lighter grey designates 

alleles considered to be strong suppressors of the smn-1(RNAi sas) phenotype. Data were 

obtained by manual scoring the double mutants.
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Fig. 5. 
Characterization of isolated alleles. (A) Cumulative distribution functions (CDF) for isolated 

alleles from automated suppressor screen. Control is smn-1(RNAi sas) single mutant (non 

mutagenized) and is shown in dashed black line;s putative double mutant alleles in grey. 

Lighter grey designates alleles considered to be strong suppressors of the smn-1(RNAi sas) 
phenotype. (B) CDFs for seven alleles isolated from same F1 parent population (possible 

siblings). (C) Histogram for alleles a195, a196, and a197 shown in panel B. Only data from 

manual scoring, not image analysis, was used for this figure.
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Fig. 6. 
Characterization of the RNAi efficiency in isolated alleles by silencing mom-2 essential 

gene. Each bar represents the percentage of unhatched eggs over the entire progeny laid. 

Error bars represent standard error of mean. The total progeny scored is indicated (n). Only 

a186, a190, a200, a202 alleles present a severe impairment in the RNAi machinery, below 

50% of lethality. All animals, except the wild-type (wt) and rde-1(ne219), carry the 

transgenes gbIs4[Punc-25::smn-1(RNAi sas)]; oxIs12[Punc-47::GFP].
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Fig. 7. 
Most of the interesting alleles rescue the defect in locomotion of smn-1(RNAi sas). Each bar 

represents the mean percentage of animals with a normal backward locomotion. Error bars 

represent standard error of mean. The number of animal tested is indicated (n). All the 

alleles present a significant rescue compared to smn-1 alone (P<0.005, non-parametric 

Kruskal-Wallis test), except a194 (P=0.2434) and a199 which are completely immobile. All 

animals, except the wild-type (wt), carry the transgene gbIs4[Punc-25::smn-1(RNAi sas)].
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