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Abstract

Biological research is moving towards a more holistic approach (systems biology) in
an attempt to bring together the vast range of biological data to make more sense of
living systems. This makes demands on scientists and teachers to draw together
understandings from many areas of biological study and also to be literate in areas
other than biology. It is important that the biology curriculum is modified to reflect

this change and to ensure that coherent understanding for meaningful learning can
arise.

This study aims to explore the ways by which systems thinking as an educational
tool can enrich existing biology education practice. The specific aim was to develop
systems-based educational material and to explore higher education students’
reactions to this material and its impact on their learning processes.

The literature on systems biology and systems thinking is reviewed in the context of
biology education. The work involved identifying areas of difficulty for first year
undergraduates and establishing the views of experienced university teachers and
researchers in Scotland about systems biology, systems thinking and biology
education. This was followed by the development and application of the systems-
based educational material in a selected topic in genetics. The material was later
refined and used in Pakistan. The impact of the new material was assessed. The
study also investigated the views of experienced academics applying and researching

about the use of the concept of systems-thinking in biology education in the
Netherlands.

The study showed that much of biology education is fragmented and that there are
considerable difficulties with learning genetics stemming from its presentation as
fragmented content. It also showed that there is widely held view that systems
thinking should inform and could improve biology education. A framework based on
the concept of systems thinking was used to develop systems-based educational
material. This material was well received by first year university undergraduates and
college students and made an impact on their learning.

Further work needs to be carried out on effectiveness in learning biology while further
exploration of the use of systems-based educational principles for biology education
1s recommended. The study contributed significantly in offering a procedure for
developing systems-based educational material.
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Chapter 1
CHAPTER ONE

Introduction

1.1  Background of the Problem Investigated

The 20" century has seen many breakthroughs in the field of biology. Currently
biology, and particularly genetics, is an exciting research field. Scientists are
revealing many details of the molecular landscape of living organisms. Historically, a
reductionist approach has been proved to be a successful way to gain knowledge

about the living world. Biology has progressed rapidly and this approach is still

important in the world of biology research. However, Capra (1997) has noted an

obvious change of perspective in biology research practice which has taken place.

The need for bringing all the information together is being appreciated. Noble
(2006) used the term ‘Humpty-Dumpty’ for living organisms and stated that Humpty-
Dumpty has been broken into billions of fragments, an impressive achievement.
However, he also added that the time has come to put the Humpty-Dumpty together
again and this is systems biology. Some people view it as a paradigm shift in biology
(Katagiri, 2003; Raikhel & Coruzzi, 2003) while some believe it is the result of
natural progress, growth of thinking, technology and need (Whitehead, 2007).

The first half of 21 century is described as the “era of biology” just like the first
half of 20™ century that was known to be the “era of physics” (Mesarovic, 2004).

For a long time, biology research was an arena only for biologists. However, the

trends are changing and now physical scientists, mathematicians, engineers and
computer scientists have started working together with the biologists in putting these
details together to build computer simulations (National Research Council, 2003;
Abersold, Hood & Watts, 2000).

It has been reported that there should be a link between the research practice and the
educational practice. When the research practice changes in a discipline, it demands

a change in teaching of that subject with new tools, approaches and perhaps a new
mind set (NRC, 2003).
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King and Frick (1999) argue that educational practice has not changed much despite
the industrial and digital revolutions which have changed society radically. Although
this 1s simply not true, educational practice does tend to fall behind, not keeping pace
with the changing trends (Zohar, 2004; King & Frick, 1999; O'Connor &
McDermott, 1997).

It can be argued that the way biology is currently taught reflects the reductionist
approach. Biology was, and perhaps still is, taught in a fragmented manner resulting
very often in shallow learning. Different aspects of biology education have tended to

lead to fragmentation, not developing coherent and meaningful understanding. Thus,
In presenting biology as a body of knowledge, less attention has been devoted to
connecting and linking information, levels of biological organisation and different
concepts in biology (Verhoeff, 2003; Knipples, 2002).

The inherent complexity of biology has not been taken into account. Noble (2006)
noted that our inclination has been towards ignoring complexity because it is
uncomfortable. Hence, pedagogy distanced itself from complex reality (Chen &
Stroup, 1993). Thus, for an understandable desire for simplicity, the underlying
interconnectedness of different parts and ideas has been ignored. Fragmented
educational practices have been reported resulting in mental pathways to reductionist

thinking conditioned by decomposing and analysing (Cramer, 1993; Richmond,
1993).

A systems approach (systems-thinking) is influencing the research field and
changing research practice in developing understanding of the biological world. The
aim of research practice is to discover, know and understand the biological world.
Similarly, pedagogical practice is to make known what is discovered and the
aspiration behind it is to enhance students' understanding of the biological

phenomena and concepts.

For deep understanding, knowledge has to be constructed (Johnstone,1999, 2000;
Newton, 2000; Ausubel, Novak & Hanesian, 1978). Understanding does not flow
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Intact from teacher to the learner and constructing knowledge and developing
understanding is personal and requires considerable effort (Newton, 2000). Similarly,
Nickerson (in Newton, 2000) views understanding as ‘the connecting of facts, the
relating of newly acquired information to what is already known, weaving the bits of
knowledge into an integrated and cohesive whole’ (p.19). Therefore, he argues for
the importance of establishing a relationship between ideas and concepts. This view
of understanding is similar to what Ausubel et al. (1978) has expressed about
superficial learning and meaningful learning. Hence, the ability to make links and
connections of thoughts, ideas and information is a characteristic of understanding
and understanding is an indication of quality of learning. There is evidence that

people with true understanding have elaborate networks of information (Ausubel et

al., 1978).

1.2 Education in Biology

In spite of pedagogical aspirations and efforts, science is still considered a difficult
subject to understand by the students and a gap in students’ understanding has been
reported. Presently, pedagogy is blamed for shallow learning of students. There is
truth in that to a certain extent but it is only partly true. Actually the difficulties of
learning sciences have been related to the nature of science (the message) itself, the
method by which science is traditionally taught (transmission system) and the learner
(the receiver) to varying degrees (Johnstone, 1991). A brief description of these three
clements will provide a background for emphasising the need to adopt systems-

thinking approach in biology education.

1.2.1 Nature of the message

Biology is often thought of as an easy and “soft’ subject but biologists consider it a
discipline of complexity. It deals with life which is a complex phenomenon in itself.
The very objects of biology are living systems which are considered as systems of
subsystems. Subsystems (part) form a larger system (whole). These systems are

integrated both within and also in the surrounding environment in space and time,

making hierarchies of levels of organisations. Thus, they represent an intense

network of connections and links within and across the levels of biological
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organisation (Checkland, 1999; Capra, 1997). According to systems theory, natural

wholes, organisms, are complex and composite consisting of a large number of
interacting parts and these parts may be lesser wholes, such as cells in an organism

(Boersma & Waarlo, 2003). Therefore, there is an endless display of systems within
the systems. Everything is connected with every other thing. Put simply, sheer

complexity pervades the natural world (Capra, 1997).

1.2.2 Nature of receiver
The human mind assimilates and processes information during the process of

learning. There are many theories throwing light on different features contributing
and affecting students' learning. However, the information processing model is an

eclectic model (Johnstone, 1999; Johnstone, Sleet & Vianna 1994). This model talks

about the nature of the information processing system and also depicts how the

processing of information takes place.

Information processing models involve a sensory memory, a working memory and a
long-term memory. The sensory memory (often described as a perception filter)
selects the relevant information from the large amount of information, passing it to
the working memory. The working memory is considered to be a shared space for
both holding and processing information but is of fixed and limited capacity.
Numerous studies (eg. Johnstone, 1991, 1997; Danili and Reid, 2004; Yuan, Steedle,
Shavelson, Alonzo & Oppezzo, 2006) have reported a link between working memory
capacity and students’ performance in many areas of learning. Hence, it has been
regarded as a rate-determining step in the learning process (Kirschner, Sweller &
Clark, 2006). Long-term memory also has a significantly important role in the
process of learning (Johnstone, 1991, 1992, 1997) and has also been described as a
hub of connections (Newton, 2000) where ideas are linked and hierarchically
arranged (Novak, 1984; Ausubel et al., 1978). In the long-term memory, storage of
information can take place in different ways. The new information is either linked
correctly, incorrectly, or remains unlinked (Johnstone, 1991, 1992, 1997). Hence, the
mode of storage determines the level of understanding. In all the models of learning,

there are implicit or explicit recognitions that learners can be constrained due to their
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own cognitive limitations. Apart from this it is also known that learners have a
tendency to compartmentalise the knowledge (Kali, Orion & Eylon, 2003; Cook,

2006). This is understandable in that it makes learning less demanding.

1.2.3 Nature of the transmission method

The transmission method (pedagogical practice) is a direct link between the message
(subject content) and the receiver (learner) and, in biology education, it is often
suggested that teaching tends to be fragmented (Verhoeff, 2003, Knipples, 2002,
Gulyaev & Stonyer, 2002, Wilensky & Reisman, 2006). Scientific knowledge is not
merely a list of factual knowledge; rather, it is an interconnected network of ideas
and concepts (Johnstone, 2000). However, it appears that biology teaching
emphasises one aspect of biological knowledge (imparting information), with

emphasis on developing the links between knowledge being relatively neglected.

Teachers, being facilitators in the process of learning, have a responsibility to impart
the biological knowledge the way it is. Hence, methods of teaching and availability
of resources also have roles to play. In the academic world, to some extent the
teacher is still a source of making the accumulated knowledge available to the

learners. Unfortunately, the way the knowledge is acquired often leads to

fragmentation.

Students are left to build their own links between the imparted and already existing
knowledge unless there are deliberate efforts to emphasis and develop the links. Kali
et al. (2003) and Cook (2006) show that students generally do not link the
information spontaneously, and tend to compartmentalise it. Students may end up
storing knowledge in compartments and the more compartmentalised it is, the less
deep will be the overall understanding. One student may construct few connections
and new learning is very poorly related to the existing knowledge. Another student
may construct detailed, numerous and complex connections, integrated extensively

with prior knowledge, achieving a very different level of understanding.
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It can be said that in the process of learning biology three overlapping worlds are
involved (figure 1.1). There is the sphere of the living world and its surroundings, the
sphere of the world of pedagogy and the sphere of cognitive world of the learner’s
mind. Each world contributes in making biology difficult so that coherent and

meaningful learning is not easy.

Figure 1.1 An Analogy: Three worlds involved in the process of learning biology

Fragmentation

rd

4

Inherent Complexity

N

Inherent Limitation

1.3  Statement of the Problem

The model in figure 1.1 illustrates the fundamental problem. Students studying
biology have been reported developing shallow learning (tending to be memorised
and unconnected) and it is possible to trace it to the three factors. Firstly, the
biological world is highly complex; secondly, pedagogical practice tends to
encourage fragmented learning and, thirdly, the cognitive world of the learner’s mind

face limitations in the form of a non-expandable working memory space and intrinsic

difficulty in developing connections between ideas in long-term memory.

[t is absolutely clear that the complexity of the natural world cannot be reduced if
learner is to develop deep understanding (Chen and Stroup, 1993). Similarly,
working memory space cannot be increased (Johnstone, 1997) and difficulty of
making connections or the tendency to learn in compartments is also evident as a
normal characteristic of learners (Kali et al., 2003; Cook, 2006). As neither the
nature of the natural world nor the cognitive architecture of the learner can be
altered, only pedagogy can be manipulated to bring hope for developing coherent

understanding. Currently, it is being proposed to enrich biology education by using
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systems-thinking for developing better understanding: meaningful and coherent.
However, it is not straightforward to apply systems-thinking as a pedagogical
strategy (Kali et al., 2003).

1.4  Purpose Statement

The intention of the project is, firstly, to explore what has been reported in the
literature about systems biology, systems-thinking and its educational importance,
and to find out about difficulties associated with genetics learning and different
views regarding how learning take places; secondly, to employ systems-thinking as a
teaching and learning tool by means of developing educational material in the
context of the phenomenon of transposition. Although a systems-thinking approach
has been studied in varied disciplines like curriculum development, decision making,
project management, engineering, mathematics and earth sciences, very little 1s
known about systems-thinking in the context of science education (Kali et al., 2003).
In biology education, specifically, very few studies have been reported. Apart from
this, almost all the reported studies have been conducted with school pupils and there
is a dearth of this kind of research with university students. Furthermore, most of the
studies were aimed at enhancing, developing and measuring the systems-thinking
ability (Kali et al.,2003; Assaraf & Orion, 2005; Ossimitz, 2000, 2001 & Klieme and
Maichle, 1991,1994, both in Ossimitz, 2000 ) but very few studies used systems
approach as a teaching tool (Verhoeff, 2003; Knipples, 2002). This is the objective
of this project. Thirdly, the current project aims to explore the impact of systems-

based educational material on students' opinion and attitudes, and the views of

experts on educational and research practices and the use of systems-thinking in

biology education.

As very little is known about the application of systems-thinking in biology
education, the current study will serve as a landmark for future research in this area
by defining the field of inquiry for further study. This study seeks to offer a template

for developing systems-based educational material for the other difficult topics and
formulate systems-based educational principles for biology education with the hope

of enriching students' learning in a number of ways.
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Although the current study does not aim to measure systems-thinking, it is possible

that systems-thinking will be encouraged by its use in teaching materials. Cramer
(1993) notes that pedagogy can set mental pathways. Hopefully, a systems-thinking

pedagogy will contribute to make learners better systems thinkers.

1.5 Outline of Thesis

The current research study is presented in the following way.

& Chapter two reviews the paradigm shift, from reductionism to a systems view of
life 1n biology research.

& Chapter three explores and presents the views about systems biology, its aims,
challenges and its impacts on life.

& Chapter four explores different views about systems-thinking, its nature, its
need, its implication and impacts in education.

& Chapter five presents the difficulties associated with biology teaching and
learning.

& Chapter six presents different models of learning and the pedagogical insight
they provide for biology education.

& Chapter seven describes the philosophical underpinning of the research design
adopted for the current study and also the overall plan of the research project.

& Chapter eight describes the 1% phase of the research project, its methodology,
findings and discussion.

& Chapter nine presents the 2" phase of the project: the developmental of the

systems-based educational material and its implementation and also the findings

regarding students’ opinion about the systems-based material and discussion.

& Chapter ten presents the 3™ and the last phase of the project, its findings of the
interviews conducted with biology educationists and also discussion.

& Chapter eleven presents the findings and discussion regarding the effectiveness
of the systems-based material used with biology students in Pakistan.

& Chapter twelve presents the detailed analysis of students’ answers on a
performance test; findings and discussion.

# Chapter thirteen brings together conclusions from three phases, answers the

research question, states the limitations and contribution of the current study

concluding with the recommendations for future research.
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CHAPTER TWO
Changing Research Practice in Biology

This chapter presents a brief overview of the paradigm shift in science, changing
research foci and practices in history of biology research, the place of reductionist
approach 1n biology research and a shift of focus from mechanistic world view to
systems view and characteristics of open system distinguishing the organisms from

machine.

2.1. Paradigm Shift

The word paradigm has been derived from a Greek word ‘paradeigma’ which means
‘pattern’. The term was made popular by Kuhn during the second half of 20th
century (Hoban, 2002). Kuhn defined a scientific paradigm as “a constellation of
achievements-concepts, values, techniques, etc. - shared by a scientific community
and used by that community to define legitimate problems and solutions (Capra,
1997, p. 5). Similarly, Hoban (2002) views paradigm as a ‘mindset or a ‘set of
beliefs’ that has a great influence on thinking which in turn effects into action within

a community.

Paradigm has been described as a change-enforcing drive. To show the influence of
paradigm in terms of its moulding and defining power, Hoban (2002) equates it to a
religion that permeates every aspect of life shaping and modifying communities.
Although, history has witnessed its enormous power, Capra (1997) has argued that,
In spite of its power, the attribute of permanence cannot be attached to it. It is
dynamic. It keeps on changing and evolving and is like a shifting ground. This

change of paradigm has been called ‘paradigm shift’ by Khun (Capra, 1997).

Paradigm and paradigm shift is not only associated with scientific community
(Capra, 1997). Society also goes through such shifts of thinking patterns. When a
certain paradigm prevails or shifts, it influences the thinking pattern of individuals

and guides their actions and practices such as selection of problems to be
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investigated and solutions to be found for a problem under consideration both in

scientific as well as social communities.

Capra (1997) states that history has recorded paradigm shifts and that our world is at
the edge of another shift. Katagiri (2003), Raikhel & Corruzi (2003) perceive the
changing research practice as a paradigm shift while Richard (2007) believes that it
i1s too early to call this change a paradigm shift. However, Whitehead (2007)
describes this change as a result of a natural process of growth and development of

technology and understanding about the organism and the knowledge accumulated.

The following is a brief description of paradigm shift in the history of science.

The origin of modern science goes back to the rapid scientific development that took
place in Europe between years 1500 and 1750 which is referred as the scientific
revolution (Okasha, 2000). The historical background of Western mind set can be
divided into three broad world views or paradigm: Christian world view, scientific or
mechanistic world view and post-modern world view (Hoban, 2002). According to
the Christian view (medieval world view); the universe was viewed as organic,
living, and spiritual (Capra, 1997; Okasha, 2000; Hoban, 2002; Stacey, Griffin &
Shaw, 2000). Truths about the world were described by authority, the church. This
thought pattern dominated and prevailed until the sixteenth century (Hoban, 2002;
Chalmers, 2000).

However, during the 16th and 17th centuries, a scientific revolution took place.
Names associated with this revolution are Copernicus, Galileo, Descartes, Bacon and
Newton (Capra, 1997; Okasha, 2000). Their discoveries jolted the foundation of the
medieval world view. Analytical thinking was introduced to understand complex
phenomena (Capra, 1997; Okasha, 2000). Rene Descrates said, ‘If a problem is too
complex to be solved at once, then break it up into problems that are small enough to
be solved separately’ (Cramar, 1993, p. 167). He viewed the universe as a machine
(deterministic world view) which could be predicted and understood completely by
analysing (Cartesian method) its components (Capra, 1997). Living organisms were

considered as machines but complicated involving complex chemical processes
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(Capra, 1997; Hoban, 2002; Okasha, 2000). The mechanistic world view prevailed

for a long time and, under its influence, science flourished and was established as a

discipline explaining objective reality.

However, during the second half of 20th century a new paradigm called
postmodernism emerged in contrast with the mechanistic paradigm (Hoban, 2002).
This new paradigm has promoted ‘pragmatic doubt’ putting emphasis on the
unpredictability and uncertainty of the world (Hoban, 2002; Midgley, 2000). Chaos
and complexity theories began to use the new ideas of mathematics to show that
what actually happens is unpredictable (Midgley, 2000). This world view which

emerged in response to a mechanistic world view has been called an holistic,

ecological world view (Capra, 1997).

Mechanistic and holistic world views are known under different names. The
mechanistic world view is termed as reductionist, atomistic, and Cartesian method
(Capra, 1997). However, Midgley (2000) makes a distinction between mechanism
and reductionism. Mechanisim is 'a view that everything can be observed and
described as if it is a machine - a predictable, functional, inherently understandable
object seen from a discrete distance by an independent subject’ (2000, p. 2).
Reductionism means 'looking for simple causal relationship between variables
rather than trying to understand a wide range of interactions that can only be
satisfactorily explained in terms of the functions of the whole systems' (Midgely,
2000, p. 33). Both views treat an organism as something simply predictable.
Different terms were used to put emphasis on understanding the whole, such as
holistic, organismic, and ecological. The term which has become popular with
reference to holistic approach since second half of twentieth century is known as
‘systemic’ approach. Analytical thinking was backing the mechanistic approach
while ‘systems-thinking is behind systems approach (Capra, 1997).

The mechanistic world view and the reductionist approach have enjoyed prevalence

In isolation for a long time but perspectives are changing. The mechanistic world
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view has lost ground in biology; reductionism is still valuable but not in isolation

(Midgley, 2000). A brief account of this paradigm shift in biology is now offered.

2.2 Biology and Paradigm Shift

Biology is an old science. Aristotle (384-322 BC) has been considered as the first
biologist who conducted the systematic study of phenomena of life. His central work
was entitled as ‘The history of animals’. For a long time, Biology was called
‘Natural history’. The term biology was coined in the year 1802. However, biology

as a modern, mature and independent science emerged during the middle of 19th
century between 1828 and 1866 (Verhoeff, 2003; Knipple, 2002; Mayer, 1997).

The nineteenth century saw many breakthroughs in biology. For example Darwin’s
‘On the Origin of Species’ greatly influenced the scientific community and shocked
society because it appeared that he dethroned man as the highest creature and made
him just a link in the process of evolution. Just like the Copernican revolution,
Darwin’s view initiated a revolution in the biological community. He created a new

paradigm in biology. It was new because it did not fit into the established ideas and

the way of thinking in the 19th century (Cramar, 1993; Okasha, 2000).

The formulation of cell theory, the beginning of modern embryology, the rise of
microbiology and biochemistry, and the discovery of Mendel’s laws of heredity are
important discoveries and findings of 19th century (Mayer, 1997). With the
formulation of cell theory, the attention of biologists shifted from the organisms to

the cell. This shift led the biologists to explore within the cell boundary. Hence, it

provided insight into the structure and functions of cell and many subunits of cell

(Knipple, 2002; Capra, 1997; Cramar, 1993).

Later on, Weismann’s, theory of germplasm made a distinction between germplasm
and somatoplasm calling them immortal and mortal respectively: a concept deeply

grounded in reductionism (Goodwin, 1994). Goodwin criticised that such distinction

made the organisms just vehicles for the hereditary material. However, this breaking
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down of organism provided a ground for the foundation of a new field of enquiry in

biology which came to be known as genetics (Goodwin, 1994).

The 20th century witnessed another revolution in biology. During the 1950s and
1960s, advancement in the field of genetics was the discovery of the physical
structure of DNA, hailed as a super molecule (Okasha, 2000; Capra, 1997; Goodwin,
1994). With this achievement, a significant shift again took place. The researchers
were now focused on the molecular structure of gene instead of cell. Biologists

started believing that all biological functions could be computed from the

information present in the genes: the genetic programme (Capra, 1997; Goodwin,
1994). However, Goodwin criticised the genetic programme by equating it to the old
notion of homunculus: a miniature human being in every detail present in the germ

cells. He viewed it as a new version of the old story (Goodwin, 1994).

These findings and discoveries reflect how the approach to study the phenomena of
life has shifted from higher level of organisation to the lower levels in living
organisms (from organism to cell and then gene). Over the years, cell biology
underwent much splitting into new disciplines. Among these, the narrowest one is
molecular biology: the study of certain classes of organic macromolecules
(Rosenberg, 2002). Actually, the term ‘molecular biology’ was coined in 1951 by
Weiss and Astbury just to indicate the lowest level of investigation in the
advancement of biological knowledge. Weiss (1969) stated that if the term molecular
biology is applied as a deliberate self-limitation of the viewpoint, then it is one of the
most spectacular advances in modern biology. However, it will be a misinterpretation
of the term if this was seen as an attempt to explain all phenomena in living systems
in terms of the molecular level. Goodwin (1994) argued that, in spite of this warning,
the biologist moved from having an organocentric to a genocentric approach,
claiming that the genes and their activities are enough to explain the properties of an
organism. However, molecular biology flourished with a series of discoveries. The
description of restriction enzymes and cloning were the major breakthroughs in

1970s which were the landmarks of genetic engineering and biotechnology
(Westerhoff & Palsson, 2004).
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Further research in the field of genetics and advancement in technology led the
human genome project and accelerated a new method of research called ‘discovery
science’ which enumerated the elements of a system without any hypothesis about
the functioning of the system (Abersold, Hood & Walts, 2000). The human genome
project was completed in year 2000. However, it was not the first genome to be
sequenced. Before it, the genomes of many other organisms were sequenced.
Currently, an enormous amount of information is flooding into the discipline of
biology. Knowledge in the field of biology has expanded very rapidly, resulting in

many disciplines in the domain of biology. In fact the foundation of modern science

1s based on a reductionist approach and this is now discussed in relation to biology.

2.3 Reductionism in Biology

While the mechanistic world view has largely gone from biology, the reductionist
approach is still there. Hence, reductionism and holism are often mentioned in the
literature regarding biology research. The term anti-reductionism is also referred as
holism (Capra, 1997). Reductionism and anti-reductionism (holism) are often
presented as two opposite poles, but, they are not as detached from each other as they

are often presented. In fact they cannot be defined in isolation from each other. An
unsteady balance between the two has been reported and, perhaps, holism and

reductionism are inexorably coupled (Hull & Rgenmortel, 2002).

Hull (2002) classified reductionism in biology into two categories: weak and strong
reductionism. The weak reductionism does not neglect the lowest level of
Investigation in biology but puts a strong emphasis on studying the upper levels of
organisation as well. While, the claim of strong reductionism is that the only level
worth studying is the lowest one. Strong reductionism claims that, when explanation
i1s provided from the lower level, then higher level explanations do not add anything

to understanding (Hull, 2002). Both types of reductionism have been observed in

practice among scientists.

Certain beliefs or attributes are associated with reductionism and its counterpart in

the case of biology research. Firstly, it is believed that the higher level properties can
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be determined from the properties of lower level (Regenmortel, 2002). However, it
has also been argued that such a belief in lower level explanation disregards the
complexity and emergent properties of biological systems (Holland cited in
Regenmortel, 2002; Aderem, 2005). Secondly, the reductionists believe in linear
causality while anti-reductionists go for the network or non linear causality
(Regenmortel, 2002). Thirdly, reductionsists believe that every problem has a
solution. Hard work and time is needed, though, to find the solution (Davies, 2005).
They do not take into account the inpredictability of some phenomena. While anti-

reductionists assert that some phenomena are too complicated to be understood in the

light of reductionists methods, an understanding of such complicated phenomena,

therefore, requires a holistic perspective (Hull, 2002).

Reductionism in biology research has been heavily criticised. However, in spite of
this criticism, it is believed that biological knowledge has expanded because of a
redutionsist approach (Barb, Julkowski, Swenson, Garrett, Shaw, & Young 1999).
It has been found useful in biology in a host of accounts (Hull & Rgenmortel, 2002).
Among the early works in the field of genetics, the reductionists way of thinking has
played a very vital role in understanding the phenomena of hereditary. Mendel was
successful because he employed the reductionist approach to his crossing
experiments and discovered laws of hereditary. He started with a single contrasting

character. Before him many people tried such experiments of crossing over but they

failed because they worked with multivariate lines (Raikhel & Coruzzi, 2003).
Similarly, due to the reductionist approach, cell biology has accumulated a large
amount of information and knowledge about the structure and function of cell and

organelles (Capra, 1997).

In spite of its contribution towards knowledge in the field of biology, the reductionist
approach has some limitations and, hence, it needs the supplementation of holistic
science (Hull & Rgenmortel, 2002; Raikhel & Coruzzi, 2003). It has been argued
that reductionism needs to be put in a proper perspective and balance. Otherwise

complexity of biological phenomena cannot be comprehended (Hull & Regenmortel,
2002).
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Moreover, looking at the use of the term ‘reductionism’ in biology, it has been
argued that there is no compatibility between the notion behind reductionism and
biology research conducted at the lower levels of biological organisation. Katagtri
(2003) argued that reductionism by its definition focuses on making something
simple and manageable, avoiding complexity by discarding the extra information. It
might be suitable for simple machines or closed systems but not for living organisms
where nothing is extra. What is actually called extra is an attempt to gain simplicity

of a situation and to avoid complexity (Katagiri, 2003).

Debru (2002) holds the same opinion that the idea behind reductionism was to make
things simple for better understanding but this is not the case with biology. She
argues that biological discoveries, focusing on individual components, are not
moving towards simplicity. Every time in biological research when new ¢lementary
levels are revealed, they are even more complex than they were expected. Instead of
simplicity, enormous complexity baffles the biologists. Thus, there 1is no
compatibility behind the philosophical idea of reductionist approach and biological

research in terms of simplicity.

Molecular biologists are often considered reductionist because of reducing the

macroscopic system (biological property) to the structure and properties of
microscopic elements (nucleic acid and protein) of the system (Richard, 1999).
Biologists working with complex systems use molecular biology as a tool to unravel
the complex processes of living organisms. They know that it is a reductionist
approach and are also fully aware that knowledge of structure and function of

macromolecules is not enough to understand the whole system (Richard, 1999).

Debru (2002) also argues that the word reductionism is often used to criticise
molecular biologists. However, she claims that actually the word is most often used
by the people who have no real idea of biology but that they use it for political,
1deological and social reason having little scientific relevance. To her biology should

be neither fully reductive nor non-reductive but it is both. Such a view is perceptive

and sensible.
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Debru (2002) suggests that the term reductionism is not appropriate for describing

biology research. Reduction of physiological to molecular properties is not reductive
at all because it is a reduction of complex to more complexes. Hence, she questions
the need to keep this scholarly term alive because it is misleading and does not

explain the proper working in biology. She sees this term as an anti-science because

of 1ts misrepresentation of science.

2.4 Departure from Reductionism
Reductionism as a strategy lasted for a long time and still exists; however, biologists

in the 20th century started looking at living things differently. Hence, the concepts
and 1deas about organisms different from mechanistic world view and reductionism

started emerging (Capra, 1997).

For example, the term ‘morphology’ came into usage to indicate the study of
biological forms from a dynamic point of view. The view of nature as ‘one great
harmonious whole’ was revived. This view lead some scientists of that period to see
the earth as a living being, an integrated whole. Today this view is also the heart and
soul of the modern and contemporary ‘Gaia hypothesis’ of James Lovelock (Capra,
1997). Similarly, the terms for organisms as being self-reproducing and being self-
organising wholes also emerged. Later on, the problems of cell development and
differentiation in the development of higher organisms jolted the foundations of
reductionism and it resulted in the emergence of two schools of thoughts: vitalisism
and organicism. They both recognised that the study of the parts alone was not
enough for understanding the behaviour of the organism. However, they also had a
contrasting view. The vitalists believe that a separate, non physical entity was

required for the understanding of life. But the organismic biologists maintained that

‘organizing relations' were essential for understanding life, not a vital force (Capra,
1997).

During the early twentieth century organismic biologists developed some concepts
similar to contemporary systems-thinking. For instance, Ross Harrison explored the

concept of organisation. The term “emergent properties” was coined for those
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properties which exist at a certain level of complexity but are not present at a lower
level and the term ‘system’ was used for both living and social systems. Since then
the integrated whole whose essential properties emerge from the relationship
between its parts came to be known as a ‘system’ and from that time on,
understanding of a phenomenon within the context of a large whole became

‘systems-thinking' and biologists became pioneers in the field of systems-thinking
(Capra,1997).

Overall, biologists began to see living organisms as complex systems rather than

machines. Such systems could not be understood by reducing it to its components.
The early concepts of some biologists about organism crystallised over the years and,
later on, theories were developed about the working of systems. The focus of
attention was shifting from parts to whole; from the interaction of sub systems to
form a system and of systems to form a supra system. This shift led towards the

origin of a systems view of living organisms and this is the theme of the next section.

2.5 A Shift from Machine to System
Having looked at the place and issues related to the mechanistic world view and
reductionism in biology, this section presents a systems view of life focusing on the

different concepts about the living organism, derived from systems theories.

Various conceptual constructs, metaphors or models for nature and living organisms
appeared in each great period of science. The interpretation of every model has been
reported as a reflection of the state of the prevailing techniques and machinery of the
time (Bertalnaffy, 1973). For classical science, when only the mechanical machines
existed, nature was like a clock; and the concept of ‘animal as a machine’ was
prevailed. Later on, in the nineteenth century, the period of industrial revolution, the
stcam engine and thermodynamics led the organism to be conceived as a ‘heat
engine’ and nature was an engine running down. Similarly, when the self-regulating
machines like the thermostat and missiles of modern technology came into being,

then organism came be known as 'cybernetic machine’ (Bertalanffy, 1973).
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Organisms were mere machines until Bertalanffy, an organismic biologist who
viewed the organism through a different lens. He took interest in the organism as a
whole rather than its constituent parts (Checkland & Scholes, 1991; Capra, 1997;
Hoban, 2002). He strongly believed that, in order to provide explanations for
biological phenomena, it was necessary to adopt a new way of looking at life.
Theretore, his vision was to replace the mechanistic foundations of science with a
holistic science. He emphasised the difference between physical and biological
science and took a very crucial step in recognizing living organisms as open systems

(Capra, 1997). The distinction, he made between the biological and mechanical

systems made a real difference in terms of developing understanding and treating
biological systems differently from mechanical systems. Hence, the concept of
organism shifted from machine to a system and a systems view of life emerged as a
paradigm. A living organism has been defined as 'a system that maintains and even
expands its ordered structures by constantly taking up external energy' (Cramer,
1993, p.16). Thus, the living organism came to be known as a system rather than a

machine.

System is either a physical entity (Bertalanffy) existing physically or it may be a
personal or social construct to limit the investigation (Churchman, 1970 in Stacey et
al., 2000) According to Bertalanffy, 'system is a set of elements standing in
interrelations’ (1973, p. 55). To Checkland (1999), 'the concept systems embodies the
idea of a set of elements connected together to form a whole, thus showing properties
which are properties of the whole, rather than properties of its component parts'
(1999, p. 3). Similarly, Hoban (2002) views a system as an assembly of related
elements that act together as an integrated whole. Sardar and Abrams (2004) view
system as an entity that changes with the time. This is a more dynamic view of a
system as it includes the element of time in the explanation of a system. Direction of
time has been considered important in order to understand the biological processes
(Cramer, 1993; Nicolis & Prigogine, 1977). Almost all these definitions and views

present a system as a collection of deeply interrelated components.
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Different types of systems have been described depending upon different parameters
of a system. For example, deterministic system: if a system is predictable, stable and
completely knowable; indeterministic system cannot be predicted (Sardar & Abrams,
2004). Linear system in which variables are simply and directly related; a non-linear
system where variables are not directly related (Sardar & Abrams, 2004). An isolated
system does not exchange energy and matter with its surrounding; a closed system
exchanges energy but not matter with the outside environment while an open system
exchanges energy, matter and information with environment (Nicolis & Prigogine,

1977). Kreymyanskiy (1981) divided the material systems: unorganized systems and

organized systems. Unorganized systems are simple and the interconnection between

the elements is uniform. The nature of elements does not change on leaving or

entering the system; organized systems are regulated and varied, and deep-seated
connections are present among the elements. Various terms are used for the living
organisms: open, indeterministic, nonlinear and organized system. Different systems

theories have presented different aspects of a living organism as a system.

Different scientists including biologists, chemists and physicists contributed different
1deas or theories towards new understanding of life. They addressed different aspects
of living organisms: structural organization, regulatory aspects and developmental
and evolutionary aspects. These aspects defined and unfolded the characteristics of
living system. Following is a historical development of some aspects of living

organisms, studied by different scientists.

2.6 Structural Aspects of Living Systems

Bertalanffy (1973) presented a comprehensive theoretical framework, a General
Systems Theory (GST), for describing living systems. It deals with the structural
organization of the organisms. He, for the first time in history of biology, articulated
the systems approach to study life (Capra, 1997; Verhoeff, 2003). The most
important contribution of GST is the idea of open system and since then living
organisms came to be known as open systems. Some of the structural aspects of

living organism as a system are given below.
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An Open system communicates with the outside world and exchanges material,
information and energy (Bertalanffy, 1973; Capra, 1997; Vehoeff, 2003; Stacey et
al., 2000; Midgley, 2000):

Interconnectedness: An open system does not stand alone in its environment. This
connectedness is not just external but has penetrated the very nature of system and,
therefore, exists inside of the system itself (Sardar & Abrams, 2004; Capra 1997).
Systems boundary: The boundary of a system ensures the identity of a system and its
relationship with its environment to import and export the required material and 1s
more or less permeable to maintain a continuous inflow and outflow (Bertalantty,
1973; Cusins, 1994; Ossimitz, 2000; Stacey et al., 2000; Midgley, 2000).

Emergent properties: Behavior or the other properties of a system as a whole
resulting from the co-operative activity of the components (Bertalanffy, 1973; Capra,
1997; Verhoett, 2003; Stacey et al., 2000; Midgley, 2000).

Hierarchal order: The tendency to form a multi-leveled structure of systems within
the system which is part of nested systems. A focused system can be a subsystem of
another system (Bertalanffy, 1973; Midgley, 2000). Capra (1997) introduced the

concept of network, the web of life for the nested system.

Steady state is the constancy of composition where the system remains constant as a
whole in its macroscopic phases while there is a continuous flow of materials. In an
open system, true equilibrium is not possible because it requires continuous supply of
energy to keep itself at a distance from true equilibrium (Bertalanffy, 1973).
Progressive integration is a property of the living systems where its components
become more dependent on the whole (Verhoeff, 2003; Bertalanffy, 1973).
Progressive differentiation is a property when the parts of a system become more
specialized in their functioning (Verhoeff, 2003; Bertalanffy, 1973).

Progressive centralization is a phenomenon in which certain component takes up the
leading role and thus dominates the behavior of the whole system (Verhoeff, 2003,;
Bertalanffy, 1973).

Catabolism and anabolism in living system material involving substance being

continuously broken down and regenerated for the purposes of building and energy
production (Bertalanffy, 1973).
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Equifinality is the achievement of the final state from different initial conditions and
In different ways (Stacey et al., 2000). In open systems the initial conditions do not
determine the final state. Its classical example is the experiments on embryos in early
development. The same final state (the development of an individual sea urchin) can
be developed from (a) a complete ovum, (b) from each half of a divided ovum (c)
from the fusion product of two ova. Similarly, identical twins are the product of

splitting of ovum (Bertalanffy, 1973).

2.7 Regulatory Aspects of Living Systems
Initially and formally, biologists did not address regulatory aspects but it was a group

of engineers, mathematicians and social scientists and neuroscientists who were
working on the patterns of communication. Wiener was a leading figure in this field
and he named this new science as ‘cybernetics’, a science of control and
communication in the animal and the machine. Wiener applied the theoretical
concept of his theory, developed in the context of technical science, to biology as
well. All the major achievements of cybernetics are grounded in making comparison
between organism and machine (Capra, 1997). The regulatory functions that are the

characteristics of a living system are given below.

Homeostasis: 1t is maintenance of balance in the living organisms. In a healthy
organism, the internal environment remains constant when there is fluctuation in the
outer environment. This constant maintenance of internal environment is called

homeostasis (Capra, 1997; Stacey et al., 2000).
Feedback: Cybernetics introduced the idea of feedback and the feedback loop. It can

be self-reinforcing (positive) feedback and self-balancing (negative) feedback
(Capra, 1997; Stacey et al., 2000). A feedback loop is a circular connectedness of
elements in a system which regulates of the entire system (Capra, 1997; Midgley,
2000). Cusins (1994) talks about internal feedback loops and external feedback
loops. Internal feedback loops occur entirely within the system and are thought as a
sub-system within the system; external feedback loops are the feedback information
from outside the system. It is argued that the mechanism of feedback makes the

system responsive (response-able) and flexible (Sardar & Abrams, 2004).
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2.8 Developmental and Regulatory Aspects

During the second half of the 20™ century, two developments (new mathematics of
complexity and the concept of self-organization) contributed in further understanding
of living systems. The idea of self-organization was implicit in the early discussions
of cybernetics but explicitly developed in the second half of the century. Similarly,
general systems theory while recognizing the emergence of complex behaviour of
organization in a living organism explained this behaviour when non-linear
mathematical and thermodynamics were used (Verhoeff, 2003; Capra, 1997). Some

of the characteristics of open system from the perspective of its development and

evolution are given below.

Order: Forrester (in Capra, 1997) introduced the concept of order. He coined a
phrase ‘order from noise’. He asserts that, in self-organizing systems, order is created
within the system. Systems takes energy from the rich material from its environment,
integrates into its structure and increase internal order. Cramer (1993) calls 1t a
dynamic order.

Self-organisation is a spontaneous emergence of new structures and new forms of
behaviour in an open system (Capra 1997; Niclos & Prigogine, 1977). Open systems
are able to create novel structure and new mode of behaviour if there is a continuous
tflow of energy (Sardar & Abrams, 2004).

Dissipative structure: Prigogine described living systems in terms of a ‘dissipative
structure’ (Capra, 1997; Stacey et al., 2000). During 1960s, Prigogine developed a
new non-linear thermodynamics to describe the self-organization of systems far from
equilibrium. Classical thermodynamics describes ‘equilibrium structures’ but non-
linear thermodynamics introduced ‘dissipative structure’. The dissipative structures
not only maintain their stability but also evolve when they face instability and
transform themselves into new structures of increasing complexity. Classical
thermodynamics states that dissipation of energy as a waste but Prigogine says that
dissipation of energy brings order; hence, dissipation of energy is a source of order in
living systems (Capra, 1997; Nicolis & Prigogine, 1977).

Autopoiesis: Maturana (in Capra, 1997) concentrated on the properties that should be
inherent in a system to be called living. He concluded that circular organization is the

basic organization of living systems. It means that a change in the interactive
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relationship between certain components will always change relationships between
these components and certain other components. Later on, Maturana and Varela (in
Capra, 1997) found a formal and complete description of circular organization in
‘autopoiesis’. This means self-making. They saw autopoiesis as a general pattern of
organization common to all living organisms irrespective of their components.
Autopoeisis 1s a network of production processes in which every component
participates in the production and transformation of other components in the network.
The entire network makes itself. Network is produced by its components and, in turn,

produces its components as well (Capra, 1997; Midgley, 2000).
Boundary formation: Maturana and Varela further added to the autopoiesis by

saying that autopoetic systems can limit themselves as a unit from their surrounding
environment by creating and developing a boundary around the network of
components. The boundary is created by the system itself due to the interacting
activity of components and, therefore, is not imposed from outside. If a system has

not got this ability is not a living system (Capra, 1997).

2.9 Bringing it Together

The living systems have been studied from three different perspectives and each
perspective has highlighted the characteristics which makes them distinct from
machines. These concepts are talked about as notions related to systems-thinking in

biology. This brief account describes the shift of perspective from mechanism and

reductionism in biology resulting in the emergence of systems-thinking.

Systems-thinking emerged simultaneously in three different fields: organismic
biology, Gestalt psychology, and ecology. The ideas of organisimic biologists gave
birth to a new thinking: systems-thinking. This takes into account connectedness,
relationships and context. The key characteristic of systems-thinking is the shift from
parts to whole, from objects to relationships, from measuring to mapping, from
content to pattern, from analysis to synthesis. Thus, it is holistic, contextual and
relational. Systems-thinking influenced engineering and management during the

1950s and 1960s. Its application to solve practical problems resulted in the
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emergence of new disciplines such as systems engineering, systems analysis, and

systems management (Capra, 1997).

The next chapter explains the influence of systems-thinking in biology research.
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CHAPTER THREE
Systems Biology

This chapter presents the application of systems-thinking to biology research. It
includes the emergence of systems biology, different views about systems biology,

its aims and challenges, its future implications and its impact on biology education.

3.1 Emergence of Systems Biology

Biology has passed through many revolutionary changes. These revolutionary
changes were always accompanied by new technology and new ways of thinking.
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