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Abstract

In this project I analyse a data set brought to the Statistical Consulting Service. The data
set arises from a biological experiment conducted to investigate the response of nematodes
to light treatments. The data consists of 3 response variables measured over 30 treatments
(seconds) in an experiment conducted on various nematodes. The analysis reveals no such

light response and further suggests ways of improving the experimental methodology.
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Chapter 1

Introduction

It is part of the policy of the Department of Mathematics and Statistics that Statistics grad-
uate students attend/participate in sessions directed by the Statistical Consulting Service

The Statistical Consulting Service is a small statistical unit whose objectives cover a wide

range of areas such as:

e resource unit for statistical expertise

e practical statistical education and

¢ an exposure for graduate students to real life statistical situations.

As a graduate student, I have had the golden opportunity of coming across situations per-
taining to statistical data analyses. During the fall semester of 1991, under the directorship
of Monsieur Frangois Bellavance, a statistics problem was brought to the Statistical Consult-
ing Service from the Department of Biology by a biology graduate student, a Ms. Deming
Liu. Deming and her senior supervisor Professor A.H. Burr are interested in understanding
the photo-receptive behaviour of Caenorhabditis Elegans, a worm of great importance in

the field of neural systems research, These worms (nematodes) are widely used in genetic
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and developmental studies.

Previous studies have enabled biologists to completely understand the full anatomy and
the developmental lineage of all of the 302 neurons found in Caenorhabditis Elegans (here
after referred to as C. Elegans). Other researchers have shown that this nematode shows a
response to chemical, thermal and mechanical stimuli. It has also been hypothesized that a
behavioural response is elicited by an increase in light. And thus the primary objective of
the experiment is to understand the photo-movement characteristics of the nematode. In
the experiment the worm is subjected to a cycle of different intensities of light and darkness.
The response variable which is described in Chapter 2 measures nematode activity during

each second of a 30 second sequence of treatments involving the presence and absence of
light.

In this project

o Chapter 2 gives a description of the experiment followed by comments

e Chapter 3 provides an analysis of the data and

e Chapter 4 presents the conclusions.

Three statistical packages are used for the analysis of the data. The statistical packages
are:

e SAS

e Minitab and

e the S_Plus language.



Chapter 2

The Experiment

2.1 Description of the Experiment

As mentioned in the introduction, the data originated from the Department of Biology
through Ms. Deming Liu, 2 biology graduate student whose senior supervisor is Professor
A.H. Burr. “Understanding the photo-receptive behaviour of C. Elegans” is a subject Dr.

Burr has been pursuing for a number of years and from which a number of in-depth pub-

lications have been produced. For example, see Burr(1985). Other response studies have

been made by other researchers and their results have been made known. For example, see

Hedgecock and Russell(1975).

One may reasonably wonder as to why C. Elegans has been selected instead of other
species. The reason is that C. Elegans is an animal with a simple neural system with only
302 nerves and all of them have been fully understood by scientists. Mammals have about
10" perves while insects have about 10° nerves and in both of these cases, studying all of

the nerves is too complex. As a result scientists have chosen to study C. Elegans and infer

the results to the larger animals.
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The experiment begins by transferring about 100 nematodes from a culture plate con-
taining a food source to a behaviour plate. Each nematode is carefully washed during the
process to ensure that the presence of food is not confounded in the experiment. Figure 2.1
shows the behaviour plate with the circular viewing area which is monitored by a sensitive
computer tracking system. The circular viewing area contains approximately 20-25 nema-
todes on average. The computer tracking system has been introduced as the nematodes are
too numerous and small (only 1.00 mm in length) to monitor by eye. The behaviour plate is
then subjected to three treatments where each treatment period is referred to as a “phase”.

Thus a “cycle” consists of three 10 second phases where the plate is exposed to:

e light for the first 10 seconds
¢ darkness for the next 10 seconds and

e light for the last 10 seconds.
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Figure 2.1: A picture of nematodes on the behaviour plate



CHAPTER 2 THE EXPERIMENT 6

Data is collected for each nematode in the viewing area during each second of the 30

second experiment. Three types of data are collected and we refer to these response variables

as:
« speed data

e stap dau and

« reversal data

where:

[speed] The speed data is a continuous variate which measures the speed of the nematode

during each second of the 30 second experiment.

[stop] The stop data is a binary response taking the value 1 if the nematode is still during

a particular second and the value 0 if the nematode is moving.

[reversal] The reversal data is a binary response taking the value 1 during a particular

second if the nematode reverses its previous direction of travel. Otherwise the value

0 is recorded.

For example, consider the following data corresponding to the first 10 seconds of the

experiment for a particular nematode.

Speed 0.0 0.0 0.0 1.0 1.5 0.0 0.8 1.9 2.1 0.0

Stop 0.0 0.0 0.0 0.0 0.0 1.0 0.0 0.0 0.0 1.0

Reversal 0.0 0.0 0.0 0.0 0.0 0.0 1.0 1.0 0.0 0.0

Here the nematode is motionless during the first three seconds, begins travel on the 4th
second, continues in the same direction on the 5th second and then stops on the 6th second.

On the 7th second the nematode resumes travel but in the opposite direction and then
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reverses direction back to the original direction on the 8th second. The nematode continues

in the same direction on the 9th second before stopping on the 10th second.

This monitoring continues for as long as the nematode is in the field of view. One cycle
is completed after 30 seconds of the experiment. If the worm remains in the region of view,
data is again collected for the second cycle of 30 seconds, third cycle of 30 seconds and so on.
This applies to all the worms in the region of view and the data is collected simultaneously.
Data is collected on worms which come back to the region of view after being out of the
region of view for a period of time. Data is only collected for full cycles. That is to say if a
nematode enters/leaves the region of view sometime during a 30 second cycle then no data

will be collected for that cycle. The experiment normally runs for a period of five minutes

and the computer signals when this time is over.

2.2 Complications with the Experiment

A number of difficulties are encountered while carrying out the light response experiment.
Though the nematodes are washed before transfer from the culture plate to the behaviour
plate, some dirt is bound to remain and may confuse the computer tracking system. In
these cases dirt may be interpreted as a motionless worm. For nematodes which remain
motionless for more than 20 seconds, no data is collected for that particular cycle. This
data collection rule was introduced by the experimenters to deal with problems of dirt and
dead worms. | am told that approximately 1% to 6% of living worms are motionless during

a particular 20 second period. However the occurrence of dead worms is very rare. When a
motionless worm becomes active, data is collected as usual.
A second complication is that Ms. Liu and Professor Burr have repeated the experiment

many times. On each run of the experiment they alter the experimental conditions slightly

hoping to discover a situation where there exists a light response. Examples of subtle changes
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to the experimental conditions include:
1) varying the salt level of agar on the behaviour plate
2) changing the light intensity and
3) having different numbers of worms (in the region of view) for different experiments.

We have only been given data for one of the many experiments conducted. The fact
that many experiments are conducted has an impact on the statistical analysis. We discuss

this in the conclusion where recommendations are offered to the experimenter.

A third complication of the experiment is that the computer tracking program currently
collects data on cycles but can not determine which nematode corresponds to a particu-
lar cycle. This lack of identification has a potential impact on the assumption of cycle
independence and is discussed in Section 3.3.

Finally, a close look at the speed data shows that speed can only assume certain values,

namely: 0.00, 1.00, 1.41, 2.00, 2.24, 2.83, 3.00, 3.16 or 5.00. These values are obtained
as the square root of the sum of two squared integers. Such a calculation is the result of
applying the Pythagorean theorem to obtain the length of the hypotenuse using an integer

grid. Thus despite the apparent continuous appearance of the speed data, it is actually

discrete in nature. Nevertheless, we treat it as continuous data in the analysis.

2.3 The Data

Having gone through the above information, you are now in a position to understand the
data structure and its components. The experiment is monitored by a computer which

utilizes three programmes to collect the data on the response variables of interest, The

response variables of interest as mentioned earlier are:

e the speed data
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< the stop data and

= the reversal data.

In general, the computer keeps track of the movement of the worm by noting the change in

coordinates from one time point to the next. If there is no change in coordinates it means
that the worm is not moving.

The following are the first eight lines of each data set that | received from Deming by
electronic mail. One line of data sent by electronic mail corresponds to 1 cycle for a single
worm. Therefore each of the abridged data sets contains 8(30) = 240 entries. Note that the

entire data set consists of 30 trivariate measurements for each of 175 cycles.

SPEED DATA

1.00 0.00 0.00 0.00 1.00 1.00 1.41 1.00 0.00 0.00

316 2.24 1.41 1.00 1.00 1.00 0.00 1.00 1.00 1.00

5.4 1.00 2.24 1.41 0.00 1.00 1.00 1.00 0.00 0.00
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STOP DATA

000000001101110000010111000011

000000100001011100000000100011
000000011110011111111111111111
000001001000011111001001111110
000001000001000001000000010000
001100000100000010000000000000
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00010110001001101
00111100001000000

REVERSAL DATA

001000000012000000
00010000000000000
000000000000000O00O
00010000000000000
00000000100000001
00000000000000000
00000000000000000
00000000000000000

© O © o o
© o o
o O o o

© ©o o o o o o
0O O O O © o o o
O O O O o o o o
© © ©o © 0 o o o
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© © O 0 6 o o o
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O © O O O o o o
O O © ©O o©

O O O O O o o o
© © © © © o o o
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Chapter 3

Data Analysis

3.1 Exploratory Data Analysis

When presented with the data set I found it a good idea to “play” with the data set for a
period of time. By producing simple plots and computing descriptive statistics one can often

uncover features of a data set before more formal and time-consuming statistical methods

are attempted. Exploratory data analyses also sometimes suggest further questions to be

asked of the experimenter.

We begin by producing some simple plots keeping in mind the experimental inquiry “Do
nematodes respond to light?”. Figures 3.1 and 3.2 consider the speed component of the
data set. The speed data is summarized by summing the speeds of the nematode over all
cycles for each second. When plotting the total speed over cycles, the idea is that a pattern
may present itself if in fact there is a response due to light. For example, we might expect
that the total speed might be greater/less during the treatment seconds 11-20 than during
the control seconds 1-10 and 21-30. We also kept our eyes open for “delayed” patterns

where the treatment effect is not seen immediately and may not last for the full 10 seconds.

For example, if there is a light response, one might observe that total speed is greater/less

12
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during the seconds 14-18 than during the seconds 1-13 and 19-30. Under close scrutiny,
Figure 3.1 provides some evidence of decreasing speed over time. This could be due to a
light response during the 379 treatment or possibly it may be the case that worms tire over
time. The smoothed plot in Figure 3.1 is obtained by applying the smooth function lowess
in S-plus. Figures 3.3 and 3.5 are similar to Figure 3.1 in that they show smoothed plots

of totals for the reversal data and the stop data respectively. In both of these plots there

seems to be a slight upward trend in the 374 phase.

However it can be misleading to simply look at the smoothed plots in figures 3.1, 3.3,
and 3.5 to discover trends. We must look for trends in the context of the variability of
the data. Therefore we have reproduced the plots of Figures 3.1, 3.3, and 3.5 in Figures
3.2, 3.4, and 3.6 respectively and have included two standard error limits. We recall from
normal theory that 2 standard error limits should include approximately 95% of the data.

From these plots we see that there is no strong evidence of a light effect. The data appear

spurious.
It came to our attention that the previous plots may not be entirely adequate. QOne

problem concerns a potential lack of independence between cycles. This issue is explored in

more detail in Section 3.3.

It is also possible that the previous plots may not reveal a treatment pattern when
only a few of the nematodes experience an effect due to light. For example, suppose that
only 5 of the nematodes experience an effect due to light. This is valid information to the
experimenter but is the type of information that may get “lost” in the previous plots. When
data is presented as in Figures 3.1 - 3.6, the data values for the 5 nematodes are added to
the data values corresponding to the remaining cycles in the 175 cycle experiment. The
overall sums may possibly “damp out” the effect seen in the case of the 5 nematodes. To
deal with this problem, we have tried to identify any cycle which appears to demonstrate 2

treatment effect. This has been done using a cluster analysis to distinguish the 175 cycles
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where each cycle has 30 measurements. The cluster analysis for the speed data is presented
in Figures 3.7 and 3.8. Here, to keep the dendrograms from becoming too messy, the cluster
plots shown are based on the first 30 and 60 cycles of the experiment. The dendrogram
based on the entire data set of 175 cycles exhibits a similar pattern. Cluster analyses were
not carried out for the reversal data and stop data due to its binary form. As can be seen
from Figures 3.7 and 3.8, there are no cycles which clearly distinguish themselves. This is
further evidence that no nematodes experience an effect due to light. In addition to the

cluster analysis, a visual inspection of the data in its raw form did not reveal any groups of

worms that seemed to indicate a light response pattern.
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Figure 3.5: A smoothed plot of stop totals for each second
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3.2 Formal Statistical Analysis

In the previous section, descriptive plots of the data suggest that there is no light effect on
the nematodes. In this section we support those findings through formal statistical tests. It
is always a good idea to carry out formal statistical tests as they are not subjective in the

sense that a p-value is reported and they are sometimes able to detect significances which
are undetectable with the eye.

We begin by considering the stop and reversal data as they each have the same binary
form. We will assume that each cycle is independent so that X{j is Bernoulli(pj), i =
1,...,175andj = 1,...,30 where X{j is the observation corresponding to the j th second
in the ith cycle. The cycle independence assumption is of course highly questionable, and
will be discussed in more detail in Section 3.3. This model seems reasonable as we might
expect a different probability of success for each treatment (second). It then follows that
Xj = X*j is Binomial(175,Pj) and our test for an effect due to light is a test of
1i0-pl —p2 = ... = p30 versus H\i not all p-'s are the same. The data can therefore be

summarized conveniently in the following 2 by 30 contingency tables.
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second | 1 2 3 4 5 6 |
7 8
success | 9 7 5 5 3 3 7 7 g 12 1; 1.:3? lg = =
5 6

failure | 166 | 168 | 170 | 170 | 172 | 172
168 | 168 | 173

second |16 | 17| 8] 10| 20| 21 2] 35| 2a| 551 o ae o 10| 169
su.ccess 6 5 1 91 11 1 5 6 5T 10 5 2’87 28| 29| 30
failure | 169 | 170 | 174 | 166 | 164 | 174 | 170 | 160 | 169 | 165 166 167 |17 [ Trat e
66

Table 3.1: A 2 by 30 contingency table for reversals

second | 1 2 3 4 5 6 7

success | 67 52 58| 80| 63| 65) 56 6? 62 ;g é(ll ;; :‘3 S
failure | 108 | 123 | 117 | 95 ) 112|110} 119 | 114 | 111 | 115 115 | 122 103 Tt
second | 16 17 18] 19| 20| 21| 22| 23| 24| 25( 26| 27| 28 el
success | 58 66 73] 64) 69| 59| 63) 64| 51) 64| 74| 66 61 oL
failure | 117 ] 109102 | 111 [ 106 | 116 | 112 | 111 | 124 [ 111 | 101 | 109 | 114 1;411 1(7)3

Table 3.2: A 2 by 30 contingency table for stops

The total number of (successes,failures)=(T1,T?) for the reversal and stop data are
(177,5073) and (1893,3357) respectively. The standard contingency table test then involves
calculating the expected cell entries which for the reversal data are

= 175(78) = 5.90 and e3; = 175(7;7%;) = 169.10, 5 = 1,...,30

For the stop data, the expected cell entries are
e1j = 175(2y;) = 63.10 and ez; = 175(7 ) = 111.90,5 = 1,...,30

The chi-square test statistic is then

2 .(f_z;eu.L +7%, ﬁl’i‘.ﬂ)__ﬁ_ 34.50 for the reversal data and
2, E‘%?LL + E??_l ﬂl—ﬁ'—’-‘)——d- 38.13 for the stop data.

Comparing these against a chi-square distribution on 29 degrees of fredom gives p-values

of 0.22 and 0.12 respectively. Thus again there is no evidence of an effect due to light.
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Now it is perhaps worthwhile to collapse the data to more clearly delineate between the
first 10 seconds, the middle 10 seconds and the last 10 seconds of a cycle. We do this as
there may be a small effect due to light which is not detectable over the individual seconds

but when the seconds are collapsed, the small effect adds up to a significant effect. This

leads to the following 2 by 3 contingency tables.
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period | sec(1-10) [ sec(11-20) [ sec(21-30) [ Total
success | 62 48 67| 177
failure | 1688 1702 1683 | 5073
Total 1750 1750 1750 1 5230

Table 3.3: A 2 by 3 contingency table for reversals

period | sec(1-10) | sec(11-20) | sec(21-30) [ Total
success | 626 621 646 | 1893
failure | 1124 1129 1104 | 3357
Total 1750 1750 1750 | 5250

Table 3.4: A 2 by 3 contingency table for stops

26

With the collapsed contingency tables, we observe chi-square statistics of 3.40 and 0.87

respectively for the collapsed reversal and stop data. Comparing these against a chi-square

statistic with 2 degrees of freedom gives corresponding p-values of 0.18 and 0.65. Thus,

again, there does not see

m to be any evidence of an effect due to light.

With the speed data, we have a different scenario since the underlying data is no longer

binary but instead continuo

us. We recognize the data as that of a repeated measures design

where the subjects are the cycles and the repeated measurements are taken over the thirty

seconds. This simple design is analysed in the same way as a 1-way anova with 30 treatments

and 1-blocking variable taking 175 levels.

The corresponding anova is given below.
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Source DF | Type III SS | Mean SS | F Value | P value
Cycle 174 473.61 2.72 4.76 0.00
Treatment | 29 26.21 0.90 1.58 0.03
Error 5046 2891.33 0.57 N

Table 3.5: An analysis of variance table for speed

Here the p-value is found to be 0.03 which is barely significant at the 5% level of signif-
icance. However it is not clear whether this demonstrates a significant effect due to light.
Recall that Figures 3.1 and Figure 3.2 indicate a pattern of decreasing speed but only during
the third phase. We might expect a significant effect due to light to result in similar speeds

during the 1°* and 37 phases.
Besides, as was done for the reversal and stop data, an analysis performed on the col-

lapsed data. is given in Table 3.6. The anova on the collapsed data shows a p-value of 0.57
which accepts the null hypothesis of equality of phase means.

Thus, though the initial analyses on speed indicate significance, a less specific hypothesis
is clearly rejected. The three phase means with corresponding standard errors in parentheses
are 0.881(0.030), 0.881(0.029) and 0.851(0.029) for seconds 1 — 10, 11 — 20 and 21 — 30

respectively. The following is the anova table for the collapsed data.
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Source Df Type I SS Mean Square F Value P value
Cycle 174 35.7188 0.2053 2.3040  0.0000
Treatment 2 0.1014 0.0507 0.5700 0.5663
Error 348 30.9974 0.0890

Table 3.6: An analysis of variance table for collapsed speed data

3.3 A Test for Cycle Independence

An assumption that has been made so far in the analysis is the assumption of cycle inde-
pendence. This is an assumption that should be tested. It is highly plausible that cycles
are not independent as a given nematode can give rise to several cycles. It is possible, for
example, that a nematode may get tired over time. In that case we would expect earlier
cycles to exhibit more activity than in subsequent cycles. The tracking program currently
used for data collection by the experimenter does not include facilities for identifying the
worm corresponding to a given cycle. The identification is, however, an important step as it
could help us in determining whether cycle independence exists. The experimenter has been
advised of the importance of the cycle independence assumption and has agreed to rewrite
the computer tracking program in such a way as to identify the worms corresponding to
Assuming that such an identification is available, statistical nonparametric

given cycles.

procedures such as Kendall's tau or the well known Spearman’s rho could be utilized for
this kind of analysis in the following way:

For the ith worm in the experiment, we let X{ be the sum of the observations for (either
speed, reversal, or stop data) over 30 seconds for its 1st cycle and let y{ be the sum of
the corresponding observations for its 2nd cycle. This is done for all the worms giving
data (xX\ y\) {xn”™yn)- The two nonparametric tests mentioned above and described in

Conover(1980) can then be used to test whether the correlation between the x sand they s
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is zero. An alternative, of course, would involve testing whether the correlation coefficient
is equal to zero. This test is more powerful but also relies on the assumption of normality.

Recall that in the case of normality, zero correlation implies independence.




Chapter 4

Conclusions

We now conclude with 2 recommendations which we offer to the experimenters and a sum

mary of our findings.

As mentioned throughout the project, the independence of cycles was assumed but was
not established because of difficulities arising from the failure to identify worms and their
corresponding cycles. It is, however, ethical that “independence” should be established when
dealing with such data if results obtained should have a well founded statistical basis. Owing
to this fact, I have advised the experimenter against the casual assumption of independence
between cycles and have therefore suggested that the experimenter collect only a single cycle
per worm. Alternatively, I have suggested to the experimenter that the computer tracking

program be rewritten so that it identifies worms with thier corresponding cycles. In this

case a test for cycle independence has been proposed and is described in Section 3.3.

It was mentioned earlier that the department of Biology has been carrying out a number
of experiments with similar objectives but varying experimental conditions. Changes in
experimental conditions such as different salt levels on the behaviour plate and different

light intensities were intended to create all possible conditions in which a light response
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might be detected. Now it is possible that in some future experiment, a light response may
be detected. This effect may not be due to an actual response but rather due to the fact
that so many experiments have been performed. This is analogous to the situation where
someone flips a coin many times. You do not expect 10 heads to turn up in a row but
eventually this may happen. It is not due to an unfair coin but rather due to the many flips
of the coin. In view of this, any evidence of an effect due to light should be confirmed with
subsequent experiments.

Our analysis has consisted of a number of steps. Figures 3.1-3.6 show plots of the data
for the three variables: speed, reversals and stops. These plots do not reveal any response
due to light. In addition the formal analyses of Section 3.2 do not reveal any light response.
From the above analyses, the only conclusion to be drawn is “Given the current conditions

and procedures for the light response experiment, there is NO evidence that nematodes

respond to light”.

Finally, it was brought to my attention by Dr. D. M. Eaves (a member of my advisory
committee) that an entirely different analysis could be conducted. Such an analysis would
be based on studying the sample paths (trajectories) travelled by each nematode. This
analysis would have the advantage of comparing the direction of travel, a characteristic
not captured by the speed, stop and reversal data. The analyst would translate the points
of origin to be the same for all worms and then consider the length of the path and the
directions followed by the various worms. Such an analysis would require the availability of
the original data in the form of coordinates in order that the sample paths could be plotted.

I have comfirmed with the experimenters that the coordinates are available.
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