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ABSTRACT 

Application of parametric bootstrapping and randomization methods to the 

analysis of heterochrony (differential timing of developmental events at the cellular or 

organismal level) may allow scientists to quantitatively test hypotheses about the effects 

of environmental variability on heterochrony. Herein, I focused on quantitative analysis 

and modeling of heterochrony, for (1) hierarchical (cell lineages), and (2) serial 

(ossification sequences) developmental systems. For (1), I used the published data on 

embryogenesis of Caenorhabditis elegans (Schnabel et al., 1997) to simulate and 

compare cell lineages ('ABarpp' sublineage) at different temperatures (20 vs. 25°C). The 

simulations suggested that the relative frequencies of the shared sequences were 

significantly different between groups (X^=3569, p<10'^ 10,000 iterations/group), 

indicating an increase in heterochrony as a response to increased temperature. The 

presence or absence of bilateral asymmetry in the timing of cell divisions was tested 

based on a null model of random sequence. Results of Wilcoxon tests on paired 

differences between the left and right ranks indicated that a) terminal cells on the right 

side of the embryo were likely to divide earlier than those on the left; and b) higher 

temperatures increased the degree of asymmetry. The effects of physical constraints 

(e.g., handedness of the early embryonic body plan) that may lead to the emergence of 

such an asymmetric pattern were discussed. For (2), I analyzed the ossification patterns 

of the vertebrae and branchial arches in the zebrafish. Danio rerio, exposed to different 

levels of thyroid hormone (T3). i.e., 1 ng/ml and 5 ng/ml. Onset of ossification showed a 

dose-dependent response to T3, such that onh at a higher dose, significant differences 
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were observed (paired Wilcoxon tests; control vs. 1 ng/ml T3. p = 0.083; control \ s. 5 

ng/ml, p = 0.002; 1 ng/ml T3 vs. 5 ng/ml T3, p = 0.004). On the other hand, the rate of 

vertebral ossifications was positively correlated with age for individuals exposed to 1 

ng/ml T3 whereas at 5 ng/ml T3, number of ossifications reached an asymptote over time. 

Randomized Mantel's tests suggested that branchial arches responded to 5ng/ml T3 more 

than they did to 1 ng/ml T3, whereas vertebral development was accelerated at both 

dosages. Randomized sign tests revealed that there is a tendenc>' for the vertebrae to 

ossify from an anterior to posterior direction (control: p = 0.02; 1 ng/ml: p = 0.007; 5 

ng/ml: p = 0.008). However, vertebrae that belong to the Weberian apparatus ossified 

independently of the more caudal vertebrae. This allometry suggests that the genetic and 

epigenetic mechanisms governing the development of cranial, Weberian, and trunk 

regions are at least partially decoupled. The importance of such modularity in generating 

novel morphs is discussed in the light of the genetic {Hox genes) and epigenetic 

(endocrine) mechanisms. 
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CHAPTER I 

INTRODUCTION 

Individual-based null models have been used frequently in ecology (Gotelli and 

Graves, 1996), and also can serve as valuable tools for testing hypotheses about the 

heterochronic patterns observed among and within species during ontogenx. 

Nevertheless, recent efforts in developmental modeling have remained restricted to the 

analysis of pattern formation via spatial models of cellular automata (Ermentrout and 

Edelstein-Keshet, 1993; Table 1.1) or to the mechanistic models of eukaryotic cell c>cle 

regulation (Alberghina et al., 1986, Table 1.2). Pattern formation during development 

has been simulated in a spatial context using either reaction-diffusion models that require 

the presence of one or more morphogen(s) or mechanical models that incorporate the 

cytoskeletal forces acting onto the cell to generate polarity. For instance, in simulations 

to determine the mechanisms underlying the pigmentation patterns in epithelial cells, 

each cell acquires a state, e.g., pigmented or unpigmented, based on rules set by chemical 

or mechanical forces (Savic, 1995). With respect to temporal patterns of bone 

development, Lubkin (1997) simulated all possible sequences with respect to teeth 

initiation in reptiles. He assumed an inhibition function for determining the sequence of 

the developmental events. His simulations successfully replicated the likelihood of 

having certain teeth sequences for different reptilian species. Furthermore, eukarxoiic 

cell cycles were modeled with respect to the processes governing them, like cell growth 

and di\ ision (Table 1.2); however, most of these models were deterministic, and not 



individual-based. Therefore, there is a growing need for modeling the temporal aspects 

of developmental variation both at the cellular and organismal levels. 

Null Models 

Gotelli and Graves (1996, pp.3-4) have defined null models in an ecological and 

evolutionary context, emphasizing in the generation of patterns \ia randomization: 

A null model is a pattern-generating model that is based on 
randomization of ecological data or random sampling from a known or 
imagined distribution. The null model is designed with respect to 
some ecological or evolutionary process of interest. Certain elements 
of data are held constant, and others are allowed to vars stochasticalh 
to create new assemblage patterns. The randomization is designed to 
produce a pattern that would be expected in the absence of a particular 
ecological mechanism. 

The above definition can easily be modified for the randomization of the 

developmental patterns. First, the questions of interest vary between ecological and 

developmental models. In ecological hypothesis testing, these questions are about the 

differences between the simulated and actual data for the patterns of species abundance 

distributions, niche overlap, species-area relationships, or species co-occurrences (Gotelli 

and Graves, 1996). For developmental studies, null models can serve as a reference for 

the identification of the correlations among developmental traits in two different 

contexts: (1) spatial, i.e., differential pattern formation due to the variations in the 

location and movement of cells; (2) temporal, i.e., differential timing and sequence of 

events at the molecular and cellular levels. 

Second, a null model tests how much correspondence there is between a 

simulated system, which is free of a creative mechanism, and a naturally occurring one 



that may or may not be governed by mechanisms. An ecological null model ma> 

propose, for example, that species co-occurrences are random, and observed patterns take 

place without the effects imposed by competition or predation among species. Similarh, 

a null model in a developmental context may suggest that there are no correlations, i.e.. 

randomness, among developmental traits in relationship to the occurrence of each other, 

temporally or spatially. 

Individual-Based Models 

Individual-based models deal with each unit (e.g., cells) of a system (e.g.. cell 

lineage), and the interactions among units as they simultaneously replicate the system's 

mechanics and output. Such models may incorporate (1) probability distributions for the 

systematic events, as well as (2) deterministic functions for possible constraints, and are 

very appropriate for simulations of living systems. 

Individual based models (IBMs) are widely used in ecology to simulate (a) the 

environment with respect to resource availability, physical conditions, presence or 

absence of predators and competitors; (b) the individuals of different genot\pes and 

phenotypes; and (c) the interactions between the environment and individuals (Wilson. 

1996). Similarly, it is possible to simulate the individuals of different genotypic and 

phenotypic makeup (differential developmental rates, for example) b\ taking the external 

(e.g.. temperature) and internal (e.g., developmental integration, hormones; Chexerud. 

1996) developmental environment into consideration. 



Developmental Variability 

Heterochrony, the relative change in the rate and timing of developmental events, 

is a process well known for its potential to generate variation among and within species 

(Reilly et al., 1997; Ryan and Semlitsch, 1998). Recenth, scientists ha\e shown an 

interest in the analysis of individual variation in morphological and developmental traits. 

Novel methods for the analysis of interspecific heterochronic patterns ha\ e emerged 

through the studies by Smith (1997) and Nunn and Smith (1998). Previoush, the relative 

change in the sequence of developmental events was analyzed either with pair-b> -pair 

comparisons or with graphical representations. Using the method Nunn and Smith 

(1998) developed, similarities among the ranked ontogenetic sequences could be 

evaluated via univariate statistics. Nevertheless, in a univariate approach, the correlations 

among developmental events remain unexplored. Therefore, a multivariate anal\ sis of 

heterochronic patterns is essential to relating different ontogenetic trajectories accurateh 

to each other. Furthermore, Cubbage and Mabee (1996) indicated that the presence of 

intraspecific variation in the ontogenetic sequences complicated the phylogenetie 

analyses of heterochrony. Nonetheless, studies that examine the intraspecific variability 

in ontogeny are limited (Cubbage and Mabee, 1996; Mabee and Trendler. 1996; Schnabel 

et al., 1997; Barahona et al., 1998), and quantitative analyses on such variabilit\' have not 

been performed. 



Phenotypic Plasticity 

Phenotypic plasticity may be defined as the set of phenot>pes a single genome 

can produce under a range of environmental conditions. However, phenot>pic variation 

has been observed even within clones exposed to constant environmental conditions, 

suggesting that the internal environment of organisms has a natural range of variabilitv 

(Schlling and Pigliucci, 1998; Schanbel et al., 1997). The term, developmental reaction 

norm (DRN; Schlichting and Pigliucci, 1998) accounts for the phenot>pic plasticit> 

during development. The DRN approach emphasizes the importance of v ariations in 

gene expression levels and gene-environment interactions throughout the ontogenv of 

organisms. Accordingly, it is crucially important to visualize any phenot> pe as a 

function of probabilities rather than as a fixed variable in models of DRNs. 

Structure of the Dissertation 

The present study addresses the potential presented by the application of 

individual-based null models and resampling methods, such as parametric bootstrapping 

and randomization, to the analysis in multicellular organisms of (a) the degree of 

intraspecific variation and (b) phenotypic plasticity in the timing and sequence of 

developmental events. 

In Chapter II, the general forms of the individual-based model (IBM) and the 

resampling methods used are introduced to test multiple hypotheses about the 

heterochronic patterns during development (i.e., correlations among ev enls) and effects 

of environment. This chapter includes a detailed explanation of the pseudo-code of the 



simulations used for hierarchical (i.e., cell lineage) and serial (i.e., ossification sequences) 

developmental data. 

In Chapter III, phenotypic plasticity with respect to the temporal aspects of the 

cell lineage was investigated. For this study, the nematode Caenorhabditis elegans v\ as 

chosen, since detailed information about the timing of cell divisions is available from the 

recent article of Schnabel et al. (1997). The application of the IBM to C. elegans data 

allowed me to test the effects of temperature on the absolute and relative timing of cell 

divisions as well as on bilateral asymmetry in the cleavage patterns. 

In Chapter IV, zebrafish {Danio rerio) larvae were used to anal> ze differences in 

the ontogenetic trajectories between control and thyroid hormone-treated groups v ia 

randomization of ossification data (presence/absence). The randomized Mantefs and sign 

tests (Manly, 1991) provided a comprehensive classification of heterochronic patterns in 

the branchial arches and the vertebrae of the zebrafish, leading to testable hypotheses 

about the effects of thyroid hormones on vertebrate development. 

In Chapter V, the results of the simulations from the each study were summarized 

and discussed with respect to previous similar models in the fields of vertebrate 

development and eukaryotic cell cycles. The concept of individual-based models was 

modified to include developmental null models testing for the randomness of 

heterochronic patterns. The role of developmental integration and modularity in 

generating novel phenotypes also was emphasized while ev aluating the simulation 

outputs generated in this study. 



Significance of the Research 

This study focuses on the establishment of a theoretical base for the quantitative 

analysis of intraspecific heterochrony during development for (a) hierarchical (cell 

lineages) and (b) linear systems (ossification sequences). Furthermore, the specific 

contributions of the present study to the field of developmental biology are the following: 

1. Introduction of the individual-based null models into the analysis of heterochrony 

2. Quantitative evaluation of the degree of phenotypic plasticity during the 

embryonic development of the nematode C elegans. 

3. Experimental assessment of the effects of extraneous administration of thyroid 

hormones on the ossification sequence of the zebrafish, Danio rerio. 
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CHAPTER II 

INDIVIDUAL-BASED NULL MODELS AND RESAMPLING 

METHODS IN DEVELOPMENTAL BIOLOGY': 

STRUCTURE AND ANALYSIS 

Introduction 

Living systems are composed of units that interact with each other and 

demonstrate self-sustaining features as a whole. Each unit (whether a cell, an individual 

or a population) exhibits variation under different environmental and physiological 

conditions. As a result, a specific spatiotemporal outcome is observed for a range of 

inputs in a system. 

Individual-based models (IBMs) deal with each unit of the system and the 

interactions among units, as they simultaneously replicate the system's mechanics and 

output (Wilson, 1996). Such models may incorporate (1) probability distributions for the 

systematic events as well as (2) deterministic functions for possible constraints. 

Furthermore, an IBM also may be used to simulate (a) the developmental environment 

externally (e.g., temperature) or internally (e.g.. developmental integration) (Cheverud, 

1996); (b) individuals of different phenotypes and genotypes (e.g.. differential 

developmental rates); (c) and the interactions between the environment and the 

genotypes. 

Heterochrony, relative change in the rate and timing of developmental events, is a 

process well known for its potential to generate variation among and within species 

(Reilly et al., 1997: Ryan and Semlitsch, 1998). Recentlv. using a novel approach, Nunn 



and Smith (1998) evaluated the differences between placental and marsupial mammals 

with respect to their ranked ontogenetic sequences via univariate statistics. Nevertheless, 

in a univariate approach, the correlations among developmental events remain 

unexplored. Therefore, a multivariate analysis of heterochronic patterns is needed to be 

able to accurately relate different ontogenetic trajectories to each other. 

Longitudinal versus Cross-sectional Data 

Recently, the use of 4-D microscopy has allowed scientists to gather 

developmental data from a single individual over time (Schnabel et al., 1997). However, 

most studies describe ontogenetic trajectories by combining the data from a group of 

individuals sacrificed at different stages (cross-sectional data). The nature of the data 

determines which resampling method should be used for simulations. If the data are 

longitudinal then the history of the previous events are known. This permits one to 

simulate the timing of the previous events that lead to a final event, such as the 

simulation of cell division intervals that produce a terminal cell. However, if the data are 

cross-sectional and discrete (presence/absence), then the associations between events as 

well as those among groups may be evaluated using Mantel's randomization tests 

(Mantel, 1967; Manly, 1991). 

Modeling Rationale 

The relativity in the fiming and sequence of developmental events (heterochronv) 

emerges ft-om the history of previous events as well as the future set of event probabilities 

that are brought about bv gene-gene and gene-env ironment interactions. In a 
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deterministic scenario, assume that N is the observed sequence of events (e.g.. N = abed) 

and events take place at constant intervals fi-om each other (e.g., t = 1, 2, 3. and 4, 

respectively for a, b, c. and d) (Figure 2.1). Because of the stochastic nature of liv ing 

systems, temporal variation in the occurrence of one or more of the events may affect the 

outcome of N, as well as the relative timing between events (Figures 2. IB, 2. IC). If the 

range of variability in one event does not overlap with that in another event, no change in 

the event sequence (N) is expected (Figure 2. IB). However, as the degree of overlap 

between variables increases, the probability of obtaining a different sequence of events 

increases (Figure 2.1C). 

In this chapter, I aim to introduce the simulation methods I have used to analv ze 

the heterochronic patterns in (a) hierarchical (e.g., cell lineage) and (b) serial (e.g., 

vertebral ossifications) developmental systems. 

For (a), a parametric bootstrapping procedure was developed to evaluate the 

potential variability in hierarchically arranged longitudinal data (Figure 2.2). Monte 

Carlo simulations are frequently used in sampling a biological coefficient or v ariable with 

a range of natural variation (Gotelli and Graves, 1996). A potential application of 

resampling may be heterochronic simulations in which each developmental event has a 

range of chronological variation allowing the randomization of the sequence and timing 

of these events. The mean and variance of the probability distribution may remain 

constant or vary from event to event, depending on the null hypotheses set forth. The 

correlations among different developmental events also may be assumed to varv between 

0 and 1. representing no correlation and perfect correlation, respectively (Figure 2.^). 

Multivariate methods, such as discriminant function analysis, as well as nonparametric 
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methods, such as randomized sign tests, may be used to detect differences in the 

developmental timing and sequences among groups exposed to different environments. 

For (b), randomization tests were used for the analysis of the significant 

associations among different groups (e.g., hormone treatments) for developmental data 

that are in the form of presence/absence matrices. Randomized sign tests were applied to 

detect for the presence of a positive/negative trend within a developmental sequence 

(Manly, 1991). 

Simulations of Cell Lineage 

Cell lineage data depict the ancestral (mother-daughter) relationships for a set of 

terminal cells, in this case of C. elegans. At the end of a cell division, an anterior and a 

posterior cell are produced, both of which may go through further divisions. The model 

presented here simulates three rounds of cell divisions to produce eight pairs of terminal 

cells (Figure 3.2). The data required for the simulations include the developmental time 

at which the mother cell appeared, as well as the time period required to prepare for each 

cell division event, herein termed the division interval. There are 14 different cell-

division intervals for generating eight pairs of terminal cells (note that the lineage is 

symmetrical). 

Simulations consist of bootstrapping 14 preparatory intervals as well as the time 

at which the mother cell divides, each from a normal distribution of values with a mean 

and standard deviation (Figure 3.3). In addition, the time at which a terminal cell 

emerges was calculated by adding the appropriate div ision intervals to the time at which 

the mother cell first appeared (Figure 3.2, Table 2.1). The correlations among cell 
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division intervals were estimated from the observed data (Chapter III) and incorporated 

into the resampling routine (Appendix A). 

Simulations of Ossification Sequences 

A presence/absence data matrix contains Os and Is as the value of its variables, 

representing occurrence and absence of a set of characters. In ecology, data take this 

form frequently, e.g., species occurrences in islands (Manly, 1995). Similarly, in 

molecular biology, presence/absence matrices represent the presence or absence of a suite 

of genetic/molecular markers in a group of individuals (Stevens and Godfrey. 1992). 

One can find the counterparts of island biogeography theory in the developmental 

processes. Each organism can be considered as an island with variable properties such as 

size, nutritional status and heterogeneity. In ecology, researchers evaluate species 

richness and diversity with respect to island size, or correlate species co-occurrences w ith 

other biological or physical phenomena (Gotelli and Graves, 1996). Similarly, as 

organisms grow, structures such as bones emerge sequentially or simultaneously, and 

most developmental data are in the form of presence/absence matrices. Therefore the 

techniques developed for island biogeography can readily be adopted for developmental 

data for analyzing which structures are likely to co-occur and how these co-occurrences 

vary among or within populations raised under different environmental conditions. 

Jaccard's Similarity Index (J). In island biogeographic studies, the similarity of 

two communides with respect to their species composition had been assessed using 

Jaccard's (1912) index. In a developmental sense, Jaccard's index scales the similarities 

among two structures, such as two bones, w ith respect to their dev elopmental patterns 
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within a group of individuals. The range of this index, J, varies from 0 to 1, indicating 

zero to perfect similarity in co-occurrence patterns, respectively: 

J=Nc/(Ni+N2-Nc) 2.1 

where Nx and TVjare the total number of occurrences for structure 1 and structure 2, 

respectively, and Âc is the number of cases (individuals) in which both structures co-

occur. Because J is sensitive to the sample size (number of individuals), Gotelli and 

Graves (1996) suggested the use of simulations to assess the probability of having the 

observed statistic as being significantly different from those of the randomly 

reconstructed matrices. 

Randomization of Presence/Absence Data. Two simulation methods hav e been 

suggested to reconstruct randomly distributed matrices containing values in regards to 

presence or absence of a suit of variables: (1) allocating variable occurrences into a 

completely empty matrix (all zeros); or (2) switching occurrences within the observed 

matrix in a stepwise fashion (Manly, 1991; Manly, 1995). 

In the randomization procedure used for this study (Chapter IV), it was assumed 

that (a) each individual has a constant number of events, e.g.. observed number of bones 

ossified; (b) each event has an equal change of occurring before another; and (c) each 

individual's developmental pattern is random and independent of the others. As a result, 

the observed presence/absence matrix for the event occurrences within a treatment group 

(e.g., hormonal treatments) were reconstructed by permuting each row separatclv while 

keeping the row totals constant. 
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Mantel's Test. Mantel's test can be used to determine the association between 

the individual variables of two matrices using a correlation coefficient, r, (Mantel, 1967; 

Manly, 1991). r can be defined as follows: 

r = (laijbij - Zaij Ib,j /m) / V [(Za^j - (Iaij)^/m)(Ib^j - (Ib,j)-/m)] 2.2 

where n is the number of columns (or rows) in a symmetric distance matrix; m is the 

number of elements in the lower triangle which equals to n{n-\)l2\ ai^ and b^ are the 

distances between the /^ and/*^ elements of the lower triangle of the first and second 

matrices, respectively (Manly, 1991). 

Sign Test. In analyzing the presence of a positive/negative trend in a data vector, 

use of nonparametric methods such as the runs test or sign test has been suggested 

(Manly, 1991). In the sign test, a series of characters located in a spatially sequential 

manner (e.g., a suit of bones located in the anterioposterior axis) is tested for the 

significance of a positive/negative trend in its values. The differences between the 

adjacent values (D=[xi - X2. X2- X3, .... Xn-i-x„]) are calculated, zeros are discarded, and 

the number of positive differences is used as the observed test statistic (Manly, 1991). 

Significantly high number of positive differences in a spatial difference vector (D) 

defined as above, indicate that the more anterior elements are larger in magnitude than 

the more posterior ones. 

Before performing the sign test, the presence/absence matrix has to be conv erted 

into a vector containing a score for each variable; then these total scores are used to 

obtain the difference vector (i.e., D in above paragraph). If there is no structure in the 

presence/absence matrix (e.g., all individuals are the same age), then sum of each column 
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(variable) represents the total number of the event occurrences. However, if there exists a 

defined structure in the matrix (e.g., different age groups exist), then differential 

weighting is required in order to incorporate the group differences. In Chapter IV. a null 

hypothesis predicting the absence of a trend in the timing of ossification of the vertebrae 

in the zebrafish was tested. The data matrix included the presence or absence of 

ossification along the vertebral column for individuals of age (days after fertilization) 8, 

9, 10, and 11. For this study, the ages of individuals were converted by binary coding 

from 8, 9, 10, and 11 to 1000, 100, 10, 1, respectively, for being able to incorporate this 

age structure to calculations of a general ossification score for a bone. 

Let us assume that there are eight individuals fi^om which the ossification data for 

two bones, xl and x2, were collected over four days (two individuals per day). 

Furthermore, let us assume that both structures have occurred in four of those individuals 

but for each, in a different set of individuals, as shown in Table 2.2 (Is and Os indicate 

the presence and absence of ossification, respectively). 

If no binary coding is used, then the ossification score for each of the two bones 

would be identical, i.e., four. On the other hand, using the binary code, i.e., the age 

structure in the data matrix is reflected in the total ossification score, such that a bone that 

has occurred earlier would have a higher score (e.g., 121 for xl. and 22 for x2 indicating 

that xl ossified a day earlier than x2). As the total score for xl is subtracted from that of 

the x2, a difference variable is obtained, e.g.. D(xl-x2)=l21-22=99, which is positive 

indicating again that xl ossified earlier than x2. If one has more than tv\o bones 

considered in the analysis, then D is a vector, i.e., D=[(xl-x2) ... i\(n-I)-\n)], for n 

number of variables. 

20 



Randomization for a sign test was performed by randomly permuting the 

difference vector (D) obtained as described above, a large number of times to obtain a 

random null distribution for the number of positive differences. If the proportion of the 

randomized values greater than or equal to the value of the observed statistic is less than a 

pre-specified critical value a, (e.g., 0.05), then the null hypothesis of randomness could 

be rejected, supporting the presence of a trend. 

Model Language and Routines Used 

Matlab is a matrix-based programming language by which the system units, and 

subsystems within systems (i.e., cells within tissues, within organisms, within population) 

can be simulated with ease. One of the unique capabilities of Matlab is that 

mathematical operations of a set of values, when given in a simple array or matrix form, 

can be computed simultaneously (Mathworks, 1999). An M-file is a script written in 

Matlab Language to perform a specific series of mathematical operations. Libraries of 

M-files are incorporated into Matlab, and new custom-made ones can be added to extend 

the language for particular applications (Appendices A and B). 

Simulations of Cell Lineages 

It is possible to represent an assemblage (T) ofm ontogenetic events (measured in 

terms of age or size) for the ith individual, T,, where / = 1, 2 /?. in a vector form: 

T/=[ti t2t3...tmJ 
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An index value 7 indicates the position of each event in the vector T, and therefore 7 

varies from 1 to w: 

T(/y) = time at which the/th event takes place for the ith individual 2.4 

A random distribution can be created by sampling from theoretical probabilitv 

distributions, such as normal and uniform using the Matlab randn and rand functions, 

respectively (Mathworks, 1999). It is also possible to generate pseudorandom normal 

values that are correlated with each other at a specified level (function randmvr) (Strauss, 

1999). 

Matlab routines used for the analysis of the heterochrony in the cell lineage of 

C. elegans, were: (a) linvar (Appendix A), which generates ontogenetic sequences for n 

individuals per k groups (Figure 2.3) and then analyzes the output using discriminant 

function analysis (Strauss, 1999); and (b) seqcomp (Appendix A), which performs (i) 

contingency analyses for the same output to compare the shared sequences among 

groups, and generates index values for similarities between groups, and (ii) 

randomizations for tests of bilateral symmetry. 

Randomization of the Ossification Sequences 

An M-file, randperm, can be used to randomly permute a vector of observations. 

For example, A is a vector containing binary data ( » indicates the command line in 

Matlab): 

>> A = [0 1 0 0 1 1] 

-)-) 



An index, named "ind", that provides a random location to each value in A, mav be 

generated using randperm, where m is the number of observations in A (i.e., m = 6): 

>> ind = randperm (m) 

» i n d = [2 1 6 3 4 5] 

A is then randomly reconstructed and called B: 

» B = A( ind) 

» B = [1 0 1 0 0 1] 

Similarly, any matrix can be reconstructed by randomly permuting each row 

simultaneously. 

In Chapter IV, ossification data from zebrafish treated with different doses of 

thyroid hormones were randomly reconstructed using randdist routine (Appendix B) 

which makes use of the randperm function. In randdist, ossification data matrices were 

converted to distances using a function jaccardd (Strauss, 1999) and the probabilitv of 

the observed pairwise distances being equal to or greater than those randomly generated 

was obtained (to test for the randomness of the correlations). Another routine, posign, 

was used to randomly permute the ossification scores to test for the presence/absence of 

an anterioposterior trend in the timing of ossifications. In this case, the test statistic was 

the number of positive differences within a series of events (see the section "Modeling 

Rationale," above); and the probability of the observed statistic being equal to or greater 

than the randomized statistics was determined. 
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Figure 2.1. A hypothetical example of the variability in the sequence of 
developmental events. N represents the event sequence; t, represent the time of 
occurrence for each event; the gray bands represent the variability associated 
with the timing of each event. (A) Events are discrete and are not associated 
with any variability in timing. Each event takes place at a fixed time, and at 
equal intervals from each other: (B) Event a takes place at variable times, 
however, the other events are static. Event a may occur earlier or later than as it 
does in case (A), whereas the other events remain static. No change in sequence 
is expected; (C) events b and c overlap in their variability of occurrence, 
whereas events a and d are static. Event c may occur earlier or later than event 
b, due to the overlap with respect to the time of occurrence. 
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Table 2.1. The ancestral accounts of the eight terminals cells. For the division interval 
identities, see Figure 2.2. X refer to the mother cell; letters a and b, indicate the polarity 
of the daughter cell, i.e., anterior and posterior, respectively. l^\ 2^^, and 3'̂ '̂  rounds refer 
to the hierarchical level of the cell lineage. Intervals are numbered from 1 to 14 (Figure 
2.2). The time at which a terminal cell emerges is calculated by adding the intervals 
(e.g., in minutes) that belong to the history of that particular cell. 

Intervals # 

Terminal Cell ID 

Xaaa 

Xaap 

Xapa 

Xapp 

Xpaa 

Xpap 

Xppa 

Xppp 

1''Round 

1 

1 

1 

1 

2 

2 

2 

2 

2"̂ ^ Round 

3 

3 

4 

4 

5 

5 

6 

6 

3''' Round 

7 

8 

9 

10 

11 

12 

13 

14 
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Table 2.2. Binary coding used for the ossification scores, xl and 
x2 are variables (e.g., bones) the presence and absence of 
ossifications recorded for as 1 s and Os, respectively. 

Day 
8 
8 
9 
9 
10 
10 
11 
11 

Total 
Score 

Code 
1000 
1000 
100 
100 
10 
10 
1 
1 

xl 
0 
0 
0 
1 
1 
1 
1 
0 

x2 
0 
0 
0 
0 
1 
1 
1 
1 

Score-xl 
(codexl) 

0 
0 
0 

100 
10 
10 
1 
0 

121 

Score-x2 
(code-x2) 

0 
0 
0 
0 
10 
10 
1 
1 
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No 

Group 
(i = l,2,...,p) 

Generate an 
individual 

0 = J,2,...,n) 

1 
Mean and Std. for a 
set of variables, i.e. 
division intervals 

(k =l,2,...,m) 

¥ 
Randomly select an 

interval time for each k 

Intervals correlated? 
Yes/No 

Calculate timing of 
terminal cell divisions 

I 
Last individual? 

_V£3r 

Last group? 

No 

Yes ANAL\ZK 

Figure 2.3. Flow diagram for the cell lineage simulations. In Chapter III: p. n. 
and m equal to, 2, 10,000, and 14, respectively. (See Matlab routines linvar and 
seqcomp; Appendix A). 

29 



CHAPTER III 

MODELING HETEROCHRONY IN A SUBLINEAGE OF 

THE SOMATIC FOUNDER CELL AB' OF 

CAENORHABDITIS ELEGANS 

Introduction 

Cell cleavage patterns and cell fate determination during embryonic dev elopment 

have been studied in various organisms, including nematodes, ascidians, insects and 

vertebrates (Sulston et al., 1983; Voronov and Panchin, 1998; Jeffery and Swalla, 1991). 

These studies are concordant with the view that as cell lineages evolv e, the changes that 

occur in the lineage patterns are likely to be reflected in the adult phenotype (Sternberg 

and Felix, 1997). Envirormiental factors, such as food availability and temperature, may 

affect the timing of cell division, as clearly seen in dauer larvae of a nematode. 

Caenorhabditis elegans, characterized by a reversible arrest of gonadal development 

under developmentally adverse conditions (Antebi et al., 1991). However, not all 

heterochronic differences are as easy to detect; for instance, during the embryonic 

development of C. elegans, the timing of cell divisions varies among individuals 

(Schnabel et al., 1997). These heterochronic differences are verv subtle, so that they are 

difficult to quantify without the presence of longitudinal data from a large number of 

specimens. Even though recent technological advancements, such as 4D (time as the 

fourth dimension) microscopy, have provided the ability to observ e a single individual 

throughout its cellular development (Schnabel et al., 1997). the acquisition of 

longitudinal data on many different individuals still poses a challenge for developmental 
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biologists. Computer simulation of cell-lineage development allows us to predict the 

patterns that are expected under various models of variation, and provides a technique for 

making multivariate comparisons for discriminating among and within the lineages. 

Modeling heterochrony (i.e., differential timing of cell cleavages) in cell lineages may 

provide insights into the mechanisms at work in maintaining the bodv plan of an 

organism. In general, existing cell-cycle models have focused on the molecular and 

cellular mechanisms that drive the cell divisions (Tyson et al.. 1995; Novak et al., 1998). 

Comparatively, there has been less interest in the simulation of cell lineages at the 

population level via individual-based models. However, such analyses may allow 

scientists to test how populations respond to the constraints in their internal (e.g., 

developmental integration) and external (e.g., temperature) environments. 

Caenorhabditis elegans provides an excellent model for simulating cell lineages 

for the identification of the heterochronic patterns because its patterns of cellular 

development have been studied in detail (Deppe et al.. 1978; Sulston et al., 1983; 

Schnabel et al., 1997). Recently, Schnabel et al. (1997) demonstrated that even though 

the embryonic cellular identities of C. elegans are invariant within a population, there is a 

natural range of individual variation in the timing of the cell divisions. This observed 

variation is fundamental for the modeling rationale in this study. 

Caenorhabditis elesans Cell Lineage 

C. elegans is a nematode that has been studied extensively with respect to its 

embryonic (Sulston et al., 1983; Schnabel et al., 1997) and postembryonic development 

(Sulston and Horvitz, 1977). C elegans goes through four molting stages before it 
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emerges as an adult. At the beginning of embryogenesis, five somatic and one germ-line 

founder cells are formed: AB, MS, C, D, E, and P4. AB cells give rise to most of the 

hypodermis (outer body cells), nervous system and some muscle tissue, whereas parts of 

the MS and C and all of D lineage produce the remainder of the muscles. The E lineage 

is restricted to form intestinal cells, whereas P4 gives rise to only the reproductive tissues 

(Sulston et al., 1983). C. elegans is a bilateral organism, but its embryonic cell divisions 

involve asymmetric divisions as well as extensive rotations of the cells within the embryo 

(Schnabel et al., 1997). An obvious hypothesis to test is whether the bilateral asvmmetry 

in early embryogenesis is reflected in the timing and sequence of the cell divisions. 

Models of Cell Cvcle Regulation 

The eukaryotic cell cycle is composed of four phases; 1) Gl, growth; 2a) S, DNA 

replicafion, or 2b) Go, exit from the cycle; 3) G2, preparation for mitosis: and 4) M, 

mitosis. Checkpoints (i.e., Gl/S, G2/M) and meta- or anaphase transitions (at which the 

prerequisites for the next phase are evaluated) are essential for the accurate progress of 

the cell-cycle events (Novak et al., 1998). In higher eukaryotes, the cell cycle is 

regulated by the activation and deactivation of a variety of cyclin/cyclin-dependent 

kinase complexes (e.g., CyclinD/Cdk4 and CyclinD/Cdk6 at Gl; CyclinE Cdk at S; and 

CyclinB/Cdkl at the G2/M transition) and other gene products providing feedback in the 

system (Morgan, 1995). Destrucfion of cyclins is required for the termination of Cdk 

activity. 

Stem and Nurse (1996) quantitatively modeled the regulation of cell c>ele 

progress in yeast in regard to the fluctuations in the activity of the Cdcl3 Cdc2, a cyclin-
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dependent kinase complex. They proposed that the inactivation of the kinase complex 

resets a new mitotic cycle; an increase in kinase activity leads the cell into the S phase, 

and as the level of activity further increases, mitosis is initiated. Similarh, Novak et al. 

(1998) simulated the yeast cell cycle by modeling the interactions of the Cdcl3 Cdc2 

heterodimer with other units, such as the phosphatases Weel and Cdc25. In their model, 

they included the presence of the checkpoints, at which cells query their internal state and 

the external environment for the feasibility of cell-cycle progress (Tyson et al., 1995). As 

a result, they were able to simulate the yeast cell division and test the model's abilitv to 

produce the observed cell-cycle mutants. In C. elegans, Baillv et al. (1991) modeled the 

early division and differentiation events to test the effects of variability in the parameters 

controlling these two types of events. 

Timing of Eukaryotic Cell Cvcles 

Timing of cell cleavages may be determined by several intemal factors, such as 

the degree of cyclin accumulation and kinase activity. For example, Edgar et al. (1994) 

showed that delays in cell cycle occurred in Drosophila mutants deficient in cv clin 

mRNAs. They have suggested that cyclin accumulation regulates the timing of the cell 

cycle. Hartley et al. (1996) studied the accumulation of cyclins and the regulation of 

kinase complexes inXenopus. In fact, they found that the periodic oscillations of gene 

products, such as the cyclins Bl, B2, 3ndAl, correlated with the embryonic timing of the 

cleavages 2-11. Kaem and Hunding (1998) suggested the presence of a threshold for 

Cdk2-cyclin E kinase, below which the cell goes to G2 arrest; otherwise, repeated 

embryonic divisions continue. Kim et al. (1999) have shown that ('dc25A was involved 
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in the shortening of the cell cycle and initiation of the cleavage in mid-blastula embryos 

of Xenopus. Similarly, mitosis was triggered by string, a gene coding for cdc25 tyTosine 

phosphatase, which regulates the cdcl kinase activity, in Drosophila (Reed, 1995). 

In C. elegans, Boxem et al. (1999) identified a gene, ncc-1, which codes for a 

kinase that was closely related to human Cdkl/Cdc2, Cdk2, and Cdk3, which are required 

for cell-cycle progression. They demonstrated that a maternal ncc-1 product was used for 

the progression of the embryonic cell divisions, but that during larval periods, zygotic 

expression of ncc-1 was needed for transition to the M phase. Schierenberg and Wood 

(1985) elegantly demonstrated the importance of cytoplasmic factors in the timing of cell 

cycle by introducing a foreign cytoplasm into a cytoplasm-depleted cell of C. elegans. 

Heterochronic Genes 

Comparative studies among nematode cell lineages have led Sommer et al. (1994) 

to summarize the mechanisms for the evolution of cell lineages. Among several factors 

responsible for speciation, such as switches occurring in the fate of a cell or alterations in 

the number of rounds of cell division, changes in the relative timing of the cell divisions 

also were mentioned. Interestingly, a recent genetic screen (O'Connell et al., 1998) has 

revealed that several temperature-sensitive C elegans mutants exhibit defects in many 

aspects of cell division, in particular, slo-1 with prolonged cell cycles at higher 

temperatures. Furthermore, Wong et al. (1995) identified a gene, called elk-1, which 

leads to an increase in the mean length of embryonic development as well as loss of 

integration (increased within-population variability in the length of development) in C 

elegans. Similarly, cul-1 and lin-23 gene products were found to be in important in the 
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regulation of the cell cycle exit (GO or apoptosis pathway) in C. elegans (Kipreos et al., 

1996). 

During the postembryonic development of C. elegans, the heterochronic genes 

lin-4, lin-14, lin-28, lin-42 and lin-29 have been characterized as regulating the timing of 

lateral hypodermal seam-cell terminal differentiation (Ambros and Horvitz, 1984). Lin-

14 and lin-28 play a complementary role in the heterochronic pathway in which lin-29 is 

necessary for aduh hypodermal seam-cell fusion and the formation of adult cuticles. 

Loss-of-function mutations of lin-14 and lin-28 cause the seam cells to differentiate one 

and two stage(s) early, respectively (i.e., precocious phenotype) (Ambros and Horvitz, 

1984). Abrahante et al. (1998) identified new alleles of lin-14, lin-28 and lin-42, as well 

as a new gene called lin-58. Lin-58 restricts lin-29 activity to the final molt in the wild-

type organism. Slack and Ruvkin (1998) identified yet another gene, let-7, that 

suppresses the precocious phenotypes observed in lin-14 (If) mutations. 

There are many more examples of heterochrony, apart fi-om those observed in the 

embryonic cell lineages and postembryonic seam-cell formation of C. elegans. 

Differential timing of gene expression has been observed with respect to Hoxa-ll in the 

fore- and hind-limbs of Xenopus. Expression of Hoxa-ll in the hind-limb has been 

prolonged when compared with that of the fore-limb (Blanco et al., 1998). Heterochronic 

mutations in maize provide other examples: Teopod2 {Tp2) mutants possess longer 

vegetative nodes and shortened shoots, suggesting cells that continue to express juvenile 

characters (Dudley and Poethig, 1991). Similarly, Itoh et al. (1998) recently described 

two heterochronic alleles of ncQ, plal-l and plal-2, which regulate the duration of the 

vegetative period. 
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It is clear that cell lineages are governed by many genes, some of which, regulate 

the temporal aspects of cell division and fate. Consequently, it is crucial to distinguish 

the heterochronic patterns within and among species for the accurate identification of 

mutants and the definition of new alleles of known genes. Furthermore, as the modeling 

of cell lineages accentuates hypothesis testing in evolutionary biology and sv stematics, 

scientists will be able to better discriminate between the temporal patterns among and 

within species. 

Objectives 

The sequential occurrence of events is commonplace in nature, because the arrow 

of time is unidirectional and consequently, events naturally follow each other or co-occur. 

For instance, one may find that the sequences in the successional appearance of a set of 

species are habitat-specific, or that there are interspecific differences in the sequence of 

genes expressed during body-axis formation. Undoubtedly, studying temporal aspects of 

biological phenomena represents a fertile area of research. Although there are many 

examples of the mechanistic cell-cycle regulation models, one seldom finds studies that 

test quantitative hypotheses about the differences in developmental sequences (e.g., 

heterochrony) (Nunn and Smith, 1998). However, by using computer simulations it is 

possible to test heterochronic patterns and processes, such as the presence or absence of 

developmental integration or the degree of phenotypic plasticitv. Resampling methods 

are frequenfly used in simulafions of biological phenomena, particularlv in ecological 

hypothesis tesfing. Examples include the identification of patterns observed in ecologv, 

such as species co-occurrences, and ecological succession. (Gotelli and Graves, 1996). 
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The parametric bootstrapping procedure presented in this study is an attempt to simulate 

the observed heterochronic patterns in the cell lineages of C. elegans, and to test whether 

(and if so, how) and to what extent temperature or the degree of developmental 

integration (i.e., correlations among events) affect the timing and sequence of terminal 

cell divisions of the AB sublineage? 

Materials and Methods 

Data Description 

In the simulations presented here, a sublineage of the somatic AB founder cell, 

ABarpp, has been chosen to demonstrate the effects of temperature on the timing of cell 

divisions. Furthermore, the simulations were used to predict and understand the outcome 

of an increase in developmental integration, i.e. increased correlations among events. 

Schnabel et al. (1997) presented an excellent account of individual variation (from 

longitudinal data) in the ABarpp lineage using a 4-D confocal-microscopy approach. 

Therefore, the mean and standard deviation for each round of division from the ABarpp 

cell (i.e., 1°, 2°. and 3° cell cycles that consequently lead to the emergence of 8 pairs of 

terminal cells) were obtained by digitizing the cell lineage data from Schnabel et al. 

(1997) (Tables 3.1 and 3.2; Figures 3.1 and 3.2). 

ABarpp is the posterior daughter of the anterior-right-posterior cell of the AB 

lineage. The anterior daughter of ABarpp, i.e., ABarppa, gives rise to cells on the left side 

of the bilateral plan, whereas the posterior daughter, ABarppp, produces cells that 

eventually migrate to the right side of the embryo. Within each lateral arrangement, left 

or right, four cells (H2, ADEsh, hyp7, and lateral neuron) are positioned more anteriorlv. 
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whereas four others (VI, V2, V4 and V6) are located posteriorly (Table 3.1: Figure 3.1). 

Most of the cells originating from ABarpp become the hypodermal seam cells found on 

each side of the larva. VI, V2, V4, and V6 are the posterior seam cells that are present 

bilaterally. H2 and hyp7 also are hypodermal cells, which are located more anterior to 

the VI-V6 (Table 3.1; Figure 3.1). Two neurons originate from ABarpp cell lineage, but 

their differentiation as neurons takes place later than that of the hypodermal cells. 

Modeling Rationale 

The resampling procedure is based on the general model presented in Chapter 2. 

Each ABarpp lineage consists of 14 different cell-division events, herein called intervals, 

that eventually produce 8 pairs of terminal cells (Table 3.1. Figure 3.2a). The observed 

mean intervals (in minutes) and corresponding standard deviations (Schnabel et al., 1997) 

were estimated and used as model parameters using a computer program written in 

Matlab (routine condlin. Appendix A). 

Lineages of ABarpp cell in C. elegans were simulated at the individual level. 

using computer programs written in Matlab {linvar 1 and seqcomp. Appendix 1). Each 

cell lineage was generated by random sampling of cell-division interval times from a 

normal distribution (95% CI on the range of variation in the intervals between cell 

cleavages). The cleavage times of terminal cell pairs were then calculated by adding the 

corresponding interval times for a particular terminal cell (see Chapter II). For example, 

cleavage time of the V1L-V2L pair was estimated by adding intervals 1. 4 and 9, whereas 

that of V4L-V6L was estimated by adding intervals 1, 4. and 10 (Figure 3.2). 
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Assumptions. The main assumption of the model is that values of any cell-

division interval (the time elapsed between any binary switch in a lineage; intervals 1-14: 

Figure 3.2) are normally distributed. Given this assumption, it is possible to generate a 

hypothetical value for each interval by sampling from a normal distribution w ith a known 

mean and standard deviation (Table 3.2). The second assumpfion is hypothesis-specific, 

in that it is assumed that division intervals are correlated with one another at a specified 

and constant level, described by a Pearson correlation coefficient, r,jt; here / and7 

represent the intervals between which the correlation, r, was assessed, and t denotes the 

temperature at which the embryo was raised (i.e., / = 25° or 20°C). The observed 

correlations among the intervals of the ABarpp lineage exhibit interesting pattems (Table 

3.2b). At 20°C, no statistically significant correlations existed between any pair of 

intervals. However, certain sets of intervals were correlated with each other for the 

embryos raised at 25°C. Most significant correlations occurred between the intervals of 

the same cell cycle period (e.g., intervals 5, and 6, and intervals 10, 11, 12, 13, 14). 

Therefore, intervals were assumed to be correlated (r =0.8) if they occurred within the 

same cell-cycle period for Models 20B and 25B (Table 3.3). For Models 20A and 25A, it 

was assumed that no correlations existed among intervals (Table 3.3). The hierarchical 

nature of correlafions in cell lineages may stem from the importance of developmental 

environment regulating the durafion of the cell cycles at a certain cleavage level, fhe 

regulatory acfivity of maternal enzymes (e.g., cyclin kinases) especially in the beginning 

of the embryonic cleavages, are well known (Boxem et al., 1999). 
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Hypotheses. The simulation model presented in this study was used to test 

multiple hypotheses about the effects of biological factors (i.e., temperature and 

developmental integration) on the patterning of temporal aspects of the cell lineages in C 

elegans. 

HI: Temperature has no effect on the absolute timing of terminal cell 

divisions in the ABarpp lineage (Table 3.3). 

In order to test hypothesis HI, randomized cell lineages were generated (.V= 10,000 per 

model) under the assumptions of Models 20A, 25 A, and 25B. If cell lineages differ 

significantly, then one can pinpoint the effects of temperature on the absolute timing of 

divisions (i.e., whether a decrease in temperature is associated with a delay in the 

cleavage times of the terminal cells) via discriminant funcfion analysis (DFA). 

H2: Temperature has no effect on the relative timing (ranked sequences) 

of terminal cell divisions in the ABarpp lineage (Table 3.3). 

For hypothesis H2, randomized cell lineages (Â = 10000 per model) were 

generated using the estimated means and standard deviations for the intervals (1-

14) for models 20A, 20B, 25A, and 25B. A cell-division sequence was generated 

for each individual of a particular model by ranking the absolute timings of 

terminal cell-division times within an individual. The relativ e timing and 

sequences of terminal cell divisions were analyzed using (a) DF.X; (b) the 
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Morisita dissimilarity index; (c) PIE (i.e.. Probability of Interspecific Encounter), 

an index of diversity; and (d) chi-square contingency-table analyses. 

The PIE diversity index (Gotelli and Graves, 1996) in this situation measures the 

probability that two individuals randomly selected from a population will have different 

terminal cell sequences: 

PIE = (MA -̂1)(1 -E(Wi/AO )̂ 

where Â  is the total number of individuals in a population, and Wj is the number of 

individuals having the i^^ terminal cell sequence. 

The Morisita (Gotelli and Graves, 1996) distance measure (M=\-CH) provides an 

estimate for the dissimilarity of two populations with respect to particular cell-cleavage 

sequence frequencies: 

CM = 2 Zp.-q^ I (Z/?,̂  + I^,'); 

A/= 1-C H 

where pi and q^ are the relative probabilities of occurrence of the / sequence for 

populations 1 and 2, respectively. 

H3: The sequences of cell divisions are random; i.e., there is no bilateral 

asymmetry. 

A null model has been used to test the randomness of the sequences of the terminal cells 

on the right and left side of the embryo. Terminal cells were incrementallv indexed in a 

vector from the most anterior to the most posterior: T = [ 1.2 8]. The first four 

elements of the vector refer to the terminal cells on the left side of the body, whereas the 
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last four refer to those on the right. T was randomly permuted 1,000 times, and for each 

permutation the first four and the last four elements were summed. As a result, a null 

distribution for the total ranks of the left and right cells was generated under the 

assumption that divisions are random. The pairwise differences between the summed 

ranks {D = I(left ranks) - X(right ranks)) were obtained, and the probability of D = 0 (the 

null hypothesis of no difference) was tested with a 2-tailed Wilcoxon test (Minitab, 

1999). Furthermore, terminal cell division sequences (A^=l,000/group) were generated 

using the estimated mean and the standard deviations for Models 20A, 20B, 25 A, and 

25B. The ranks of the left and right terminal cells were summed and subtracted (left 

minus right), and the difference was tested using 1-tailed (right-tailed) Wilcoxon test. 

The comparisons between the medians of the models were done via Mann-Whitnev tests 

(Minitab, 1999). 

H4: Increased correlations among division intervals do not affect the 

event-sequence patterns that are observed in the absence of correlations. 

Changes in the sequence of the terminal cell divisions and the bilateral pattems 

were analyzed by comparing the results of the model: 20A vs. 25B: 20A vs. 20B; 

20A vs. 20A; 25A vs. 25A (Table 3.3). 
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Results 

Use of multivariate statistics such as discriminant function analyses (DFAs). 

similarity indices (Morisita and PIE), and non-parametric statistical methods (Wilcoxon 

statistics) provided a comprehensive characterization of the temporal pattems in the 

simulated cell lineages of C. elegans. The parametric bootstrapping method used herein 

may be extended for use in comparative analyses among different cell lineages. 

Furthermore, modifications may be easily made to analyze cell lineages having more than 

three rounds of divisions. In addifion to evaluating hierarchical systems such as the cell 

lineages, the model can be used to detect heterochrony within other sv stems such as bone 

complexes. In that case, the correlations among characters may be estimated from 

presence/absence data and incorporated into the model structure. 

Absolute Timing of Cell Divisions 

The model predicted that no individuals from either group should overlap in their 

absolute fiming of cell divisions (Figure 3.3). DFA resulted in full discrimination of 

Model 20A versus 25A, as well as Models 20A versus 25B. Simulations suggested that 

at higher temperatures, cells divide earlier than they do at low temperature. This is in 

accord with the expectation that developmental time decreases with increasing 

temperature (Atkinson and Sibly, 1997). 

Relafive Timing of Cell Divisions 

Heterochrony is defined as the relative timing of events: herein. I focused on the 

differences in heterochronv between populations exposed to different temperature 
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regimes. Relafive fiming of cell divisions was measured as ranks. DFA indicated that 

there is a moderate amount of overlap in the sequences generated bv individuals of the 

two treatments (Figure 3.4, Table 3.4); however, some sequences were unique to each 

group (Figure 3.4, Table 3.4). When no correlafions among division intervals were 

assumed to exist (models 20A and 25A), model 25A produced 2.7 times more sequences 

than the model 20A, suggesfing that heterochronic variabilitv was accentuated in 

response to temperature. 

The presence of correlafions (r=0.8) among intervals of the same round of 

divisions resulted in decreases the number of sequences (63% for 25 A vs. 25B, and 79*̂ 0 

for 20A vs. 20B; Table 3.4). 

The randomized correlations within the data set (Schnabel et al., 1997) used to 

estimate the model parameters suggested the presence of no correlations for the 20°C 

group, but high correlations (< 0.8) among the intervals of the same round of division for 

the 25°C group. Therefore, the comparisons among models 20A and 25B should better 

predict the observed pattems. Simulations indicated that the shared number of sequences 

between the individuals of 20A and 25B was 458 (16% of the total number of sequences 

produced; Table 3.4). The extent of overlap may be better understood if one compares 

the number of shared sequences between two independent sets of simulations of the same 

group (e.g., 20A vs. 20A). In fact, the number of shared sequences is 1,040 (4S"() of the 

total number of sequences produced. Table 3.4) between the two sets of 20A. 

Theoreticallv, the possible number of sequence permutations that can be 

generated for eight elements is 8! = 40,320. In these simulations, a total of 10.000 
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iterafions per group were generated, but of these, only a total number of 1616 and 1677 

unique sequences were obtained for models 20A and 25B, respectiv elv (Table 3.4). 

The frequency distributions of the shared sequences were compared among 

possible pairs of models (e.g., 20A vs. 25 A; 20A vs. 25B; 20A vs. 20B) (Table 3.4). A 

chi-square test indicated that the differences obtained between the models in terms of 

shared sequence frequencies were not due to chance alone (Table 3.4) except for those 

comparisons between the sets of the same groups. Similarly, the Morisita index 

indicating the degree of dissimilarity was higher for the comparisons between 20A and 

25B than those between 20A and 25A, or 20A and 20B (see Table 3.4. for details). As a 

result, this suggests that the frequency distribution of the sequences shared between 20.^ 

and 25B are significantly different and, therefore, temporal pattems of cell lineages are 

temperature dependent. Furthermore, developmental integration accentuates the 

differences that are observed in the absence of correlations (Table 3.4). 

Bilateral Asvmmetry 

The null hypothesis states that there should be no differences between the sums of 

the left and right terminal cell ranks of a lineage. A 2-tailed Wilcoxon test on the 

differences between the null distributions of the left and right ranks indicated that, in fact, 

the median of the differences is not significantly different from zero (Figure 3.6, lable 

3.5). However, significant differences were found between the sums of the ranks of the 

left and right terminal cells for all models, at both temperatures (one-tailed Wilcoxon 

tests. Figures 3.7; 3.8, Table 3.5). The simulations suggested that terminal cells located 

on the left side of the embryo divide earlier than those on the right in average. The mean 
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value of the ranks that belong to the experimental individuals (Schnabel et al., 1997) from 

which the model parameters were estimated, were 21.166 ± 3.26 and 19.666 ± 0.288, for 

20° and 25°C, respecfively. The resuUs of model 25B most closely resembled the 

observed frequency distribufion at 25°C (Figure 3.9); however, models 20A and 20B 

both over-predicted the variance associated with the sum of the left ranks (Figure 3.10). 

However, observed medians were predicted closely for both models (Figures 3.9 and 

3.10). The observed medians also were significantly different from those of the null 

model, suggesfing that, on average, there exists bilateral symmetry in the timing of the 

left and right terminal cells (Figures 3.9 and 3.10). 

Discussion 

A parametric bootstrapping model was used to simulate ABarpp, a sublineage of 

the AB founder cell, in C. elegans. The use of an individual-based model allowed the 

characterization of the temporal pattems observed with respect to the absolute and 

relative timing of this cell lineage in response to changes in the extemal and intemal 

developmental environment. C elegans proved to be an ideal model system for studv ing 

the developmental reaction norms (Schlichting and Pigliucci. 1998) of cell lineages. 

The results of the simulations indicated that the absolute timing of the terminal 

cell divisions do not overlap between populafions, such that cells at 20°C div idc 

relatively more slowlv than those at 25°C. The statement that "dev elopmental time 

decreases in response to increased temperature" has become a well-supported hypothesis, 

and recently was named the developmental temperature-size rule (Atkinson, 1994). 
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In analyzing a cell lineage, a lengthening of the cell cycle at low temperatures 

may be explained by the temperature-sensitive nature of one or more phases of the cell 

cycle, based on the changes that occur in the amount and activity of certain gene 

products. For example, Okuda and Kimura (1983) invesfigated the effects of temperature 

on the kinetics of the entry into the S phase in the cell cycle of resting Yl cells. They 

demonstrated that a decrease in temperature was associated with increased lag periods 

before S (i.e., a lengthening of the cell cycle). They hypothesized the presence of a 

temperature-dependent period before the S phase. Similarly, when Dictyostelium 

discoideum was exposed to temperatures below 22°C, Zada-Hames and Ashworth (1978) 

observed that culture doubling time was increased as different cell cycle phases exhibited 

quantitatively different responses. For example, G2 was affected in a most pronounced 

way (as increase in length) in response to decreases in temperature, whereas S and Gl 

were relatively less influenced. Studies performed with the budding yeast, 

Saccharomyces cerevisia, also revealed that the S phase was relatively constant in length 

at any temperature, but that the G2 and M phases were much more temperature 

dependent (Vanoni et al., 1984). These results are in accord with the simulated pattems 

of absolute timing of terminal cell divisions in C. elegans that are reported here. In 

addition, the model allows one to use a multivariate approach to evaluate the differential 

effects of the developmental envirormient on an individual cell of the cell lineage. 

The present model also has provided a means to quantify the potential number of 

terminal cell sequences for each temperature treatment. The comparisons between the 

frequencies of shared sequences suggested that high temperatures mav increase the 
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degree of intraspecific heterochrony, i.e., differential timing of divisions within a 

population. Previous studies have demonstrated that intraspecific variability in many 

morphological and life-history traits, is prevalent among populations (Wheals and Lord, 

1992). For example, in Drosophila melanogaster, variability in thorax and wing length 

as well as embryonic viability was higher at stressfully low temperatures (Imasheva et al., 

1998). Interestingly, in the present study sequence variability at high temperatures was 

more pronounced when no correlations among division events were assumed. In fact, as 

the hierarchical correlations among division events were set to higher levels {r = 0.8), the 

number of possible sequences decreased approximately to the same levels obtained at 

20°C with no correlations assumed. Therefore, in C. elegans, the simulated temperature 

regimes (20° and 25°C) might not represent stressful condifions that lead to 

developmental instability or mitotic arrest. 

Finally, a null model was developed to test for the presence/absence of bilateral 

asymmetry in the timing of cell divisions of the nematode embryo. The ABarpp 

sublineage is characteristic in the way in which its terminal cells migrate both to the left 

and to the right of the embryo (4 left pairs, 4 right pairs). During development, 

individuals must deal with developmental and historical constraints in order to maintain 

homeostasis, in this case represented by bilateral symmetry. In fact, individuals with the 

ability to better orchestrate cellular migrations and divisions during embryogenesis may 

potenfially become more fit (i.e., produce relatively more offspring). Simulations in this 

study indicated that cell divisions were not randomlv ordered, but rather that the cells that 

migrated to the right side of the embryo were likely to div ide earlier than those migrated 
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to the left side. This pattern was consistent at different temperatures; however, at higher 

temperatures the degree of bilateral asymmetry was further increased. 

One of the reasons for such a direcfional asymmetry may be historical. Wood 

(1998) indicated that an invariant (dextral) left/right asymmetry was established at the 

early cleavages ofC elegans embryogenesis from which the embryo had to establish the 

larval bilateral arrangement of its organs. This poses a challenge for the embryo, which 

must coordinate its cellular migrafions and divisions. In fact, Schnabel et al. (1997) 

investigated the switch from asymmetry to symmetry during the embryonic development 

of C. elegans, and concluded that embryonic cells undergo extensive rotations in order to 

compensate for the initial left/right asymmetry. They showed graphicallv that the 

ABarpp cell is located more towards the right of the embryo, and therefore that cells 

migrating to the right side may reach their destination faster than those migrating to the 

left (Schnabel et al., 1997). Furthermore, it is well known that intercellular interactions 

play significant roles in the patteming of the embryonic body plan (Wood, 1991). 

Therefore, cells may be further induced to proceed into the mitotic (M) phase as they 

encounter other cells at their final destination. Accordingly, one should expect that cells 

reach their final destination earlier divide earlier as well. The increases in the bilateral 

asymmetry when exposed to high temperatures support the historical/phv sical constraint 

hypothesis, because higher temperatures may result in the acceleration of cell-cvele 

phases as well as of cellular movements within the embryo. 
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Table 3.1. Functional descriptions, names and variable ID #s of the terminal cells used 
for ABarpp lineage (Sulston et al., 1983) simulations. The spatial distributions of these 
cells in the embryo are provided in Figure 3.1. 

ID # Terminal Cell Description 

IL 

2L 

3L 

4L 

IR 

2R 

3R 

4R 

ADEshL 
H2L 

hyp7L 
ALML&BDUL 

VIL 
V2L 

V4L 
V6L 

ADEshR 
H2R 

hyp7L 
ALMR & BDUR 

VIR 
V2R 

V4R 
V6R 

-left anterior deirid sheath 
•left hypodermal seam cell; deirid socket in LI. 

-left part of the hypodermal syncytia 
-left lateral neurons (touch & ring neurons) 

-left hypodermal seam cell; cuticular ridge 
-left hypodermal seam cell; cuticular ridge 

-left hypodermal seam cell; cuticular ridge 
-left hypodermal seam cell; cuticular ridge 

-right anterior deirid sheath 
-right hypodermal seam cell; deirid socket in LI 

-right part of the hypodermal syncytia 
-right lateral neurons (touch receptor & ring) 

-right hypodermal seam cell: cuticular ridge 
-right hypodermal seam cell: cuticular ridge 

-right hypodermal seam cell; cuticular ridge 
-right hypodermal seam cell: cuticular ridge 
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RIGHT 

ADEshR 

(H2RJ 

( neuron ) 

(V6Rj 

Figure 3.1. A graphical representation of the relative positions and identities of the 
terminal cells used in simulations. See Table 3.1 for descriptions of each cell. The 
representations do not reflect the actual size or the precise location of the cells. Modified 
from Sulston etal. (1983) 
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Table 3.3. Descriptions of the models simulated. The presence 
of correlations (event correlations, r) and the environmental 
treatments are indicated for models 20A, 20B, 25A, and 25B, 
respectively. 

Models 
20A 
20B 
25A 
25B 

Correlation 
none 

Hierarchic, r=0.8 
none 

Hierarchic, r=0.8 

Temperature 
20 °C 
20 °C 
25 °C 
25 °C 
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25A vs. 20A 25B vs. 20A 

95% CI and vectors for Division Time 
4 

95% CI and vectors for Division Time 
4 

is !̂0 

- 4 - 2 0 2 4 -2 

1—1 

i—e 

I—.8 
J 

- 4 - 2 0 2 4 
DF1 

1—1 
1-2 
' - 3 
I 

r - 5 
r—6 
I—.7 
1—8 

_l 

-2 0 2 
DF1 

Figure 3.3. Discriminant Function Analysis (DFA) performed using the absolute timing 
of cell divisions for computer generated samples of ABarpp lineage of C. elegans 
(Models 20A vs. 25A; and Models 20A and 25B, Table 3.3). Each group refers to eight 
cell pairs (Table 3.1). The bottom graphs show the vector correlations of the variables. 
The numbers indicate the pairs of cells: 1= AdeShL & H2L; 2= hyp7 & latneuronL: 3= 
VIL & V2L; 4=V4L & V6L; 5= AdeShR & H2R; 6= hyp7 & latneuronL; 7=V1R & 
V2R; 8= V4R & V6R. 
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25A vs. 20A 258 vs. 20A 

95% CI and vectors for Ranks 
4 

95% CI and vectors for Ranks 
4 

- 4 - 2 0 2 4 

12 

T 

- 4 - 2 0 2 4 
DF1 

1361. 0 

I 

r€ 
• 7 

- 4 - 2 0 2 4 
DPI 

Figure 3.4. Discriminant Function Analysis (DFA) performed using the relati\e timing 
of cell divisions (ranks) for computer generated samples of ABarpp lineage of C 
elegans (Models 20A vs. 25A; and Models 20A and 25B, Table 3.3). Each group refers 
to eight cell pairs (Table 3.1). The bottom graphs show the vector correlations of the 
variables. The numbers indicate the pairs of cells: 1= AdeShL & H2L; 2= hyp7 & 
latneuronL; 3= VIL & V2L; 4=V4L & V6L; 5- AdeShR & H2R; 6= hyp7 & 
latneuronL; 7=V1R & V2R; 8= V4R & V6R. 
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Table 3.4. The counts for the shared and unique sequences for possible pairs of the 
Models (Table 3.3). Morisita index (MI), and Chi-square (X2) analyses with the 
probability (Pr) values are indicated for each comparison. 

Group 1 Group2 Shared Unique 1 Unique 2 X2 Pr Ml 

( # ) ( # ) ( # ) 

20 A 25 A 812 819 3604 3569 <10"- 0.554 

(0.16) 

20 A 25 B 458 1158 1219 4203 <10"- 0.629 

(0.16) 

20 A 20 A 1040 565 549 741 1 0.003 

(0.48) 

25 A 25 A 2442 1977 1968 1270 1 0 

(0.38) 

20 A 20 B 345 1286 6 3616 <10-̂  0.370 

(0.21) 

25 A 25 B 1338 3069 314 2685 <10-- 0.281 
(0.28) 
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Figure 3.5. PIE (Probability of Interspecific Encounter) index values for the 
Models. Refer to Table 3.3 for descriptions of the Models. 
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NULL MODEL 

F 
R 
E 
Q 
U 
E 
N 
C 
Y 

500 

400 

300 

200 

100 

500 

400 ^ight 

300 

200 

100 

10 14 18 22 26 

SUM OF RANKS 

Figure 3.6. Graph showing the simulated frequency distribution (N=1,000) of 
the sums of the ranks for the terminal cells at the left side (top) and the right 
side (bottom) of the embryo, under the assumption that there is no bilateral 
symmetry. 

63 



25A 25B 

R 
E 
Q 
u 
E 
N 
C 
Y 

500 

400 

300 

200 

100 

600 

400 

200 

500 

400 

300 

600 

400 

2001 ^ H H 200 

100 

10 14 18 22 26 10 14 18 22 26 

SUM OF RANKS 

Figure 3.7. Graphs showing the simulated frequency distribution (N= 1,000) of the 
sums of the ranks for the terminal cells at the left side (top) and the right side 
(bottom) of the embryo, for models 25 A and 25B. Refer to Table 3.3 for Model 
descriptions. 
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Figure 3.8. Graphs showing the simulated frequency distribution (N=l .000) of the 
sums of the ranks for the terminal cells at the left side (top) and the right side 
(bottom) of the embryo, for models 20A and 20B. Refer to Table. 3.3 for Model 
descriptions. 
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Figure 3.9. The box plots for the frequency distribution of the sum of the left 
ranks for the Models, null, 20A, 20B, and the experimental indi\iduals (observed). 
Medians indicated as the straight line in the box; boxes contain the 50% of the 
individuals; 5 and 95% were indicated as the confidence intervals, open circles 
indicate the mean value for the outliers. Refer to Table 3.3 for the model 
descriptions. 
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Figure 3.10. The box plots for the frequency distribution of the Models, null. 25 A. 25B 
and the experimental individuals. Medians indicated as a straight line in the box; boxes 
contain the 50% of the individuals; lines outside the box indicate the span of 5 and 95% 
confidence intervals; open circles denote the mean value for the outliers. Refer to Tabic 
3.3 for the model descriptions. 
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Table 3.5. Results of the Wilcoxon tests for the absence of bilateral asymmetry' in the 
ABarpp cell lineage. Bilateral asymmetry was estimated by subtracting the sum of the 
ranks of the left terminal cells from that of the right ones. Null model states that the 
difference between the left and the right ranks is zero. Refer to Table 3.3 for Model 
descriptions. For each model, the probability of the absence of bilateral asymmetr> is 
indicated. ** denotes that the total rank of the left cell divisions is greater than that of the 
right cell divisions (one-tailed Wilcoxon test). Superscripts a, b, and c indicate the 
pattern of the significant differences among models (via Mann-Whitney Tests); such that 
the estimated medians of the models 20A and 20B are not distinguishable, however, 
those of the models 25 A and 25B are significantly different. 

Model 

Null 

20A 

20B 

25A 

25B 

N 

1000 

1000 

1000 

1000 

1000 

N for test 

879 

897 

842 

928 

931 

Wilcoxon 

193886 

341527 

346151 

368365 

413543 

Probability 

0.947 

Q** 

Q * * 

Q * * 

Q** 

Median 

0 

4̂  

4̂  

5̂  

8'̂  
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CHAPTER IV 

CHANGES IN THE OSSIFICATION PATTERNS OF BRANCHIAL 

AND VERTEBRAL ELEMENTS IN THE ZEBRAFISH. 

DANIO RERIO, IN RESPONSE TO DIFFERENT 

DOSAGES OF THYROID HORMONE 

Introduction 

A module (= "character suite") has been defined as a functional unit comprised of 

a suite of pleiotrophically integrated characters, together acting independently from other 

units (Wagner, 1996). The modular nature of the vertebrate development has been 

associated with the independent evolution of different sets of characters (Wagner, 1996; 

references therein). In fact, modularity is the prerequisite for heterochrony (i.e., 

differential timing of developmental events) to emerge within a developmental sequence 

(Gould, 1977). Analysis of the ossification pattems of the pharyngeal arches and the 

vertebrae (i.e., Weberian apparatus and trunk) may allow one to determine the degree of 

modularity or integration among the elements of such serially arranged units. For 

example, branchial and vertebral elements might respond differentially to changes in the 

environment (intemal or extemal) if there is a decoupling in their genetic and epigenetic 

regulation. Therefore, quantitative analysis of heterochrony may lead to a better 

understanding of the extent of modularity in development, and hence reveal possible 

evolutionary pathways allowing for morphological diversity. 

Although intraspecific variability in response to changes in the extemal 

environment (e.g., temperature, resource availability) has been widely studied, the 
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hormonal correlates of such variation have received less attention. Nevertheless, 

hormones are key players in the initiation and maintenance of morphogenesis (Williams 

et al., 1998). For example, exogenous administration of thyroid hormones (L-

triiodothyronine, T3 and L-thyroxine, T4) is known to induce metamorphosis and bone 

growth in amphibians and fish (Brown, 1997). In fact, in humans, congenital deficiencies 

in thyroid hormones lead to profound mental and growth retardation. 

I have quantitatively evaluated the ossification pattems in the branchial 

(ceratobranchials; Figure 4.1) and the axial skeleton (Weberian and tmnk vertebrae; 

Figure 4.2) of the zebrafish, Danio rerio, when exposed to different dosages of T3. The 

zebrafish has been extensively used in vertebrate development and genetics studies 

because of its short generation time and high reproductive rates (Schilling and Kimmel, 

1994; Prince et al., 1998). Moreover, high degrees of intraspecific variation observed in 

its cranial development (Cubbage and Mabee, 1996) make the zebrafish an excellent 

model organism for studies dealing with evolvability-the ability of organisms to produce 

heritable and selectable variation (Kirschner and Gerhart, 1998). 

Effects of Thyroid Hormones on Skeletal System 

Thyroid hormones are involved in the metamorphosis of fishes (Brown, 1997; 

Schreiber and Specker, 1998) and amphibians (Hanken and Hall, 1988; Brown. 1997). 

The release of thyroid hormones during metamorphosis is triggered, in part, b\ thyroid-

stimulating hormone (TSH) secreted by the pituitary. Receptors occurring in specific 

tissues respond to circulating thyroid hormones differentially (Dickhoff et al., 1990). 

Previous studies have indicated that thyroid hormones enhanced growth in a \ aricl\ of 
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fish species, such as rainbow trout, goldfish, guppies, swordtails, and platyfish (re\ iewed 

by Donaldson et al., 1979). The growth response offish to thyroid hormones is 

dependent on experimental conditions such as temperature, type and dosage of the 

hormone, age, and species. For example, T3 has been found to be more effecti\ e than T4 

in enhancing bone development of brown trout (Salmo trutta) (Qureshi, 1976). Other 

studies have suggested that thyroid hormones enhance growth by increasing food intake 

or absorption efficiency (Gross et al., 1963). Possible mechanisms for this phenomenon 

include increased nutrient assimilation (Collie, 1995), lipid deposition, and 

gastrointestinal mobility (Donaldson et al., 1979). After thyroid hormone treatment, food 

intake may increase due to energy constraints as well as improved ability to capture and 

handle prey. In fact, survival and swimbladder-inflation rates were found to be affected 

positively in response to thyroid hormones in rabbitfish (Ayson and Lam, 1993) and 

striped bass (Brown et al., 1988) larvae. 

T3 may induce skeletal integrity and size variation in amphibians (Hanken and 

Summers, 1988; Hanken et al., 1989) and fishes (Brown, 1997). Hanken et al. (1989) 

demonstrated that cartilage and bones both responded positively to T3. Bone 

development was accelerated in a stage-dependent manner, unlike cartilage development, 

which was affected only by changes in T3 dosage. As a result, Hanken et al. (1989) 

concluded that response of cartilage and bones to T3 is not tightly coupled and is perhaps 

independent in the two kinds of tissue. 

The extent to which developmental pathways are under hormonal control (Rose 

and Reiss, 1993) can be assessed after the experimental elevation of the hormonal lc\cls. 
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For example, if the sequence of ossification is altered under T3 treatment, then one may 

suggest that the genetic and epigenetic mechanisms governing this particular complex 

may be modular in nature. In contrast, if the sequence of a series of bones remains within 

the range of natural variation but the developmental rate as a whole is accelerated, then 

this may indicate that a more genetically and pleiotrophically uniform developmental 

mechanism is at work. 

Gene Expressions in the Branchial and Axial Patteming of 
the Vertebrate Skeleton 

Cartilage and bones are formed via three developmental phases: (a) epithelial-

mesenchymal interactions, (b) condensation; and (c) cell differentiation (Rose and Reiss, 

1993). Within each phase, both unique and shared sets of genes are expressed. Such 

genes range from growth factors (such as bone morphogenetic proteins, BMP-2, 4. and 5) 

and activin, to extracellular matrix proteins (e.g., collagens II and IX), and to Hox genes 

(Hall and Miyake, 1995). 

The pharyngeal and vertebral skeletons are segmental, and show an 

anterioposterior (AP) polarity for development. A commonly suggested hypothesis is 

that segment identities of the vertebrae is determined by an axial Hox code, i.e.. a 

combination of Hox genes expressed along the AP axis (Kessel and Gruss, 1991). Hox 

genes are expressed in a spatially collinear manner, i.e., genes of the more 3' locations 

are expressed in more anterior positions of the body (Deschamps and Wijgerde, 1993). 

In their review. Christ et al. (1998) characterized the segmentation process in animals as a 

complex network. They summarized the AP patteming as being regulated by a) 
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compartmentalization of somites via genes like sonic hedgehog (Shh), and bone 

morphogenetic protein (BMP); and b) identification of the early cranio-caudal axis \ ia 

the differential expression of Hox genes. 

Since Hox genes were suspected of providing a segmental polarity for the 

skeletal elements, several studies concentrated on the Hox gene expression in tissues such 

as the paraxial mesoderm, central nervous system (CNS), notochord, and hindbrain. 

Prince et al. (1998; 1998) have shown that Hox genes exhibit a unique anterior limit 

profile in notochord and the paraxial mesoderm, suggesting the presence of an AP 

regionalization (Figure 4.3). Comparisons of the axial Hox code between the zebrafish 

and tetrapods have revealed that the code is highly conserved, though the zebrafish has 

additional clusters (Hox A-D) apart from those found in all vertebrates (Prince et al.. 

1998). Furthermore, Ahn and Gibson (1999a) have demonstrated that the Hox gene 

expression in the paraxial mesoderm of the zebrafish and that of the stickleback, 

Gasterosteus aculeatus, are very similar, but that intraspecific variation exists in the gene 

expression pattems within stickleback populations. Accordingly, they suggested that 

such flexibility in the Hox gene expression may allow organisms to better cope with 

fluctuating environments (Ahn and Gibson, 1999b). On the other hand, Akam (1998) 

argued for the role of Hox genes as "master control genes'" that lead to altemati\e 

mechanisms for changes in the segment morphology. Interestingly, a recent finding of 

the expansion of Hox gene code along the AP axis in pythons might explain why snakes 

have hundreds of vertebrae (Cohn and Tickle, 1999). 
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Objectives 

In general, this study provides a set of randomization procedures for the analysis 

of heterochrony within reiterated developmental complexes, i.e., the ceratobranchials and 

vertebrae. Specifically, I sought to answer the following questions: (1) Is T3 effecti\ e in 

accelerating the onset of ossifications in the ceratobranchials, and vertebrae (Weberian 

and tmnk) of the zebrafish, Danio rerio? (2) Is the developmental rate accelerated in 

response to different dosages of T3? (3) Does T3 uniformly affect all these bones 

considered? In other words, is there any evidence of modularity? 4) Is there a trend for 

the vertebrae to ossify in an AP direction, as expected by the Hox gene expression 

pattems in the paraxial mesoderm? To assess the probabilities of a) the degree of 

similarity among the treatment groups, and b) the observed within-group trends, the 

observed data matrices were randomized (10,000 iterations) and tested with an 

appropriate test statistic: Mantel's correlation coefficient (a), or the number of positive 

differences within a sequence (b). 

Materials and Methods 

This study involves morphometric studies as well as randomization tests to delect 

the hormonal correlates of the cranial and vertebral ossification pattems in the zebrafish, 

Danio rerio. Zebrafish were obtained from local pet stores and kept at 25°C on a 14:10 

hr dark:light cycle. Fish were treated exogenously with different dosages (i.e., control: 

none; low dosage: 1 ng/ml; high-dosage: 5 ng/ml) of thyroid hormone (13; Sigma , St. 

Louis), beginning at around 48 h after fertilization. For the stock solution, 10 mg of T3 

were dissolved in 0.3 ml of DMSO to obtain a concentration of 33 mg/ml, and the 
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solution was stored at 0°C. Dilutions were made to obtain concentrations of 1 ng/ml and 

5 ng/ml T3 for the low-dosage and high-dosage treatments, respectively; the control 

treatment contained only laboratory-grade water with DMSO (1.5T0"^/ml). Embr>os at 

48 hrs of age were transferred to 250-ml containers with mesh bottoms, and these smaller 

containers were floated in 3-L plastic containers that contained the treatment solutions. 

Several fish from each group were randomly sampled for clearing and counterstaining of 

bones and cartilage (Dingerkus and Uhler, 1977; Potthoff, 1984) at 8̂ ,̂ 9^, 10̂ ^ ,and 11''̂  

days after fertilization. Identities of the bones ossified were determined two h after the 

staining procedure was completed (Figures 4.1 and 4.2). 

Alizarin Red Staining of Bones 

After being fixed ovemight in buffered 10% formalin, specimens were dehydrated 

in 80% ethanol for 3 h (Dingerkus and Uhler, 1977; Potthoff 1984); bleached (5 ml 3" o 

hydrogen peroxide in 45 ml \% KOH) for 15 min; incubating for 2-3 h in 0.05% trypsin 

solution saturated with sodium borate; and transferred to 0.1% Alizarin red solution (1 

mg powder to 100ml KOH) for 3 h. Finally, the specimens (Appendix C) were cleared 

and stored in 10% glycerin. Ossifications in the vertebrae and the ceratobranchials were 

detected by observing each specimen stained by alizarin red under an Olympus dissecting 

microscope (25X^0X). Morphometric measurements were taken by digitizing 

photographic slides that were taken by a 35-mm camera attached to the Olympus 

dissecting microscope. These data were analyzed for the time and sequence of 

ossification (see Statistical Methods, below; Figures 4.1 and 4.2). 
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Statistical Analyses 

A NxP matrix (where Â  is the sample size and P is the number of bones; 

Appendix 3) was generated by scoring the presence or absence of each bone for each 

individual. The age (days after fertilization) at which a bone ossified was determined for 

each bone per treatment, and a paired non-parametric Wilcoxon procedure (Minitab, 

1999) was used to test the null hypothesis of no difference between treatments in terms of 

the age of onset. In addition, regression analysis was used to determine the rate of 

vertebral ossifications during growth (Minitab, 1999). Discriminant function analysis 

(DFA) and multivariate analysis of variance (Manova) (Strauss, 1999) were performed on 

morphometric variables such as lengths of notochord, parasphenoid, and \ ertebral bones, 

as well as the numbers of vertebral and branchial ossifications (Figures 4.1 and 4.2). 

Since the ossification data were dichotomous, differences in times of ossification 

between pairs of bones were calculated using Jaccard's (1912) index (Chapter II, 

equation 2.1; Appendix B); this index varies from 0 to 1. where 0 indicates identity and 1 

indicates complete dissimilarity. Permutations were performed to randomly reconstmct 

the observed data matrix (Manly, 1991; Manly. 1995), and associations between the 

treatment groups were determined using the Mantel test (Mantel, 1967; Manh, 1991); 

(Chapter II, equation 2.2; Appendix B). Multidimensional-scaling maps (using Matlab 

function mds; Strauss, 1999) were generated to visualize the relationship of each variable 

to others in a reduced, two-dimensional space. The expected trend for bones that are 

located more anterior to ossiiy earlier than those that arc located more posterior was 

tested using randomized sign tests (Manly, 1991). 
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Results 

Ossifications were scored as present (i.e.. 1) if alizarin red uptake was 

microscopically detected. The vertebral and skull ossification pattems were analyzed 

separately using Mantel's tests; however, the ossification data from these two bone 

complexes were combined for testing the effects of the T3 on the earliest onset of 

ossifications. The trend in which the anterior bones ossify earlier than the posterior ones 

was tested only for the vertebral column. 

0 1 : Is T3 Effective on Accelerating The Onset of the 
Vertebral and Ceratobranchial Ossifications 
in the Zebrafish, Danio rerio? 

The earliest ceratobranchial and vertebral ossifications were observed at day 9 or 

later in the control group. On the other hand, the high-dosage treatment produced 

individuals with ossifications present at day 8 (Figure 4.4). The effects of a high dosage 

of T3 were significantly different from those of the low-dosage treatment, but indi\ iduals 

from the control and low-dosage groups failed to show an> significant pairwise 

differences; particularly interesting was a lack of response to T3 in the branchial arches 

(Figure 4.4, Table 4.1). These results suggest that a high dosage of T3 accelerates the 

onset of ossification in both the ceratobranchials and the vertebrae. 

02: Does the Developmental Rate Vary Among Groups 
in a Dose-dependent Manner? 

No relationship between the age and the number of \ertebral ossifications was 

detected in the control group (Figure 4.5A); howe\cr, the rate at which the vertebrae 
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ossified was higher (Figure 4.5B) in the low-dosage treatment. Interestingl>. the rate of 

the vertebral ossifications attains an asymptote by day 11 for individuals exposed to high 

dosage of T3 (Figure 4.5C). This may be due to (a) the presence of a threshold for the 

ability of the vertebral tissues to respond to T3; or (b) a toxic effect of high dosages of T3 

as it accumulates in the organism. However, no lethality was observed in any of the 

treatments. 

Discriminant function analysis (Figure 4.6) produces a complete discrimination of 

the three treatment groups (MANOVA: E= 5.9283, df = 2\.p< 0.0001). such that (a) the 

larval size was greater in the control than either of the treatment groups; (b) a greater 

number of ceratobranchials ossified at high dosage of T3; and (c) bone lengths, such as 

those of the parasphenoid and the spinal bone (tip of the notochord to the 1̂^ vertebra) 

were greater for individuals treated with low-dosage of T3. 

03: Does T3 Uniformly Affect the a) Ceratobranchials, 
b) Weberian Apparatus, and c) Tmnk Vertebrae? 

In the ceratobranchials (cbl-cb4), the ossification pattems of individuals from the 

control and the high-dosage treatment groups were not significantly correlated with each 

other, whereas significant associations were observed between individuals from the 

control and the low-dosage treatments (Table 4.2). Multidimensional scaling maps 

revealed that the sequences of ossification in the ceratobranchials are cbl=cb2<cb4<cb3 

for the control group, cbl<cb2<cb4<cb3 for the low-dosage treatment, and 

cbl=cb2<cb3<cb4 for the high-dosage treatment (Figure 4.7). These patterns suggest 

that there is a significant change in the developmental sequence in response to high 
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dosage of T3. Furthermore, the rate of development was accelerated in indi\ iduals 

exposed to high dosage of T3 when compared with the other two treatment groups 

(Figure 4.7). 

In the vertebrae (y2-vl2), the ossification pattems of all three groups were 

significantly correlated with each other (Table 4.2). However, administration of thyroid 

hormone induced some contiguous vertebrae that to ossify more closely together in time 

(Figure 4.8). For example, in the control group, the ossification pattems of only v5 and 

v6 were significantly correlated (r56=0.875, p = 0.00076; Figure 4.8A), whereas in 

response to low dosage of T3 (Figure 4.8B), three bone complexes emerged: (a) v4, \ 5 

and v6 (r45=1.0, p<0.001; r46=0.899, p<0.001; ^56=1, p<0.001): (b) v7 and v8 (r78=1.0; 

p<0.001); and (c) vlO and vl 1 (rio,ii=1.0; p<0.001). Similarly, there was a correlation 

approaching significance among the vertebrae v4, v5 and y6 for the high-dosage 

treatment group (Figure 4.8C). However, at the high dosage vertebrae vl 1 and \ 12 

(''ii,12=1 •0,p<0.001) also were more highly correlated with one another (unlike in the low 

dosage treatment). The tendency for the increased number of cooccurrences in the T3 

treatment groups suggests that thyroid hormone significantly accelerates vertebral 

development without affecting the sequence of ossifications. In all three groups, 

vertebrae v2 and v3 (the Weberian vertebrae) remained distinct in their ossification 

pattems from the v4-vl2 complex, which exhibit a serial pattem of ossification. This 

suggests that the effects of T3 is uniform within each vertebral module (i.e.. Weberian 

and the tmnk vertebrae), but not in the ceratobranchial complex. 
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04: Is There a Trend for the Vertebrae to Ossify from 
an Anterior to Posterior Direction? 

Randomized sign tests indicated that more anterior bones ossify earlier than more 

posterior ones in the zebrafish (Table 4.3), and exogenous administrafion of T3 did not 

alter this pattem (control vs. low-dosage, p = 1.0; control vs. high-dosage T3, p = 0.79; 

low-dosage vs. high-dosage T3, p=0.79). The observed trend is as predicted b\ the 

presence of a differential Hox gene expression along the AP axis found in the paraxial 

mesoderm (Prince et al., 1998). However, the fourth vertebra indicates a point of 

distinction along the vertebral axis, at which the vertebrae associated with the Weberian 

apparatus end and the tmnk vertebrae start. Within each module, there seems to be a 

continuum indicating a directional regulation of the timing of ossifications. 

Discussion 

Although recent studies have revealed that the spatialh colinear expression of 

Hox genes along the paraxial mesoderm (Prince et al., 1998) may underlie the presence of 

segments along the AP axis, no study has attempted to test whether this trend is 

significantly reflected in the timing of ossification. In this study, the serially segmental 

nature of the timing of the branchial and vertebral ossifications during the larval 

development of the zebrafish was quantitatively tested using randomization methods. 

Furthermore, the effects of thyroid hormone (T3) on the rate and pattem of ossifications 

were investigated using randomized Mantefs tests and multivariate analyses. 

Null models ha\ e been widely used in ecology to test whether the obser\ cd 

pattems in species co-occurrences are random or go\ erned b\ mechanisms such as 
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competition or predation (Gotelli and Graves, 1996). A similar approach has been taken 

in this study to evaluate the statistical significance of the observed co-occurrences among 

developmental units, i.e., bones of the ceratobranchial and the vertebral complexes in the 

zebrafish. The null hypothesis was that there is no pattem in the co-occurrences of the 

ossificafions of the bones, i.e., any bone can randomly ossify at the same time with an\' 

other. The altemative hypothesis was that bones were likely to co-occur in their 

ossification fiming if they were spafially close to each other. Moreover, it was tested if 

T3 increases the number of co-occurrences over that observed in the control. In fact, 

only bones that were in close proximity to each other (1 or 2 units apart) seemed to co-

occur in all three treatment groups. As expected, exogenous administration of T3 

positively affected the number of co-occurrences. For example, without treatment onl> 

the ossification pattems of vertebrae v5 and v6 showed significant associations with each 

other. However, in low-dosage individuals, three bone complexes were detected: (1) \ 4-

v5-y6; (2) v7-v8; and (3) vlO-vl 1. Similarly, when treated with a high dosage of T3, the 

significantly associated bones were (1) v4-v5-v6, and (2) vl l-vl2. However, the 

probability of the random associations among the v4-v5-v6 complex was greater (i.e., 

statisfically less significant) than that obtained from the randomization of the lower 

dosage data. This may seem contradictory, but it is due to the nature of the data matrix 

(presence/absence) used for the test. Because bones ossified much earlier under the high-

dosage T3 treatment, the data matrix included a greater number of ossifications (more 1 s 

than Os), and therefore was more homogenous than the other two matrices (control and 

low-dosage treatments). As a result, it seems necessary to sample the populations at 
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closer fime intervals (e.g., every 12 hours or less, rather than daily) when dealing with 

developmental acceleration. 

Addifional methods were used to analyze the effects of T3 on the onset and the 

rate of ossificafions; these have revealed that the bones of individuals exposed to a high 

dosage of T3 ossified significantly earlier than those of the control and low-dosage 

treatment. Interestingly, at both dosages of T3, the ossification rate was significantly 

higher when compared with that of the control. However, high dosages of T3 may result 

in the vertebrae reaching an asymptote in their response. 

The effect of T3 on the ossificafion pattems of the ceratobranchials (cl-c4) also 

was dose-dependent. The low dosage of T3 did not seem to accelerate either the onset or 

rate of ossifications, whereas the high dosage of T3 significantly reduced the age at 

which ceratobranchials ossify (Figure 4.1). A change in the sequence of events was also 

observed, such that c4 ossified last when exposed to high dosage of T3. On the other 

hand, both in the control group and the low-dosage treatment, c3 ossified earlier than c4. 

This suggests that T3 differentially and in a dose-dependent manner affects each 

branchial unit, resulting in heterochronic differences between treatments. Therefore. 13 

activity may be regarded as a potent mechanism that can lead to heterochronic 

differences within and among populations. 

It is widely accepted that functional constraints may shape de\ elopmental 

sequences. For example, in zebrafish, ceratobranchial 5 (c5), on which the phar\ ngeal 

teeth are located, ossifies earlier than all other ceratobranchials (Cubbage and Mabee. 

1996). As the zebrafish larva switches from the yolk-absorption stage to exogenous 

feeding, such developmental acceleration may be necessar> (Schilling et al.. 1̂ )̂6). 
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However, if the observed developmental sequence in the control group 

(c5<cl<c2<c4<c3) was derived from an ancestral sequence of cl<c2<c3<c4<c5, then 

what mechanisms might have been used in its evolution? The heterochrony observed due 

to thyroid hormone may give some clues. The branchial Hox code is arranged linearly 

(Figure 4.3), suggesting that more anterior elements should occur earlier. Howe\er, if an 

ancestral unidirecfional system has evolved into a bi-directional one, then one should 

expect the middle element (among the five) to ossify last, and the first and the last 

elements to ossify first. If T3 accelerates the development in only one direction (anterior 

to posterior), than the observed pattem in the ossification of the ceratobranchials becomes 

possible. 

The timing of the vertebral ossificafions, however, seems to be regulated in a 

unidirectional way within two distinct regions, the Weberian apparatus, and the tmnk 

vertebrae. In cyprinids, the anteriormost three vertebrae form the Weberian ossicles, 

which serve to transmit sonic vibrations from the gas bladder to the inner ear 

(Kulshrestha, 1977). In all treatment groups, the Weberian vertebrae ossified later than 

the fourth vertebra, suggesting that these two systems are isolated from each other, i.e.. 

developmentally modular (Wagner, 1996). Interestingly, the axial Hox code in the 

paraxial mesoderm starts at somite 4, which corresponds to the fourth vertebra, and 

continues in a spatially colinear manner: i.e., there is a progressively greater number of 

Hox genes expressed in the more posterior somites. 

Finally, the randomized sign tests allowed me to test the unidirectional 

ossification of the vertebrae in the zebrafish. The findings were in accord with the axial 

Hox code (Figure 4.3) observed in the fish (Prince et al., 1998; Ahn and Gibson. 1999b). 
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There is a significant trend in which the vertebrae ossify along the AP axis: the anterior 

vertebrae ossify earlier than the posterior vertebrae. 

The applications of randomization methods may be extended to the analysis of 

gene expression pattems within and among organisms. For example, scientists can 

benefit from quantitatively comparing the Hox gene expression pattems among different 

systems of the body, such as notochord vs. paraxial mesoderm. Furthermore, quantitati\e 

comparisons among species-specific Hox codes may allow one to infer phylogenetie 

relationships. Randomized Mantel's tests also provide a means for analyzing the effects 

of environment on associations among developmental units, and thereb\ reveal the 

possible mechanism leading to morphological diversity. 

84 



References 

Ahn, D. and Gibson, G. (1999a). Axial variation in the threespine stickleback: 
relationship to Hox gene expression. Development Genes & E\olution 209, 473-
481. 

Ahn, D. and Gibson, G. (1999b). Expression pattems of threespine stickleback Hox genes 
and insights into the evolution of the vertebrate body axis. Development Genes & 
Evolufion 209, 482-494. 

Akam, M. (1998). Hox genes: from master to micromanagers. Current Biology A'. R676-
R678 

Ayson, E.G. and Lam, T.J. (1993). Thyroxine injection of female rabbitfish (Siganus 
guttatus) broodstock: changes in thyroid hormone levels in plasma, eggs, and 
yolk-sac larvae, and its effect on larval growth and survival. Aquaculture 109, 
83-93. 

Brown, C.L., Doroshov, S.I., Nunez, J.M., Hadley, C, Vaneenennaam, J., Nishioka, R.S., 
and Bem, H.A. (1988). Matemal triiodothyronine injections cause increases in 
swimbladder inflation and survival rates in larval striped bass, Morone saxatilis. 
Joumal of Experimental Zoology 248, 168-176. 

Brown, D.D. (1997). The role of thyroid hormone in zebrafish and axolotl development. 
Proceedings of the National Academy of Sciences 94, 13011-13016. 

Christ, B., Schmidt, C, Huang, R., Wilting, J., and Brand-Saberi. B. (1998). 
Segmentafion of the vertebrate body. Anatomy and Embryology / 9 ^ 1-8. 

Cohn, M.J. and Tickle, C. (1999). Developmental basis of limblessness and axial 
patteming in snakes. Nature 599, 474-479. 

Collie, N.L. (1995). Hormonal regulafion of intesfinal nutrient absorption in vertebrates. 
American Zoologist 35, 475-482. 

Cubbage, C.C. and Mabee, P.M. (1996). Development of the cranium and paired fins in 
the zebrafish Danio rerio (Ostariophysi, Cyprinidae). Joumal of Morpholog> 
229, 121-160. 

Deschamps, J. and Wijgerde, M. (1993). Two phases in the establishment of HOX 
expression domains. Developmental Biology 156, 473-480. 

Dickhoff, W.W., Brown, C.L., Sullivan, C.V.. and Bem, H.A. (1990). 1 ish and 
amphibian models for developmental endocrinology. Journal of Experimental 
Zoology 4, 90-97. 

85 



Dingerkus, G. and Uhler, D. (1977). Enzyme clearing of alcian blue stained whole small 
vertebrates for demonstrafion of cartilage. Stain Technology 52, 229-232. 

Donaldson, E.M., Fagerlund, U.H.M., Higgs, D.A., and McBride, J.R. (1979). Hormonal 
enhancement of growth. In Fish Physiology. Hoar W., D.J. Randall, and J.R. 
Brett, eds. (pp. 455-597). 

Gotelli, J.N. and Graves, G.R. (1996). Null Models in Ecology. Washington, DC: 
Smithsonian Institution Press. 

Gould, S.J. (1977). Ontogeny and Phylogeny. Cambridge, MA: Harvard Uni\ersit> 
Press. 

Gross, W.L., Fromm, P.O., and Roelofs, E.W. (1963). Relationship between thyroid and 
growth in green sunfish, Lepomis cyanellus (Rafinesque). Transactions of the 
American Fisheries Society 92, 401-408. 

Hall, B. and Miyake, T. (1995). Divide, accumulate, and differentiate: cell condensation 
in skeletal development revisited. Intemational Joumal of Developmental 
Biology 59,881-893. 

Hanken, J. and Hall, B.K. (1988). Skull development during anuran metamorphosis: II. 
Role of thyroid hormone in osteogenesis. Anatomy and Embryology 178, 219-
227. 

Hanken, J. and Summers, C.H. (1988). Skull development during anuran metamorphosis: 
III. Role of thyroid hormone in chondrogenesis. Joumal of Experimental Zoolog\ 
246, 156-170. 

Hanken, J., Summers, C.H., and Hall, B.K. (1989). Morphological integration in the 
cranium during anuran metamorphosis. Experientia 45, 872-875. 

Jaccard (1912). The distribution of the flora of the alpine zone. New Phytologist 11, 37-
50. 

Kessel, M. and Gmss, P. (1991). Homeofic transformafions of murine vertebrae and 
concomitant alterafion of Hox codes induced by refinoic acid. Cell 6", 89-104. 

Kirschner, M. and Gerhart, J. (1998). Evolvability. Proceedings of the National 
Academy of Sciences 95, 8420-8427. 

Kulshrestha, S.K. (1977). Development of the Weberian apparatus in Indian major carp 
Labeo rohita {Ham.). Anat.Anz.Bd. 777, 433-444. 

Manly. B.F.J. (1991). Randomization and Monte Carlo Methods in Biolog\. London: 
Chapman and Hall. 

86 



Manly, B.F.J. (1995). A note on the analysis of species co-occurrences. Ecologv ~6, 
1109-1115. 

Mantel, N. (1967). The detection of disease clustering and a generalized regression 
approach. Cancer Research 27, 209-220. 

Minitab, Inc. www.minitab.com . 1999. 

Potthoff, T. (1984). Clearing and staining techniques. In Ontogeny and Systematics of 
Fishes. H.G. Moser, ed. Lav^ence, KS: Allen Press, pp. 35-37. 

Prince, V.E. (1998). Hox genes and segmental patteming of the vertebrate hindbrain. 
American Zoologist 38, 634-646. 

Prince, V.E., Joly, L., Ekker, M., and Ho, R.K. (1998). Zebrafish hox genes: genomic 
organization and modified colinear expression pattems in the tmnk. Development 
125, 407-420. 

Qureshi, F. (1976). Effect of triiodothyronine on skeletal growth of Salmo trutta alevin. 
Experientia 32, 115-117. 

Rose, C.S. and Reiss, J.O. (1993). Metamorphosis and the vertebrate skull: Ontogenetic 
pattems and developmental mechanisms. In The Skull. J. Hanken and B. Hall, 
eds. Chicago, IL: University of Chicago Press. 

Schilling, T.F. and Kimmel, C.B. (1994). Segment and cell type lineage restrictions 
during pharyngeal arch development in the zebrafish embryo. Development 120, 
483-494. 

Schilling, T.F., Walker, C, and Kimmel, C.B. (1996). The chinless mutation and neural 
crest cell interactions in zebrafish jaw development. Development 722. 1417-
1426. 

Schreiber, A.M. and Specker, J.L. (1998). Metamorphosis in the summer flounder 
(Paralichthys dentatus): stage-specific developmental response to altered thyroid 
status. General and Comparafive Endocrinology / / / , 156-166. 

Strauss, R. E. www.biol.ttu.edu/Personal/Strauss/Matlab/Matlab.htm . 1999. 

Wagner, G.P. (1996). Homologues, natural kinds and the evolution of modularity. 
American Zoologist 36, 36-43. 

Williams, G.R., Robson, H., and Shalet, S.M. (1998). Thyroid hormone actions on 
cartilage and bone: interactions with other hormones at the epiph\ seal plate and 
effects on linear growth. Joumal of Endocrinology 75". 391-403. 

87 

http://www.minitab.com
http://www.biol.ttu.edu/Personal/Strauss/Matlab/Matlab.htm


cb5 

Figure 4.1. Ventral view the skull of an 11-day-old larva treated with 5 ng ml T3. 
Ceratohyal (ch), bones of the ceratobranchial (cbl-cb5) complex, the parasphenoic 
(ps), and the ossified portion of the notochord (nt) are indicated b\ arrows. 
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Figure 4.2. Lateral view the skull of a 10-day-old larva treated with 1 ng/ml T3. 
Vertebrae (vl-vl2) are indicated by arrows. 
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SIO Sl l S12 

Figure 4.3. The Hox gene expression pattem in the paraxial mesoderm of the zebrafish. 
S4-S12 are the somites 4 through 12 (modified from Prince et al.. 1998b). 
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Table 4.1. Wilcoxon tests for differences between hormonal treatment groups. N, S, W, 
and P refer respectively to sample size, number of positive differences, the Wilcoxon test 
statistic, and the probability of pairwise group differences being zero (no difference 
between groups). * indicates groups that are different at a significance level greater than 
0.0167 (adjusted for multiple comparisons; a=0.05/3). 

Group vs. Group N W Median 

Control vs. 1 ng/ml T3 

Control vs. 5 ng/ml T3 

1 ng/ml vs. 5 ng/ml T3 

15 

15 

15 

10 

13 

11 

45 

91 

66 

0.083 

0.002* 

0.004' 

0.5 

1.0 

1.5 
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l-# of vertebrae 
2-# of ceratobranchials 
3-larval length 
4-spinal bone length 
5-parasphenoid length 

Figure 4.6. Data projection scores (upper graph) and the vector correlations (lower 
graph) from a discriminant function analysis performed of the \ariables listed from 
to 5 (lower right). Control, 1 ng/ml T3, and 5 ng/ml T3 treatments were indicated 
with group numbers, 1, 2 and 3, respectively (upper graph). 
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Table 4.2. Mantel's randomization tests for determining the associations (r, correlation 
coefficient) between hormonal treatment groups. PI and P2 indicate the probabilit> of 
the observed correlations between groups being random, for ceratobranchials 1—4 and 
vertebrae 2-12, respectively. ** indicates that the test is significant at a<0.0167 
(adjusted for multiple comparisons). 

Group vs. Group r, branchial PI r, vertebral P2 

Control vs. 1 ng/ml T3 0.6198 0.00002** 0.6161 0.00001** 

Control vs. 5 ng/ml T3 0.65 0.0349 0.6418 0.00001** 

1 ng/ml vs. 5 ng/ml T3 0.599 0.1393 0.69 0.00009** 
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Table 4.3. The signed differences, i.e., v(i) - y(i+l) where i = 2 to 12. within a set of 
serially arranged vertebrae (v), and the corresponding probabilities (Prob.) of the 
vertebral ossifications being random (10,000 iterations). Gr indicates the control (C) and 
the treatment groups (1 ng/ml T3 and 5 ng/ml T3). N is the number of positive 
differences. 

v2 v3 v4 v5 v6 v7 v8 v9 vlO vll 

Gr v3 v4 v5 v6 y7 v8 v9 vlO vll vl2 N Prob. 

C 1 -1 -1 1 1 1 1 1 0 0 6 0.012 

Ing 1 -1 0 0 1 1 0 1 0 1 5 0.0001 

5ng 1 -1 0 0 1 1 1 1 1 0 6 0.0007 
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CHAPTER V 

SYNTHESIS 

In the literature on developmental biology, one finds relativeh few studies that 

have considered the possibility that (a) heterochronic pattems vary within and among 

populations (Ahn and Gibson, 1999; Cubbage and Mabee, 1996; Ryan and Semlitsch, 

1998; Schnabel et al., 1997), and therefore, that (b) statisfical tests are necessary to 

evaluate the significance of this variation (Reilly et al., 1997; Klingenberg, 1998). This 

reluctance to use a "statistical hypothesis-testing" approach in the analysis of 

heterochronic variation may be attributed partly to the nature of developmental data: 

developmental events frequently are a) discrete, such as meristic counts or 

presence/absence of states; and b) heterogeneously correlated with each other. The 

difficulty of obtaining longitudinal data sets on large number of individuals presents yet 

another constraint for statistical testing of developmental sequences (Schnabel et al., 

1997). Furthermore, most parametric tests have relatively strict assumptions to be met 

(e.g., normality and random sampling), which preclude tests on heterochronic data sets. 

Fortunately, use of individual-based models and existing resampling methods such as 

bootstrapping and permutation may bring a new momentum to developmental studies 

dealing with heterochrony, allowing researchers to determine the likelihood of observing 

a particular ontogenetic pattem due to chance alone. In fact, Manh (1991, 1995) has 

demonstrated the applicability of such resampling methods in the anal\sis of the spatial 

and temporal pattems observed in nature, though mostly in an ecological context. In the 

present study, I have used permutation methods and parametric bootstrapping to test tor 
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the effects of the environment on the timing and sequence of events encountered during 

embryonic and larval development. 

In Chapter III, individual cell lineages of the nematode. Caenorhabditis elegans, 

were simulated based on the data set available from Schnabel et al. (1997). These Monte 

Carlo simulations allowed me to reproduce and predict pattems of heterochronic 

variability in populations exposed to different environmental conditions. For example, 1 

was able to compare the possible numbers of terminal cell-division sequences between 

populations that were exposed to different developmental temperatures, and was able to 

demonstrate significant differences in the fi^equency distributions of the sequences shared 

between groups. In fact, in their original study, Schnabel et al. (1997) stated that 

individuals exhibited variation with respect to the timing of cell division events and that 

these intraspecific differences were consistent under different temperatures; however, 

they performed no statisfical tests of these observafions. Because the number of 

individuals examined by them were only 3 and 6 for the two temperature regimes (20° 

and 25°C, respectively) the power of such tests would be low. Use of the present 

individual-based model (Chapter II, Figure 2.3) provided me with the ability to test 

statistically for the effects of increased temperature on the observed pattems of 

heterochrony. Furthermore, the model is mechanisfic as well as predictive. Therefore, 

one can modify the parameters of the model (e.g., degree of variability and event 

correlafions) to test for the effects of differences in genotype on the timing of cell 

divisions. 
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Increase in temperature during development differentially affected each terminal 

cell division. For example, the most common terminal cell sequences (in terms of timing 

of division) for the Models 20A and 25B (Tables 3.1, 3.3) were: 

20A: 2R<2L< 1 R<3R<3L< 1 L<4L<4R 

25B: 2R<2L< 1 R<4R<3R< 1 L<3L<4L 

where R and L refer to right and left side of the embryo, respectively. Cell numbers 

range from 1 to 4 within each bilateral arrangement, with 1 and 4 denoting the most 

anterior and the posterior positions within the right or the left side (Table 3.1). It is 

striking that the observed heterochronic differences (shown in bold) involve onh the 

more posterior cells within each bilateral set (i.e., 3R, 4R, 3L, and 4L); the beginnings of 

the sequences do not differ between models. The functional and physical characteristics 

of these cells may help explain the observed pattems: cells 3R and 3L refer to the 

bilateral seam cell pairs, V1RA^2R and V1L/V2L, respecfively. Similarly, cells 4R and 

4L denote the most posterior pairs of seam cells, V4R/V6R and V4L/V6L (Figure 3.2). 

In Model 20A, it is notable that the bilaterally equivalent cells 3R and 3L tend to di\ ide 

next to each other. In contrast, in Model 25B the consecutive terminal cells are closely 

associated with each other (both for the left and the right sides). Furthermore, it seems 

that the hypodermal cells on the right divide earlier than those on the left. Consequenth. 

I suggest that the effects of temperature on the ABarpp lineage are not uniform, and 

therefore, lead to heterochrony. 

Physical constraints, such as proximity of the final destination of a terminal cell to 

the original posifion, may play a significant role in regulafing the timing of cell divisions. 
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It has been demonstrated clearly that nematode embryos exhibit asymmetric body plans 

early during embryogenesis (Wood, 1998), but before the transition to the larval stage 

most of these asymmetries disappear, and a bilaterally symmetric larva emerges. 

Therefore, it is very possible that relafively asymmetric positions of ABarpp in the 

embryo may lead to observed bilateral asymmetry in fiming. However, neurological or 

ftinctional constraints may force the embryo to stabilize the timing of the anterior cells. 

2R and 2L (i.e., the lateral neurons). 

To investigate the presence of bilateral asymmetry in the timing of terminal cells, 

randomization analyses were performed. The null model stated that there is no bilateral 

asymmetry, and therefore that there are no differences in the summed ranks of the left 

and right terminal cells. Accordingly, randomizations demonstrated that, on average, the 

cells on the right side of the embryo divide significantly earlier than those on the left, and 

higher temperatures accentuate this asymmetric behavior (Chapter III). This is a novel 

finding, because to date no such tests have been reported that correlate the embryonic 

body plan of C. elegans with its emergent properties, i.e., the temporal aspects of cellular 

growth and differentiation. 

The second part of the dissertation has concemed (a) evaluation of the degree of 

modularity among the ftmctional units of the skeletal system in zebrafish (pharyngeal 

arches, Weberian apparatus and the vertebral column); and (b) identification of the 

ossification trends within the vertebrae. Recent studies (Gilbert et al., 1996; Wagner, 

1996) have emphasized the importance of modularity, i.e., pleiotropically integrated 

funcfional units, in generating heterochronic variability within populations. Gilbert ct al. 

(1996) indicated that embryonic modules characterize all metazoans, and these modules 
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include genetically specified morphogenefic fields that are further shaped b\ complex 

interacfions among cells. One such morphogenetic field is the anterioposterior (AP) axis 

that may be involved in specifying the segmental character of the branchial arches, 

somites and vertebrae. In fact, the differential expression of the Hox genes along the AP 

axis has long been suspected of leading to the craniocaudal idenfifies of the vertebral 

column (Kessel and Gmss, 1991). 

Thyroid hormone is an integral regulator of skeletal morphogenesis and may have 

implicafions in shaping morphogenetic fields, such as the AP axis in vertebrates. 

Therefore, I invesfigated the degree and direcfion of the ossification reactions exhibited 

by the branchial and vertebral bones of the zebrafish in response to different doses of T3 

(Figure 5.1). Furthermore, possible shapes of the dose-dependent reaction norms were 

elaborated inferring from the pattems observed in zebrafish (Figure 5.2). 

T3 has an accelerating effect on the rate and onset of ossification, as well as the 

correlations among ossification events (see Chapter IV for details). Furthermore, in 

zebrafish, the ceratobranchial and vertebral units are distinct in the w a\ s they respond to 

T3 (Figure 5.1). Within the range of T3 concentrations used in these experiments 

(1 ng/ml and 5 ng/ml), ossification reacfions of the vertebrae were found to be dose-

independent, whereas those of the ceratobranchial complex were dose-dependent (Figure 

5.1). Even though both complexes respond positively, there is an allometric relationship 

with respect to T3 sensitivity. In this context, an allometric relationship indicates a 

disproportion in the reaction of two variables to dosage of the treatment. A more general 

representation for allometry and isometry in response to dose is presented in Figures 5.2.\ 

and 5.2B, respectively. Figure 5.2B represents an example in which there is no 
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allometry with respect to the low and high dosages. In this case, relative changes in the 

event sequences are not expected to take place between treatments because the dose-

effects are uniform. However, in Figure 5.2A, the two variables exhibit allometry: that 

is, variable 2 increases as variable 1 remains constant, which eventually may lead to 

heterochronic differences between treatments, hi conclusion, allometry in dose response 

may play an important role in the evolution of novel developmental sequences. 

In addition, I investigated whether there is a linear trend (along the AP axis) 

within the vertebral column of the zebrafish in terms of the fiming of ossifications. 

Previously, several studies (Bagnall et al., 1977; Ford et al., 1982) in humans had shown 

that the timing of ossifications in the centra and neural arches differed with respect to one 

other. Furthermore, these studies indicated that the first ossifications of the centra were 

more likely to occur at the trunk/lumbar transition. Ossification then continued in both 

directions, but at a faster rate in the cranial direction. Nevertheless, no quantitative tests 

were performed to test the direction or linearity of the ossifications. In zebrafish, the 

vertebral column is more uniform when compared with mammals, and there is no 

cervical/tmnk transition. In cyprinids, however, the first four vertebrae are modified, 

forming the Weberian apparatus. A randomization procedure was used to test whether 

vertebral ossifications expand in a linear fashion along the AP axis. The results have 

shown that the likelihood of the more anterior vertebrae ossifying earlier than the more 

caudal ones is higher. Interestingly, the observation that the first ossification event 

started at the fifth vertebrae was somewhat similar to the situation in humans. 

Further studies should concentrate on the correlations of Hox gene expression 

pattems with the timing of vertebral ossifications to elucidate wh\ ossifications lend to 
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start at vertebral transitions. In fact, particular Hox genes are believed to qualitative!) 

specify the functional/regional transitions along the AP axis. For example, Hox-c5 is 

thought to identify the position of the limbs in tetrapods (Prince et al., 1998). In contrast, 

there also seems to be a quantitative gradient along the AP axis because, in the more 

anterior segments of the axial skeleton, a fewer number of Hox genes is expressed. It can 

therefore be proposed that both the qualitative and the quantitative aspects of the //ox-

code are involved in the timing and pattem of vertebral ossifications. It may be that, once 

the transitions for the embryonic modules are established, an ascending morphogenic 

field specifies the direction of the ossifications. In vertebral development of the 

zebrafish, a bidirectional mechanism may or may not be observed (see, differences in the 

control vs. thyroid treatments). However, in humans, ossifications proceed in both 

directions. The randomization procedure presented here may be used to test for the 

differences among species with respect to the direction and origin of the vertebral 

ossifications. 
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Figure 5.1. The observed dose-dependent reaction norms for the vertebral and 
ceratobranchial complexes in zebrafish, in terms of the number of bones ossified during 
the days 10 and 11. (A) Vertebrae; and (B) Ceratobranchials. The boxes contain 50% of 
the individuals, whereas confidence inter\'als (5% and 95%) are indicated by error bars. 
Open circles denote the outliers. 

108 



a 
n 
E 

6 

5 5 
n 

I 4 

control dose1 

Treatments 

dose2 

E 

C 

(A 

(0 

ra > 
'o 
c 
o 

a: 

6 -

3 -

—•— vanable! 
0 vanable2 

-

O " 

O o 

B 

dosel 

Treatments 

dose2 
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APPENDIX A 

ROUTINES USED FOR CELL LINEAGE SIMULATIONS 
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%DESCRIPTION: CONDLIN converts the coordinates (x,y) of digitized cell 
%lineages into time of division (each binary switch; mins); and intervals. 

% INPUT VARIABLES 
% X=N X P, where P equals to number of individuals; 
% 2 times the # of binary switches plus the reference coor. 
% (first 4 rows), odd # rows: x coor, even # rows: y coor. 
% c=conversion factor(convers eucl. dist to min) 
% a=initial time (min) 
% OUTPUT VARIABLES 
% lin=actual division time (min) for each binary switch (NxP) 
% allround=division intervals (1-15), 15 being the time at which 
% mother cell emerged. 
0/***^^*^^**:^i*:^L^^^^ii^l^ci|^i^**i|^**:^l***^i*^^t ***************** 

function [lin,allround]=condlin(X,c,a) 
%c=0.2165 a=80 

s=size(X); 
s2=s(2); 
sl-s(l); 
dlin=zeros(s( 1 ),s(2)); 

% calculate eucl distances between switches; find actual division times 

fori=l:s(2) 

forj=6:2:s(l) 
dlina,i)=(eucl([l Xa,i)Hl X(2,l)]).*c)+a; 
dlin; 

end; 
end; 

dlin; 
lin=zeros(15,s(2)); 
fori=l:s(2) 

index=find(dlin(:.i)>0); 
dip=dlin(:,i); 
bip=size(index); 
lin(:,i)=dip(index); 
lin; 

end; 

% calculate stats 

meanrow=mean( lin')' 
stdrow=std(lin')' 
fround=zeros(2,s(2)); 
sround=zeros(4,s(2)); 
tround=zeros(8,s(2)); 
allround=zeros(14.s(2)); 
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% calculate division intervals for each individual 

fori=l:s(2); 
fi-ound(:,i)=[lin(2,i)-lin(l,0;lin(3,i)-lin(l,i)]; 
sround(:,i)=[hn(4,i)-lin(2,i);lin(5,i)-lin(2,i);... 

lin(6,i)-lin(3,0;lin(7,i)-lin(3,i)]; 
tround(:,i)=[lin(8,i)-lin(4,i);lin(9,i)-lin(4,0;... 

lin(10,i)-lin(5,i);lin(ll,i)-lin(5,0;... 
lin(12,i)-lin(6,i);lin(13,i)-lin(6,i);... 
lin(14,i)-lin(7,0;lin(15,i)-lin(7,i)]; 

allround(:,i)=[fround(:,i);sround(:,i);tround(:,i)]; 
end; 

% add the initial time (motherceirs);descriptive stats 

allround=[allround;lin(l,:)] 
meanroun=mean(allround')' 
stdround=std(al Iround')' 

% stats for fround 

[r,prob,CI_low,CI_high,HOJow,HO_high]=corr(fround'); 
index=find(r<l); 
[Z,stderr,prob] = corrz(r(index)); 
meanzf=mean(mean(Z)); 
meanrf=tanh(meanzf); 

% stats for sround 

[r,prob,CI_low,CI_high,HO_low,HO_high] =corr(sround'); 
index=find(r<l); 
[Z,stderr,prob] = corrz(r(index)); 
meanzs=mean(mean(Z)); 
meanrs=tanh(meanzs); 

%stats for tround 

[r,prob,CI_low,CI_high,HOJow,HO_high]=corr(tround'); 
index=find(r<l); 
[Z,stderr,prob] = corrz(r(index)); 
meanzt=mean(mean(Z)); 
meanrt=tanh(meanzt); 

%stats for al Iround 

[r,prob,Cl_low,CI_high,HO_low,HO_high]=corr(allround'); 
r 
index=find(r<l); 
[Z,stderr,prob] = corrz(r(index)); 
meanza=mean(mean(Z)); 
meanra=tanh(meanza); 
totcor=[meanrf meanrs meanrt meanra]' 
return; 
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%DESCRIPTION: CREATE calculates the timing of terminal cell division from the cell 
%division intervals. This is for only 8 terminal cells, so that 
%there are 14 intervals in the whole cell lineage, and the time 
%at which the mother cell have emerged is specified with index #15. 
% 

%INPUT 
% X=[nXl] vector specifying cell division intervals 
% 

%OUTPUT 
% lineage=timing of terminal cell divisions (all) 
% linlef^iming of terminal cell divisions (left) 
% linright=timing of terminal cell divisions (right) 

function [lineage,linleft,linright]=create(X) 

%calculate timing of terminal cells; a=anterior, p=posterior 

AdeH2L=X( 1 )+X(3)+X(7); %timing of aaa 
hyp7neuL=X(l)+X(3)+X(8); %timing of aap 

V1 V2L=X( 1 )+X(4)+X(9); %timing of apa 
V4V6L=X( 1 )+X(4)+X( 10); %timing of app 

AdeH2R=X(2)+X(5)+X( 11); %timing of paa 
hyp7neuR=X(2)+X(5)+X( 12); %timing of pap 

V1 V2R=X(2)+X(6)+X( 13); %timing of ppa 
V4V6R=X(2)+X(6)+X( 14); %timing of ppp 

lineage=[AdeH2L hyp7neuL V1V2L V4V6L AdeH2R hyp7neuR V1V2R V4V6R]+X(15); 
linlef^=[AdeH2L hyp7neuL V1V2L V4V6L]+X(15); 
linright=[AdeH2R hyp7neuR VIV2R V4V6RI+X(15); 
end; 
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%DESCRIPTION: LINVARHl generates a set of individuals (n) by randomly 
%assigning a period of cell division from a normal distribution 
%for a cell lineage. The cell division periods(intervals) are hierarchically 
"/©arranged and correlated within that hierarchy (cor). Different groups of 
%individuals can be compared using discriminant function analysis (DFA). Data 
%(Y) is given as alternating columns of the mean interval values and 
%standard deviations of each interval for each group. LINVARHl calls for 
%CREATE. 
Oy^***************************^i*:1HHft************************************ 

% INPUT VARIABLES 
% Y=mean and std for groups; each group has two columns 
% n=number of individuals to be generated 
% g=number of columns (2*# of groups) 
% cor=[fround-grpl fround-grp2;sround-grpl sround-grp2;tround-grpl tround-grp2] 
% r=# of terminal cells 
0/^********************************************************************* 

ftinction linvarhl(Y,n,g,cor,r) 

s=size(Y); %size of data matrix 

%NULL MATRICES 
(V * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * • 

PopX=zeros(r, 1); %null matrix for abs. timing (ind.) 
SeqX=zeros(r, 1); %null matrix for division ranks (ind.) 
CseqX=zeros(r, 1); %null matrix for rel. timing (ind.) 
TPopX 1 =zeros(r,n); %null matrix for abs. timing (pop.) 
TSeqXl=zeros(r,n); %null matrix for division ranks (pop.) 
TCseqX=zeros(r,n); %null matrix for rel. timing (pop.) 
p=[]; %null martix for all pop.(abs. time) 
Se=[I; %null matrix for all pop.(ranks) 
Ce=[]; %null matrix for all pop.(rel. time) 
grps=[]; %null matrix for group identities 

%DECOMPOSE DATA MATRIX INTO mean and std as separate matrices 

Xl=[Y(:,l:2:s(2)-l)] %gather means together 
X2=[Y(:,2:2:s(2))].'̂ 2 %gather variances together 

format long; %format numbers long 
0 / * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

%GENERATE INDIVIDUAL LINEAGES FOR EACH GROUP WITH VARIABLL CORRELATIONS 

0 / * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

for z= 1 :s(2)/2 %for each group 

for i=l :n%for each individual 

PXl=randmvn(l,Xl([l 2 15],z),X2([l 2 15],z),cor(l,z)); %1 cleavage period 
PX2=randmvn( 1 ,X 1 (3:6,z),X2(3:6,z).cor(2,z)); ° o2nd cleavage period 
PX3=randmvn(l,Xl(7:14.z),X2(7:14.z).cor(3.z)); %3rd cleavage period 
PX=[PX1(1) PX1(2) PX2 PX3 PX1(3)]; %combine all three periods 

%PX=randmvn(l,Xl(:,z),X2(:.z),cor(z)); °oaltematively all correlated 
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[lineage,linleft,linright]=create(PX); 
PopX=lineage'; 

%cleavage times for each embryo 
%rename 

SeqX=ranks(PopX); o/^^^^ cleav.times 
CseqX-(PopX-min(PopX))./(max(PopX)-min(PopX)); %standardize PopX 

end; 

TPopXl(:,i)=PopX; 
TPopXl; 

TSeqXl(:,i)=SeqX; 
TSeqXl; 

TCseqXl(:,i)=CseqX; 
TCseqXl; 

Pl=TPopXr; 
SI=TSeqXl'; 
Cl=TCseqXl'; 
Label=[25 20]; 

grps=[grps;(ones(n, 1 ).*Label(z))]; 
grps; 
P-[P;Pi]; 
P; 
Se=[Se;Sl]; 
Se; 
Ce=[Ce;Cl]; 
end; 
0 ^ * * * * * * * * * * * * * * * * * * * * * * * * * * * « : ( , * 

%BILATERAL DIFFERENCES 
0 ^ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

DiffB=[P(:,l)-P(:,5)P(:,2)-P(:,6)... 
P(:,3)-P(:J)P(:,4)-P(:,8)]; 

format short; 

[loadcorr,percvar,scores,CI_loadcorr,CIj3ercvar]. 
=discrim(grps,DiffB,2) 

DB=scores; 
loadcorr 1 =loadcorr; 
[lambda,F,pr,df,Fdf| = manova(grps,DiffB) 
Ftot(l,:)=[Fpr] 
Ftot; 

figure; 
% -
%GROUP DISCRIMINATION AND VECTOR PLOTS 

%add individual 

%add individual 

%add individual 

%rename popul. 
%rename popul. 
%rename popul. 
%enter label 

%group labels 

%combine pop. 

%combine pop. 

%combine pop. 

%new variable 

"oDFA 

%rename scores 
%rename corr 

%manova 
%al locate 

"orewrite 

•̂ omakc figure 

subplot(2,l,l) 
title('95''o CI and vectors for Bilateral Asymmetry') 
plotgrps(grps,DB(:,I),DB(:,2),[],[0 0 10 0 0 1 100]) 
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ylabel('DF2') 
axis([-4 4 -4 4]) 
axis('equar) 
axis('square') 

subplot(2,l,2) 
vectplot(loadcorr(:, 1)); 

axis('equar) 
axis('square') 
xlabel('DFl') 
0 ^ * * * * * * * * * * * * * * * * * * * * * * * * * * 

%DAUGHTER CELL DIFFERENCES 
0 ^ * * * * * * * * * * * * * * * * * * * * * * * * * * 

figure; 
DiffD=[P(:,l).P(:,2)P(:,3)-P(:,4)... 
P(:,5)-P(:,6)P(:,7)-P(:,8)]; 

[loadcorr,percvar,scores,CI_loadcorr,CI_percvar]... 
=discrim(grps,DiffD,2) 

DD=scores; 
loadcorr 1 =loadcorr; 
[Iambda,F,pr,df,Fdf| = manova(grps,DiffD) 
Ftot(2,:)=[F pr] 
Ftot; 

%new variable 

%DFA 
%rename scores 
%rename corr. 

%manova 
%allocate 

%rewrite 

figure; 
% 

%GRAPH DISCRIMINATIONS AND VECTOR PLOTS 
% 

subplot(2,l,l) 
title('95% CI and vectors for Daughter Cell Asymmetry') 
plotgrps(grps,DD(:,l),DD(:,2),[],[0 0 10 0 0 1 10 0]) 

ylabelCDF2') 
axis([-4 4 -4 4]) 
axisCequal') 
axis('square') 

subplot(2,l,2) 
vectplot(loadcorr(:, 1)); 

axis('equar) 
axis('square') 
xlabel('DFr) 

0 / * * * * * * * * * * * * * * * * * * * * * * * * * 

%ABSOLUTE TIMING DIFFERENCES 
0/ * * * * * * * * * * * * * * * * * * * * * * * * * * * 

[loadcorr,percvar,scores,CI_loadcorr,CI_percvar]. 
=discrim(grps,P,2) 
PS=scores; 

%DFA 
°orename scenes 
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loadcorr 1 =loadcorr; 
Ilambda,F,pr,df,Fdf] 
Ftot(3,:)=[F pr] 
Ftot; 

%HISTOGRAM 

histgram(scores(:, 1 ),j 
title('Size Data'); 
xlabel('DFl'); 
ylabelCDF2'); 

= manova(grps,P) 

?rps,[], 10,[],0,[],[-2.5, 

%rename corr. 
%manova 

%allocate 
%rewrite 

2.5],['w'],l) 

grps; 
0 / * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

%DIFFERENCES IN RELATIVE TIMING 
0 ^ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

[loadcorr,percvar,scores,CI_loadcorr,CI_percvar]. 
=discrim(grps,Ce,2) 
RR^scores; 
loadcorr2=Ioadcorr; 
[lambda,F,pr,df,Fdf] = manova(grps,log(Se)) 

%DFA 
%rename scores 
%rename corr. 
%manova 

figure; 
%• 

%PLOT ABSOLTUTE TIMING DIFFERENCES AND VECTORS 
% • 

subplot(2,l,l) 
title('95% CI and vectors for Division Time') 
plotgrps(grps,PS(:,l),PS(:,2),[],[0 0 10 0 0 1 1 0 0]) 

ylabel('DF2') 
axis([-4 4 -4 4]) 
axis('equar) 
axis('square') 

subplot(2,l,2) 
title('Character Vectors') 
vectplot(loadcorrl(:,l)) 
xlabelCDFl') 
ylabel('DF2') 
axisCequal') 
axis('square') 

figure; 
% - — 
%PLOT RELATIVE TIMING DIFFERENCES AND VECTORS 

subplot(2,l,l) 
title('95°o CI and vectors for Ranks') 
plotgrps(grps,RR(:.l),RR(:,2),[],l0 0 1 0 0 0 1 100]) 

ylabel('DF2') 
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axis([-4 4 -4 4]) 
axis('equar) 
axis('square') 

subplot(2,l,2) 
title('Character Vectors') 
vectplot(loadcorr2(:, 1)) 
xlabelCDFl') 
ylabelCDF2') 
axis('equar) 
axisCsquare') 

end; 
return; 
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%DESCRIPTION: SEQCOMP generates a set of individuals (n) b\ randomly 
%assigning a period of cell division from a normal distribution 
%for a cell lineage. The cell division periods(intervals) are hierarchically 
%arranged and correlated within that hierarchy (cor, see LINVARHl. Comparisons were made 
"/©between groups in terms of event sequences using contingency analyses. 

flmction 
[result,morind,indshare,maxseq,map20,map25,dist20,dist25,mantell,median20,mediarL25]=seqcomp(\'.n.g. 
cor,r) 

s=size(Y); %size of data matrix 

%NULL MATRICES 
0 ^ * * * * * * * * * * * * * * * * * * * * 

PopX=zeros(r,l); 
SeqX=zeros(r, 1); 
CseqX=zeros(r,l); 
TPopX 1 =zeros(r,n); 
TSeqX 1 =zeros(r,n); 
TCseqX=zeros(r,n); 

P=[]; 
Se-[]; 
Ce=I]; 
grps=[]; 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

%null matrix for abs. timing (ind.) 
%null matrix for division ranks (ind.) 

%null matrix for rel. timing (ind.) 
%null matrix for abs. timing (pop.) 
%null matrix for division ranks (pop.) 
%null matrix for rel. timing (pop.) 
%null martix for all pop.(abs. time) 
%null matrix for all pop.(ranks) 
%null matrix for all pop.(rel. time) 

%null matrix for group identities 

%DATA MATRIX INTO mean and std as separate matrices 

Xl=[Y(:,l:2:s(2)-l)]; 
X2=[Y(:,2:2:s(2))].^2; 

%gather means together 
%gather variances together 

format long; %fonnat numbers long 
0 / * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

%GENERATE INDIVIDUAL LINEAGES FOR EACH GROUP WITH VARIABLE CORRELATIONS 

0 / * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
/o 

forz=l:s(2)/2 %for each group 

for i=l:n%for each individual 

PXl=randmvn(l,Xl([l 2 15],z),X2([l 2 15],z),cor(l,z)); %1 cleavage period 
PX2=randmvn( 1 ,X 1 (3:6,z),X2(3:6,z),cor(2,z)); 
PX3=randmvn(l,Xl(7:14,z),X2(7:I4,z),cor(3,z)); 
PX=[PX1(1) PX1(2) PX2 PX3 PX1(3)]; 

%PX=randmvn( 1 ,X 1 (:,z).X2(:,z),cor(z)); 

[lineage,linleft,linright]=create(PX); 
PopX=lineage'; 

°/o2nd cleavage period 
%3rd cleavage period 
%combine all three periods 

%altematively all correlated 

"ocleavage times for each embr\'0 
%rename 

°orank cleav times SeqX=ranks(PopX); 
CseqX=(PopX-min(PopX))./(max(PopX)-min(PopX)); °ostandardize PopX 
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end; 

TPopX l(:,i)=PopX; 
TPopX 1; 

TSeqXl(:,i)=SeqX; 
TSeqXl; 

TCseqXl (:,i)=CseqX; 
TCseqXI; 

%add individual 

%add individual 

%add individual 

Pl=TPopXr; 
SI=TSeqXr; 
Cl^TCseqXT; 
Label=[25 20]; 

grps=[grps;(ones(n,l).*Label(z))]; 
grps; 
P=[P;Pl]; 
P; 
Se=[Se;Sl]; 
Se; 
Ce=[Ce;Cl]; 
end; 

%SEPARATE GROUP 25 from GROUP 20 

%rename popul. 
%rename popul. 
%rename popul. 
%enter label 

%group labels 

%combine pop. 

%combine pop. 

%combine pop. 

v=find(grps==25); 
leftra25-[Se(v, I )+Se(v,2)+Se(v,3)+Se(v,4)]; 
righra25-[Se(v,5)+Se(v,6)+Se(v,7)+Se(v,8)]; 
birank25=[leftra25;righra25]; 
grpbi=[ones(length(leftra25), 1 );ones(length(righra25), 1 ).*2]; 
histgram(birank25,grpbi) 
figure; 
dist25=corrcmpl(P(v,:)); 
[cdr25,stress5,map25]=mds(dist25); 
axis([-0.8 0.8 -0.8 0.8]) 
median25=median(Se(v,:)); 
%[topology,support] = upgma(dist25); 

0/********************************** 

%CONVERT RANKS INTO 1 VARIABLE 
0/********************************* 

crun25=[Se(v,l).*10^7+Se(v,2)*10^6+Se(v,3)*10^^^Se(v.4)*10M-.., 
Se(v,5)*10^3+Se(v,6)*l0^2+Se(v,7)*10^1+Se(v,8)*10^]; 
[value,freq,index]=unique(crun25); 
freq25=[value freq index]; 
abund25=sum(freq25(:,2)); 
indm25=find(freq25(:,2)==max(freq25(:.2))); 
max25=[freq25(indm25( 1), 1) freq25(indm25( 1 ),2)]; 

PIE25=(abund25./(abund25-1 )).*( 1 -(sum((freq25(:.2) abund25)."2))); 
%SEPARATE GROUP 20 FROM 25 

120 



v=find(grps==20); 

leftra20=[Se(v,l)+Se(v,2)+Se(v,3)+Se(v,4)]; 
righra20=[Se(v,5)+Se(v,6)+Se(v,7)+Se(v,8)]; 
birank20=Ileffra20;righra20]; 
grpbi=[ones(length(leftra20), I );ones(length(righra20), 1). *2]; 
histgram(birank20,grpbi) 
dist20=corrcmpl(P(v,:)); 
figure 
[crd,stress,map20]=mds(dist20); 
axis([-0.8 0.8 -0.8 0.8]) 
dat20=Se(v,:); 
median20=median(Se(v,:)); 
%[topology,support] = upgma(dist20); 

%CONVERT RANKS INTO I VARIABLE 
0 / ^ * * * * * * * * * * * * ^ L * * ^ t * * * * * * * * * * * * * O 

crun20=[Se(v, 1 ).* 10^7+Se(v,2)* 10^+Se(v,3)* 10^5+Se(v,4)* 10'̂ 4+. 
Se(v,5)* 10^3+Se(v,6)* 10^2+Se(v,7)* 10^ 1 +Se(v,8)* 10^] ; 
[value,freq,index]=unique(crun20); 

freq20=[value freq index]; 
indm20=find(freq20(:,2)==max(freq20(:,2))); 
max20=[freq20(indm20( 1), 1) freq20(indm20( 1 ),2)]; 
abund20=sum(freq20(:,2)); 
PIE20=(abund20./(abund20-l)).*(l-(sum((freq20(:,2)./abund20).^2))); 

s20=size(freq20); 
s25=size(freq25); 
tut=zeros(s20(l),4); 
addt=[]; 

%FIND SEQUENCES of 20 in those of 25 

for i=l:s20(l) %for each seq.of 20 
ind25=find(freq25(:, 1 )==freq20(i, 1)); %find in 25 
tut(i, 1:2)=freq20(i, 1:2); %record freq for 20 
tut; %update 

ifind25==[] °oif non-shared 
tut(i,3:4)=[freq20(i,l) 0]; %enter 0 freq fr 25 
tut; %update 

else %else 
tut(i,3:4)=[freq20(i,l) freq25(ind25,2)]; %record freq for 25 
tut; 

end; 
tut; 

end; 

%FIND SHARED SEQUENCES 
indsh-find(tut(:,4)>0); 
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shared=tut(indsh,:); 
shfreq=shared(:,[2 4]); 
nshared=length(shfreq(:, 1)) 

[totprob,totx2] =contin2(shfreq, 1,100); 

mormd=morisita(shfreq); 

%FIND UNIQUE SEQ FOR 20 
indu20=find(tut(:,4)==0); 

uniq20=tut(indu20,:); 
uniq20-uniq20(:,[l 2]); 
n20=length(uniq20(:, I)); 

%FIND UNIQUE SEQUENCES of 25 

for i=l:s25(l) %for each seq. of 25 
ind20=find(freq20(:, 1 )==freq25(i, 1)); %find seq. of 25 in 20 

ifind20==[] %if non-shared 
addt=[addt;[freq25(i,l) 0 freq25(i,l :2)]]; %record for 25 
addt; %update 

end; 
end; 

uniq25=addt; 
uniq25=uniq25(:,[3 4]); 
n25=length(uniq25(:,l)); 

histseq=[tut;addt]; %all sequences 

shist=size(histseq); 

%totprob; 
maxseq=[max20 max25] 
result=[nshared n20 n25]; 
morind; 
indshare=[totx2 totprob PIE20 PIE25]; 
[r,z,pr]=mantel(map25,map20); 
mantel l=lr,z,pr]; 

%RANDOMIZED SIGN TEST (PERMUTE AND SIM LEFT AND RIGHT RANKS) 

1 o-> 



lisfrand=zeros(n,2); 
for i=l:n 

per=randperm(8); 
listrand(i, 1 )=[per( 1,1 )+per( 1,2)+per( 1,3)+per( 1.4)]; 
listrand(i,2)=Iper( 1,5)+per( 1,6)+per( 1,7)+per( 1,8)]; 

end; 
listtot=[listrand(:, 1 );listrand(:,2)]; 

histgram(listtot,grpbi) 

tota=[listrand(:,l) listrand(:,2) leffra20 righra20 leftra25 righra25] 

%save bilist20 tota -ascii; 
end; 
return; 
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APPENDIX B 

ROUTINES USED FOR OSSIFICATION SEQUENCE SIMULATIONS 
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%DESCRIPTION: RANDDIS3~Generalized Monte Carlo Simulation for a presence absence 
%mafrix. The observed stafistic is compared with the n number of statistics 
%generated, and the percentage at which the observed statistic is being 
%equal or greater than the simulated stats is determined. Only the row totals 
%were kept static. The permutations were done for each row independently 
%based on the assumption that each bone is likely to occur at any time; 
%only the age of the individual determines the number of ossified structures; 
%each individual is independent of the others. 
0 ^ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * :̂  * * * ,(, 

function [obsdist,obsprobl,obsprob2,obsprob3]=randdis3(X,Y,n) 

o/o 

%INPUT VARIABLES 
% 

% X=observed presence absence matrix to be randomized 
% Y=a distance matrix to be compared with the simulations 
% n=number of iterations(simulations) 
% 

%OUTPUT VARIABLES 
o/o 

% obsprobl=prob of obs pairwise corr being >= simulated stats 
% obsprob2=prob of obs pairwise corr being <= simulated stats 
% obsprob3=prob of obs stat (mantel's r) being >= simulated. 
% 

[r,c]=size(X) %size of observed matrix 
obstat=jaccardd(X); %distances among columns of X 
jacY=jaccardd(Y); %distances among columns of Y 
[cor,Z,pr]=mantel(obstat,jacY) %mantel test between X and Y 
%randobs=rand( 1,1 ).*n; 
randobs=n %rename n 
dia^((c*(c-1 ))./2); %number of comparisons (perm) 
randstat=zeros(n,dia); %null matrix for dist. values (jaccardd) 
manstat=zeros(n,3); %null matrxi for mantel test 

[obsdist]=trilow(obstat)'; %take upper diagonal of obstat 
obsprob=zeros( 1 ,length(obsdist)); %null matrix for obsprob 
randstat(randobs,:)=obsdist; %place obsdist to randstat 
manstat(randobs,: )=[cor,Z,pr]; 
rpertrl=zeros(n,8); 
%Generalized Monte Carlo Simulation 
% 

for i= 1 :randobs-1 %for each iteration 
for j=l:r 

rpertr=randperm(c); %permute the row numbers 
Xa,:)=XO,rpertr); 
X: 

end; 

expstat-jaccardd(X); % calculate inde.x 
expdist=trilow(expstat)'; °o take upper triangular 
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randstat(i,:)=expdist; % place in randstat null matrix 
randstat; % rewrite randstat 
[cor,Z,pr]=mantel(expstatJacY); % mantel test between expstat and jacY 
manstat(i,:)=[cor,Z,pr]; % place in manstat null matrix 
manstat; % rewrite manstat 

end; 
%bakseq=cranch(rpertr 1); 
%[value,freq,index]=unique(bakseq); 
%lind=length(index); 
meanstat=mean(randstat); 
stdstat=std(randstat); 

for i=l :length(obsdist); % for 
index l=find(randstat(:,i)>=obsdist(i)); 
obsprob I (i)=length(index 1); 
index2=find(randstat(:,i)<=obsdist(i)); 
obsprob2(i)=length(index2); 

end; 
index3=find(manstat(:,2)>=manstat(n,2)); %find F stat > than observed F stat 
obsprob3=length(index3); %# of Fstat > than obs. F stat 

end; 
return; 
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%DESCRIPTION: POSIGN performs a randomized sign test for individuals 
%that are classified according to their age; and each individual having 
%a record of presence/absence of a suit of characters. Characters should 
%be presented in a serial form, such as bones that are located from 
%anterior to posterior axis. A difference matrix is formed such that 
%D=[(xl-x2),...,(xii-xn+l)]. The number of positive signs is the test 
%statistic. 
% 
%INPUT VARIABLES 
% grps^vector specifying the age of each individual (Ixk) 
% X=binary data matrix (individuals x characters) 
% n=number of iterations for the sign test 
% 
%OUTPUT VARIABLES 
% obsdiff^observed differences consisting of 1,-1 and Os. 
% obindl=number of positive differences after the zeros out 
% obind2=number of negative differences after the zeros out 
% meanm=mean number of pos. differences expected (randomly) 
% stdm^std. of pos. differences expected 
% ind 1 =number of positive differences that are greater or 
% equal to the obind 1. 

ftinction [obsdiff,obind 1 ,obind2,mearmi,stdm,ind 1 ,prob]=posign(grps,X,n) 

[r,c]=size(X); 

prod=zeros(r,c); 

for i=l:c 

prod(:,i)=grps.*X(:,i); 
end; 

obsdiff^zeros( 1 ,c-1); 
obssum=sum(prod); 

for i=l:c-l 
obsdiff(i)=obssum(i)-obssum(i+1); 

end; 

obind 1 -Iength(find(obsdiff>0)); 
obind2=length(find(obsdiff<0)); 
obsm=obind 1 +obind2; 
meanm=obsm/2; 
stdm=obsm/12; 

%randomize 

randdiff^zeros(n,c-1); 
randind=zeros(n,3); 

for i=l:n 
pe=randperm(c); 
randsum=obssum(pe); 

forj=l:c-l 
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randdiff(i j)=randsum(j)-randsum(j+1); 
end; 

randind(i, 1 )=length(find(randdifif(i,: )>0)); 
randind(i,2)=length(find(randdiff(i,:)<0)); 
randind(i,3)=randind(i, 1 )+randind(i,2); 

end; 
randindm=randind(:,l)./randind(:,3); 
indl=length(find(randindm>=obindl/obsm)); 
prob=indl/n; 
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APPENDIX 3 

DATA SET 
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Ossification and Morphometric Data Set 

Zebrafish larvae treated with different dosages of T3. V . Cb, SL, SB. and PS 
refer to, vertebrae, ceratobranchial, standard length (mm), spinal bone length (mm), and 
parasphenoid length (mm) respectively. Sp. ID, indicate the type of treatment (c. d or dd, 
for control, 1 ng/ml and 5 ng/ml T3, respectively), the date of collection (719 refer to Juh 
19), and the number of specimen (e.g., 03, 04). Total number of vertebrae and the 
ceratobranchials ossified were shown in the columns marked as #v and #cb, respecti\ eh 
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