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Reproductive	Biology	Overview	

Importance	of	Reproduction	 	 	 	 	 	 	
•		Define	animal	(mineral/vegetable/animal)	

	 	 •		Define	area	in	biology	
History	Reproduction/Thought	 	 	 	 	 	 	

• Testis/Ovary	 	 	 	 	 	 	 	
• Aristotle	 	 	 	 	 	 	 	 	
• Harvey	 	 	 	 	 	 	 	 	
• 1930’s	Steroids/Inhibin/Cycle	 	 	 	 	

Reproductive	Biology	Areas		 	 	 	 	 	
Reproduction	Problems/Questions		 	 	 	 	

• Contraception/Society	problems	
	

Required	Reading	
Ganong	W.,	Medical	Physiology,	Development	and	Function	of	Reproductive	System,	Chapter	23	

Skinner	MK,	Jegou	B	(2018)	Historic	Considerations	in	Male	Reproduction	in:	Encyclopedia	of	
Reproduction	2nd	Edition,	Ed:	MK	Skinner.	Elsevier.	Vol	1:	3-9.									

	
Reproduction	Background	References	

Encyclopedia	of	Reproduction,	Second	Edition	(2018)	Volumes	1-6,	Editor-in-Chief	Michael	K.	
Skinner.		
Open	Access	through	WSU	library:	
https://www.sciencedirect.com/referencework/9780128151457/encyclopedia-of-reproduction	
 

Systems	Biology	
• History	and	Definitions	
• Revolutionary	and	Evolutionary	Systems	Biology	
• Reductionism/	Genetic	Determination	
• Holism/	Emergentism/	Homeostasis	or	Robustness	
• Networks	and	Computational	Biology	
• Basic	Molecular	and	Cellular	Components	
• Omics	and	Technology		

	
Required	Reading	

Knepper,	et	al.,	(2014)	Systems	biology	versus	reductionism	in	cell	physiology.		Am	J	Physiol	Cell	
Physiol	307:C308-309	
	

Systems	Biology	Background	Book	References		
Eberhard	Voit	(2012)	A	First	Course	in	Systems	Biology,	Garland	Science	

Capra	and	Luisi	(2014)	The	Systems	View	of	Life,	Cambridge	University	Press.	

https://www.sciencedirect.com/referencework/9780128151457/encyclopedia-of-reproduction
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Introduction

The objective of this article is to provide a number of early historic observations and theories that influenced the development of the
field of Male Reproductive Biology. The use of castration by ancient man to domesticate animals indicate the testis was the first
organ studied in regards to its impact on male reproductive physiology. The differences between males and females also lead to
the first biological theories on why these differences exist. One of the first uses of the microscope was the examination of sperm
and the initial theories developed that impeded the initial theory of fertilization. The basis for sex determination was also one
of the first biological considerations of Aristotle which impacted the biological sciences for over 2000 years. This article will present
a number of historic considerations (Table 1) that were for the most part inaccurate andmisleading, but have significantly impacted
the progression of the field of reproductive biology.

Historic Castration (Testis) Considerations

Ancient civilizations used the removal of testis (i.e., castration) to domesticate animals including pigs, cattle, and sheep. The origins
of castration, most likely developed at the time of the emergence of faming (i.e., neolitic period �10,000 BC), either accidentally or
intentionally are unknown but had a significant impact on ancient civilizations (Diamandopoulos et al., 2005). Therefore, this bio-
logical manipulation is the first documented physiological observation on the impacts of a specific organ on the biology of an
organism. The first writings on castration was around 1500 BC by Assyrians in a tablet relating castration as punishment for sexual
crimes. Then, the Greek medical writer Hippocrates in the 5thd4th century BC elaborated on the concept requiring the two parents.
Physical traits on voice and feminization in eunuchs (i.e., human castrations) were documented by Aristotle in the 4thd3rd
centuries BC (Hippocrates, 1915). He commented on the effects of castration in the rooster and man and gave a detailed description

Table 1 Historic considerations impacting male reproduction

Reproductive topic Observation Period

Castration Testis first organ interest Prehistoric/neolitic
Domestication animals
Eunuch characteristics Assyrian/egyptian/greek societies

Reproduction theory Theory male provide seed (testis involved) active role and
female provide soil passive role (prevailing theory 2000
years)

Aristotle (384–322 BC)

Environmental
sex determination

Theory environmental factors such as heat (fire) and cold
(water) promotes sex determination for male or female

Aristotle (384–322 BC)

Spermist
theory/animalculism

One of the two theory of preformationism for which sperm
head contained preformed offspring (homunculus) and
female provide passive environment for development

Nicolaas Hartsoeker 1600s

Ovism The other theory of preformation for which “the embryo is
preformed in the ovum (egg) while the sperm only
provides an aura seminalis,” that is a vital essence

1600s–1700s

Female ovary and egg role reproduction Egg produced in ovary and has active role reproduction
with sperm

William Harvey and Bishop
Niels Stenson 1600s

Male reproductive
tract organs anatomy

Detailed anatomy of male reproductive tract organs and
specialized roles

Vesale 1543s and De Graaf 1600s

Genetic sex
determination theory

The role of genetics followed by gonadal followed by
phenotypic sex in mammals

Alfred Jost (1940s and 1950s)

Male reproduction
endocrine theory

The role of endocrine hormones in male reproduction
integrating the testis, brain and other reproductive
organs

Berthold 1879; Alfered Jost
(1940s and 1950s); Mc Cullagh
(1930s and 1940s)
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of the genital tract in mammals. Aristotle also developed early theories or speculations on the role of the testis in male biology
(Hippocrates, 1962). Over the next 1000 years debates and theories on the impacts of the testis on male biology developed ranging
from the impact of temperature on the testis to the effects of the testis on the heart, brain, and muscle development (Diamando-
poulos et al., 2005). One of the more interesting speculations was the role of a testis derived liquid on the males biology
(Diamandopoulos et al., 2005; Galen, 1964). Although the majority of these theories and speculations were neither accurate or
based on specific observations, Aristotle’s concepts had significant impacts for centuries on our approach and progress of scientific
advances (Table 1).

The use of castrations in ancient societies in humans to create eunuchs was reported in Assyrian, Egyptian, and Greek cultures.
Observations of the physiological impacts of castration were documented in all these societies. This included infertility, brain
behavioral effects, voice changes, weight, and metabolism alterations and more. These observations led to a variety of early theories
and speculations. A prominent link between the testis and the brain was discussed by Aristotle and others throughout history, which
was the first speculations of the brain and gonadal axis today known to be endocrine based. Although these early speculations and
theories were not completely accurate, they laid the foundation for much of the early male reproduction research in the last century.

Reproduction and Sperm Theory

One of the first recorded reproduction theories or speculations was proposed by Aristotle (Table 1). Observations with castration
and role of the testis to create semen Aristotle proposed the male provided the seed having an active role in reproduction and the
female provided the soil having a passive role in reproduction. Although this reproduction theory was based on observations at the
time, this Aristotle concept persisted for nearly 2000 years and impacted the majority of reproductive biology research and society. A
classic example involving one of the first observations following the development of the single lens microscope in the 1600s by
Leewenhock (1678) was made on his own sperm which lead him to describe the presence and vigor of “animalcules,” the name
that he gave to spermatozoa. Under the name of “homunculus” the speculation was made by Hartsoeker (1694) that the
spermatozoon contained the entire preformed human (homunculus)/animal (animalcules) with a number of supporting
microscopic observations (Hartsoeker, 1696). The concept named “animalculism” was that the sperm provided the seed that
contained the preformed animal (Fig. 1) and that the female provided the soil to allow its growth. Therefore, Aristotle’s
reproduction theory was supported.

This preformation sperm theory was debated for the next 100 years. The work of the Reverent Lazzaro Spallanzani (1717, 1780)
lead to the description of the mobility of spermatozoa (the “small worms” as he wrote) and he also provided the first artificial
insemination using a dog (Inza, 1964). Although all of Spallanzani’s work supported the role of the sperm in reproduction, he
believed in ovism and the role of a preformed person in the egg. The very long standing controversy about the role of spermatozoa
in reproduction really ended with Prevost and Dumas in 1824 who rediscovered after Spallanzani the relationship between themale
gamete and reproductive abilities. The named “spermatozoa”was first coined by Van Baer soon after (1827), and it was van Kolliker
in 1841 who introduced the fact that spermatozoa derive from germ cells in the testis.

During the same period, it was WilliamHarvey (1578–1657), who discovered circulation of blood, but he also studied the ovary
anatomy making major observations on the histology of the ovary and anatomy of the female reproductive system. Observations
led Harvey to the proposal that ovulation and the ovary had a critical role in reproduction (Harvey, 1651). Harvey did not discover
the egg as during the same period Bishop Niels Stensen (1638–86) using fish ovaries to discover the egg and later using the mule,
horse and donkey described the role of the egg in reproduction (Volker, 1989). The debate that the female and egg played an active
role in reproduction was contested during the 1600s and 1700s period due in part to the predominant influence of the early
Aristotle concepts. The active role of the female in reproduction slowly became accepted, however, this provides an example of
how early scientific theories can develop into dogma and paradigms that can persist and sometimes impair the progression of
science.

Male Reproductive Tract Organ and Anatomy

Anatomy was one of the first biological fields to develop and was documented by artists and scientists from early Egyptian, Greek,
and Roman periods through the modern era. All those societies had documentation of testis and ovary which suggested their

Fig. 1 Homunculus involving preformed human/animal in the head of the sperm to then allow growth in the female From Hartsoeker, N. Principes
de Physique. Paris, 1696.
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understanding of the link with reproduction. Later artists such as Leonardo Di Vinci (1452–1519) created drawings of reproductive
systems and organs such as the male reproductive tract. This included an anatomical representation of coitum of a hemisected man
and women, and is best known for his analysis of fetal developmental anatomy (O’Malley, 2003). Many artists and scientists docu-
mented the anatomy of many reproductive organs, such as the work of Vesale in 1513, but one of the most influential and infor-
mative scientists was Regneri de Graaf in the 1600s (de Graaf, 1677). The most complete and insightful male and female
reproductive tract anatomy was provided by de Graaf and detailed the specific organs, connections and hypothetical functions.
An example of his detailed drawings of male reproductive tract anatomy is presented in Figs. 2 and 3. In addition to the testis,
rete testis and epididymis, seminal vesical, vas deferens and penis are presented in detail (de Graaf, 1677). The work of early
anatomists such as de Graaf set the ground work for our modern understanding of male reproduction. The development of the
microscope in the late 1600s allowed more detailed anatomy and histology to be performed of male reproductive tract tissues.
This analysis advanced the concepts of the “Cell Theory” which suggested tissues and organs had specific cells that allowed
them to function. One of the first tissues studied was the testis due to its importance for reproduction and having more
understanding than most tissues. Following the understanding sperm was produced within the seminiferous tubules, the first

Fig. 2 Testis and epididymis male reproductive tract anatomy drawing From de Graaf, R. Opera Omnia: Lugd. Batav. Ex Officina Hackiana, 1677.
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somatic cell identified at this level was the Sertoli cell. Enrico Sertoli was an Italian physician that used the early microscope to
describe the structure and histology of this critical cell type. Sertoli elaborated the crucial concept that Sertoli cells are the “nurse
cells” of germ cells (Anon, 1987). His early diagrams of these cells that now have his name are shown in Fig. 4 (Sertoli, 1865).
The various structures of the Sertoli cell and its role in the development of the seminiferous tubule are described from this 1865
observation (Sertoli, 1865). This is simply the first of many different observations by many scientists to describe specific cell types
in various male reproduction tract organs. Clearly the organ anatomy and cellular histology of the 1600s–1800s help establish the
initial building blocks for current reproduction research.

Early Sex Determination Theory

The origins of males versus females through the process of sex determination was also considered in early societies, but the first
documented theory or speculation was provided by Aristotle (Table 1). The concept was that environment promoted sex
determination and Aristotle suggested heat initiated male development and cold initiated female development (Fig. 4). Although
this does exist in some organisms such as turtles, this is now known not to be a factor in mammals and most organisms. This theory
has persisted even into the modern era. An example is in the 1980s when the prince of England was about to have a child the fact he
had been a helicopter pilot was determined by the popular press to indicate he would have a male child. Therefore, even today the
concept environment can impact sex determination persists from these early Aristotle concepts.

This environmental impact on sex determination persisted until the mid-1900s. The first modern theory of sex determination
was provided by Alfred Jost, University of Paris in the 1940s and 1950s (Jost, 1945, 1970). The development of genetics in the early
1900s led to the identification of sex chromosomes that then through experiments by Jost on early fetal sex determination led to his

Fig. 3 Seminal vesicle and male reproductive tract anatomy drawing From de Graaf, R. Opera Omnia: Lugd. Batav. Ex Officina Hackiana, 1677.
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theory for sex determination (Table 1). This involved the theory that genetic sex (sex chromosomes) promote gonadal sex (testis or
ovary) that then promotes phenotypic sex (male or female) (Jost, 1945, 1970), Fig. 5. This sex determination theory displaced the
early Aristotle concept of environmental sex determination, but surprisingly Aristotle’s theory was predominant for nearly 2000
years. Another example of how early historic concepts can impede the progression of science by development of strong dogma
or paradigms.

Early Endocrine Observations

The development of early anatomy and cell histology in the 1600s and 1700s established an understanding of the complexities of
male reproduction in a number of different species. The first major advance to the next level was made by Claude Bernard in the
1850s with the advent of the field of physiology. He is considered the father of the field through his insight and experiments that
different organ systems interact to influence their functions. He described the concept of cybernetic systems between organs and
tissues through the internal milieu as the basis of how the organism functions (De La, 1872). Although he did not focus on

Fig. 4 Aristotle sex determination theory. The relative preponderances of the four elements and their qualities in males and females. The greater
innate heat of the male allows for a greater degree of concoction of the nourishment and hence a more concentrated white semen is formed. From
Sertoli E. (1865). Dell’esistenza di particolari cellule ramificate nei canalicoli seminiferi del testicolo umano. Morgagni 7, 31–40.
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reproduction, the concepts and theory initiated the fields of physiology, endocrinology and cell biology. One of the systems he did
consider was the brain-gonadal interaction. Therefore, Bernard set the ground work for reproduction physiology and indirectly led
to the field of endocrinology.

With this in mind and the summary of the main milestones concerning the testis itself, the seminiferous tubules and
spermatozoa (see above) it is interesting to note that the first demonstration of the role of a “gland,” was provided by Berthold
in 1849 when he showed that while castration was followed by regression of the cockscomb, transplantation of the testes to the
castrated cocks restored its size. Very soon afterward Leydig (1850) provided the first microscopic description of the interstitial cells
of the testis which were named the Leydig cells and are now known to produce the hormones named androgens, and Insulin-like
factor 3 the latter being responsible for testicular descent in mammals.

The early 1900s involved a large number of physiology experiments to examine how organ systems influence each other and
identified substances that mediate those interactions. Some of the first hormones identified were shown to be produced by the
gonads and impact a wide variety of tissues (Table 1). This involved the identification of testosterone being produced by the testis
(McCullagh, 1948). In addition, one of the first protein hormones inhibin being produced by the testis and impacting the brain
hypothalamus (McCullagh, 1948). One of the prominent scientists involved was (McCullagh, 1948). This initiated in the following
decades an increasing number of endocrine focused experiments to help understand male reproduction. Another example is related
to the work of Alfred Jost, Fig. 6, who during his work on sex determination identified a testis determining factor that we now know
is a specific gene (SRY), as well as a hormone anti-Müllerian hormone (AMH) which is critical in both male and female fetal sex
determination and in the adult (Jost, 1945, 1970). Over the past 100 years the advances have been far more rapid than in previous
centuries.

Summary

The review of ancient and early history has revealed that early history concepts for science are often not completely accurate, but they
do have an important role in the progression of science. The advantage is that a theory is developed that can be tested through
experiment and during that process new observations can be made to progress science. The disadvantage is that the theory
developed can turn into dogma and a strong paradigm that becomes so ingrained that it can impede the progression of science.
In considering the history and concepts of male reproduction, there have been good examples of both. Although the insight and

Fig. 5 Jost sex determination theory. Role of genetic sex (sex chromosomes) in promoting gonadal sex (testis or ovary) that promote male or
female phenotypic sex characteristics (Jost, 1945).
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theories of Aristotle were surprising, the development of dogma around these concepts clearly impeded the progression of science in
subsequent centuries. We have displaced many of these concepts, but even today we have our paradigms. The future will need to
assess these paradigms and not resist the paradigm shifts required to advance science.

Considering the male reproduction historic concepts can assist in our understanding of the origins of current science and
theories. Perhaps the biggest value of this historic understanding is to put the current activities in perspective, which will only
help the advances of male reproductive sciences in the future.
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Fig. 6 Sex determination theory. From Jost, A. (1970). Hormonal factors in the sex differentiation of the mammalian foetus. Philosophical
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Spring	2024	–	Systems	Biology	of	Reproduction	
Lecture	Outline	–	Reproduction	Overview	and	Systems	Biology	
Michael	K.	Skinner	–	Biol	475/575	
CUE	418,	10:35-11:50	am,	Tuesdays	&	Thursdays	
January	9,	11,	16,	2024	
Weeks	1	and	2		

Reproductive	Biology	Overview	
Importance	of	Reproduction	 	 	 	 	 	 	

•		Define	animal	(mineral/vegetable/animal)	
	 	 •		Define	area	in	biology	

History	Reproduction/Thought	 	 	 	 	 	 	
• Testis/Ovary	 	 	 	 	 	 	 	
• Aristotle	 	 	 	 	 	 	 	 	
• Harvey	 	 	 	 	 	 	 	 	
• 1930’s	Steroids/Inhibin/Cycle	 	 	 	 	

Reproductive	Biology	Areas		 	 	 	 	 	
Reproduction	Problems/Questions		 	 	 	 	

• Contraception/Society	problems	
	

Required	Reading	
Ganong	W.,	Medical	Physiology,	(2012)	Chapter	23	
Skinner	MK,	Jegou	B	(2018)	Historic	Considerations	in	Male	Reproduction	in:	Encyclopedia	of	
Reproduction	2nd	Edition,	Ed:	MK	Skinner.	Elsevier.	Vol	1:	3-9.									
	

Reproduction	Background	References	
Encyclopedia	of	Reproduction,	Second	Edition	(2018)	Volumes	1-6,	Editor-in-Chief	Michael	K.	
Skinner.		
Open	Access	through	WSU	library:	
https://www.sciencedirect.com/referencework/9780128151457/encyclopedia-of-reproduction	
 

Systems	Biology	
• History	and	Definitions	
• Revolutionary	and	Evolutionary	Systems	Biology	
• Reductionism/	Genetic	Determination	
• Holism/	Emergentism/	Homeostasis	or	Robustness	
• Networks	and	Computational	Biology	
• Basic	Molecular	and	Cellular	Components	
• Omics	and	Technology		

	
Required	Reading	

Knepper,	et	al.,	(2014)	Systems	biology	versus	reductionism	in	cell	physiology.		Am	J	Physiol	Cell	
Physiol	307:C308-309	
	

Systems	Biology	Background	Book	References		
Eberhard	Voit	(2012)	A	First	Course	in	Systems	Biology,	Garland	Science	
Capra	and	Luisi	(2014)	The	Systems	View	of	Life,	Cambridge	University	Press.	

Spring	2024	–	Systems	Biology	of	Reproduction	
Discussion	Outline		(Systems	Biology)	
Michael	K.	Skinner	–	Biol	475/575	
Weeks	1	and	2	(January	18,	2024)	
	

Systems	Biology	

Primary	Papers	
	

1. Westerhoff	&	Palsson	(2004)	Nat	Biotech	22:1249-1252	
2. Joyner	(2011)	J	Appl	Physiol	111:335-342	
3. Stanoev,	et	al.	(2021)	Development	148:dev197608	
4. Zhang,	et	al.	(2023)	Human	Reproduction	Update	00(0),	1-17	

	
	

Discussion	
	
Student	1	-	 Ref	#1	above	
	 	 -How	does	this	support	evolutionary	systems	biology?	
	 	 -Give	an	example	that	supports	this	perspective.	
	

Ref	#2	above	
	 	 -What	is	the	problem	with	reductionism?	
	 	 -What	is	the	void?	
	 	 -What	is	the	solution?	
	
Student	2	-		 Ref	#3	above	 	
	 	 -What	is	robustness?	
	 	 -What	is	the	role	of	inhomogeneous	steady	state?	
	 	 -What	insights	in	the	systems	biology	of	cellular	differentiation	are	described?	

	
	
Student	3-		 Ref	#4	above	 	
	 	 -What	are	spatial	transcriptomes?	
	 	 -What	is	the	experimental	design?	
	 	 -What	reproductive	tissues	used	and	insights	obtained?	
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Spring	2018	–	Systems	Biology	of	Reproduction	
Lecture	Outline	–	Reproduction	Overview	and	Systems	Biology	
Michael	K.	Skinner	–	Biol	475/575	
CUE	418,	10:35-11:50	am,	Tuesdays	&	Thursdays	
January	9,	11,	16,	2018	
Weeks	1	and	2		

Reproductive	Biology	Overview	
Importance	of	Reproduction	 	 	 	 	 	 	

•		Define	animal	(mineral/vegetable/animal)	
	 	 •		Define	area	in	biology	

History	Reproduction/Thought	 	 	 	 	 	 	
• Testis/Ovary	 	 	 	 	 	 	 	
• Aristotle	 	 	 	 	 	 	 	 	
• Harvey	 	 	 	 	 	 	 	 	
• 1930’s	Steroids/Inhibin/Cycle	 	 	 	 	

Reproductive	Biology	Areas		 	 	 	 	 	
Reproduction	Problems/Questions		 	 	 	 	

• Contraception/Society	problems	
	

Required	Reading	
	

Ganong	W.,	Medical	Physiology,	(2012)	Chapter	23	
Skinner	MK,	Encyclopedia	of	Reproduction	(2018)	Volume	1,	Chapter	2	

	

Systems	Biology	
• History	and	Definitions	
• Revolutionary	and	Evolutionary	Systems	Biology	
• Reductionism/	Genetic	Determination	
• Holism/	Emergentism/	Homeostasis	or	Robustness	
• Networks	and	Computational	Biology	
• Basic	Molecular	and	Cellular	Components	
• Omics	and	Technology		

	
Required	Reading	

	
Knepper,	et	al.,	(2014)	Systems	biology	versus	reductionism	in	cell	physiology.		Am	J	
Physiol	Cell	Physiol	307:C308-309	
	
Antony,	et	al.,	(2012)	From	systems	biology	to	systems	biomedicine.	Curr	Opin	Biotechnol.	
23(4):604-8	
	

Background	Book	References		
	

REPRODUCTIVE BIOLOGY

- Define animal

- Central to any biological system

• Reproduction Propagation of Species

Required

- Survival Species

- Genetic Diversity

- Propagate Numbers

• Oldest medical discipline (obstetrics)/Scientific Area

• Many Species only Reproduce

• Theology- Atheism – Reprod Purpose Life

REPRODUCTIVE BIOLOGY

Historic	Considerations	Impacting	Male	Reproduction	

Reproductive	Topic	 Observation	 Period	

Castration	 Testis	first	organ	interest	 Prehistoric	/	neolitic	

	 Domestication	animals	 	

	 Eunuch	characteristics	 Assyrian	/	Egyptian	/	
Greek	societies	

	

Reproduction	Theory	 Theory	male	provide	seed	(testis	involved)	
active	role	and	female	provide	soil	passive	

role	(prevailing	theory	2000	years)	
	

Aristotle	(384	–	322	BC)	

Environmental	Sex	

Determination	

Theory	environmental	factors	such	as	heat	

(fire)	and	cold	(water)	promotes	sex	
determination	for	male	or	female	

	

Aristotle	(384	–	322	BC)	

Spermist	Theory	/	
Animalculism	

One	of	the	two	theory	of	preformationism	
for	which	sperm	head	contained	

preformed	offspring	(homunculus)	and	

female	provide	passive	environment	for	
development	

	

Nicolaas	Hartsoeker	
1600s	

Ovism	
	

The	other	theory	of	preformation	for	
which	the	embryo	is	preformed	in	the	

ovum	(egg)	while	the	sperm	only	provides	

an	aura	seminalis”,	that	is	a	vital	essence	
	

1600s-1700s	
	

Female	Ovary	&	Egg	

Role	Reproduction	

Egg	produced	in	ovary	and	has	active	role	

reproduction	with	sperm	
	

William	Harvey	and	

Bishop	Niels	Stenson	
1600s	

	
Male	Reproductive	

Tract	Organs	Anatomy	

Detailed	anatomy	of	male	reproductive	

tract	organs	and	specialized	roles	

	

Vesale	1543s	and	De	

Graaf	1600s	

Genetic	Sex	

Determination	Theory	

The	role	of	genetics	followed	by	gonadal	

followed	by	phenotypic	sex	in	mammals	

	

Alfred	Jost	

(1940s	&	1950s)	

Male	Reproduction	

Endocrine	Theory	

The	role	of	endocrine	hormones	in	male	

reproduction	integrating	the	testis,	brain	

and	other	reproductive	organs	

Berthold	1879	

Alfered	Jost		

(1940s	&	1950s)			
Mc	Cullagh	

(1930s	&	1940s)	
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HISTORY REPRODUCTION:

TESTIS

First organ interest (prehistoric periods)

Castration

•  Domestication of animals

•  Greek Mythology

•  Society (punishment, eunuch, biblical) – every known society

•  Assyrian Societies (noted)

Link to reproduction noted/importance?

OVARIES

•  Egyptians (3000 BC) hicroglyph    (womb)

Historic	Considerations	Impacting	Male	Reproduction	

Reproductive	Topic	 Observation	 Period	

Castration	 Testis	first	organ	interest	 Prehistoric	/	neolitic	

	 Domestication	animals	 	

	 Eunuch	characteristics	 Assyrian	/	Egyptian	/	
Greek	societies	

	

Reproduction	Theory	 Theory	male	provide	seed	(testis	involved)	
active	role	and	female	provide	soil	passive	

role	(prevailing	theory	2000	years)	
	

Aristotle	(384	–	322	BC)	

Environmental	Sex	

Determination	

Theory	environmental	factors	such	as	heat	

(fire)	and	cold	(water)	promotes	sex	
determination	for	male	or	female	

	

Aristotle	(384	–	322	BC)	

Spermist	Theory	/	
Animalculism	

One	of	the	two	theory	of	preformationism	
for	which	sperm	head	contained	

preformed	offspring	(homunculus)	and	

female	provide	passive	environment	for	
development	

	

Nicolaas	Hartsoeker	
1600s	

Ovism	
	

The	other	theory	of	preformation	for	
which	the	embryo	is	preformed	in	the	

ovum	(egg)	while	the	sperm	only	provides	

an	aura	seminalis”,	that	is	a	vital	essence	
	

1600s-1700s	
	

Female	Ovary	&	Egg	

Role	Reproduction	

Egg	produced	in	ovary	and	has	active	role	

reproduction	with	sperm	
	

William	Harvey	and	

Bishop	Niels	Stenson	
1600s	

	
Male	Reproductive	

Tract	Organs	Anatomy	

Detailed	anatomy	of	male	reproductive	

tract	organs	and	specialized	roles	

	

Vesale	1543s	and	De	

Graaf	1600s	

Genetic	Sex	

Determination	Theory	

The	role	of	genetics	followed	by	gonadal	

followed	by	phenotypic	sex	in	mammals	

	

Alfred	Jost	

(1940s	&	1950s)	

Male	Reproduction	

Endocrine	Theory	

The	role	of	endocrine	hormones	in	male	

reproduction	integrating	the	testis,	brain	

and	other	reproductive	organs	

Berthold	1879	

Alfered	Jost		

(1940s	&	1950s)			
Mc	Cullagh	

(1930s	&	1940s)	
 

ARISTOTLE – (384 – 322 BC)

Castration (testis/ovary)  →  no reproduction

(first recorded ovorectomy procedure)

Reproductive Theory

•  Man provide seed (testis involved) active

•  Woman provided soil to allow growth (ovary involved)

passive

(Man propagate active) 2000 years prevailing theory

passive

Sex Determination Theory (Aristotle, 400 BC)
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Historic	Considerations	Impacting	Male	Reproduction	

Reproductive	Topic	 Observation	 Period	

Castration	 Testis	first	organ	interest	 Prehistoric	/	neolitic	

	 Domestication	animals	 	

	 Eunuch	characteristics	 Assyrian	/	Egyptian	/	
Greek	societies	

	

Reproduction	Theory	 Theory	male	provide	seed	(testis	involved)	
active	role	and	female	provide	soil	passive	

role	(prevailing	theory	2000	years)	
	

Aristotle	(384	–	322	BC)	

Environmental	Sex	

Determination	

Theory	environmental	factors	such	as	heat	

(fire)	and	cold	(water)	promotes	sex	
determination	for	male	or	female	

	

Aristotle	(384	–	322	BC)	

Spermist	Theory	/	
Animalculism	

One	of	the	two	theory	of	preformationism	
for	which	sperm	head	contained	

preformed	offspring	(homunculus)	and	

female	provide	passive	environment	for	
development	

	

Nicolaas	Hartsoeker	
1600s	

Ovism	
	

The	other	theory	of	preformation	for	
which	the	embryo	is	preformed	in	the	

ovum	(egg)	while	the	sperm	only	provides	

an	aura	seminalis”,	that	is	a	vital	essence	
	

1600s-1700s	
	

Female	Ovary	&	Egg	

Role	Reproduction	

Egg	produced	in	ovary	and	has	active	role	

reproduction	with	sperm	
	

William	Harvey	and	

Bishop	Niels	Stenson	
1600s	

	
Male	Reproductive	

Tract	Organs	Anatomy	

Detailed	anatomy	of	male	reproductive	

tract	organs	and	specialized	roles	

	

Vesale	1543s	and	De	

Graaf	1600s	

Genetic	Sex	

Determination	Theory	

The	role	of	genetics	followed	by	gonadal	

followed	by	phenotypic	sex	in	mammals	

	

Alfred	Jost	

(1940s	&	1950s)	

Male	Reproduction	

Endocrine	Theory	

The	role	of	endocrine	hormones	in	male	

reproduction	integrating	the	testis,	brain	

and	other	reproductive	organs	

Berthold	1879	

Alfered	Jost		

(1940s	&	1950s)			
Mc	Cullagh	

(1930s	&	1940s)	
 

 
Harvey Introduced –  
LEEWENHOCK (1678) with crude microscope, 1696 Hartsoeker see in 
sperm (animal) 
 Sperm origin 
  •  Aristotle ® Brain ® Testis 
  •  Testis process from blood 
  •  With microscope ® testis origin 
 
 
Spallanzani (1780) 

 •  Spermatozoa are fertilizing agent and successfully artificially 
inseminated a dog 

 
 

Homunculus (Hartsoeker 1696)

Historic	Considerations	Impacting	Male	Reproduction	

Reproductive	Topic	 Observation	 Period	

Castration	 Testis	first	organ	interest	 Prehistoric	/	neolitic	

	 Domestication	animals	 	

	 Eunuch	characteristics	 Assyrian	/	Egyptian	/	
Greek	societies	

	

Reproduction	Theory	 Theory	male	provide	seed	(testis	involved)	
active	role	and	female	provide	soil	passive	

role	(prevailing	theory	2000	years)	
	

Aristotle	(384	–	322	BC)	

Environmental	Sex	

Determination	

Theory	environmental	factors	such	as	heat	

(fire)	and	cold	(water)	promotes	sex	
determination	for	male	or	female	

	

Aristotle	(384	–	322	BC)	

Spermist	Theory	/	
Animalculism	

One	of	the	two	theory	of	preformationism	
for	which	sperm	head	contained	

preformed	offspring	(homunculus)	and	

female	provide	passive	environment	for	
development	

	

Nicolaas	Hartsoeker	
1600s	

Ovism	
	

The	other	theory	of	preformation	for	
which	the	embryo	is	preformed	in	the	

ovum	(egg)	while	the	sperm	only	provides	

an	aura	seminalis”,	that	is	a	vital	essence	
	

1600s-1700s	
	

Female	Ovary	&	Egg	

Role	Reproduction	

Egg	produced	in	ovary	and	has	active	role	

reproduction	with	sperm	
	

William	Harvey	and	

Bishop	Niels	Stenson	
1600s	

	
Male	Reproductive	

Tract	Organs	Anatomy	

Detailed	anatomy	of	male	reproductive	

tract	organs	and	specialized	roles	

	

Vesale	1543s	and	De	

Graaf	1600s	

Genetic	Sex	

Determination	Theory	

The	role	of	genetics	followed	by	gonadal	

followed	by	phenotypic	sex	in	mammals	

	

Alfred	Jost	

(1940s	&	1950s)	

Male	Reproduction	

Endocrine	Theory	

The	role	of	endocrine	hormones	in	male	

reproduction	integrating	the	testis,	brain	

and	other	reproductive	organs	

Berthold	1879	

Alfered	Jost		

(1940s	&	1950s)			
Mc	Cullagh	

(1930s	&	1940s)	
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WILLIAM HARVEY (1578 – 1657)

•  Discovered circulation blood

•  Observed follicle development in ovary

•  Theory ovary play important role in reproduction so woman active

role not just soil – (major debate of time).  Counter Aristotle idea

•  Did not discover egg

During same time as Harvey –

BISHOP NIELS STENSEN – (1638 – 1686)

•  First examined fish ovaries → egg

• Later examine mule/horse/donkey due to lack eggs in donkey –

no reproduction so proposed egg import reproduction

Historic	Considerations	Impacting	Male	Reproduction	

Reproductive	Topic	 Observation	 Period	

Castration	 Testis	first	organ	interest	 Prehistoric	/	neolitic	

	 Domestication	animals	 	

	 Eunuch	characteristics	 Assyrian	/	Egyptian	/	
Greek	societies	

	

Reproduction	Theory	 Theory	male	provide	seed	(testis	involved)	
active	role	and	female	provide	soil	passive	

role	(prevailing	theory	2000	years)	
	

Aristotle	(384	–	322	BC)	

Environmental	Sex	

Determination	

Theory	environmental	factors	such	as	heat	

(fire)	and	cold	(water)	promotes	sex	
determination	for	male	or	female	

	

Aristotle	(384	–	322	BC)	

Spermist	Theory	/	
Animalculism	

One	of	the	two	theory	of	preformationism	
for	which	sperm	head	contained	

preformed	offspring	(homunculus)	and	

female	provide	passive	environment	for	
development	

	

Nicolaas	Hartsoeker	
1600s	

Ovism	
	

The	other	theory	of	preformation	for	
which	the	embryo	is	preformed	in	the	

ovum	(egg)	while	the	sperm	only	provides	

an	aura	seminalis”,	that	is	a	vital	essence	
	

1600s-1700s	
	

Female	Ovary	&	Egg	

Role	Reproduction	

Egg	produced	in	ovary	and	has	active	role	

reproduction	with	sperm	
	

William	Harvey	and	

Bishop	Niels	Stenson	
1600s	

	
Male	Reproductive	

Tract	Organs	Anatomy	

Detailed	anatomy	of	male	reproductive	

tract	organs	and	specialized	roles	

	

Vesale	1543s	and	De	

Graaf	1600s	

Genetic	Sex	

Determination	Theory	

The	role	of	genetics	followed	by	gonadal	

followed	by	phenotypic	sex	in	mammals	

	

Alfred	Jost	

(1940s	&	1950s)	

Male	Reproduction	

Endocrine	Theory	

The	role	of	endocrine	hormones	in	male	

reproduction	integrating	the	testis,	brain	

and	other	reproductive	organs	

Berthold	1879	

Alfered	Jost		

(1940s	&	1950s)			
Mc	Cullagh	

(1930s	&	1940s)	
 

DI VINCHI (1452 – 1519 AD)

•  Example anatomist

•  Drawings – ovary recorded

(Anatomy prevalent science)
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Testis and Epididymis Anatomy (De Graaf, 1677)

Seminal Vesicle Anatomy (De Graaf, 1677) Sertoli Cell Structure (E. Sertoli, 1865)
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Historic	Considerations	Impacting	Male	Reproduction	

Reproductive	Topic	 Observation	 Period	

Castration	 Testis	first	organ	interest	 Prehistoric	/	neolitic	

	 Domestication	animals	 	

	 Eunuch	characteristics	 Assyrian	/	Egyptian	/	
Greek	societies	

	

Reproduction	Theory	 Theory	male	provide	seed	(testis	involved)	
active	role	and	female	provide	soil	passive	

role	(prevailing	theory	2000	years)	
	

Aristotle	(384	–	322	BC)	

Environmental	Sex	

Determination	

Theory	environmental	factors	such	as	heat	

(fire)	and	cold	(water)	promotes	sex	
determination	for	male	or	female	

	

Aristotle	(384	–	322	BC)	

Spermist	Theory	/	
Animalculism	

One	of	the	two	theory	of	preformationism	
for	which	sperm	head	contained	

preformed	offspring	(homunculus)	and	

female	provide	passive	environment	for	
development	

	

Nicolaas	Hartsoeker	
1600s	

Ovism	
	

The	other	theory	of	preformation	for	
which	the	embryo	is	preformed	in	the	

ovum	(egg)	while	the	sperm	only	provides	

an	aura	seminalis”,	that	is	a	vital	essence	
	

1600s-1700s	
	

Female	Ovary	&	Egg	

Role	Reproduction	

Egg	produced	in	ovary	and	has	active	role	

reproduction	with	sperm	
	

William	Harvey	and	

Bishop	Niels	Stenson	
1600s	

	
Male	Reproductive	

Tract	Organs	Anatomy	

Detailed	anatomy	of	male	reproductive	

tract	organs	and	specialized	roles	

	

Vesale	1543s	and	De	

Graaf	1600s	

Genetic	Sex	

Determination	Theory	

The	role	of	genetics	followed	by	gonadal	

followed	by	phenotypic	sex	in	mammals	

	

Alfred	Jost	

(1940s	&	1950s)	

Male	Reproduction	

Endocrine	Theory	

The	role	of	endocrine	hormones	in	male	

reproduction	integrating	the	testis,	brain	

and	other	reproductive	organs	

Berthold	1879	

Alfered	Jost		

(1940s	&	1950s)			
Mc	Cullagh	

(1930s	&	1940s)	
 

Dumas (1825)

•  Proved sperm were the fertility agent

1930’s

•  Steriods discovered - Estrogen/Androgen

•  Pituitary/Gonadal axis

• Inhibin discovered

Sex Determination Theory (Jost, 1940s)
GENERAL AREAS OF REPRODUCTIVE BIOLOGY

Behavior (fetal, adolescence, puberty, aged)

Sex

Sex determination

Physiology

Anatomy (sexes)

Cell biology

Gametogenesis Genetics

Molecular biology

Reproductive Physiology

Anatomy

Neuroendocrine

Endocrinology

Sex hormones (steroid etc.)
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Cell Biology

Fertilization Molecular Biology/Pharmacology

Implantation

Cell Biuology 

Embryogenesis

Genetics

Developmental

Molecular/Cellular

Cell Biology

Anatomy

Endocrine Regulation

Pregnancy/Fetal Development

Birth/Lactation

GENERAL BIOLOGICAL PROBLEMS/QUESTIONS WHICH CAN UTILIZE 
REPRODUCTIVE BIOLOGY

- Fertility/Contraception

- Disease
     o Reproductive Medicine

  o Immunology

  - Cancer
  o Breast Cancer
  o Prostate Cancer

- Cell Biology
 o Growth Regulation
 o Cellular Communication
 o Cell Differentiation and Development

  - Molecular Biology
 o Gene Structure
 o Transcriptional Regulation

GENERAL WORLD PROBLEMS WHICH CAN BENEFIT FROM 
REPRDOCUTIVE BIOLOGY RESEARCH

•  Sociological & Economic Problems in Underdeveloped 
Countries

•  World Famine

•  Green House Effect

•  Conservation Biology
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Spring	2018	–	Systems	Biology	of	Reproduction	
Lecture	Outline	–	Reproduction	Overview	and	Systems	Biology	
Michael	K.	Skinner	–	Biol	475/575	
CUE	418,	10:35-11:50	am,	Tuesdays	&	Thursdays	
January	9,	11,	16,	2018	
Weeks	1	and	2		

Reproductive	Biology	Overview	
Importance	of	Reproduction	 	 	 	 	 	 	

•		Define	animal	(mineral/vegetable/animal)	
	 	 •		Define	area	in	biology	

History	Reproduction/Thought	 	 	 	 	 	 	
• Testis/Ovary	 	 	 	 	 	 	 	
• Aristotle	 	 	 	 	 	 	 	 	
• Harvey	 	 	 	 	 	 	 	 	
• 1930’s	Steroids/Inhibin/Cycle	 	 	 	 	

Reproductive	Biology	Areas		 	 	 	 	 	
Reproduction	Problems/Questions		 	 	 	 	

• Contraception/Society	problems	
	

Required	Reading	
	

Ganong	W.,	Medical	Physiology,	(2012)	Chapter	23	
Skinner	MK,	Encyclopedia	of	Reproduction	(2018)	Volume	1,	Chapter	2	

	

Systems	Biology	
• History	and	Definitions	
• Revolutionary	and	Evolutionary	Systems	Biology	
• Reductionism/	Genetic	Determination	
• Holism/	Emergentism/	Homeostasis	or	Robustness	
• Networks	and	Computational	Biology	
• Basic	Molecular	and	Cellular	Components	
• Omics	and	Technology		

	
Required	Reading	

	
Knepper,	et	al.,	(2014)	Systems	biology	versus	reductionism	in	cell	physiology.		Am	J	
Physiol	Cell	Physiol	307:C308-309	
	
Antony,	et	al.,	(2012)	From	systems	biology	to	systems	biomedicine.	Curr	Opin	Biotechnol.	
23(4):604-8	
	

Background	Book	References		
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Systems Biology

Definition
History
Theory
Paradigm Shift
Parameters

Systems biology is a comprehensive quantitative analysis of the manner in 
which all the components of a biological system interact functionally over 
time. Such an analysis is executed by an interdisciplinary team of 
investigators that is also capable of developing required technologies and 
computational tools. In this model, biology dictates what new technology 
and computational tools should be developed, and, once developed, these 
tools open new frontiers in biology for exploration. Thus, biology drives 
technology and computation, and, in turn, technology and computation 
revolutionize biology.

“systems biology is the study of an organism, viewed
as an integrated and interacting network of genes, proteins
and biochemical reactions which give rise to life” (Hood
2005).

Systems Biology Theory

Evolutionary Systems Biology-  Extension of classical biology paradigm with new 
        technology

Revolutionary Systems Biology-  New paradigm shift in biology with altered 
perspective           on causal relationships and 
systems
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Evolutionary Systems Biology History

Systems biology extension current paradigm and history of biology with new technology

300BC Aristotle, System has 4 properties or causes: Material, Formal, Efficient,Teleological
200AD Galen (Roman Physician), Teleological important role in organism function
1500s Fernel, Systematic approach Anatomy
1600s Harvey, Physiology, Cell Biology, Circulation
1700s Newton, Physics leads to mechanistic determinism to explain systems
  La Mettrie, Define Biological Machine (eg Clock)
1800s Bernard, Father physiology and integration biological systems (milieu interieur)
1900s Cannon, Biological equalibrium and homeostatsis
  -Discovery DNA/Structure/Genes (Molecular Biology)
  -Computational Biology (non-equalibrium thermodynamics and kinetics metabolism)
2000s  -Genome Sequence
  -Omics Technology

Evolutionary System Biology Definitions

Extension of traditional biological paradigm

Marc Kirchner 2005

“Systems biology is the study of the behavior of complex biological organization and 
processes in terms of the molecular constituents”

Westerhoff and Alberghina 2005

Systems biology is “nothing but good old physiology” or that is “molecular biology claiming 
additional money”

Sorger 2005

“System biology aim is to build numerical models of biological processes and test the 
models experimentally”

Revolutionary Systems Biology History

Jan Smuts (1870-1950), South Africa, Defined-Holism  (Tendency in nature to form wholes 
that are greater than the sum of the parts through creative evolution)

Alfred Whitehead (1861-1947), USA, Defined- Organisms  (Philosophy of organism to 
explain the complexity of natural processes- including biological organisms)

Ludwig von Bertalanffy (1901-1972), Austria,  Defined- Disequalibrium  (Biological 
organisms are open systems, which respond to changes in environment, such that dis 
equalibrium is state of living organism and equalibrium is death)

Norbert Wiener (1894-1964), USA,  Defined- Cybernetics  (Application mathematics to 
explain biological mechanisms)

Joseph Woodger (1894-1981), UK,  Defined-  Bauplan  (Bauplan as the essential structural 
plan or morphology of an organism body plan, eg vertebrates)

Conrad Waddington (1905-1975), Scotland,  Defined-  Epigenetics  (Discuss later)
Walter Elsasser (1904-1991), Hungarian, Defined-  Biotonic  (Laws not reducible to physical 

or chemical laws)

1980s  Theoretical Biology Holism (Elsasser and Laszlo) (Butterfly Effect)
  Chaos Theory (Mathematical approach complex systems)
1990s  High throughput sequencing and expansion epigenetic area
2000s  Sequence genome and transcriptome (Omics technologies)
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Definitions for Systems Biology
Leroy Hood (2005)
“The inter-relationships of all the elements in a system rather than studying them one at a 

time”
Methodological Approach-
1) Develop simple descriptive, graphical, or mathematical model of how system functions
2) Identify and define the various components of the system and their state (eg omics)
3) Disturb the system with external perturbation and document changes in the components
4) Integration of the two data sets from step 3 and comparison to model in step 1
5) Adjust model until harmony or conjunction exists between data and model

Hiroaki Kitano (2002)
Four factors for comprehensive systems biology definition
1) System Structure, organization of components (macromolecules, genes, cells, tissues etc
2) System Dynamics, interactions between or relationships of the various hierarchical levels 

over time
3) Systems Control Method, regulatory mechanisms involved in the maintenance of the 

organizational hierarchy
4) Systems Design Method, hierarchical organization with specific properties and manipulate

Reductionism
The view that the ultimate scientific understanding of a range of phenomena is to be 

gained exclusively from looking at the constituents of these phenomena and their 
properties

Ontological Reductionism

 That complex phenomena are reducible to or determinable by simpler entities and 
forces that compose them  (eg genetic determinism) and (bottom-up or upward 
causation)

Methodological Reductionism

 Reducing wholes to parts and explaining the higher levels in terms of lower ones as the 
ultimate direction for all scientific research  (eg physics)

Epistemological Reductionism

 Reduction of scientific knowledge, whether in terms of theories, laws, or explanations, 
from a higher level of organization to that of a lower or more basic one
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The fall and rise of pharmacology--(re-)defining the discipline?
Winquist RJ, Mullane K, Williams M.
Biochem Pharmacol. 2014 Jan 1;87(1):4-24. 

Abstract

Pharmacology is an integrative discipline that originated from activities, now nearly 7000 years old, 
to identify therapeutics from natural product sources. Research in the 19th Century that focused on 
the Law of Mass Action (LMA) demonstrated that compound effects were dose-/concentration-
dependent eventually leading to the receptor concept, now a century old, that remains the key to 
understanding disease causality and drug action. As pharmacology evolved in the 20th Century 
through successive biochemical, molecular and genomic eras, the precision in understanding 
receptor function at the molecular level increased and while providing important insights, led to an 
overtly reductionistic emphasis. This resulted in the generation of data lacking physiological context 
that ignored the LMA and was not integrated at the tissue/whole organism level. 

 However, 
concerns regarding the disconnect between basic research efforts and the approval of new drugs to 
treat 21st Century disease tsunamis, e.g., neurodegeneration, metabolic syndrome, etc. has led to 
the reemergence of pharmacology, its rise, often in the semantic guise of systems biology. Against 
a background of limited training in pharmacology, this has resulted in issues in experimental 
replication with a bioinformatics emphasis that often has a limited relationship to reality. The 
integration of newer technologies within a pharmacological context where research is driven by 
testable hypotheses rather than technology, together with renewed efforts in teaching 
pharmacology, is anticipated to improve the focus and relevance of biomedical research and lead to 
novel therapeutics that will contain health care costs. 

Neuropharmacology beyond reductionism - A likely prospect.
Margineanu DG.
Biosystems. 2016 Mar;141:1-9.

Abstract

Neuropharmacology had several major past successes, but the last few decades did not witness 
any leap forward in the drug treatment of brain disorders. Moreover, current drugs used in 
neurology and psychiatry alleviate the symptoms, while hardly curing any cause of disease, 
basically because the etiology of most neuro-psychic syndromes is but poorly known. This review 
argues that this largely derives from the unbalanced prevalence in neuroscience of the analytic 
reductionist approach, focused on the cellular and molecular level, while the understanding of 
integrated brain activities remains flimsier. The decline of drug discovery output in the last decades, 
quite obvious in neuropharmacology, coincided with the advent of the single target-focused search 
of potent ligands selective for a well-defined protein, deemed critical in a given pathology. However, 
all the widespread neuro-psychic troubles are multi-mechanistic and polygenic, their complex 
etiology making unsuited the single-target drug discovery. An evolving approach, based on systems 
biology considers that a disease expresses a disturbance of the network of interactions underlying 
organismic functions, rather than alteration of single molecular components. Accordingly, systems 
pharmacology seeks to restore a disturbed network via multi-targeted drugs. This review notices 
that neuropharmacology in fact relies on drugs which are multi-target, this feature having occurred 
just because those drugs were selected by phenotypic screening in vivo, or emerged from 
serendipitous clinical observations. The novel systems pharmacology aims, however, to devise ab 
initio multi-target drugs that will appropriately act on multiple molecular entities. Though this is a 
task much more complex than the single-target strategy, major informatics resources and 
computational tools for the systemic approach of drug discovery are already set forth and their 
rapid progress forecasts promising outcomes for neuropharmacology. 

Holism  (Revolutionary Systems Biology)

The living world consists in a reality that can be understood only in its global and 
inseparable unity.  The whole is fundamental, not any one level.  The whole is greater 
than the sum of its parts or of its levels.

Ontological Holism
 Putting together the parts will not produce the wholes (such as living systems) or 

account for their properties and behaviors.  Downward causation claims that higher 
order entities determine causally the properties or behavior of lower-level entities.

Methodological Holism
 That life can only be understood by studying it as a whole.  The world is disordered and 

it recognized that each hierarchical level requires its own research strategy not 
reducible  to the methodological strategy below it.

Epistemological Holism
 Complex wholes are considered not to be understandable from the mere knowledge of 

the behavior of the parts in isolation; only properties of the system as a whole may 
offer understanding.

The new holism: P4 systems medicine and the medicalization of health 
and life itself.
Vogt H, Hofmann B, Getz L.
Med Health Care Philos. 2016 Jun;19(2):307-23. 

Abstract

The emerging concept of systems medicine (or 'P4 medicine'-predictive, preventive, personalized 
and participatory) is at the vanguard of the post-genomic movement towards 'precision medicine'. It 
is the medical application of systems biology, the biological study of wholes. Of particular interest, 
P4 systems medicine is currently promised as a revolutionary new biomedical approach that is 
holistic rather than reductionist. This article analyzes its concept of holism, both with regard to 
methods and conceptualization of health and disease. Rather than representing a medical holism 
associated with basic humanistic ideas, we find a technoscientific holism resulting from altered 
technological and theoretical circumstances in biology. We argue that this holism, which is aimed at 
disease prevention and health optimization, points towards an expanded form of medicalization, 
which we call 'holistic medicalization': Each person's whole life process is defined in biomedical, 
technoscientific terms as quantifiable and controllable and underlain a regime of medical control 
that is holistic in that it is all-encompassing. It is directed at all levels of functioning, from the 
molecular to the social, continual throughout life and aimed at managing the whole continuum from 
cure of disease to optimization of health. We argue that this medicalization is a very concrete 
materialization of a broader trend in medicine and society, which we call 'the medicalization of 
health and life itself'. We explicate this holistic medicalization, discuss potential harms and conclude 
by calling for preventive measures aimed at avoiding eventual harmful effects of overmedicalization 
in systems medicine (quaternary prevention). 
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Resolving structure and function of metaorganisms through a holistic framework combining reductionist and integrative 
approaches.
Jaspers C, Fraune S, Arnold AE, Miller DJ, Bosch TCG, Voolstra CR; Consortium of Australian Academy of Science Boden Research 
Conference Participants.
Zoology (2019) 133:81-87.

Genetic Determinism

The view that genes (genotype) cause traits (phenotype)

 Genetic determinism also referred to as- Geneticism, Genetic Essentialism and 
Genetic Fatalism

Strong Genetic Determinism- genotype “always” dictates phenotype

Weak Genetic Determinism- genotype “sometimes” dictates phenotype, also 
potentials or predispositions

Classical Genetics (Mendel)  to  Molecular Genetics (DNA)  to  Molecular Biology

Two applications of network-
based analyses of GWAS. (a) 
GWAS analysis computes the 
association between a SNP 
and case/control, reporting a 
P-value for each SNP. (b) 
Casual gene identification is 
the problem of identifying a 
single causal gene (circled in 
red) for the phenotype from a 
larger locus of candidate 
genes that is significantly 
associated with the 
phenotype. (c) Causal 
network identification is the 
problem of finding a group of 
interacting genes (e.g. a 
signaling pathway or protein 
complex) containing SNPs 
that distinguish cases and 
controls.
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Dissecting mammalian reproduction with spatial transcriptomics
Zhang X, Cao Q, Rajachandran S, Grow EJ, Evans M, Chen H. 
Hum Reprod Update. 2023 Jun 23:dmad017. doi: 10.1093/humupd/dmad017. Online ahead of print.

After geneticization.
Arribas-Ayllon M.
Soc Sci Med. 2016 Jun;159:132-9. 

Abstract

The concept of geneticization belongs to a style of thinking within the social sciences that refers to 
wide-ranging processes and consequences of genetic knowledge. Lippman's original use of the 
term was political, anticipating the onerous consequences of genetic reductionism and determinism, 
while more recent engagements emphasise the productivity and heterogeneity of genetic concepts, 
practices and technologies. This paper reconstructs the geneticization concept, tracing it back to 
early political critiques of medicine. The argument is made that geneticization belongs to a style of 
constructionist thinking that obscures and exaggerates the essentializing effects of genetic 
knowledge. Following Hacking's advice, we need a more literal sense of construction in terms of 
'assembly' to give a clearer account of the relationship between processes and products. Using the 
'assemblage' concept to explore the social ontology of genetics, the paper reviews three areas of 
the empirical literature on geneticization - disease classification, clinical practice and biosociality - to 
show that a new style of thinking has appeared within the social sciences. In the final assessment, 
the conditions that gave rise to geneticization are now obsolete. While it may serve as a useful 
ritual of debate, conceptually geneticization offers a limited account of the heterogeneity of socio-
technical change. 

Epigenetics

Waddington (1940s) coined term to describe environment-gene interactions that 
promote phenotype.

Non-genetic factors in the control of developmental processes and phenotype (? anti-
genetic determinism)

Art Riggs (1996), defined as “mitotically and/or meiotically heritable changes in gene 
function that cannot be explained by changes in DNA sequence”

Epigenetics represents for many systems biologists a promise for control of biological 
phenomena unfulfilled by genetic determinism (Silverman 2004)
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Epigenetics

Molecular factors/processes around the 
DNA that regulate genome activity, 
independent of DNA sequence, and are 
mitotically stable 

Epigenetic Mechanisms of 
Gene Regulation

-DNA Methylation
-Histone Modification
-Chromatin Structure
-DNA Organization into 
  Domains (eg Loops)
-Nuclear Compartmentalization 
  (eg nuclear matrix)
-Noncoding functional RNAs
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Mechanism and Emergence

Mechanism-

Glennan 2002- “is a complex system that produces that behavior by the interaction of 
a number of parts, where the interactions between parts can be characterized by 
direct, invariant, change relating generalizations”

Machamer, Darden, Craver 2000- “are intities and activities organized such that they 
are productive of regular changes from start or set-up to finish or termination 
conditions”  (A to B to C)

Mechanisms are especially open to investigation particularly through experimentation

Emergence. Complex systems display properties, often called “emergent 
properties,” that are not demonstrated by their individual parts and cannot 
be predicted even with full understanding of the parts alone. For example, 
understanding the properties of hydrogen and oxygen does not allow us to 
predict the properties of water. Life is an example of an emergent property. 
It is not inherent in DNA, RNA, proteins, carbohydrates, or lipids but is a 
consequence of their actions and interactions. A comprehensive 
understanding of such emergent properties requires systems-level 
perspectives and cannot be gleaned from simple reductionist approaches.

“What is the difference between a live cat and a dead
one? One scientific answer is systems biology. A live cat
is the emergent behavior of the system incorporating those
parts.”
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Emergence of biological organization through thermodynamic inversion.
Kompanichenko V.
Front Biosci (Elite Ed). 2014 Jan 1;6:208-24. Homeostasis vs Robustness 

Homeostasis-

Claude Bernard (1800s)- “internal milieu’s constancy”

Cannon (1939)- “steady states in the body…..a condition that may vary, but is 
relatively constant”

Miglani (2006)- “a mechanism for promoting the stability of phenotypic expression of 
a genotype when grown over a wide range of environments”

Illustration of environmental influences and the effect of perturbations on inner dynamics. In (A), two environments 
are shown (rich and minimal media). Plots adapted from (Freilich et al., 2010). In (B), a current state of an internal 
control can be modified by small or large perturbations (thick black arrows) pushing the agent–internal dynamics 
within the current boundary of attraction or far from it. NN, neural network. See main text for further details. 

Robustness. Biological systems maintain phenotypic stability in the face of 
diverse perturbations imposed by the environment, stochastic events, and 
genetic variation. Robustness often arises through positive and negative 
feedback loops and other forms of control that constrain a gene’s output. 
This feedback insulates the system from fluctuations imposed on it by the 
environment. Positive feedback, in general, enhances sensitivity, whereas 
negative feedback can dampen noise and reject perturbations. Robustness 
is an inherent property of all biological systems and is strongly favored by 
evolution.
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Robustness as an organizational principle

Robustness enables the system to maintain its functionalities 
against external and internal perturbations. This property has 
been widely observed across many species, from the level of 
gene transcription to the level of systemic homeostasis.
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Modularity. A further characteristic of complex systems is their 
modularity. Multiple useful definitions of a module exist. To an engineer, 
a module is a functional unit, a collection of parts that interact together 
to perform a distinct function. Such a module would have distinct inputs, 
things it is sensitive to, and outputs, things it controls. To a biologist, a 
module in a network is a set of nodes that have strong interactions and a 
common function. Modularity can contribute to both robustness of the 
entire system, by confining damage to separable parts, and to evolution, 
by simply rewiring modules. Furthermore, modularity decreases the risk 
of failure of the system by preventing the spread of damage in one part of 
the network throughout the entire network.
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Top-down models in biology: explanation and control of complex living systems 
above the molecular level.
Pezzulo G, Levin M.
J R Soc Interface. 2016 Nov;13(124). 

Spring	2018	–	Systems	Biology	of	Reproduction	
Lecture	Outline	–	Reproduction	Overview	and	Systems	Biology	
Michael	K.	Skinner	–	Biol	475/575	
CUE	418,	10:35-11:50	am,	Tuesdays	&	Thursdays	
January	9,	11,	16,	2018	
Weeks	1	and	2		

Reproductive	Biology	Overview	
Importance	of	Reproduction	 	 	 	 	 	 	

•		Define	animal	(mineral/vegetable/animal)	
	 	 •		Define	area	in	biology	

History	Reproduction/Thought	 	 	 	 	 	 	
• Testis/Ovary	 	 	 	 	 	 	 	
• Aristotle	 	 	 	 	 	 	 	 	
• Harvey	 	 	 	 	 	 	 	 	
• 1930’s	Steroids/Inhibin/Cycle	 	 	 	 	

Reproductive	Biology	Areas		 	 	 	 	 	
Reproduction	Problems/Questions		 	 	 	 	

• Contraception/Society	problems	
	

Required	Reading	
	

Ganong	W.,	Medical	Physiology,	(2012)	Chapter	23	
Skinner	MK,	Encyclopedia	of	Reproduction	(2018)	Volume	1,	Chapter	2	

	

Systems	Biology	
• History	and	Definitions	
• Revolutionary	and	Evolutionary	Systems	Biology	
• Reductionism/	Genetic	Determination	
• Holism/	Emergentism/	Homeostasis	or	Robustness	
• Networks	and	Computational	Biology	
• Basic	Molecular	and	Cellular	Components	
• Omics	and	Technology		

	
Required	Reading	

	
Knepper,	et	al.,	(2014)	Systems	biology	versus	reductionism	in	cell	physiology.		Am	J	
Physiol	Cell	Physiol	307:C308-309	
	
Antony,	et	al.,	(2012)	From	systems	biology	to	systems	biomedicine.	Curr	Opin	Biotechnol.	
23(4):604-8	
	

Background	Book	References		
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Computational Biology

• Mathematical modeling
• Data set analysis to develop models

Computational Models

• Model Scope  (mathematical elements)

• Model Statement  (equations)

• System State  (dynamic, snapshot)

• Variables, Parameters and Constants

• Model Behavior (environmental and internal processes)

• Model Assignment (biology described mathematical)

• Data Integration  (omics data)
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Synthetic biology and regulatory networks: where metabolic systems 
biology meets control engineering.
He F, Murabito E, Westerhoff HV.
J R Soc Interface. 2016 Apr;13(117). 

An unbranched metabolic pathway under hierarchical regulation. (a) The first enzyme is regulated through both transcriptional 
repression and allosteric activity inhibition by the end product. Enzymes in other steps might also be regulated through gene 
expression (in dashed arrows), but this is not explicitly considered here. TF denotes transcription factor. (b) The hierarchical supply–
demand representation of the pathway (a). The lower part represents the classical metabolic supply–demand system, in which only 
the metabolic regulation (in this case allosteric inhibition) is considered. The letter ‘X’ denotes the penultimate product xn, still in 
pathway. The supply is catalysed by enzyme Es (i.e. e1 here or enzymes stemming from an entire operon). (c) Illustration of the 
steady-state properties of a supply–demand system in terms of changes in the flux, intermediate concentration and elasticity 
coefficients. 
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Parameter Estimations

• Regression  (minimum of the function)
• Estimators  (distance measure)
• Maximum likelihood estimation  (Gaussian noise)
• Identifiability  (landscape in parameter space)
• Bootstrapping  (sampling and noisy data)
• Cross Validation  (model fitting and prediction)
• Baysian Parameter Estimation  (parameter not fixed, random variables)
• Local and Global Optimization 
• Genetic Algorithms  (simulations)

(Mathematica /  Matlab  /  Systems Biology Markup Language, SBML)

Patterning with activator-inhibitor systems. (A) Local activation and lateral 
inhibition generates spatially heterogeneous patterns. (B) Interactions between 
black and yellow pigment cells produce Turing patterns in zebrafish skin. Mutual 
inhibition between them functions as self-activation for the yellow cells. Each 
yellow cell activates distant black cells. Therefore, inhibition of the yellow cell by 
the black cell works as a lateral inhibition. (C) Different modeling approaches to 
spontaneous pattern formation.

Patterning with signaling gradients. (A) Schematic of early fruit fly embryo showing the maternal gradient of Bicoid 
protein at cycle 13 that directs the formation of precise target gene domains such as hunchback and knirps. (B) 
Proposed gene regulatory network showing cross-regulation of target genes (9). The four genes are also under 
control of Bicoid and other players. t, time. 
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Parameter Estimations

• Regression  (minimum of the function)
• Estimators  (distance measure)
• Maximum likelihood estimation  (Gaussian noise)
• Identifiability  (landscape in parameter space)
• Bootstrapping  (sampling and noisy data)
• Cross Validation  (model fitting and prediction)
• Baysian Parameter Estimation  (parameter not fixed, random variables)
• Local and Global Optimization 
• Genetic Algorithms  (simulations)

(Mathematica /  Matlab  /  Systems Biology Markup Language, SBML)

Parameter Estimations

• Regression  (minimum of the function)
• Estimators  (distance measure)
• Maximum likelihood estimation  (Gaussian noise)
• Identifiability  (landscape in parameter space)
• Bootstrapping  (sampling and noisy data)
• Cross Validation  (model fitting and prediction)
• Baysian Parameter Estimation  (parameter not fixed, random variables)
• Local and Global Optimization 
• Genetic Algorithms  (simulations)

(Mathematica /  Matlab  /  Systems Biology Markup Language, SBML)
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Parameter Estimations

• Regression  (minimum of the function)
• Estimators  (distance measure)
• Maximum likelihood estimation  (Gaussian noise)
• Identifiability  (landscape in parameter space)
• Bootstrapping  (sampling and noisy data)
• Cross Validation  (model fitting and prediction)
• Baysian Parameter Estimation  (parameter not fixed, random variables)
• Local and Global Optimization 
• Genetic Algorithms  (simulations)

(Mathematica /  Matlab  /  Systems Biology Markup Language, SBML)

Machine Learning Modeling

• Large data set with manipulations

• Test data set with known outcomes parameters  (learning data set)

• Mathematical Algorithm development from training set

• Refine Algorithm development with large data set

• Final Algorithm should be correct with training set and reveal new biology insight

Bifurcation diagrams for the deterministic reaction rate equations.
The diagrams are constructed using XPPAUT for equations (1)–(13) and the parameter values given in Results. Numbers of 
reporter protein molecules produced are plotted against the natural logarithm of the external signal ln(k14/k15), in the a) 
autoregulated and b) constitutive cases, showing a bistable and graded response respectively. Bold lines denote stable solutions 
and dashed lines denote unstable solutions. doi:10.1371/journal.pcbi.1002396.g003

Methods of information theory and algorithmic complexity for network 
biology.
Zenil H, Kiani NA, Tegnér J.
Semin Cell Dev Biol. 2016 Mar;51:32-43.

Abstract

We survey and introduce concepts and tools located at the intersection of information 
theory and network biology. We show that Shannon's information entropy, 
compressibility and algorithmic complexity quantify different local and global aspects of 
synthetic and biological data. We show examples such as the emergence of giant 
components in Erdös-Rényi random graphs, and the recovery of topological properties 
from numerical kinetic properties simulating gene expression data. We provide exact 
theoretical calculations, numerical approximations and error estimations of entropy, 
algorithmic probability and Kolmogorov complexity for different types of graphs, 
characterizing their variant and invariant properties. We introduce formal definitions of 
complexity for both labeled and unlabeled graphs and prove that the Kolmogorov 
complexity of a labeled graph is a good approximation of its unlabeled Kolmogorov 
complexity and thus a robust definition of graph complexity. 
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Parameter Estimations

• Regression  (minimum of the function)
• Estimators  (distance measure)
• Maximum likelihood estimation  (Gaussian noise)
• Identifiability  (landscape in parameter space)
• Bootstrapping  (sampling and noisy data)
• Cross Validation  (model fitting and prediction)
• Baysian Parameter Estimation  (parameter not fixed, random variables)
• Local and Global Optimization 
• Genetic Algorithms  (simulations)

(Mathematica /  Matlab  /  Systems Biology Markup Language, SBML)

Translational Bioinformatics for Human Reproductive Biology Research: Examples, Opportunities and Challenges for a 
Future Reproductive Medicine. 
Liu K, Zhang Y, Martin C, Ma X, Shen B.
Int J Mol Sci. 2022 Dec 20;24(1):4.

Networks 

• Modules
• Nodes
• Clusters
• Interactomes
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(a) A network of 750 nodes was generated by means of the PS model, with target 
average node degree 2m = 10, scaling exponent γ = 2.75 and network temperature T = 0. 
The network is embedded to the hyperbolic plane H2 An external file that holds a picture, 
illustration, etc. Object name is srep30108-m31.jpg with LaBNE to reveal the angular 
position of the nodes in the hyperbolic circle containing the network. (b) Finally, the 
radial coordinates of the nodes are assigned, so that they resemble the rank of each 
node according to its degree. By the colour of the nodes, which highlights their angular 
coordinates, one can note that the embedding by LaBNE is rotated by some degrees 
with respect to the actual node angular coordinates obtained with the PS model. This 
does not impact the hyperbolic, distance-dependent connection probabilities, because 
distances are invariant under rotations. Edges in the raw embedding by LaBNE are not 
shown for clarity.

Note that to embed a network G to H2, the truncated spectral decomposition of L is used. 
This gives the closest approximation to the eigen-decomposition by a matrix λk+1 of 
rank λ k + 1 and ensures that the computational complexity of LaBNE is O(N2).

Efficient embedding of complex networks to hyperbolic space via their 
Laplacian.
Alanis-Lobato G, Mier P, Andrade-Navarro MA.
Sci Rep. 2016 Jul 22;6:30108.
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1. Feedback is an essential part of molecular networks. It allows the cell to adjust the 
repertoire of functional proteins to current needs.

2. A FL is primarily characterized by its sign: negative feedback for maintaining 
homeostasis, positive feedback for obtaining ultrasensitivity or multiple stable 

states of the cellular composition.

3. Negative feedback can cause oscillations if signal propagation around the FL is 
sufficiently slow. High Hill coefficients, additional positive FLs, or saturated 
degradation facilitates oscillations in a negative FL.

4. Positive feedback can come from strong self-activation of a gene, from mutual 
repression between proteins, or by autocatalytic processes. In all cases one can 
obtain bistability if reactions involve some sort of cooperativity.

5. Metabolism of small molecules is characterized by a separation of scales. Typically, 
the intracellular pool of available small molecules is much smaller than the total 
amount of small molecules consumed during one cell generation.

6. Combinations of FLs in small-molecule uptake and metabolism can result in new 
behavioral features that are significantly different from a simple sum of the 
behaviors of single loops.

Summary Points
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Transcription network in bacteria

Network Application Examples
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(a) Gene regulatory 
network for Drosophila 
gap genes, showing 
relationship between 
input genes (Bcd, Cad, 
Hb, Tll) and output genes 
(Kni,Hb,Kr,Gt). (After 
figure 1 of Papatsenko 
and Levine (2011)). (b) 
Concentration of Gap 
genes along the anterior 
posterior axis of the 
embryo. Model was fitted 
to this data. Hb, 
hunchback; Gt, giant; Kr, 
Kruppel; Kni, Knirps.

The (r)evolution of gene regulatory networks controlling Arabidopsis plant 
reproduction: a two-decade history.

A schematic of the network perturbations of one neural degenerative network over the 20 weeks of 
the progression of this disease in a mouse model. The red nodes indicate mRNAs that have 
become disease perturbed as compared with the brain transcripts of normal mice. The spreading of 
the disease-perturbed networks at the three different times points is striking – indicating the 
progressive disease perturbation of this neurodegenerative network.

Systems biology and gene networks in neurodevelopmental and 
neurodegenerative disorders.
Parikshak NN, Gandal MJ, Geschwind DH.
Nat Rev Genet. 2015 Aug;16(8):441-58.
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Use of comparative genomics approaches to characterize interspecies 
differences in response to environmental chemicals: 

challenges, opportunities, and research needs.

Interspecies comparisons and human relevance — a modified parallelogram approach for integrating in vivo, in vitro, and 
computational approaches in interspecies extrapolation of toxicity perturbation. The parallelogram approach proposed by Nesnow 
(2004) and referred to by the National Research Council ( National Research Council, 2006) is modified here by the incorporation of 
computational comparative genomics approaches. Using rat and human as examples: 1) a rat network perturbation model is 
developed based on in vivo data; 2) the rat and human networks are computationally compared; 3) differences and similarities found 
by the interspecies network comparison are tested via human in vitro assays (e.g., primary human cell lines); 4) quantified in vitro 
perturbations are mapped back to the compared networks; and, 5) human in vivo outcomes are inferred. In addition, rat in vivo 
assays, driven by network-based hypotheses or otherwise (as represented by the white arrows), can inform the rat network model 
and the compared network model.
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Colin  Macilwain
Systems Biology: Evolving into the Mainstream

Cell Volume 144, Issue 6 2011 839 - 841
http://dx.doi.org/10.1016/j.cell.2011.02.044

Systems biology: perspectives on multiscale modeling in research on endocrine-related cancers.
Clarke R, Tyson JJ, Tan M, Baumann WT, Jin L, Xuan J, Wang Y.
Endocr Relat Cancer (2019) 26(6):R345–R368
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Colin  Macilwain
Systems Biology: Evolving into the Mainstream
Cell Volume 144, Issue 6 2011 839 - 841
http://dx.doi.org/10.1016/j.cell.2011.02.044

Systems Biology Components and Technology

• Components
– DNA , Expression (Transcriptome), Protein, Cellular, Organ, Physiology, Organism
– Differentiation, Development,   Phenotype,  Evolution

• Technology
– Genomics,  Transcriptomics, Proteomics
– Interactome,  Signaling, Metabolism

• Omics
– Computational Biology, Data Processing
– Data Resources
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The human being as a dynamic 
network of networks. In systems 
medicine the human organism is 
envisioned as a system of systems or 
network of networks. At every scale of 
biological organization (molecular, 
cellular, organ, individual and 
social/environmental) systems are 
portrayed as giving rise to and 
embedding each other. At all levels the 
network of networks is seen as a 
dynamic or four-dimensional process 
(as opposed to a static thing) 
(Copyright: The Institute for Systems 
Biology, used with permission)
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Omics Technology
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Genomics Tiling array
A high-density microarray that contains 
evenly spaced, or ‘tiled’, sets of probes that 
span the genome or chromosome, and can be 
used in many experimental applications such 
as transcriptome characterization, gene 
discovery, alternative-splicing analysis, ChIP-
chip, DNA-methylation analysis, DNA-
polymorphism analysis, comparative genome 
analysis and genome resequencing.
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Complete strategy for TFBSs focused ChIP-Seq and RNA-Seq data analysis.

Transcriptome
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Role of early life nutrition in regulating sexual development in bulls
C J Byrne, K Keogh, D A Kenny 
Animal. 2023 May:17 Suppl 1:100802.

Proteome

Mass spectrometry
An analysis technique that identifies 
biochemical molecules (such as 
proteins, metabolites or fatty acids) on 
the basis of their mass and charge.
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Protein Interactome



60



61

Metabolome
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Fig. 13 An example of plots describing the relationship between area under ROC curve and p-
values for various metabolites. These plots are applicable when comparing univariate 
biomarkers or multiple model predictions. The more effective biomarkers approach the top left 
hand corner of the plot (i.e., low p-value and high AuROC). Kindly reprinted from a study related 
to heart failure203 with permission from Springer.

Databases
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Databases Sources

• National Center for Bioinformatics  NCBI
• European Bioinformatics Institute
• EMBL
• Ensembl
• Interpro
• Protein databank
• Bionumbers
• Gene Ontology
• Pathway- KEGG
• Consensus Path DB

Data mining
An analytical discipline that is 
focused on finding unsuspected 
relationships and summarizing often 
large observational data sets in new 
ways that are both understandable 
and useful to the data owner.

In silico prediction
A general term that refers to a 
computational prediction that usually 
results from the analysis of a 
mathematical or computational model.
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Omics Data Integration
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Omics data integration
The simultaneous analysis of high-
throughput genome-scale data that is 
aimed at developing models of biological 
systems to assess their properties and 
behavior.
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Single cell sequencing approaches for complex biological systems.
Baslan T, Hicks J.
Curr Opin Genet Dev. 2014 Jun;26:59-65.

Single-cell RNA-sequencing of retrieved human oocytes and eggs in clinical practice and for human 
ovarian cell atlasing. 
Machlin JH, Shikanov A.
Mol Reprod Dev. 2022 Dec;89(12):597-607.
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Evolutionary Systems Biology Revolutionary Systems Biology
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Evolutionary Systems Biology Revolutionary Systems Biology
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