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Introduction 

Infertility. Evolution . Heredity . Regeneration. What unites 

these disparate but important topics? Sex cells-like eggs 

and sperm-do . Scientists call these germ cells. They allow 

us to make more generations of ourselves. Because germ cells 

are the means by which we and all other sexually reproducing 

organisms procreate, they are tied to a wide variety of biolog­

ical problems and questions . Consider, for instance, how spe­

cies change over time-accreting changes over generations 

by passing heritable traits down through offspring . Evolution 

and heredity hinge on germ cells. Now consider that one in 

eight couples worldwide suffer from infertility . Some of these 

infertility issues involve the ability to make ( or make properly) 

germ cells. 

Now consider regeneration . Regeneration occurs in all 

living systems wherein a disturbance or injury to the system 

causes a response to repair what was lost or damaged . When 

we think of regeneration, we tend to think of it happening in 

organisms. A salamander loses its limb, and it regrows its limb . 

You cut your finger, and the skin regrows and heals . But regen-
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eration can happen within any living system, whether it is an 

organism , a microbial community , or even an ecosystem . It can 

also happen in germ cells. 

In a previous book in this series, historian and philosopher 

of biology Jane Maienschein and I laid out a brief history of 

thoughts about regeneration and raised questions about how 

we can understand regeneration across living systems by think­

ing about it as a systems-based phenomenon .1 As we discussed, 

regeneration is a major focus for medical treatments and inter­

ventions and also has implications for things that range from 

our bodies ' reactions to antibiotics to restoring the health of 

our fractured global ecosystems . Understanding regeneration , 

then-what it is, how it works, and how lessons learned from 

one system can be applied to another-is important . 

In this book, I am concerned with germline regeneration. 

Let's take a moment to unpack what this means . Germline 

refers to a lineage of germ cells. Germ cells are sex cells: eggs 

and sperm . Scientists call these oocytes and spermatozoa, or 

(collectively) gametes . Beyond gametes, other types of germ 

cells occur in the body throughout the course of development, 

including but not limited to primordial germ cells and germ­

line stem cells. Scientists consider these germ cells to consti­

tute what they call a cell lineage. Being a cell lineage means 

that there is supposed to be a developmental history that con­

nects all the germ cells from the early embryo to the gametes . 

Think of it as a family tree . All members of the tree are related 

through lines of descent, and the tree figure shows you what 

those relationships are. The same principle can be applied to 

germ cells, such that primordial germ cells that form early in 
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the embryo eventually give rise to germline stem cells, which 

sit within the gonads (reproductive organs) and give rise to 

gametes . Thus, all germ cells within an individual are consid­

ered members of a single lineage or family tree, and this cell 

lineage is commonly called germline (fig. Li) . 

Many scientists tend to think of gerrnline as something spe­

cial that allows all sexually reproducing organisms to create 

new generations. They also tend to think of this cell lineage 

as distinct-as a separate lineage of cells that doesn't inter­

mingle with the rest of the cells in the body-called somatic 

cells. Somatic cells include everything from the red blood cells 

coursing through your veins to the neurons allowing you to 

read this book . Scientists also consider somatic cells to have 

lineages, but these cells are thought to be fundamentally dif­

ferent from germ cells because only germ cells are the bearers 

3 
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of our heredity . Germ cells bridge the divide between us and 

the next generation , carrying information from our bodies into 

the future, whereas somatic cells do not . 

I've said that I am concerned throughout this book with 

germline regeneration . In theory , germline regeneration means 

that if any of the types of cells that make up germline are dam­

aged or removed , they will be repaired , or more likely, replaced , 

resulting in fully functioning gametes that can give rise to prog­

eny. In practice , germline regeneration is quite a bit more com­

plicated and controversial . 

Why is germline regeneration complicated and contro­

versial? Because many scientists say it is not supposed to happen 

except in very limited circumstances. What does this mean? After 

all, human males produce millions of sperm daily. Human 

females, on the other hand , are believed to have a limited num­

ber of oocytes that have already formed at the time of their 

birth ( although there is growing reason to doubt this) .2 When 

I say that many scientists think that germline only regenerates 

under very limited circumstances , I mean that scientists largely 

(but not entirely) hold a particular view of germline regener­

ation: germ cells can only regenerate from other germ cells. 

Let's think about what this means by looking at a hypotheti­

cal example . Let's say that every germ cell is removed from an 

adult male mouse-all of the germline stem cells and all of the 

germ cells in varying stages of differentiating into spermato­

zoa are removed . In this scenario, germline is not supposed to 

regenerate within this mouse because there are no germ cells 

available to regenerate what was lost . The result is an infertile 

4 
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mouse . Germline regeneration , then , is supposed to be impos­

sible in the absence of germ cells. 

In order to envision how limited this view of germline regen­

eration is, let's compare it to another form of regeneration -

that of the salamander limb. When a salamander loses its limb, 

its body forms a layer of cells over the wound . This cell layer is 

called a blastema. The blastema is composed, in part, of cells 

from the area surrounding the injury that have dedifferenti­

ated and become stem cells . Dedi.fferentiated means that the 

cells have changed from one type of cell (like a muscle cell) 

to a less specialized type of cell (like a stem cell). These stem 

cells will help produce the tissues and structures of the regen­

erating limb. In salamander limb regeneration, then, a variety 

of specialized cells from different cell lineages will ultimately 

contribute to the new limb, whereas in germline regeneration, 

only one cell lineage (germline) is suppo sed to contribute to 

the new germ cells. 

Thinking about germline regeneration as restricted to regen­

eration only from cells within its own lineage relies on scien­

tists being able to do three intertwined thing s that build on 

one another . First, they have to claim that they can accurately 

and reliably distinguish germ cells from all of the other cells 

in the body (somatic cells) . Second, they need to be able to 

say definitively that the germ cells maintain a continuous cell 

lineage such that each germ cell in the body can only be traced 

through development to other germ cells. Third, they need to 

be able to state that under no circumstances can somatic cells 

become germ cells. Each of these is an empirical claim that 

5 
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underlies the limited view of germline regeneration outlined 

above, and scientists need to be able to affirm each of these 

claims in order to believe that germline can only regenerate 

from germ cells. And yet, these are empirical claims that are 

not often explicitly questioned within germline research-it 

is most often assumed that the answer would be yes. We can 

therefore think of these claims as assumptions-as things 

that many scientists take for granted within their research pro­

grams . We should occasionally prod things that we take for 

granted, in life as well as in science, and see whether they are 

true . After all, the things we take for granted shape how we 

view the world, condition us to perceive things in certain ways, 

and can blind us to alternative possibilities . 

This book is the outcome of a collaboration between me ( an 

historian and philosopher of science) and B. Duygu Ozpolat 

(a germline biologist). Understanding the ideas and practices 

behind Ozpolat's work on germline regeneration led me to 

pinpoint the assumptions outlined above and question their 

origins and validity. Recent science thus motivates my driving 

question for this book: How does germ line regenerate? 

Answering this question in a meaningful way requires me 

to take an unorthodox approach. First, I explore each of the 

three assumptions that underlie germline regeneration, focus­

ing on how they arose within history, whether they were valid 

at their origins, and how they became embedded within our 

understanding of germ cells, germline, and germline regener­

ation. I begin with the third assumption-that under no cir­

cumstances can somatic cells become germ cells-because 

it is historically the oldest. This historical and philosophical 

6 
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approach gives insights into why and how these three key 

assumptions are held widely by scientists today. Next, I chal­

lenge the validity of each of the assumptions by dissecting 

their current meanings and what evidence supports them as 

empirical claims within recent science. In the end, I bring these 

threads of history, philosophy, and science together to show 

how assumptions about the nature of germ cells and germline 

have massive repercussions for issues, such as human genome 

editing, that sit at the intersection of science and society . 

This book, then, is about germline regeneration -how 

many scientists assume it works and how we can reenvision 

its working . It is also about how science works, how history 

shapes current science, how science can shape the practice of 

history , and how things that we take for granted within science 

can have far-reaching effects. 

7 





Uncovering Assumptions That 
Have Shaped Germ Cell Science 

Our understanding of biological problems has been shaped by 

the history of thinking about these problems . The history of 

science is not a series of eureka momentsj it is a series of con­

flicts, competing concepts, and conceptual shifts that accrete 

over time . Underlying all of this are assumptions . Assumptions 

are an inherent part of sciencej they are the theories , methods, 

and empirical claims that are deployed unchallenged within 

research programs . Scientists must take things for granted 

when they observe, experiment on, or make policies about 

the natural world . For example, when scienti sts observe the 

migration of primordial germ cells in an embryo, they have to 

assume that the methods that they use to identify those pri­

mordial germ cells are accurate . They can assume this because 

a long history of identifying primordial germ cells makes it 

seem like a safe assumption to make . 

Assumptions are not , by their nature , good or bad . They are 

simply a part of the routine practice of science . Nonetheles s, 

we should still examine them and ensure that the evidence and 
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reasoning behind them is sound, because they shape the ways 

in which we understand the world . One assumption that we 

need to revisit is the one inherent in the concept called the 

Weismann Barrier . The Weismann Barrier is supposed to act 

as an impediment between germ cells and somatic cells, and 

it establishes a definite relationship between the two: germ 

cells can give rise to somatic cells, but somatic cells can never 

become germ cells. One assumption leads to another: the idea 

that germline can only regenerate from germ cells. Assump­

tions can therefore canalize our views and condition us to 

think about the world in particular and exclusionary ways. 

One way of prodding assumptions in science is to look to 

history-to see how these assumptions became embedded in 

the first place and what evidence there was to support them . 

By tracking the origins of assumptions and how they have 

changed over time, we can begin to understand how science 

works and how the concepts and tools that current scientists 

rely on became established . Using this historical perspective, 

we can also see problems with assumptions that current scien­

tists hold , begin to explain how these problematic assumptions 

took root and became disconnected from their historical, evi­

dential basis without reassessment, and point to areas where 

further scientific scrutiny is necessary . In other words , looking 

at history can shape current science . 

Throughout this chapter, I examine the historical thinking 

behind the nature and origins of germ cells and look at how sci­

entists established the Weismann Barrier in historical context . 

The different lines of this narrative are thus framed by my inter­

est in particular scientific developments that led to the idea of 

10 
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the Weismann Barrier and exclude the full breadth and rich­

ness of historical detail surrounding the individuals , concepts , 

and research programs at play. This history is one of shifting 

assumptions about the nature of germ cells, the fracturing of 

the problems of heredity and development into separate fields, 

and the conflation and reinterpretation of a theory meant to 

explain both problems . 

DISCOVERY AND ORIGIN OF GERM CELLS 

In the seventeenth century, scientific thinkers did not have a 

cohesive concept of cells, let alone germ cells. At this time, 

newfangled technology called microscopes first allowed 

researchers to see cells, to question how different types of cells 

were related, and to debate their importance for plants and 

animals . The origin of thinking about germ cells is the origin 

of thinking about gametes . The first person to document what 

modern researchers would call a gamete was the famed Dutch 

microscopist, Antonie van Leeuwenhoek, one of the earliest 

people to document observations of cells. In 1677 Leeuwen­

hoek observed ejaculate using microscope lenses that he had 

crafted .1 He saw small things with ovoid heads and thin , undu­

lating tails, which he called "animalcules " and later "spermato­

zoa" (fig. 1.1). Leeuwenhoek 's work established that spermato­

zoa were cells. What exactly it meant for sperm to be cells was 

unclear in Leeuwenhoek 's timej it was more than a century and 

a half before cell theory established that cells were individual 

units ofliving organisms . 

Leeuwenhoek 's discovery helped to prompt questions 
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FIGURE 1.1 I An tonie van Leeuwenh oek's sketches of spermatozoa . Table 2 from "Ob ser­

vationes D. An thonii Lewenh oeck, De Na tis E Semin e Genitali Animalculis;' Philosophical 

Transactions 12 (1678) : 104 0- 4 6. 

about whether mammalian females also had gametes, or ovi 

or eggs, as they would have been called at the time, and if so, 

what they looked like and where they could be found.2 Mam­

malian ova proved far more elusive than spermatozoa , because 

they are hidden away within the ovaries and uterus . The first 

observation of ova was made 150 years after Leeuwenhoek 's 

identification of spermatozoa . In the spring of 1827, while dis­

secting the ovaries of a dog, Estonian scientist Karl Ernst von 

Baer observed ova.3 Through a series of dissections, Baer con­

firmed the presence of ova in other mammals and was able to 

declare that, like males, females created gametes . 

By 1827 then, scientists had established that spermatozoa 

12 
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and ova were individual cells. With the advent of cell theory 

over the next three decades, and its tenet that all cells must 

come from preexisting cells, the question became, Where did 

these spermatozoa and ova come from? Scientists recognized 

that gametes formed inside of the testes and ovaries, but they 

wanted to understand how this worked and whether progen­

itors of these gametes formed before testes and ovaries devel­

oped . In 1870, two major works appeared that separately sur­

veyed the origins of gametes in vertebrates and invertebrates .4 

The anatomist Heinrich Wilhelm Gottfried Waldeyer, work­

ing in Poland, 5 conducted the work on vertebrates. Waldeyer 

is best known today for coining the terms neuron and chro­

mosome, but in the late nineteenth century, Waldeyer was a 

famous and eclectic anatomist who looked at everything from 

the development of teeth to the anatomy of neurons and even 

the structures inside of cells. In 1870, Waldeyer became inter­

ested in understanding where, during development, the cells 

that give rise to the gametes originate . He looked at the devel­

opment of ova across several groups of vertebrates and con­

cluded that ova and ovaries and spermatozoa and testes arose 

from two different types of epithelium (a kind of tissue) within 

the developing embryo . Because vertebrate embryos possessed 

both of these types of epithelium despite their final sex, Wald­

eyer concluded that embryos are initially hermaphroditic . 

Meanwhile, Edouard Van Beneden, an embryologist and 

cytologist working in Belgium, conducted the work on inver­

tebrates . He argued that the cells that gave rise to gametes of 

both sexes originated at the earliest stage of development, not 

once the embryo had progressed to the stage where it con-

13 
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tained different tissues, as Waldeyer concluded. And, because 

the cells that gave rise to gametes originated so early in van 

Beneden's estimation , they could not be traced to a specific tis­

sue, as Waldeyer had done . Thus, these works came to conflict­

ing conclusions about when and where the cells that gave rise 

to gametes originate during development . Despite the fact that 

neither Waldeyer 's nor Van Beneden 's work was very compre­

hensive by modern standards, they helped to spark an interest 

in the origins of germ cells.6 

THE NINETEENTH CENTURY: EVOLUTION AND HEREDITY 

In the late nineteenth century, thinking about evolution 

imbued research within biology: researchers questioned how 

evolution worked and the kinds of evidence that supported the 

theory, and they used it as a backdrop for building new ideas 

about the natural world . All of this followed English naturalist 

Charles Darwin's publication in 1859 of On the Origin of Species, 

in which he laid out his theory of evolution by natural selec­

tion .7 Although Darwin's theory was not universally accepted 

within the scientific community in the decades following its 

publication, many scientists embraced Darwin 's ideas or at 

least the central idea that life evolves in some way. 8 

The theory Darwin proposed relied on his belief that organ­

isms can pass traits between generations, that those traits can 

vary within generations, and that natural processes "select " 

which traits make organisms better suited to their environ­

ments . Because of this, scientists began increasingly to focus 

14 
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on the problem of heredity, seeking to understand how traits 

get transmitted through generations and how they could do so 

in a way that allowed for the variation that was paramount to 

natural selection 's operation . 

One of the prevailing theories of trait variation in the nine­

teenth century was the idea of inheritance of acquired char­

acteristics . This notion was proposed by French naturalist 

Jean-Baptiste Lamarck in 1809, who held that organisms could 

acquire small variations through the use or disuse of parts 

throughout their lifetimes .9 The standard example given for 

this idea is the giraffe neck: each generation of giraffe ancestors 

extended their necks just a little bit farther to reach for food, 

and those small changes accumulated over time to produce 

the long-necked organism we now know. While Lamarck 's the­

ory of inheritance of acquired characteristics wasn't a theory 

of heredity per se, it provided a framework for understanding 

how traits could vary within populations over time . 

Darwin himself was quite partial to the idea that the use 

or disuse of parts could reshape an organism and get passed 

through to the next generation . In 1868, he proposed the theory 

of pangenesis , his own theory of heredity , in which he hypoth­

esized that each part of the body continually emits its own type 

of small, organic particle .10 Darwin called these particles gem­

mules. Gemmules, Darwin thought, circulate freely within the 

body, and given proper nutrition, they can turn into the tis­

sues within the body. His theory was vague about which tissues 

gemmules could form-that is, whether they formed only the 

tissues from which they were derived or could form other tis-

15 
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sues as well. The gemmules , for Darwin , contained information 

about the parts of the body from which they were derived: 

thus, they carried information for the organism's traits. 

Darwin believed that gemmules derived from all over the 

body coalesced within the gonads and from there contributed 

to spermatozoa and ova, and thus reproduction . Gemmules, 

then, were the material of heredity, and when they formed 

an embryo, the information contained within the gemmules 

would direct the development of the organism . When gem­

mules from two parents coalesced to form a single organism, 

their material and the information they carried were thought to 

blend together . This blending of gemmules explained why off­

spring are not exact replicas of a single parent but instead tend 

to have features that blend the appearance of both parents . 

Darwin 's theory of pangenesis also accounted for the ori­

gins of variations that form the basis of evolution . It did so by 

appealing to a version of the inheritance of acquired character­

istics that Lamarck had made famous . Each gemmule, Darwin 

believed, could acquire new characteristics by responding to 

changes within its environment. Gemmules that were derived 

from the skin, in Darwin 's account, if constantly exposed to 

light , could pass on a darker skin pigment to offspring than the 

parents had . The same, Darwin believed, was true for things 

like muscularity-any and every trait was subject to the effects 

of the environment and could be modified during life and then 

passed on in a modified form to offspring . 

Darwin's theory of evolution explained how traits could be 

shaped over time within populations, but it gave no mecha-

16 



UNCOVERING ASSUMPTIONS THAT HAVE SHAPED GERM CELL SCIENCE 

nism for how ( 1) variation arose in the first place, or ( 2) how 

traits moved between generations . In crafting the theory of 

pangenesis, Darwin was conscious of these holes in his theory 

of evolution, and actively tried to fill them . 

Darwin 's theory of pangenesis met with mixed reviews .11 

Some scientists and the popular press lauded his theory, 12 not 

necessarily because it gave evidence for how heredity worked, 

but because it filled in the gaps in his theory of evolution . Pan­

genesis provided a mechanism by which variation originated 

and got passed onto offspring . Some scientists, including 

Dutch botanist Hugo DeVries and American zoologist William 

Keith Brooks, proposed variations on the theory of pangenesis 

and sought experimental evidence to support it.13 

Meanwhile, many scientists were hesitant to embrace Dar­

win's theory of heredity , largely because there was no direct evi­

dence to support it. Nobody could see the gemmules directly, 

for example . Some were also reluctant to embrace a theory of 

heredity in which the origin of traits , and thus evolution , relied 

so heavily on the inheritance of acquired characteristics-a 

notion that was also not observable and that was heavily 

debated within the scientific community . One scientist who 

held such a view of Darwin 's theory was the German embry­

ologist and evolutionary theorist August Weismann, an emi­

nent scientist in the late nineteenth century who, as historian 

Frederick B. Churchill suggested in his comprehensive biogra­

phy ofWeismann , sought to bring together some of the biggest 

phenomena oflife, such as heredity, development, cells, and 

evolution, under a big theoretical umbrella .14 
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AUGUST WEISMANN 

August Weismann studied medicine in Germany, and upon 

receiving his degree, he traveled around Europe, working as a 

personal and military physician . While working as a physician , 

Weismann continued his studies, conducting research on nat­

ural history and addressing questions of organismal develop­

ment. As Weismann delved into biological research, he became 

convinced that Darwin's theory of evolution by natural selec­

tion was the only theory that fit with all of the evidence from 

nature . 

Although Weismann believed Darwin's theory of evolu­

tion by natural selection was correct, he also quickly became 

convinced that the inheritance of acquired characteristics, 

which Darwin and others had supported within their theo­

ries of heredity, was untenable . In 1888, Weismann delivered a 

lecture at the Association of German Naturalists in Cologne, 

Germany, in which he described the results of an experiment 

intended to test the supposed heritability of acquired charac­

teristics.15 In this experiment, Weismann cut off the tails of 

901 mice and their offspring across five generations. Weismann 

reasoned that if acquired characteristics were heritable, these 

mice should eventually produce offspring with no tails . This 

did not happen, leading Weismann to conclude that acquired 

characteristics could not be inherited . 

Weismann's rejection of the inheritance of acquired char­

acteristics also arose from his own research on development 

and heredity . By the time that he delivered the results of his 

experiments on mouse tails, he had already begun to formulate 

18 
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a theory about how heredity works that rendered the inheri­

tance of acquired characteristics impossible . 

In the late 1870s, Weismann began to study how germ cells 

originate and develop within several species of small, preda­

tory marine invertebrates closely related to jellyfish, called 

hydrozoans . He was working within the framework of Dar­

winian evolutionary thinking and really wanted to understand 

how heredity works. For Weismann, understanding heredity 

meant not only figuring out how traits can move between gen­

erations, but also how, during development, cells could dif­

ferentiate into all parts of the body, becoming the traits that 

we recognize within individuals . In other words, Weismann 

wanted to ground his understanding of heredity within organ­

ismal development, and whatever theory he generated from 

this work had to account for not only the movement of traits 

between generations, but also how those traits were generated 

within an organism during its development . In 1883, Weismann 

published his findings on the origins of sex cells in hydrozoans , 

which became the basis for his theory ofheredity .16 Over the 

next nine years, Weismann refined his theory, and in 1892 he 

published a full account of his understanding of heredity in 

The Germ Plasm.17 

Weismann 's germ plasm theory of heredity is rather com­

plicatedj for my purposes it's important to understand three 

things . First, he believed that heredity had a material basis that 

was contained within the nuclei of all cells, which he called 

"germ plasm :' Second , germ plasm was a theoretical substance , 

meaning that he did not have direct evidence that it existed, 

although his argument for its existence was well supported . For 
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Weismann, the chromosomes were the structures that prob­

ably contained the germ plasm . Weismann could not confirm 

that chromosomes contained the germ plasm, but evidence 

about the ways in which chromosomes behave during cell divi­

sion led him to believe that they probably did . Chromosomes 

had only recently been recognized as having individuality and 

continuity across cell divisions when Weismann published 

his full theory. 18 Third, the germ plasm contained component 

parts that were arranged in a particular, set architecture that 

was significant for the cells and for Weismann . Let's briefly take 

a look at this germ plasm architecture. 

Weismann conceived of the germ plasm as containing four 

levels of components , arranged in a hierarchical way: biophors, 

determinants, ids, and idants (fig 1.2 ) . At the lowest level of the 

hierarchy were biophors, tiny units that made up all of the 

structures of cells. Biophors were collected into slightly larger 

units called determinants. Determinants were supposed to 

give cells their specific identities because, according to Weis­

mann, only one determinant could be active within a cell that 

had been fully differentiated . Determinants, then, defined 

cell types and guided their various functions . Aggregates of 

determinants were called ids . Each id was supposed to con­

tain enough hereditary material (i.e., biophors and determi­

nants) to produce a whole new organism . Together, groups 

of ids made up each idant, which likely corresponded to the 

chromosomes . 

So, how did Weismann envision this germ plasm, with its 

hierarchical structure, working as the material basis of hered­

ity? We need to recall first that Weismann grounded his think-
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Biophors Determinant s Ids ldants 

FIGURE 1.2 I Architec ture ofWeis mann's germ plasm. Bioph ors are the lowes t level of the 

germ-pl asm hierarc hy, and these make up all of the cellular stru ctur es. The bi op hors are 

collected into larger unit s called determinant s, which give cells their individual identiti es. 

Determinants are aggregated into ids, which contain enough hered itary material to produ ce 

a new organism. Ids are grouped together into idants, which probably correspo nd to chro­

moso mes. This image is based on figure 1 in Bline, Goff, and Allard, "W hat is los t?" Created 

with BioRend er.co m. 

ing in organi smal development: hi s vision of germ plasm 

accounted both for how traits arise during development and 

for how traits pass between generations. As an organism devel­

ops following fertilization, cells divide, and through successive 

rounds of cell divisions, cells differentiate. When cells divide, 

their nuclei divide, and Weismann envi sioned that nuclear 

division (and thus division of the germ plasm) could happen 

in two different ways. The first way he called homeokinesis. 

During homeokinesis, the nucleus of the cell would divide in 

a way that replicated the architecture of the germ plasm exactly 

within the nucleus of each daughter cell. The second way he 

called heterokinesis. During heterokinesi s, the nucleu s would 
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divide in a way that altered the germ plasm within the daughter 

cells such that they were qualitatively different from the par­

ent cell. Thus homeokinesis kept the architecture of the germ 

plasm intact, while heterokinesis allowed for rearrangement 

of the germ plasm architecture . As cells continued to divide 

throughout development, the germ plasm architecture was 

continually rearranged via heterokinesis, so that eventually 

only one determinant was active within any given cell. This is 

how heterokinesis and the rearrangement of germ plasm archi­

tecture allowed cells to differentiate during development. 

After the architecture of the germ plasm was rearranged fol­

lowing heterokinesis, Weismann called it "idioplasm," and all 

cells that contained idioplasm were called "somatic cells:' He 

used this name change in order to distinguish the altered form 

of the germ plasm that led to new cellular identities (idioplasm) 

from the unaltered form of the germ plasm that would contrib­

ute to reproduction . Weismann called cells that contained this 

unaltered germ plasm "germ cells:' He acknowledged that germ 

cells were not always identifiable at the beginning of develop­

ment, so he devised the idea of the "germ-track " ( the German 

word Weismann used was keimbahn ). A germ-track is the lin­

eage of cells that leads from the single cell of the fertilized egg 

to the emergence of the first germ cell ( what Weismann called 

the urKeimzelle, from the German words ur for "original " or 

"primary, " keim for "germ," and zelle for cell) . The length of 

the germ-track varied between species . At the time, Weismann 

was unable to see exactly which cells in the different species he 

observed contributed to the germ-track. 

This is where Weismann 's theory gets even trickier-he 
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considered the cells within the germ-track to be somatic cells. 

How did this work? The somatic cells that were committed 

to the germ-tracks carried within them a full complement of 

unalterable germ plasm that was unaffected by the differentia­

tion and physiological changes of the somatic cell. Weismann 

explained the ability of organisms to regenerate with a similar 

logicj parts of organisms that were the most subject to injury 

contained accessory, unalterable germ plasm . This accessory 

germ plasm was established within the cells that would even­

tually give rise to these regeneration-enabled parts at the ear­

liest stages of development . The presence of this accessory 

germ plasm allowed cells that contained it to regrow missing 

parts, like salamander limbs, because the germ plasm could 

give those cells the ability to produce any cell type necessary to 

replace what was lost. Germ cells, to Weismann, were the cells 

at the end of the germ-track that (1) only contained unaltered 

germ plasm , ( 2) gave rise to daughter cells that only contained 

unaltered germ plasm (via homeokinesis), and (3) were the 

only cells capable of contributing to reproduction . 

Early in his formulation of the germ plasm theory of hered­

ity, Weismann thought that the germline was specified during 

the very first cell divisions of development: the first cleavage 

of the fertilized egg resulted in one germ cell and one somatic 

cell. While this somatic cell would eventually form all the other 

cells in the body, the germ cell would exist in a continuous lin­

eage throughout development, giving rise to all other germs 

cells which were then capable of participating in reproduc­

tion. Others shared these beliefs. Beginning in the mid-187os, 

at least two other German scientists , Gustav Jaeger and Moritz 
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FIGURE 1.3 I Figure 16 from August Weismann's The Germ Plasm, showing the early devel­

opm ent and germ-tr ack in a species of round worm (R habdit is nigrovenosa) up to the twelfth 

generation of cells. The numb ers indicate the various generations of cells. The cells of the 

germ-tr ack are conn ected by thick black lines. The germ cells are black with white nucl ei. 

Mes = mesenchyme, Ekt = ectoderm, Ent = end oderm, ur Kz = prim ordial germ cells, 

Kz = germ cells. (Weismann, Germ Plasm, 196) 

Nussbaum, came to the conclusion that there was a continu­

ity of germ cells from the fertilization of the egg throughout 

development and into the production of the ova or sperma­

tozoa that would lead to the next generation .19 By the time 

Weismann published his full account of germ plasm theory in 

1892, however, he had recognized that, in fact, the germ cells 

could be established during later stages of development . We 

can see this in figure 1.3, which shows a diagram that Weis­

mann published in The Germ Plasm . The germ cells (indicated 

by "Kz," from the German for germ cell, "Keim z elle") in this 
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diagram aren 't separated from the other cells until the ninth 

round of cell division . The presumption here is that the germ 

plasm architecture was maintained unaltered within a group 

of somatic cells throughout those earlier divisions . By the time 

that Weismann published his full account of germ plasm the­

ory in 1892, then, his thinking had shifted away from germ cells 

as continuous to germ plasm as a continuous material that existed 

from the fertilized ovum through the germ-track to the first 

germ cells and then throughout the ova or spermatozoa , which 

then gave rise to the next generation . The germ plasm was thus 

continuous throughout development and linked generations 

of organisms . The continuity of the germ plasm was paramount 

to Weismannj it had to be continuous for the germ plasm the­

ory to account for development and heredity . 

Weismann 's ideas about the germ-track and the germ plasm 

were a response to and rejection of the concept of inheritance 

of acquired characteristics, and especially Darwin 's theory of 

pangenesis . By recognizing the complete, unaltered and con­

tinuous germ plasm as the sole basis of heredity, Weismann 

ensured that no mutations or characteristics acquired by idio­

plasm (altered germ plasm) could contribute to reproduction 

because idioplasm could not, by definition, be part of germ 

cells. Thus, only mutations within germ plasm could get passed 

on to future generations . 

Weismann, through his germ plasm theory, thus proposed 

that there was a continuity of a material, called germ plasm, 

that existed within and between generations of organisms . The 

qualitative nuclear division of this substance ( thereafter, idio­

plasm) accounted for the distinction between germ cells and 
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somatic cells and allowed somatic cells to differentiate into all 

of the different cellular identities that make up the body. Weis­

mann's germ plasm theory was very controversial when it was 

published and came under intense criticism on two fronts. 

First, all but a handful of Weismann's contemporaries 

resoundingly objected to the notion of qualitative nuclear 

division of cells (heterokinesis). Experiments on developing 

embryos in the years following Weismann's publication of the 

germ plasm theory definitively showed that there was no qual­

itative nuclear division during development. 20 Second, Weis­

mann's contemporaries objected to the theoretical and abstract 

nature of the germ plasm. There was not, after all, direct, exper­

imental evidence to support the existence of biophors, deter­

minants, idants, and ids, but there was a great deal of evidence 

to support the logic of his germ plasm theory . For instance, 

by the time Weismann published the germ theory, scientists 

knew that there was a material basis for heredity . They knew 

that chromosomes came apart during cell division and that 

cells differentiated during development . In many respects, 

Weismann's theory fit the phenomena of development and 

heredity, and his critics largely acknowledged this . So, while 

some ofWeismann's strongest critics objected to his theory 

on the grounds that there wasn't direct evidence to support 

it, what many really objected to was the abstract nature of the 

theory-that it could not yet, with available technology, be 

experimentally determined whether Weismann's germ plasm 

components existed or, if so, whether they operated in the 

ways that he claimed. Therefore, they thought it was largely 

untestable and thus unscientific. We can see this thinking in a 
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scathing review of the germ plasm theory written by American 

cytologist Edmund Beecher Wilson: "From a logical point of 

view the Roux-Weismann theory is unassailable . Its fundamen­

tal weakness is its quasi-metaphysical character, which indeed 

almost places it outside the sphere of legitimate scientific 

hypothesis . . . Such an hypothesis cannot be actually over­

turned by an appeal to fact. When, however, we make such an 

appeal, the improbability of the hypothesis becomes so great 

that it loses all semblance of realitY:'21 

In this quote, Wilson, like many of his contemporaries, 

lumps Weismann's germ plasm theory together with the ideas 

about development and differentiation developed by the Ger­

man embryologist , Wilhelm Roux . Roux also believed that cell 

division during development resulted in a qualitative differ­

ence amongst cells, but other aspects of his thinking differed 

from Weismann, as historian Fred Churchill has explained in 

depth .22 Thus, Weismann's theory was received skeptically by 

his peers and largely discredited . And yet, rejection of his germ 

plasm theory does not mean that all of Weismann 's ideas got 

swept into the ash heap of history . 

ESTABLISHING THE WEISMANN BARRIER 

Just a few years after Weismann published his full account of 

the germ plasm theory, Edmund Beecher Wilson, one of the 

scientists who had so critically objected to Weismann 's theory 

made parts ofWeismann's thinking integral to his textbook , The 

Cell in Development and Inheritance.23 Wilson studied biology 

in the United States and is a preeminent figure in the history 
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of cytology ( the field that we now call cell biology). He is gen­

erally considered to be one of the founding figures of modern 

American experimental biology .24 His text, which highlighted 

his prowess in experimental cell research, proved popular and 

highly influential, going through three editions between 1896 

and 1925. It was con sidered essential reading for Anglophone 

scientists studying cells in the early twentieth century , and the 

ideas that Wilson proposed thus became widespread through­

out the scientific community .25 

Throughout all of these editions, Wilson grounded much of 

his thinking in some aspects of Weismann 's ideas about germ 

cells. In particular, he thought there was a distinction between 

germ cells and somatic cells, that there are cell lineages that 

give rise to germ cells through development, and that germ 

cells enable heredity . But Wilson made substantial modifica­

tions to Weismann's understanding of germ cells and heredity , 

and completely rejected the idea ofWeismann 's germ plasm 

and his notion of qualitative reduction to delineate germ plasm 

from idioplasm, and thus, germ cells from somatic cells. Wil­

son was far more focused on explaining development and how 

cells divide and differentiate over time, and understanding 

heredity was a by-product of this . Meanwhile, Weismann was 

focu sed on understanding heredity, and explaining develop­

ment and differentiation was a by-product to him . Moreover, 

while Weismann sought a unifying theory of heredity that 

could account for things like differentiation , development , and 

even regeneration, Wil son hewed much more closely to the 

scientific evidence and did not propose a generalized theory 

of development, let alone heredity . 
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FIGURE 1.4 I Figure 4 from Edmund B. W ilson, The Cell in D evelopmen t and I nheritance 

(p. 11). The figure is labeled "Diagram illustrating Weismann's theory of inheritance." The 

figure legend in the origi nal text reads, "G. The germ-cell, which by division gives rise to 

the body of som a ( S) and to new germ-cells ( G) which separate from the soma and repeat 
the process in each successive generation :' 

While Wilson rejected the germ plasm theory , he respected 

Weismann 's success in uniting evolutionary theory with cell 

theory, and it was at this juncture that Wilson situated his 

thinking . As he explains in his text, "For aside from the truth 

or error of hi s special theories, it ha s been Weismann 's great 

service to place the keystone between the work of the evolu­

tionist s and that of the cytologists, and thus to bring the cell­

theory and the evolution-theory into organic connection. It 

has been my endeavor to treat the cell primarily as the organ of 

inheritance and developmentj but , obviously, this aspect of the 

cell can only be apprehended through a study of the general 

phenomena of cell-life:'26 Out of hi s respect for Weismann 's 

ability to connect evolutionary theory directly to cell theor y, 

Wil son introduced a diagram to show hi s reader s how Weis­

mann 's theory of heredity worked (fig. 1.4). 

Wilson's diagram is a simplified abstraction of Weismann 's 

thinking about germ cells and somatic cells, but it indicates the 

relationship that Weismann thought existed between them to 

a certain extent . 27 Wei smann did think, as Wilson 's diagram 
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indicates, that somatic cells were distinct from germ cells and 

that only germ cells could be used for reproduction and thus 

were the bearers of heredity . But this diagram has three major 

problems . First, the diagram indicates through the directions 

of the arrows that Weismann believed that germ cells could 

not be derived from somatic cells . We have already seen 

that Weismann did not believe this; rather, he thought that 

somatic cells were a part of the germ-track and thus gave rise 

to germ cells. Second, the diagram and description appear to 

indicate a continuity of germ cells within and between gener­

ations . As detailed above, Weismann believed in a continuity 

of germ plasm, not of germ cells. The germ cells could arise 

well after the first cleavage of the embryo, and so could not be 

continuous between generations . The germ plasm, meanwhile , 

was the driver of heredity and development , and therefore had 

to be continuous . Indicating a continuity of germ cells gave the 

strong impression that the germ cells were a separate cell lin­

eage from the somatic cell lineages. Third , the diagram is miss­

ing the most crucial aspect ofWeismann's thinking-the germ 

plasm . The germ plasm was the distinguishing feature for Weis­

mann, not the cells themselves-those were the by-products 

of changes in the germ plasm ( or subsequent idioplasm) . 

Wilson's diagram is interesting in how it both represents and 

misrepresents Weismann's ideas about relationships between 

germ cells and somatic cells, his theory of inheritance, and 

his concept of continuity . This reformulation ofWeismann 's 

theory of heredity is important for my history because it was 

featured in a very popular and important textbook . The pop­

ularity of Wilson 's book and the esteem with which he was 
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held meant that this reformulation ofWeismann's theory into 

a simple relationship between germ cells and somatic cells 

became widespread among students and professionals. Our 

post-Wilson description of the relationship between germ cells 

and somatic cells became known as the "Weismann Barrier:' 

This so-called barrier is supposed to prohibit somatic cells 

from becoming germ cells, leaving us with a simplified under­

standing of the relationship between germ cells and somatic 

cells: germ cells can give rise to somatic cells, but somatic cells 

can never become germ cells. This is a very non-Weismannian 

notion. And yet it burrowed deep into biological thinking, 

associating Weismann's name with a vision he never held. 

THE WEISMANN BARRIER ENTRENCHED 

By 1900 many questions remained about germ cells: Where 

and how did they originate during development? How might 

germ cells within an individual be related to each other? How 

did germ cells operate within heredity? Before we move on to 

how scientists thought about and sought to resolve these ques­

tions during the early twentieth century, we need to under­

stand how scientists were thinking about cells and their rela­

tionships with one another throughout development during 

the late nineteenth century. In other words, we need to under­

stand the thinking behind conceiving of cells as lineages in 

which the descent of cells from the first cleavage of the fertil­

ized egg could be tracked through the processes and timeline 

of development. 

As we saw with Weismann's thinking about the germ-track 
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in his 1892 text The Germ Plasm, scientists interested in devel­

opment during the late nineteenth century had begun to think 

of cells in ways similar to how scientists interested in evolu -

tion thought of species-as units with a traceable lineage of 

descent . While scientists largely traced the descent of species 

during this time by inference from morphological charac­

ters and biogeography, researchers could observe directly the 

descent of cells within a developing embryo . In 1878, American 

zoologist Charles Otis Whitman, who later became the first 

director of the famed Marine Biological Laboratory in Woods 

Hole, Massachusetts, published the first cell lineage study .28 

In this work, Whitman traced the division and development 

of each cell from the single-celled fertilized eggs of a group 

ofleeches called Clepsine all the way through the origins of 

the different germ layers. Germ layers are rudimentary tissues 

within the early embryo that give rise to all the other tissues 

and organs . 

As historian Jane Maienschein has shown , a group of young 

American scientists-including Edmund Beecher Wilson­

followed in Whitman's footsteps in the 1890s, taking up the 

work of elucidating cell lineages in other marine and aquatic 

organisms .29 Many of these scientists conducted this work at 

Whitman's Marine Biological Laboratory . These cell lineage 

studies demanded painstaking work . They required scien­

tists to collect thousands of organisms, to sit for hundreds of 

hours at microscopes lit by the sun or candlelight, to watch as 

cells divided, and to preserve and stain tens of thousands of 

embryos in various stages of development . Those who com­

pleted these cell lineage studies showed how a single, fertilized 
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cell could be traced through thousands of cell divisions into 

the multicellular organs and tissues that make up an organism . 

Conversely, they showed how, with a lot of effort and patience , 

scientists could trace individual organs or even cell types back 

to their developmental origins . This kind of thinking applied to 

germ cells, and by the turn of the twentieth century, scientists 

were thinking about germ cells in terms of their cell lineages . 

The cell lineage of germ cells became known as the germline, 

and this concept embodies all the different types of germ cells 

that exist throughout an organism 's life history-primordial 

germ cells, germline stem cells, gametes , and so on-although 

knowledge about some of these cell types and the terms for 

them did not come until much later. 

By 1900, the methods and ideas of understanding develop­

ment by tracing cell lineages were embedded within embry­

ology ( the field that we now call developmental biology), even 

as many of the scientists who did the initial cell lineage stud­

ies, like Whitman and Wilson, had moved on to other ideas 

and experiments, and cell lineage studies became less and 

less widespread . At the same time, study of the problems of 

heredity and the problems of development, which Weismann 

had tried to unify in his germ plasm theory, began to diverge. 

Around 1900, a small group of scientists interested in questions 

of heredity rediscovered Czech monk and naturalist Gregor 

Mendel's work on pea plants, which helped spur the birth of 

the field of genetics . At the same time, researchers in embryol­

ogy shifted their focus from describing and comparing devel­

oping embryos among species to crafting experiments that 

allowed them to intervene in development . Cutting or shaking 
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apart early embryos from frogs, fishes, sea urchins, and other 

organisms became common practice by 1900, and scientific 

work on embryos moved away from the creation of big, over­

arching theories like those Weismann had pursued, to exper­

imentally driven and hypothesis-driven research .30 As these 

scientists pursued their quest to understand development in 

terms of cells and their interactions, a sometimes-overlapping 

but increasingly separate group of scientists pursued questions 

about genes and heredity . Questions about heredity and devel­

opment thus came to reside in separate and increasingly diver­

gent fields, genetics and embryology, respectively. And, while 

the field of genetics absorbed questions about the hereditary 

nature of the germline, embryology absorbed questions about 

the origins and developmental continuity of germline. 

This fracture of problems like heredity and development 

into distinct fields is important for our purposes because sci­

entists within these fields developed very different conceptions 

of the Weismann Barrier, germ plasm continuity and germline , 

and understanding germ cells during the early twentieth cen­

tury. As embryologists John Normal Berrill and Chien-Kang 

Liu put it in 1948, "To many geneticists it [germ plasm con­

tinuity] still seems to have an odor of sanctity, [but] to most 

embryologists, it has an old-fashioned association with what 

are now regarded as problems or phenomena of development 

pure and simple:' 31 When Berrill and Liu use the term germ 

plasm continuity, they mean to conflate Weismann's concept 

of the germ plasm ( which he thought was continuous) with 

Wilson's interpretation ofWeismann's theory; which made the 

germline (cell lineage) continuous . Thus, Berrill and Liu may 
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say "germ plasm continuity,' ' but what they mean is germline 

continuity and thus the Weismann Barrier . 

Geneticists in the early twentieth century were keen to 

adhere to the idea of the Weismann Barrier . It provided a con­

venient means of excluding the inheritance of acquired charac­

teristics from concepts of heredity (and later, a means of con­

necting genetics, heredity, and evolution) and indicated that 

genetic material could remain stable, despite external condi­

tions . Embryologists, meanwhile, were much more diverse in 

their reactions to the Weismann Barrier and the attached con­

cept of germ plasm continuity at the time . 

Gregor Mendel is often credited as being the father of genet­

ics because of his 1866 paper on inheritance of traits in pea 

plants .32 When his paper was published, it was largely ignored 

by the scientific community . That changed when Mendel's 

work was "rediscovered " around 1900 by a small group of sci­

entists, including Dutch botanist Hugo de Vries, German bot­

anist Carl Correns, Austrian botanist Erich von Tschermak­

Seysenegg, and English biologist William Bateson .33 

What is important to understand here is that around 1900 

the problem of inheritance and questions about how it oper­

ates were beginning to coalesce within the incipient field of 

genetics . At the turn of the twentieth century, genetics was 

very different from how we understand it today . Scientists at 

this time had no concept of DNA, base pairs, or even genes . 

In fact, the term gene was coined by Danish botanist, Wilhelm 

Johannsen, in 1909 to describe the unit of hereditary informa­

tion, and in that same year William Bateson coined the term 
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genetics to describe the study of inheritance and variation . At 

this time, the field of genetics was diverse in its objectives 

and methods, ranging from the biometricians who relied on 

statistics to understand heredity and evolution to the Men­

delians who experimentally investigated the appearance and 

variation of organismal traits and increasingly focused on the 

chromosomes .34 In 1915, American biologist and future Nobel 

Prize winner Thomas Hunt Morgan and his collaborators 

published a book called The Mechanism of Mendelian Heredity, 

in which they laid out the principles of heredity in terms of 

genes ( which were still theoretical structures at this point) and 

chromosomes . 35 This book, along with the research of others, 

helped to give a solid foundation to what became transmis­

sion genetics-the study of how traits (or genes) are passed 

from one generation to the next-which was the main focus 

of these early geneticists . There is a parallel here between the 

objective of transmission genetics and what Weismann was up 

to as he tried to understand and explain how traits can move 

between generations . 

Early twentieth-century transmission genetics, then, was 

keenly focused on the problem of heredity, and this problem 

became framed in terms of the movement of traits between 

generations and the materials involved at the sub-cellular ( e.g., 

chromosomal) level. Although many of these scientists, includ­

ing Morgan, trained within embryology and cytology and 

botany, their research programs within genetics were largely 

devoid of thinking about heredity in terms of development of 

the embryo. But just because they eschewed embryology and 
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(largely) cytology does not mean that they forgot their training 

in these fields. 

Here is where Wilson's book comes back into play. Wilson's 

editions of The Cell in Development and Inheritance were stan­

dard reading for practitioners in the fledgling field of transmis­

sion genetics . And in this book, Wilson gave these geneticists 

in the 1900s through 1920s the perfect means of simplifying 

their understanding of an organism's heredity: the Weismann 

Barrier . The incipient field of transmission genetics came to 

rely fundamentally on the Weismann Barrier to presuppose 

the continuity of the hereditary material contained within 

the germ cells between generations and the non-inheritance 

of acquired characteristics . By assuming that germ cells were 

something separate and distinct, that they had their own sep­

arate cell lineage, and that this lineage was continuous within 

organisms and between generations, as Wilson had indicated 

that Weismann claimed, transmission geneticists could simply 

point to this cell lineage and say these were the cells that held 

the keys to heredity . Because they were focused on the chro­

mosomes and not even the germ cells, these early geneticists 

did not need to concern themselves with the origins and traits 

of the cells, so they didn't . 

Thus, the Weismann Barrier and the notion that the ger­

mline is a separate and distinct cell lineage to which somatic 

cells cannot contribute became embedded in the thinking of 

transmission geneticists during the first decades of the twen­

tieth century . This thinking only became more deeply rooted 

over time . In 1957, American paleontologist George Gaylord 
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FIGURE 1.5 I Recreation of figure 12. 1 from Simpso n et al., L ife: An In troduction to Biology. 

The figure is labeled "The one-way relation betwee n germ cells and the differentiated cells 

of the soma :' No te how the figure is capti oned: the diagram showing the Weismann Barrier 

(A) is called the "true" relation between germ cells and soma, while the figure showing pos ­

sible feedb ack from somatic cells to germ cells (B) is made equivalent to Darwin's theory of 

pangenesis and labeled "false." Created with Bio Rend er.com. 

Simpson, who had strong ties to the genetics community 

throughout the middle of the twentieth century, along with 

two colleagues, wrote a biology textbook, Life: An Introduc­

tion to Biology, which became popular among US audiences . 

Simpson and colleagues provide a detailed discussion of the 

history of the chromosome theory of heredity-the basis of 

transmission genetics and the subject for which Thomas Hunt 

Morgan won his Nobel Prize in 1933. In a section of this discus­

sion titled, "Weismann: The One-Way Relationship between 

Germ Cells and Soma;' of which figure 1.5 is part , Simpson and 

colleagues discuss the Weisman Barrier . 

Here we can see a slight modification to Wilson 's figure 

from 1896, with an even more definitive declaration about the 
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relationship between germ cells and somatic cells . In the text 

accompanying this figure, Simpson and colleagues tell the 

reader, 

From which type of cell is the egg or sperm derived? It can­

not be a descendant of all these differentiated types: a cell is a 

descendent of a single cell. Weismann provided the answer to 

this problem by pointing out that the germ cells of each gener­

ation were direct descendants through a lineage of unspecial­

ized cells from the germ cells of the previous generation. That 

is, the specialized body cells of each generation are related to 

germ cells in a one-way fashion: they are derived from germ 

cells but do not give rise to them. This insight is a death blow 

to pangenesis in all its forms.36 

Simpson's figure and text give us an indication of just how 

important the Weismann Barrier had become for geneticists 

by the mid-twentieth century. To them , it was the cornerstone 

of the chromosome theory of heredity, which, in turn, was the 

major breakthrough of genetics in the early twentieth century . 

One of the most famous evolutionary biologists of that cen­

tury, US-based German scientist Ernst Mayr, reinforced this 

thinking further . With Simpson , Mayr gained fame for leading 

a movement in the mid-twentieth century called the Modern 

Synthesis, which conceptually brought together Darwinian 

evolution, transmission genetics, and systematics ( the branch 

of biology that deals with classification of species) . 37 As Mayr 

approached the final decades of his career, he took up writ­

ing history . In his 1982 book, The Growth of Biological Thought: 
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Diversity, Evolution, and Inheritance, he attempted to catalog the 

conceptual history behind the science of his work: 

This observation [ of the early segregation of the germline] led 

Weismann in 1885 to his theory of the "continuity of the germ 

plasm;' which states that the "germ track" is separate from the 

body (soma) track from the very beginning, and thus noth­

ing that happens to the soma can be communicated to the 

germ cells and their nuclei. We now know that Weismann's 

basic idea-a complete separation of the germ-plasm from 

its expression in the phenotype of the body-was absolutely 

correct. His intuition to postulate such a separation was fault­

less.38 

Mayr appears to conflate Weismann's notion of germ plasm 

continuity with the idea that germ cells are continuous and are 

separated from the somatic cells "from the very beginning :' 

Mayr is thus furthering what Wilson and Simpson and col­

leagues had made explicit: that the germ cells were a separate 

cell lineage from the somatic cells, that somatic cells could 

never become germ cells, and that it was conceiving of the 

continuity of the germ cell lineage, or germline, that enabled 

the field of genetics to advance theories of heredity . 

These scientists-Wilson, Simpson, and Mayr-were pre­

eminent and esteemed members of their respective fields of 

cell biology, paleontology , and evolutionary biology . Bolstered 

by their influence, the validity and importance of the Weis­

mann Barrier became entrenched within biological thought, 
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and the Weismann Barrier became a keystone of the history 

of genetics . 39 

CONCLUSION 

Throughout this chapter, we have seen how scientists thought 

about the origins and nature of germ cells, beginning with 

Leeuwenhoek 's discovery of spermatozoa in 1677 and going on 

through the establishment of the Weismann Barrier as a cor­

nerstone of the geneticists ' view of heredity in the twentieth 

century . We have also seen how the Weismann Barrier was not 

established from biological facts per se-it was established by 

misinterpreting the theoretical work of its namesake, August 

Weismann. But this history is only part of the story of how 

the Weismann Barrier became entrenched within many sci­

entists' thinking and remained a pervasive assumption within 

considerations of germline . So far, I have traced how the Weis­

mann Barrier was absorbed by the fledgling fields of transmis­

sion genetics and propagated in the context of thinking about 

heredity . The other part of the story involves understanding 

how the Weismann Barrier-a concept that indicates a rela­

tionship between cells-became established within embryol­

ogy and how the other two assumptions that underlie thinking 

about germline regeneration that I laid out in the introduction 

arose . For this part of the story, we need to move to the next 

chapter . 
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2 Backgrounding Conflicts 
within Germ Cell Science 

We have now seen how transmission geneticists absorbed the 

Weismann Barrier as a main tenet of their thinking during the 

early twentieth century: Germ cells can become somatic cells, 

but somatic cells can never become germ cells. Embracing this 

assumption within transmission genetics was not based on 

careful investigations of the origins and nature of germ cellsj 

rather it was a convenient way of doing exactly the opposite­

setting the details of cells and development to the side . In 

effect, these early geneticists treated what should have been 

an empirical claim about the relationship between germ cells 

and somatic cells as a normative claim. An empirical claim 

can be determined to be true or false via evidencej whereas 

a normative claim defines the way in which something ought 

to operate . 

By treating the Weismann Barrier as a normative claim, early 

transmission geneticists could simply point to the germline 

and say that germ cells held the keys to heredity because they 

operated in the way that the Weismann Barrier dictated . But 

the problems of the origins of germ cells and germinal conti-
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nuity didn 't go away simply because transmission geneticists 

refused to take them into account . Instead, they became the 

purview of embryologists, who were not content simply to 

accept the relationship between germ cells and somatic cells 

that the Weismann Barrier dictated . 

As we'll see, for some embryologists, the entire premise of 

the Weismann Barrier was absurd- there was no fundamental 

difference between germ cells and somatic cellsj it was a matter 

of differentiation as with any other kinds of cells. For others, 

the distinction was the cornerstone of their understanding of 

development and organismal biology .1 

In the end, the diversity of perspectives coalesced around 

a more unified embrace of the Weismann Barrier during the 

middle of the twentieth century . This shift was not a simple 

one . Disagreements about the nature and origins of germ cells, 

like most problems within the sciences, did not disappear over­

night . Rather, as the century wore on, the assumptions that 

drove earlier investigators into conflict gradually faded into 

the background . These assumptions have lingered in the back­

ground of scientific research and thinking about germ cells, 

germline, and germline regeneration and still shape our under­

standing of these things. 

THERE IS NOTHING SPECIAL ABOUT GERM CELLS 

In 1931, American embryologist Florence Heys provided an 

extensive review of the search for the origins of germ cells and 

their fates in which she laid out exactly how disparate views 

were at this time.2 According to her analysis, scientific think-
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ing about germ cells in the first few decades of the twentieth 

century existed along a spectrum . At one end were those who 

didn't think that there was anything special about germ cells­

they were simply another type of cell-therefore, there was 

no Weismann Barrier, and no continuity of germ cells within 

organisms or between generations . At the other end were 

those who saw germ cells as unique, separate, and distinct from 

somatic cells, as a continuous lineage, and the relationship 

between germ cells and somatic cells as upholding the Weis­

mann Barrier. Others held some combination of these views. 

American embryologist and zoologist, George T. Hargitt, 

was one of the researchers who thought there was nothing spe­

cial about germ cells. Throughout his research on germ cells, 

Hargitt investigated a wide array of species and was one of just 

a few scientists who studied germ cells in both vertebrates and 

invertebrates . From his earliest research concerning germ cells, 

Hargitt became convinced that methodological assumptions 

about identifying germ cells had tainted the conclusions that 

many of his contemporaries had reached . 

Between 1913 and 1919, Hargitt produced a series of research 

articles that tracked the origins of germ cells within a series 

of hydrozoan species-small, marine invertebrates related 

to jellyfish and coral-not coincidentally the same group of 

animals that led Weismann to his germ plasm theory. 3 Hargitt 

wanted to know where and when the germ cells originated 

within these different hydrozoans, and so he made careful 

studies of their embryos and larvae. From these years of star­

ing at hydrozoan embryos, larvae, and adults, Hargitt deter­

mined that the germ cells differentiate at the time just before 
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sexual maturity, and that they appear to arise from functional 

somatic cells. He concluded about hydrozoans that "there is 

no definite migration of germ cells and no germ-trackj there 

is no invisible germ plasm in the body cells:'4 Hargitt's investi­

gations ofhydrozoans led him to believe that there was noth­

ing unique about germ cells-they were simply differentiated 

somatic cells-and that there was no continuity of a germ cell 

lineage or an invisible and unobservable germ plasm. 

Following the publications of his results, several researchers 

intimated that Hargitt's conclusions about germ cells and germ 

plasm might well apply to hydrozoans but that such evidence 

could not be used to dismiss this idea within vertebrates .5 In 

turn, Hargitt extended his studies to vertebrates . In 1924, he 

published his findings on the origins of germ cells in the sal­

amander, Diemyctylus viridescens, also known as the crimson­

spotted newt .6 Due to the differences between the life cycles 

of hydrozoans and vertebrates, when examining Diemyctylus, 

Hargitt divided the problem of the origin of germ cells in verte­

brates into two phases . The first phase was concerned with the 

earliest appearance and source of primordial germ cells during 

development and their subsequent fate. The second phase dealt 

with the relationship in adults between these primordial germ 

cells and subsequent germ cells. Hargitt focused his attention 

on the second phase in Diemyctylus. He collected and observed 

tissues of the testes and noticed that germ cells were always 

found in the supportive tissue surrounding the structures of 

the testes, called stroma (a somatic structure) . The consistent 

location of these germ cells implied to Hargitt that they were 

differentiated from the surrounding somatic tissue . Because 
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he could not find evidence that germ cells that had segregated 

early during development led to these germ cells that he wit­

nessed in the gonads, he believed that germ cells arose from 

the somatic cells of the gonads . These observations led Hargitt 

to conclude that his findings from hydrozoans were true for 

vertebrates ( at least Diemyctylus). 

Hargitt continued his studies of germ cell origins in ver­

tebrates by investigating the earliest appearance and source 

of primordial germ cells during development and their sub­

sequent fate in rats.7 Hargitt studied embryos in stages from 

just before germ layer formation ( the germ layers are three 

tissues that give rise to all subsequent parts of the organism) 

to the beginning of gonad formation. He carefully cultivated 

embryos, fixed them in solution to preserve them, cut them 

into sections, and then applied various stains to the sections. 8 

He began by observing the later-stage embryos in which the 

gonads had begun to form and germ cells could be definitively 

identified, and worked his way backward, reasoning that this 

approach would allow him to trace any germ cells that contrib­

uted to the population in and around the presumptive gonad. 

From his observations, Hargitt concluded that the germ cells 

do not appear early during development, and that there is no 

germ track in the rat. Thus, through his studies of rats, Hargitt 

again confirmed the conclusions that he had reached about the 

origins and nature of germ cells from his early work on hydro­

zoans: that there was nothing unique about germ cells - they 

were simply differentiated somatic cells-and that there was 

no continuity of a germ cell lineage or an invisible and unob­

servable germ plasm . 
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There were two underlying and intertwined methodological 

assumptions that Hargitt observed in previous scientists' work 

on the origins of germ cells. The first was that scientists could 

accurately identify primordial germ cells within the developing 

embryo . Primordial germ cells are the first type of germ cell 

in the body, which are supposed to differentiate well before 

the gonads form. In other words, scientists thought they knew 

what primordial germ cells looked like. But Hargitt tells his 

reader that "the fact is there is no single character which will 

distinguish germ cells from other cells, nor is there any com­

bination of characters which may be used indiscriminately for 

such a test:' 9 He meant that none of the methods or criteria 

that scientists had developed to identify primordial germ cells 

was specific to these cells, and thus they were not reliably accu­

rate . Let's take a closer look at these identification methods . 

From the late nineteenth century through well into the 

twentieth century, scientists relied on two means of identifying 

primordial germ cells: ( 1) morphological criteria, and ( 2) selec­

tive staining criteria. There were a lot of morphological crite­

ria that were supposed to distinguish germ cells from somatic 

cells: for example, the presence of granules in the cytoplasm, 

the appearance of the mitochondria ( a sub cellular structure), 

the large size of the cell, the round shape of the cell, and finally, 

well-defined cellular membranes .10 Hargitt believed that each 

of these morphological criteria was problematic . For instance, 

the presence of a specific type of mitochondria in germ cells 

was definitively disproved just a few years after it was identified 

in 1910 .
11 Meanwhile, granules were not found in the cytoplasm 

of germ cells in all species . And, while germ cells like ova are 
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certainly large, round, and have well-defined cell membranes, 

these characteristics apply to other cells as well. Most cells tend 

to round out when approaching mitosis (cell division), and 

they acquire a more well-defined cell membrane . As for the size 

of the cell, Hargitt tells his reader that "it seems pretty clear that 

practically every cell oflarge size in any part of the embryo has 

been called a germ celI:'12 

Selective staining criteria refers to applying chemicals to 

cells and or embryos . These chemicals are supposed to color 

or highlight specific subcellular parts, which allow scientists 

to differentiate between cell types . Researchers developed 

quite a few selective staining criteria for germ cells during the 

late nineteenth and early twentieth centuries . For example, in 

1912, Russian physician and biologist W. Rubaschkin described 

staining his mouse embryos with a mixture of chemicals called 

azure II ( which gives a blue tint) and eosin ( which gives a red 

or pinkish tint).13 According to Rubaschkin, primordial germ 

cells have a different reaction to this combination of cell stains 

than all other cells, so primordial germ cells can be identified 

by their red-tinted nuclei and pale blue cytoplasms. In 1923, 

American embryologist Cleveland Simkins described how 

inaccurate Rubaschkin's method was, highlighting how cell 

cycle phase heavily affects the way in which cells take up stains: 

many different types of cells that are preparing for mitosis will 

absorb eosin and present with a red nucleus .14 In 1925, Hargitt 

had this to say about selective staining criteria: "The stain­

ing reaction of germ cells is sometimes stated to be different 

from other cells, but this is a very uncertain test, for the germ 

cells even in the same section do not by any means stain con-
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stantly . . . . All staining reactions depend upon the physical and 

chemical conditions, and these are correlated with the meta­

bolic state of the cellsj we have no right to expect any positive 

or constant difference in staining reactions of germ cells and 

other cells:' 15 

Thus, Hargitt found many of the selective staining criteria 

that earlier scientists had developed to be dubious and inaccu­

rate, and he maintained that they could not be used to defin­

itively identify primordial germ cells. In Hargitt's estimation, 

then, the morphological and selective staining criteria that 

scientists used to identify primordial germ cells were so non­

specific that it led them to assume the presence of germ cells 

during the pre-gonadal stages of development . In other words, 

identifications of germ cells before the gonads formed were 

based on faulty assumptions . 

The second methodological assumption that Hargitt saw is 

interconnected with the first: many of his predecessors and 

contemporaries believed that they could identify primordial 

germ cells without extensive investigations of development. 

If, Hargitt reasoned, someone wanted to make a claim about 

where and when germ cells originate before the formation of 

the gonads, they would need to trace the lineages of the germ 

cells that could be definitively identified within the gonads, 

because there was no reliable means of identifying germ cells 

before this stage. In other words, not many studies of germ cell 

origins were exhaustive cell lineage studies, and this was espe­

cially true for vertebrates . You can see how these two assump­

tions build on each other-without a means of accurately 

identifying primordial germ cells before the formation of the 
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gonads, scientists could not just point to cells in early-stage 

embryos and call them germ cells. They would need to trace 

the cell lineages from the germ cells within the gonads back­

ward through development to identify primordial germ cells 

definitively, and this was not a common practice . 

Hargitt found these two methodological assumptions to 

be particularly problematic because they led many of his con­

temporaries to claim that germ cells and germ plasm were 

continuous-a proposition that Hargitt found no evidence 

to support . 

THE WEISMANN BARRIER REIGNS 

At the opposite end of Heys 's spectrum of thinking about germ 

cells in the early twentieth century is American invertebrate 

zoologist Robert Hegner, whose driving question was: What 

makes a germ cell a germ cell? 

Hegner 's first attempt at addressing this question came in 

1908, when he spent several months experimenting on leaf 

beetles .16 He identified a dark, granular substance in the pos­

terior end of freshly fertilized embryos that he dubbed the 

"pole-disc ." Hegner watched as these embryos developed 

and tracked how the cells divided and migrated around the 

embryo . He noticed that some cells migrated through the pole­

disc, giving them a characteristic dark color and the appear­

ance of granules within their cytoplasm (recall my prior discus­

sion of morphological identification criteria), and they came 

to reside as a clump at the posterior end of the embryo . He 

called these "pole cells:' Following the development of the pole 
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cells further, Hegner determined that they became the primor­

dial germ cells (the first type of germ cell in the body) . He 

noticed that during cell migration within these early embryos, 

other cells came into contact with the pole-disc, but did not 

become pole cells-they didn 't take on the dark appearance 

or have granules within their cytoplasm . Hegner reasoned that 

the pole-disc granules bore some responsibility for the for­

mation of the primordial germ cells, and introduced the term 

"germ cell determinants" to describe these granules . 

Over a series of experiments, Hegner tested his reasoning. 

He tried tying off the posterior end of freshly laid eggs with silk 

thread to remove the pole-disCj it didn't work-the eggs burst. 

He then came up with a way to puncture freshly laid eggs on 

the posterior end such that they would extrude the pole-disc 

material ( and often a lot else). The results of these early experi­

ments were not definitive, but they gave a good indication that 

when the pole-disc was removed, the primordial germ cells 

would not form . Over the next few years, Hegner continued to 

refine his experiments on removing the pole-disc from freshly 

laid insect eggs.17 He gradually got more definitive results until 

1911, when he declared that, "the pole-disc granules are neces­

sary for the formation of germ cells, and that they are really 

'germ cell determinants:" 18 

The contribution of cytoplasmic granules to primordial 

germ cells was well documented before Hegner's experi­

ments, if not underappreciated . In 1863, Weismann noticed 

the contribution of cytoplasmic granules to what he called 

"Polzellen" ( German for "pole cells") during his observations 

of two species of insect, but did not yet recognize that the pole 
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cells became the primordial germ cells.19 In 1865, the Russian­

French zoologist (and later a groundbreaking immunologist), 

Elie Metschnikoff, as well as the German botanist and illus­

trator Rudolf Leuckart, independently verified that the pole 

cells became primordial germ cells.20 In the intervening years 

between Metschnikoff, Leuckart, and Hegner, a whole host 

of other scientists recognized the presence of granules within 

pole cells and also noted that primordial germ cells tended to 

contain a lot of dense, yolk-like globules in their cytoplasm. 

What Hegner proposed in 1908, and later confirmed, was 

that the cytoplasmic granules within the pole cells, what he 

called "germ cell determinants;' was "the material which fixes 

the character of the cells:'21 Hegner thus believed that germ cell 

determinants were the substance that made a germ cell a germ 

cell. In 1914, Hegner switched from calling the cytoplasmic 

material "germ cell determinant" to "keimbahn-determinant:' 22 

Recall from the previous chapter that keimbahn was the Ger­

man term Weismann coined, which became "germ-track:' In 

renaming the cytoplasmic materials that Hegner thought gave 

germ cells their identities, he was explicitly referencing Weis­

mann and his germ plasm theory. But, he came to some very 

un-Weismann-like conclusions about the nature of germ cells. 

Weismann had thought of the germ-track as the lineage of 

cells that leads from the single cell of the fertilized egg to the 

emergence of the first germ cell and believed that it was com­

posed of somatic cells that carried a full complement of unal­

tered germ plasm. For Weismann, germ cells were a specialized 

type of somatic cells and were especially important for their 

unique roles in heredityj they were not special because of a 
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fundamental difference in their structure or their substance . 

After all, unaltered germ plasm was also present in cells in areas 

of the body that were susceptible to regeneration . Hegner 's 

thinking about the keimbahn aligned with Weismann's only 

insofar as he, too, envisioned a lineage of cells. However, for 

Hegner, the cells in this lineage were all germ cells, because 

they contained keimbahn-determinants-a cytoplasmic mate­

rial that gave germ cells their identities. 

In his 1914 book called The Germ-Cell Cycle in Animals, 

which was a massive review of research on germ cells, almost 

entirely based on studies of invertebrates, Hegner evaluated 

the two theories of continuity that had been ascribed to germ 

cells: germinal continuity (germ plasm continuity) and mor­

phological continuity ( cellular continuity) . Regarding germi­

nal continuity, Hegner agreed with Weismann-there was 

a continuity of germ plasm . But, relying on his own studies 

and evidence from other invertebrate studies, Hegner sought 

to expand on Weismann 's understanding of the germ plasm . 

In considering germ plasm continuity, Hegner wrote, "If, 

then, we accept germinal continuity as a fact and consider 

the germ-plasm to be a substance that is not contaminated 

by the body in which it lies, but remains inviolate generation 

after generation, we should next inquire as to the nature of 

this substance :'23 Although Hegner mused that the relation­

ship between his keimbahn-determinants and the germ plasm 

was "not yet definitely known, "24 given his experimental evi­

dence, he concluded that the keimbahn-determinants located 

within the cytoplasm were made of this substance . After all, 

Hegner reasoned, ifWeismann 's germ plasm theory simply 
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required a substance to be reserved for germ cell formation , the 

keimbahn-determinants certainly fit this description. I should 

mention that while Hegner did have reasonable evidence to 

believe that his keimbahn-determinants in some way were con­

nected with the identity of primordial germ cells, he also had 

evidence that they ( 1) were not the same in all species in which 

they were found and ( 2) were not found throughout all species 

examined. He didn 't consider either of these points problem­

atic for his conclusions . 

When reviewing morphological continuity, Hegner began 

by telling his reader that "No case of a complete morphological 

continuity of germ cells has ever been described :'25 Despite 

this admission, Hegner assumed that it existed and that germ 

cells were continuous-he contended that the evidence just 

hadn 't caught up to fully justifying this view. We can see how 

Hegner could come to such a conclusion, given his assump­

tions of germ plasm continuity and the keimbahn-determinants 

as in some way connected with Weismann 's germ plasm . For 

him, primordial germ cells were defined by the presence of 

keimbahn-determinants, which were somehow connected to 

germ plasm, and germ plasm was continuous . Therefore , germ 

cells must be continuous . 

Hegner thus connected his keimbahn-determinants with 

Weismann 's germ plasm, creating a conceptual shift in the 

material from the nucleus to the cytoplasm . In doing so, Heg­

ner inadvertently conflated Weismann 's view of germ plasm 

continuity with a view of germ cell continuity . He also shifted 

the role and function of the germ plasm from the material that 
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could account for heredity and all cellular differentiation to a 

material that defined the identity of germ cells. These views 

proved influential with subsequent scientists . 

In 1934, French biologist Louis Bounoure published the 

results of his studies of the origins of germ cells in the frog, 

Rana pipiens. While observing developing frog embryos, 

Bounoure noticed the presence of cytoplasmic granules that 

segregated into the primordial germ cells. Referencing Hegn­

er's earlier work, Bounoure called these granules "cytoplasme 

germinale," which translates to "cytoplasmic germ plasm," or 

simply "germ plasm :'26 Five years later, Bounoure published a 

massive review of germ cell research in a book titled, L'origine 

des cellules reproductrices et le probleme de la lignee germinale.27 

In this text, Bounoure suggests that the germ plasm that he 

had described in the cytoplasm of frog eggs years earlier was 

responsible for determining the germ cell lineage (Hegner 's 

keimbahn). 

Bounoure's book had a large impact on embryologists and, 

later, developmental biologists interested in germ cells. It was 

the first extensive review of germ cell research since Hegner's 

1914 text . Other reviews appeared within this interval, such 

as Heys 's 1931 article, but they were far less extensive than 

Bounoure 's book and tended to shy away from theoretical 

claims. Bounoure had no such compunction, and he declared 

both that the continuity of the germ plasm was a general law of 

organismal reproduction and that the cellular continuity and 

early differentiation of the germ cells could not be doubted .28 

Bounoure saw the germ plasm-the cytoplasmic substance 

55 



CHAPTER 2 

that Hegner had connected with germ cell identity-as the 

material that defined the germ cells and made them continu­

ous within and between generations . 

CONFLICTING ASSUMPTIONS 

Looking at the research programs of George Hargitt and Rob­

ert Hegner and the conclusions they reached gives us good 

insight into where the conflicts about the origins and nature of 

germ cells and germinal continuity lay in the first few decades 

of the 20th century, and what assumptions underpinned these 

conflicts. Let's briefly look at these assumptions . 

First, as Hargitt and others pointed out, there were meth­

odological assumptions around identifying germ cells. Hargitt 

laid out in detail the issues that surrounded the morphological 

and selective staining criteria that scientists used to identify 

primordial germ cells. He showed how problems with iden­

tifying these earliest germ cells led to problems with reaching 

conclusions about the early origin or continuity of germ cells. 

This in turn made scientists who used these methods without 

considered diligence vulnerable to introducing a lot of error 

into their understanding of the origin of germ cells. Hargitt 

was not the only scientist at the time who was concerned with 

the methods of identifying germ cells and the conclusions to 

which these methods led . However, these concerns were not 

pervasive in the literature . 

Second, as we saw in the case of Hegner and Bounoure, a lot 

of assumptions surrounded the problem of continuity ( of germ 

plasm and of germ cells) and the nature of the germ plasm . 
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Hegner 's movement of the germ plasm from the nucleus to 

the cytoplasm allowed him to call the germ plasm continu­

ous, and we saw how his reasoning about the role of the germ 

plasm led him to conclude that germ cells were also continu­

ous . Hegner did not have evidence to support a continuous 

germ cell lineage, and as I pointed out, there were some issues 

with conceiving of a continuous germ plasm . As Hargitt noted 

in 1944, Hegner 's proposal to shift the germ plasm to the cyto­

plasm and change its role from heredity to germ cell fate was 

a major leap in understanding the germ plasm . Hargitt wrote, 

"What a strange reversal: from the view that germ cells differ 

from tissue cells because of diverse nuclear composition to the 

view that all nuclei contain complete hereditary material of 

the species, and the differences between cells are due to the 

kind of cytoplasm in which the nuclei are located! "29 

More than two decades later, Bounoure approached con­

tinuity with an even more dogmatic style . While Hegner 

couched his conclusions in qualifying language, like noting that 

the relationship between Weismann 's nuclear germ plasm and 

his own cytoplasmic keimbahn-determinants were "not yet defi­

nitely known;' Bounoure made no such concessions .30 As the 

prominent British evolutionary biologist Julian Huxley, who 

along with George Gaylord Simpson and Ernst Mayr founded 

the Modern Synthesis , put it in his review of Bounoure 's book , 

"For him [Bounoure ], germinal continuity is not a problem to 

be investigated, but a doctrine, or rather a dogma, to be pro­

claimed and supported :'31 In other words, Bounoure assumed 

that there was germ cell and germ plasm continuity , even when 

he did not have direct evidence to support such an assumption . 
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We could ask why Hegner and Bounoure were so drawn 

to the idea of continuity that they would make strong claims 

about it without definitive evidence, or why many investiga­

tors ignored Hargitt's call to question their methods of iden­

tifying Primordial Germ Cells . Looking at the state of germ 

cell research in 1948, embryologists John Normal Berrill and 

Chien-Kang Liu give us a good answer to these questions: "The 

weight of authority .. . of the Weismann-Nussbaum combina­

tion [germ cell continuity] convinced many later workers of 

the existence of facts they could not observe, and much sub­

sequent argument has arisen over the identity of so-called pri­

mordial germ cells and the existence of a germ-track in devel­

opmental stages younger than those in which germ cells can be 

safely recognized:' 32 Some scientists, then, may have been so 

tied to the idea of continuity that they were willing to overlook 

both the lack of evidence to support it and the potential prob­

lems with the evidence that they did have. This way of thinking 

was not tied solely to Hegner and Bounourej it was widespread 

within studies of germ cells at the time . 

THE FALSE VITALITY OF THE WALKING DEAD? 

COALESCING AROUND GERM PLASM AND CONTINUITY 

In 1948, Berrill and Liu evaluated the evidence and thinking 

behind research on germ cell origins and claims of germ cell 

and germ plasm continuity . They noted how investigators like 

Hargitt and Cleveland Simkins made strong and condemna­

tory attacks against the notion of the continuity of germ cells 

and germ plasm, but despite these attacks, the idea always 
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regained strength. This led Berrill and Liu to ponder whether 

"this vitality [ of the continuity of germ cells and germ plasm] 

may of course flow from truth itself incorporated in the germ­

plasm concept, or it may be a false vitality akin to the walking­

dead habits of Dracula :'33 It's worth taking Berrill and Liu's 

point seriously. 

Less than thirty years after Berrill and Liu's paper was pub­

lished, developmental studies of the origins and nature of 

germ cells had coalesced around the conceptual work of Heg­

ner that Bounoure had dogmatized . In 1976, American biol­

ogist Edward Mitchell Eddy published a massive review ar­

ticle, titled "Germ plasm and the differentiation of the germ 

cell line;' which has proven influential, as evidenced by its cita­

tion record . 34 In this paper, Eddy laid out the state of think­

ing about germ cells . By this point, germ plasm was consid­

ered to be "a substance present in the cytoplasm of gametes, 

which is segregated into specific cells during blastulation and 

determines that those cells shall become the progenitors of the 

germ cell line during subsequent development:' 35 Eddy made 

reference to Weismann's concept of germ plasm continuity, 

but indicated that this concept had shifted to something else 

entirely: ''Although when Weismann wrote of the continuity of 

germ plasm he was referring to genetic material of the nucleo­

plasm, this account forms the basis of the present germ plasm 

hypothesis:' 36 The germ plasm hypothesis, indicating that the 

germ cell line is determined by an agent present in mature 

germs cells, suggests that the agent contains stored informa­

tion capable of influencing the formation of primordial germ 

cells:'37 By 1976, then, Hegner's vision of the germ plasm and 
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the conflation of germ-plasm and germ cell continuity that it 

had initiated, had become standard within germ cell research . 

The germ plasm was now understood as a cytoplasmic mate­

rial that determined the germ cell lineage . Germ plasm and 

the germ cells were continuous . Eddy's portrayal of thinking 

about germ cells reflected a much broader acceptance of the 

germ cells and germ plasm along these lines . Such thinking 

about the origins and nature of germ cells has continued in this 

vein into quite a bit of current germ cell research . 

The widespread acceptance of the reenvisioned germ plasm, 

and of germ plasm and germ cell continuity, could lead us to 

think that the answer to Berrill and Liu's question comes down 

on the side of"truth itself incorporated in the germplasm con­

cept:' But is that really the case? The assumptions I have dis­

sected from early twentieth-century studies of germ cells were 

not resolved by the time Eddy published his review in 1976. 

Instead, they had faded into the background . Lurking. Wait­

ing. Rather like Dracula . My task is to bring them back into 

the light and, following the Dracula analogy, see if they turn to 

ash. The question now becomes-do these assumptions give 

us reason to see the Weismann Barrier and associated think­

ing about germ cell continuity, as having the false vitality of 

the walking dead? To answer this question, we need to turn 

to more current research and see whether all of the histori­

cal assumptions that underpin germline regeneration that I've 

highlighted in the last two chapters are reasonable . And , if not , 

what can be done to overcome them . 
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in Germline Science 

We are left with three empirical claims about the Weismann 

Barrier, continuity, and germ cell identification . Although 

these empirical claims are drawn from historical research, 

they are not often explicitly addressed by current germline 

research, and their history shows that they are unresolved. 

We can therefore think of these claims drawn from history as 

assumptions-as things that scientists often take for granted 

within their research programs . 

This brings me back to the driving question of this book: 

How does the germ line regenerate? In order to answer this ques­

tion, I need to challenge the assumptions that I have uncovered 

in the history of thinking about germ cells, which underlie a 

lot of current thinking about germline regeneration . Challeng­

ing these three assumptions means prodding the reasoning 

and evidence that support them. Such prodding has potential 

repercussions for what we think we know about germ cells, 

including germline regeneration . 

The common framing of gerrnline regeneration among sci­

entists involves the following reasoning: Only germ cells can 
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regenerate lost or damaged germ cells. To support their state­

ment that the germline can only regenerate from germ cells, 

scientists must ( 1) be able to accurately and reliably distinguish 

between germ cells and somatic cells j ( 2) be able to say defin­

itively that the germ cell lineage is continuous, meaning that 

there is an unbroken line of descent among germ cells within 

an organismj and (3) be able to state that under no circum­

stances can somatic cells become germ cells. You can see how 

these assumptions are intertwined and build on one another. 

Scientists must be able to accurately distinguish germ cells 

from somatic cells in order to make a claim about germ cell 

continuity, and germ cells must maintain a continuous and 

unbroken line of descent throughout development in order 

for the Weismann Barrier to hold. My task now is to deter­

mine whether these assumptions that arise from the history of 

thinking about germ cells are valid, or whether they are invalid 

and thus give our understanding of germ cells, and associated 

thinking about germline regeneration, the false vitality of the 

walking dead. 1 

IDENTIFYING GERM CELLS 

As we have seen, questioning the methods that scientists use 

to identify germ cells extends back well over a century. George 

Hargitt and a handful of other scientists explained the prob­

lems inherent in morphological criteria and selective staining 

criteria in the first decades of the twentieth century . Hargitt 

drew attention to and questioned these methods to emphasize 

the fact that scientists can only determine the nature of the 
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relationship between germ cells and somatic cells if they can 

reliably and accurately identify and distinguish between these 

types of cells. He pointed out that methodological problems 

with identifying germ cells, especially primordial germ cells, 

can lead scientists to construct a false narrative about when 

and where germ cells originate and how they may relate to each 

other over an organism's life history. Misidentifying cells in the 

embryo can lead to a false sense of continuity between germ 

cells and the relationship between germ cells and somatic cells. 

There were certainly grounds to object to the methods of germ 

cell identification during the early twentieth century, especially 

for primordial germ cells, and many of these objections still 

stand . 

By the 1990s, scientists had more tools available to help 

them identify germ cells, thanks to advances in understanding 

heredity and development through genetics. Many had begun 

to use gene expression, in addition to morphological and selec­

tive staining criteria, to identify the germ cells. Gene expres­

sion is the process by which genes synthesize their end prod­

ucts, like proteins or non-coding RNAs, and indicates when 

and where a particular gene is active within a cell or organism. 

Scientists have a variety of methods for determining and visu­

alizing when and where genes are expressed. We tend to think 

of genetic information as being far more accurate than these 

other criteria, but there are limits to this method of identifying 

germ cells. Over the past thirty years, scientists have uncov­

ered a whole suite of genes whose expression in cells can be 

and has been used to identify germ cells, such as Piwi, Nanas, 

Vasa, Pumilio, and Tudor.2 But, just as with the morphologi-
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cal criteria and selective staining techniques discussed earlier, 

these genes are usually not expressed solely in the germ cells. 

In fact, this group of genes is also used to identify what sci­

entists call multipotent stem cells. These are cells that have the 

capacity to self-renew by dividing and to develop into multiple , 

specialized somatic cell types present within tissues or organs . 

Because this suite of genes is not specific to germ cells, there 

are grounds to question whether using such gene expression 

methods alone is sufficient to distinguish between germ cells 

and somatic cells. Questioning the accuracy of this method, 

however, is not common within current science, just as ques­

tioning morphological or selective staining criteria wasn't com­

mon in Hargitt's time . 

One way to improve the accuracy of using genetic meth­

ods for identifying germ cells is to do what Hargitt suggested 

in 1925-trace the entire germ cell lineage . Whereas those 

intrepid biologists in the late nineteenth century spent hun­

dreds of hours collecting, preserving, staining, and observing 

embryos, recent genetic techniques make tracing cell lineages 

more straightforward . Cell-lineage tracing has changed since 

Whitman and his colleagues introduced it more than a century 

ago, but the logic behind it remains the same-trace the rela­

tionships and ancestry of cells through development . Tracing 

cells in the late nineteenth century relied primarily on direct 

observations of cell divisions under the microscope , combined 

with observations of preserved embryos treated with selective 

stains . Now scientists can use a combination of selective cell 

marking , genetic techniques , and microscopy to pinpoint cells 

of interest during embryonic development and see where they 
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go and what cells they give rise to. However, even with the 

advent of new techniques to trace cell lineages, the process is 

still extremely time and resource intensive, and most studies 

of germ cells do not incorporate a cell-lineage tracing element. 

Identifying germ cells, then, is still complicated . Scientists 

still rely on a combination of morphological and selective 

staining criteria, in addition to gene expression criteria and 

other techniques. If scientists have a good understanding of 

the entire germ cell lineage within an organism, which they can 

gain today with lineage-tracing techniques, then using these 

identification techniques can be fairly accurate . But doing so 

consumes a lot of time and resources, and these techniques 

are not used by the majority of scientists who study germ cells. 

The methodological assumptions that Hargitt pointed to in the 

early twentieth century , then , are still alive within current stud­

ies of germ cells. Therefore, any confident assertion that germ 

cells and somatic cells maintain separate and distinct lineages 

should be treated with caution. 

CONTINUITY 

Earlier we saw how scientists in the late nineteenth and early 

twentieth centuries thought of continuity of germ plasm 

(Weismann), continuity of germ cells (Wilson, Simpson), or 

a mash up of both (Hegner, Bounoure following revisions to 

the meaning of germ plasm as a cytoplasmic identifier of germ 

cells, and Mayr) as they tried to wrangle an understanding of 

the origins and nature of germ cells. The problem of continuity 

has not gone away in the intervening century plus of research . 
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In current science, many investigators consider the germ cell 

lineage to be continuous, but what continuity means often is 

not made explicit, because it is no longer the focus of intensive 

debates, as it was with our historical actors . Just because the 

assumption of continuity has been backgrounded within cur­

rent science does not mean that we should consider the matter 

settled . Challenging this historical assumption, then, requires 

us first to sort out what continuity of germ cells or germline 

means within current research , then we can ask whether or not 

the ideas hold .3 

In the works of Hegner and Bounoure , the concept of germ 

continuity conflated material continuity of the germ plasm 

and cellular continuity . Although most current concepts have 

escaped this conflation, we can still use the works of Hegner 

and Bounoure as a springboard into more modern works by 

categorizing thinking about continuity into two areas: ( 1) as a 

continuity of germ plasm , and ( 2) as a continuity of germ cells 

as a cell lineage . 

Let's begin by thinking about the continuity of germ plasm . 

Thanks to the work of Hegner and Bounoure, germ plasm in 

modern germ cell biology refers to a material clumped within 

the cytoplasm of germ cells, which we now know to be made 

of proteins and mRNAs . Germ plasm is supposed to play a 

role in defining germ cells and be passed on from parents to 

their progeny, resulting in a material that is both contained 

in all germ cells within an organism and passes between gen­

erations (via presence in oocytes) . Making this claim, some 

scientists following Hegner and Bounoure called germ plasm 

"continuous :' While this notion of germ plasm continuity is 
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not as widespread today as it was in the early-to-mid-twentieth 

century, it did not die with Bounoure. For example, in 1974, 

biologists Jeffrey B. Kerr and Keith E. Dixon described germ 

plasm continuity as follows, "Implicit in the idea of a separate 

germ line is the concept that germ plasm is continuous from 

generation to generation, and also therefore within a genera­

tion . ... For continuity between generations, it is only neces­

sary for the female germ cells to carry the germ plasm:' 4 More 

recently, a series of scientists have called the germ plasm the 

basis of germ cell continuity. 5 Some current scientists, then, 

adhere to the notion of continuity that Hegner and Bounoure 

started, and on that basis, they conclude that there is a contin­

uous cell lineage . 

The notion of a continuous germ plasm faces two serious 

challenges . First, while germ plasm plays a role in determining 

the primordial germ cells in some species like fruit flies (Dro­

sophila melanogaster), it has not been found in all organisms . 

You may recall that Hegner mentioned this in his 1914 book. If 

germ plasm is the basis of germ cell continuity, then we would 

anticipate that the germ cells of all organisms contain germ 

plasm, which they do not . Second , in organisms that have germ 

plasm, there is no evidence that the germ plasm persists unal­

tered throughout the germ cell lineage or across generations . 

Given these two challenges, it is problematic to define conti­

nuity on the basis of germ plasm because the definition cannot 

be applied to all organisms or even definitively said to occur in 

organisms that use germ plasm to differentiate their germ cells. 

The more prevalent notion of continuity within the scien­

tific literature is associated with the idea of germ cells as a con-
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tinuous cell lineage, also known as the germline. The Oxford 

English Dictionary defines germline as "a series of germ cells 

descended from earlier cells in the series, regarded as continu­

ing through successive generations of an organism: '6 Conti­

nuity, here, means that there is an unbroken line of descent 

among germ cells within an organism and between genera­

tions . This corresponds to the thinking that Jaeger and Nuss­

baum laid out in the nineteenth century . This way of viewing 

continuity does not rely on the presence and activity of germ 

plasm . However, how a germ cell lineage can remain contin­

uous from one generation to the next is far from clear. This 

lack of clarity concerns two different, albeit related, problems: 

continuity of a germ cell lineage between generations and within 

an organism. In order to understand the constraints on both of 

these ways of conceiving of germ cells, we need to look first at 

how germ cells originate . 

Germ cells originate during development through a process 

of differentiation ( often referred to as specification) that gives 

rise to the primordial germ cells. This differentiation process 

occurs in slightly different ways across species, but there is cur­

rently a scientific consensus that specification happens in one 

of two ways: either maternal inheritance (also called preforma­

tion) or epigenesis ( fig. 3.1). 

Maternal inheritance describes the differentiation of the pri­

mordial germ cells at the earliest stage of development . The 

material needed to differentiate the primordial germ cells (i.e., 

germ plasm) is inherited directly from the mother's oocyte, so 

everything is there from the point of fertilization on. To illus­

trate how this works, let's look at the common fruit fly. When 
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Maternal Inheritance 

~ 
Primordial germ cells differentiate at 
the earliest stages of embryonic 
development . 

Material needed to differentiate 
primordial germ cells inherited 
directly from mother via the oocyte . 

Epigenesis 

Primordial germ cells differentiate at 
later stages of embryonic 
development. 

Cluster of cells in the epiblast 
receive signals that induce them to 
become primordia l germ cells . 

FIGURE 3. 1 I Maternal inheritance and epigenesis modes of primordial germ cell differenti­
ation. Created with BioRender.com. 

sperm and egg unite during fruit fly fertilization, the result is 

a single cell, called a zygote . This zygote goes through a pro­

cess of division in a special way-the nuclei within the cell 

divide rapidly, but the cell doesn't actually divide. The result 

is a single, big cell with multiple nuclei, and this is called a 

syncytium . Syncytia are pretty common within insect embryos 

but don't occur in vertebrate embryos. As these nuclei divide, 

germ plasm from the ovum that contributed to the zygote is 

shuffled off into one end of the syncytium where it will even­

tually become localized within a small number of cells. Thus, 

in species that undergo maternal inheritance, the primordial 

germ cells differentiate at the earliest stages of development. 

Epigenesis describes the process of differentiating primor­

dial germ cells later in development. It works somewhat dif­

ferently than maternal inheritance and is more common in 

vertebrates like us. It's helpful to look at how primordial germ 

cells originate in mice (Mus musculus ) . Mice, like all other ver­

tebrates, don't have a syncytium . The single-celled zygote that 

arises from fertilization divides into two daughter cells. Each 

69 



CHA PTER 3 

of those daughter cells divides, and their daughter cells divide, 

and so on . Cells keep dividing until many cells are present . At 

this point, the embryo begins to go through a process of mov­

ing the cells around to form different layers ( a process called 

gastrulation). Just before the onset of gastrulation, a clump 

of cells situated in the center of the embryo ( called the epi­

blast) receives a series of signals from surrounding cells that 

push them into becoming primordial germ cells. In mice, the 

primordial germ cells form around 6.5 days post-fertilization . 

The process of epigenesis thus causes the primordial germ cells 

to form slightly later in development, and relies on signaling 

from surrounding cells, not on material (germ plasm) inher­

ited from the mother . 

With these two modes of germ cell differentiation in mind, 

let's return to thinking about continuity. The argument for the 

continuity of germline between generations often runs along 

the following lines: there is "preservation of a continuous germ 

lineage over successive generations :'7 This means that germline 

connects generations of organisms going back to the evolu­

tionary origin of germ cells ( at least within animals) . There is 

certainly historical precedent for thinking about the continuity 

of germ cells in this way. Weismann's predecessors in germ cell 

research, Gustav Jaeger and Moritz Nussbaum, considered this 

to be the case. And, while Weismann abandoned the idea of 

germ cells as continuous , he believed that the germ plasm fun­

damentally connected all generations of organisms throughout 

evolutionary time . Some recent scientists also claim this to be 

the case. For example, germline biologist Yukiko Yamashita 
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echoes this idea of germ cells stretching over evolutionary 

time: 

Each of us, as a multicellular organism, was once two germ 

cells ( one from our mother, the other from our father), each 

of which was once two germ cells in our grandparents, each of 

which was once .... Throughout this journey of the germ 

cells, they never died or senesced. And the implication of 

this, although obvious once stated, is that the very existence 

of each of us can be tracked back to the gonad of somebody 

(something) that was not Homo sapiens or even a mammal, but 

something like a choanoflagellate. 8 

As we just saw, the lineage of germ cells is broken in organ­

isms that specify their primordial germ cells via epigenesis­

following fertilization and a lot of cell division , primordial germ 

cells arise from somatic cells . Epigenetic germ cell differenti­

ation is thought to be the ancestral form of germ cell differen­

tiation within metazoans (metazoans are animals) .9 Because 

germ cells arise from somatic cells during epigenesis, and epi­

genesis was likely the ancestral mode of primordial germ cell 

differentiation, it is difficult to support the idea that germ cells 

form an unbroken chain of cells that exists across generations 

of organisms all the way back to a common ancestor . 

The second way in which the notion of continuity of germ 

cells can be interpreted is within an organism. We can break 

this down further into two possibilities . First, germ cells con­

stitute a continuous lineage beginning with the first cleavage 
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following fertilization . Second , once the primordial germ cells 

differentiate during development, they form a continuous cell 

lineage . In both cases, continuity is predicated on the idea that 

germ cells are separate and distinct from somatic cells, and that 

somatic cells cannot become a part of this germ cell lineage, 

but the second option allows for germ cells to arise later in 

development from somatic cells. Let's briefly look at both of 

these options. That germ cells can form a continuous cell lin­

eage, beginning at the point of fertilization and the first cleav­

age of the egg, could be true for some species that use maternal 

inheritance to differentiate germ cells. It certainly cannot be 

true for species that use epigenesis . Again, epigenesis is likely 

the ancestral mode of primordial germ cell differentiation , and 

is far more prevalent throughout metazoans than maternal 

inheritance, and so, there are far more somatic cells giving rise 

to germ cells during development then there are potentially 

continuous germlines from the point of fertilization arising 

via maternal inheritance . Therefore, a claim about continuity 

like this one-that requires cells to form a continuous lineage 

throughout the life history of an organism-does not get us far 

in understanding or explaining the relationship between germ 

cells or between germ cells and somatic cells. 

Finally, let's consider the idea that once the primordial germ 

cells differentiate during development, they form a continu­

ous cell lineage that cannot be broken by somatic cells. This 

is currently the most common way of interpreting the idea of 

continuity in relation to germ cells . It requires us to draw a 

strict distinction between germ cells and somatic cells, such 

that somatic cells can never become germ cells once the germ 
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cell lineage is established within an organism . This way of view­

ing germ cells is fundamental to the Weismann Barrier . 

THE WEISMANN BARRIER 

We have seen how the Weismann Barrier was established and 

came to be fundamental to geneticists' thinking about hered­

ity throughout the twentieth century . As concepts about the 

origins and nature of the germ cells shifted within embryol­

ogy and then developmental biology, it also gained a hold over 

thinking in these disciplines . Today many (but certainly not 

all) scientists consider the Weismann Barrier a fundamental 

tenet of biology . The empirical veracity of the Weismann Bar­

rier, and the underlying notion of germ cell continuity that it 

maintains, is assumed, and its normative power is what gives 

us the definitive statement that somatic cells cannot become 

germ cells once germline originates during development. 

Consequently, this normative view of the Weismann Barrier 

is what dictates that germline can only regenerate from germ 

cells. It is also an assumption that is foundational to all our 

genome-editing policies, as we will see. As such, we ought to 

closely inspect the reasoning and evidence that support it. We 

can achieve such an inspection by looking at alternatives to 

the relationship between germ cells and somatic cells that the 

Weismann Barrier mandates, and the evidence that supports 

these alternatives . This brings us back to the fundamental ques­

tion: How does germline regenerate? 

There are three possible models for germline regeneration, 

and each has a different relationship with the Weismann Bar-
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Traditional 
Model 

• Somatic cell 

Germ cell 

Pluripotency 
Model 

Transdifferentiation 
Model 

I --or-

• Pluripotent stern cell 

Undifferentiated cell 

FIGURE 3 .2 I Three mode ls of germlin e regeneration. Based on the wo rk of B. Du ygu 
Ozpolat. Created with Bio Rend er.co m. 

rier.10 Let's explore these three models and the evidence that 

supports them . The first model is called the traditional model 

(fig. 3-2). It tells us that to regenerate germline , germ cells must 

be pre sent in the organi sm. The traditional model, therefore, 

strictly upholds the Weismann Barrier . It is the model of ger­

mline regeneration that most scientists are willing to accept 

because it adheres to their understanding of and assumptions 

about the relationship between germ cells and somatic cells. 

One prominent example of the traditional model is germline 

stem cell regeneration in fruit flies. When the germline stem 

cells ( the germ cells that sit within a little somatic cell niche 

within the testes or ovarie s) in fruit flies are damaged to the 

point where they die or leave the stem cell niche, other germ 

cells that are moving toward differentiation into gamete s are 

supposed to dedifferentiate and fill the stem cell niche, thus 

regenerating the lost germline stem cells.11 
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The second model is called the pluripotency model.12 Pluri­

potency refers to the ability of a stem cell to give rise to any 

other cell type in the body . In this model, you would have a 

pluripotent stem cell that can give rise to both somatic cells 

and germ cells. This model has a more complicated relation­

ship with the Weismann Barrier, depending on how we catego­

rize the pluripotent stem cell. If we view stem cells, apart from 

germline stem cells, as somatic cells, then the pluripotency 

model of germ cell regeneration rejects the existence of the 

Weismann Barrier. If, however, we consider pluripotent stem 

cells to be something distinct from both somatic cells and germ 

cells, then this model doesn't necessarily contradict the Weis­

mann Barrier, because the Weismann Barrier only addresses 

germ cells and somatic cells. 

The third model is called the transdifferentiation model. 

Transdifferentiation refers to the conversion of a cell from one 

type to another-for example, from a muscle cell to a liver cell. 

In this model, you would see a somatic cell become a germ cell. 

The process could involve either a somatic cell dedifferentiat­

ing into a less specialized type of cell (like a stem cell) and then 

redifferentiating into a germ cell, or it could involve a somatic 

cell directly transdifferentiating into a germ cell. Either way, 

the result is the same-a somatic cell becomes a germ cell. 

This model has a very straightforward relationship with the 

Weismann Barrier: if it holds, it completely rejects the Weis­

mann Barrier. 

What evidence is there to support each of these models? 

Because I'm interested in challenging the notion of the rela­

tionship between germ cells and somatic cells that the Weis-
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mann Barrier dictates and the resulting idea that regeneration 

is limited to the traditional model described above, I'm going 

to focus on the latter two models of germ cell regeneration: 

pluripotency and transdifferentiation. To explore the evidence 

that supports these two models, I have selected a variety of 

examples meant to highlight the diversity of pluripotency and 

transdifferentiation across the metazoan clade (fig. 3.3) and 

showcase some of the best evidence available in support of 

these models.13 I should note that germ cell development is 

not well studied or understood within the vast majority of 

metazoans , so the evidence remains incomplete and scattered. 

PLURIPOTENCY AND GERMLINE REGENERATION 

Before we dive into evidence for the pluripotency model of 

germ cell regeneration, let's lay out some basics about stem 

cells . Stem cells have two properties: (1) self-renewal, and 

(2) the ability to differentiate into different cell types (also 

called potency ).14 Self-renewal means that these cells can con­

tinuously divide and produce new cells without differentiating . 

Potency refers to the ability of these stem cells to give rise to 

cells that can differentiate into different cell types . Scientists 

categorize stem cell potency in at least four ways: unipotency, 

multipotency, pluripotency, and totipotency . Unipotency 

refers to the ability of stem cells to give rise to a very limited 

number of different cell types-usually just one . Germline 

stem cells are an example of this kind of potency-they can 

only give rise to the cell types that will either become sperm or 

ova. Multipotency refers to the ability of stem cells to give rise 
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.-------- Porifera 
(Sponges) 

.------ Hydrozoa 
(Hydractinia) 

Platyhelminthes 
(P lanarians) 

Annelids 'Ill\. 
( Capitella/ Pristina) ~ 

---- Crustaceans 
(Parhyale) 

.---- Echinoderms 
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FIGURE 3.3 I Phylogeny of metazoans , indicating the relationships between the different 

organisms discussed within this chapter . This is not a complete phylogeny of metazoans; it 

only shows the groups discussed within this chapter. Created with BioRender.com. 

to a number of cell types, but these are usually within a closely 

related family of cells. Scientists consider most adult stem cells 

to be multipotent . Pluripotency means that stem cells can give 

rise to nearly all the cell types within the body. Pluripotent 

stem cells are usually found within the developing embryo, 
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but we'll see examples shortly of pluripotent stem cells within 

adults . Finally, totipotency refers to the ability of stem cells to 

construct an entire and viable new organism . Totipotent stem 

cells are produced at the very beginning of development . 

Now, let's return to the question I raised in the previous 

section-whether stem cells are somatic cells (except for 

germline stem cells) . This is a tricky question to answer. In gen­

eral, scientists consider stem cells present within an embryo­

that is, totipotent and pluripotent stem cells-to be distinct 

from somatic cells. This distinction arises from the fact that 

at these early stages of development, these stem cells are the 

source of all tissues in the body and not committed to any fate 

or lineage . Meanwhile, stem cells that exist within organisms 

after embryonic development-generally multipotent or 

unipotent stem cells-are considered to be somatic cells. So, 

whether a stem cell is considered a somatic cell or not is gen­

erally related to the timing of its appearance in the life cycle of 

an organism, and subsequently, the potency of those stem cells. 

This is a problematic distinction, because some organisms, as 

we'll see shortly, retain pluripotent stem cells throughout their 

entire life cycles . For my purposes, the distinction between 

calling stem cells somatic cells or something else only mat­

ters insofar as it affects the Weismann Barrier . Thus, although 

the somatic / non-somatic nature of stem cells is in question, 

I can say that regardless of where one lands on the question 

of whether stem cells should be considered somatic cells, the 

pluripotent model of germ cell regeneration raises problems 

for the strict distinction and relationship between germ cells 

and somatic cells that the Weismann Barrier requires . 
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I am especially interested in pluripotent stem cells-those 

that can give rise to nearly any cell type within a body . These 

are present throughout all metazoans during their early devel­

opment , but they tend to be found only in adults of species that 

are capable of whole-body regeneration .15 Whole-body regen­

eration means that an organism can regrow a completely new 

body from a small fragment . And, while whole-body regener­

ation can occur in organisms scattered throughout the meta­

zoan clade, we' re going to focus on evidence for the pluripotent 

model of germ cell regeneration in just a few organisms that are 

pretty far removed from humans: sponges, Hydractinia, and 

planarians (fig. 3.4). These are marine organisms that live in 

waters all over the world, and I'll give some details about them 

as wego . 

Sponges are a group of organisms in the phylum Porifera, 

which sits at the base of the evolutionary tree of metazoans. 

Sponges are fascinating creatures capable of incredible feats 

of regenerationj you can put a sponge in a blender and it will 

regenerate an entire body's structure and functions from the 

disaggregated cells. Although their bodies lack organ systems 

(including reproductive organs) and tissues, they are com­

prised of different cell types, and most of them use sexual 

reproduction to procreate . For our purposes, two cell types in 

sponges matter: archeocytes and choanocytes . 

Archeocytes are generally agreed to be pluripotent stem 

cells in sponges-they can differentiate into all the other cell 

types that make up a sponge . These cells perform all kinds of 

functions, from aiding in digestion to enabling regeneration. 

Experiments have shown that without archeocytes, sponges 
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FIGURE 3.4 I Phylogeny of metazoans , highlighting the positions of Porifera (sponges) , 
Hydrozoa (Hydractinia ), and Platyhelminthes (planarians ). Created with Bio Render.com. 

are not able to undergo regeneration. 16 Choanocytes are also 

pluripotent stem cells, and they make up the interior body 

wall of sponges. They have little tails ( called flagella) that help 

pump water throughout the body, while the collars of these 

cells help trap food and absorb nutrients. Both archeocytes 

and choanocytes are involved in sexual and asexual reproduc-
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FIGURE 3 .5 I Sponge (Aplysinafistularis, yellow tub e spo nge) . Sponges range in size from 

un der half an inch to over six and a halffee t ( 0 .2 centi me ters to 2 meters) . Ph oto by N ick 

Hobgood. 

tion in sponge s. In sexually reproducing species, the archeo­

cytes mostly give rise to oocytes (but sometimes sperm, 

depending on the specie s), and choanocyte s mostly give rise 

to sperm (they also give rise to oocyte s in some specie s) .17 

During regeneration, archeocytes can give rise to any cell type 
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FIGURE 3.6 I Hydract inia (Hydrac tinia sym biopollicaris) (YPM IZ 096809) . Image court esy 

ofYale Peabody Museum of Na tural Hi story. Created by Eric A . Lazo-Wasem. 

in the sponge's body, including choanocytes , and choanocytes 

can give rise to archeocytes , which can become any cell type .18 

Thus, under both normal and regenerative conditions , gametes 

originate from pluripotent stem cells (archeocytes and cho­

anocytes) in sponges . 

Hydractinia is a genus in the Hydrozoa class that reproduces 

sexually. You may recall from the discussions ofWeismann and 

Hargitt that hydrozoans are small, predatory marine inverte­

brates closely related to jellyfish. Hydractinia are colonial spe­

cies found within saltwater environments, and usually live on 

snail shells . They have tubelike body plans with many types 

of specialized cells (fig. 3.6). For our purposes, one cell type 

is important: interstitial cells, also called i-cells, which are the 
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stem cells in these organisms. Scientists have been interested 

in the development and reproduction of hydrozoans for a 

long time. These were the organisms that caught Weismann's 

attention in the early 1880s and led him to his understanding 

ofheredity .19 In Weismann 's early studies ofhydrozoans, he 

recognized the i-cells as being somehow involved in the for­

mation of germ cells, and linked these cells loosely with the 

concept of stem cells (stammzellen in German) . Weismann did 

not conceive of stem cells in the same sense that we do today, 

but he did consider them to be precursors to cell lineages that 

had the capacity to multiply . 20 Today, scientists consider i-cells 

in Hydractinia to be pluripotent . 

In 2004, developmental biologi st Werner Muller and col­

leagues performed a series of experiments that demonstrated 

the pluripotent abilities of i-cells in Hydractinia .21 They 

removed the i-cells from a group of Hydractinia and then intro­

duced i-cells from donors into these i-cell deficient recipients . 

Over time, the i-cells from the donor s completely took over 

the recipients , replacing all the somatic cells and the germ cells. 

Thus, Hydractinia i-cells are capable of giving rise to all of the 

somatic cell lineages as well as germ cells.22 

Planarians are tiny flatworms in the order Platyhelminthes and 

live all over the world in saltwater, freshwater, and even terres­

trial environments . These organisms are powerhouses of regen­

eration . For well over a century, scientist s have known that if 

you cut planarians into small pieces, they can regrow entirely 

new bodies from those little chunks . There are many species of 

planarians: some reproduce asexually, some sexually, and some 
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FIGURE 3.7 I Planarian (Schm idtea mediterranea) . Planarians usually range in length from 0. 1 

to o.6 inches (3 to 15 mm), but some species can grow to about a foot long (30 cm) . Pho to 

by Alejand ro Sanchez Alvarado. 

can do both . Planarians have a straightforward body plan-a 

head and a body (fig. 3.7 ) . The body contains the reproductive 

organs and the germ cellsj the head is completely devoid of 

germ cells. 

In 1901, biologist Thomas Hunt Morgan, who would win a 

Nobel Prize in 1933 for his work on genetics, cut off the bodies 

of a bunch of planarians, thereby removing all of the repro­

ductive organs and germ cells, and watched as the remaining 

heads regrew entirely new bodies, including all the reproduc­

tive organs and germs cells.23 Morgan concluded that the germ 

cells in these animals could be derived from somatic cells. Sci­

entists later discovered that planarians contain massive popu­

lations of cells called neoblasts. These neoblasts are pluripotent 

stem cells that can give rise to both somatic cells and germ cells 

during regeneration, although recent research indicates that 

there may be subclasses of neoblasts that have more restricted 

cell fates.24 

Taken together, evidence from sponges, Hydractinia, and 

planarians indicates that in some species, especially those that 
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maintain pluripotent stem cells in the adult body, germ cells 

are readily generated and regenerated from these pluripotent 

stem cells. 

TRANSDIFFERENTIATION AND GERMLINE REGENERATION 

Researchers have well documented transdifferentiation, or the 

ability of cells to change from one type to another .25 In fact, a 

lot of cells contain a surprising degree of plasticity in their abil­

ity to shift between different cell types . For instance, in Hydra 

(a genus closely related to Hydractinia ), zymogen cells regu­

larly transdifferentiate into granular mucous cells in the head 

region. 26 When it comes to transdifferentiation during germ 

cell regeneration, we need to consider two kinds of evidence. 

The first is for what I call natural transdifferentiation, which 

means that organisms can transform somatic cells into germ 

cells in vivo, or within their bodies . The second kind of evi­

dence is for what I call induced transdifferentiation, which means 

that somatic cells are capable of transdifferentiation into germ 

cells in vitro-outside the body, typically in the laboratory, in 

test tubes, or culture dishes . 

Natural Transdifferentiation 

Let's begin with evidence for natural transdifferentiation by 

looking at experiments on organisms across the metazoan 

clade (fig. 3.8 ), including tunicates ( Ciona intestinalis ), anne­

lids ( Capitella teleta and Pristina leidyi), crustaceans (Parhyale 

hawaiensis), and echinoderms ( sea urchins) . I'll start with 

tunicates because they provide the best evidence for natural 
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FIGURE a.a I Phylogeny of metazoans , highlighting the positions of annelids ( Capitella teleta 
and Pristina leidyi), crustaceans (Parhyale hawaiensis ), echinoderms (sea urchins), and tuni­

cates ( Ciona intestinalis ). Created with Bio Render.com. 

transdifferentiation, and then consider examples in the other 

groups, because they show that natural transdifferentiation 

may be fairly widespread among metazoans . 

There are around three thousand species of tunicates, 

marine invertebrates that are filter feeders with a sac-like body 
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FIGURE 3.9 I Ciona intestinalis. Ad ult Ciona usually grow to be about 6 inches long ( 15 cm) . 

Image court esy ofYale Peabo dy Museum of Na tural History. Photo by Eric A. Lazo-Wasem. 

structure that is filled with water (fig. 3.9 ) . Their bodie s con­

tain two tube-like openings , known as siphons , through which 

they draw in and expel water. Many tunicate s have exten sive 

regenerative abilities, including whole-body regeneration . One 

species of tunicate that provides excellent evidence for natu­

ral transdifferentiation during germline regeneration is Ciona 

intestinalis. 

Ciona intestinalis is a solitary tunicate . It basically sits on a 

substrate in the ocean , like a rock, and filter-feeds from the sur­

rounding environment . Ciona are hermaphrodites that release 

both sperm and eggs into the surrounding water almost simul­

taneou sly, but the se organi sms are self-sterile, meaning that 

one individual's eggs and sperm cannot fertilize each other.2 7 

Ciona, like most marine organisms, go through a series of dif-
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ferent stages before reaching adulthood and their final, tube­

like body plan . Juvenile Ciona have a basic body plan that 

includes a head and a tail. In 2002, while developmental biol­

ogist Katsumi Takamura and colleagues were investigating 

the origins of primordial germ cells in Ciona, they recognized 

that the primordial germ cells form in the tail region during 

the juvenile phase .28 Further, they discovered that when they 

removed the tails of Ciona juveniles (thus removing the pri­

mordial germ cells), the tails would regenerate along with the 

primordial germ cells and give rise to sexually mature adults . 

The question of where the regenerated primordial germ cells 

came from remained open until 2017 , when cell and molecular 

biologist Keita Yoshida and colleagues performed a series of 

experiments meant to address this question . 29 Yoshida and col­

leagues created genetically modified Ciona embryos that had 

different genetic markers for different somatic cell lineages . 

They removed the tails of these genetically modified juvenile 

Ciona and allowed them to regenerate their tails and develop 

into reproductively functioning adults . They then genetically 

sequenced the sperm from these adults, looking for those 

genetic markers that they had introduced . They found several 

of those genetic markers for different somatic lineages within 

the sequenced sperm, including the markers from muscle, neu­

ral tissue, and epidermis, indicating that the germ cells had 

regenerated from these different somatic cell lineages . 

The group took their investigation of soma-to-germ trans­

differentiation a step further and tested whether Ciona would 

transdifferentiate somatic cells into germ cells even when the 
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primordial germ cells are not removed (i.e., not during germ 

cell regeneration) . They allowed some of their genetically mod­

ified embryos to develop to adulthood without removing their 

tails, and found that among the seven Ciona embryos used in 

this experiment, four had sperm showing somatic expression 

markers even without removing the primordial germ cells . 

Ciona, therefore, provides strong evidence that (1) transdif­

ferentiation of somatic cells to germ cells is a viable mode of 

germ cell regeneration, and ( 2) transdifferentiation of nor­

mally somatic lineages to germ cells can happen during nor­

mal growth and development. Both of these points call into 

question how unique the germ cell lineage is within Ciona. 

Annelids are segmented worms . The annelid clade has hab­

itats that range from terrestrial ( e.g., earthworms) to fresh­

water (e.g., leeches) to marine (e.g., the Pompeii worms that 

live around hydrothermal vents on the ocean floor) environ­

ments . Many annelids have the ability to regenerate anterior 

segments (those near the head), posterior segments (those 

near the tail), or both anterior and posterior segments . We're 

going to look at two species of annelid: Capitella teleta and 

Pristina leidyi (fig. 3.10 ) . 

Capitella teleta is a species of marine worm found in sedi­

ments along the East and West coasts of the United States. This 

species is capable of posterior regeneration, including regen­

eration of its ovaries . In Capitella, one cell that appears during 

early development, called 3D, serves in normal cases as the 

exclusive progenitor of the germ cells. In 2018, biologists Leah 

89 



CHA PTER 3 

FIGURE 3.1 o I Capitella teleta. Adult Capitella usually range in size from just und er half an 
inch to just over an inch long (1 to 3 cm) .Adult Pristina are usually less than one-th ird ofa n 

inch long ( 8 mm). Photo by Lauren Ku. 

Dannenberg and Elaine Seaver showed that when the 3D cell 

is removed, some larvae still develop primordial germ cells. 30 

When allowed to continue developing, these larvae turn into 

adults with fully functional reproductive system s capable of 

giving ri se to offspring . This evidence indicates that within 

Capitella, other cells, which normally give rise to somatic cell 

lineages, are capable of converting into the germline progenitor 

cell when it is removed early during development . 

Pristina leidy i is a species of freshwater worm found through­

out North and South America , and it is capable of regenerating 

both anterior and po sterior segment s following amputation . 

These worm s can reproduce both sexually and asexually, and 

both adult male s and female s of the specie s contain gonad s 

where the germ cells are located . The gonads in Pristina are 
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located in the anterior segments of the body, and the posterior 

segments contain a cluster of pluripotent stem cells. In a series 

of experiments published in 2016, germline biologist B. Duygu 

Ozpolat and colleagues showed that when these animals were 

starved for a month, their gonads regressed to the point where 

they could not be found through either their gene expression 

or by microscopy. 31 Upon refeeding, Pristina quickly reestab­

lished their gonads and became reproductively viable. Follow­

ing up on this experiment, Ozpolat and colleagues found that 

when they amputated the anterior of these worms (removing 

the gonads) and the posterior (removing segments that con­

tain the pluripotent stem cells), the resulting body segments 

were capable of regenerating the germ cells and the gonads .32 

From this set of experiments, we can see that in Pristina, it is 

likely that somatic cells can transdifferentiate into germline 

cells during regeneration . 

Crustaceans are invertebrates with a hard exoskeleton and seg­

mented body plan . They range in size from microscopic all the 

way up to Japanese spider crabs, which can have leg spans of 

12 .5 feet (3.8 meters) . Compared to some of the other species 

that we've seen thus far, crustaceans tend to have more limited 

regenerative capabilities, although they are still quite impres­

sive when compared to our own . For instance, Florida stone 

crabs, which are found throughout the North Atlantic, can 

regenerate both of their claws. This comes in handy, because 

harvesting these crabs for food includes removing one or both 

claws from the live crab and returning the crab to the ocean . 
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FIGURE 3.11 I Parhyale hawaiensis. Adult females can grow to just over three-quarters of an 

inch long ( 2 cm) . Image courtesy of Museum of Comparative Zoology , Harvard University . 

Created by Jennifer W. Trimble. 

We're going to look specifically at one species of crustacean: 

Parhyale hawaiensis (fig. 3.11). 

Parhyale hawaiensis is a species of marine crustacean found 

in shallow, warm waters worldwide. Much like Florida stone 

crabs, Parhyale are capable of regenerating their limbs. Parhyale 

exhibit early cell fate restriction and are thought to use mater­

nal inheritance to specify their germline. By the eight-cell stage, 

each cell in the embryo has begun to differentiate. One of these 

cells, called the g-cell, exclusively gives rise to the primordial 

germ cells . In 2007, biologist Melinda Modrell found that when 

the g-cell is removed at this early stage of the embryo, the pri­

mordial germ cells will not form. 33 Surprisingly these embryos 

developed into fertile adults that produced normal offspring, 

indicating that the germline regenerated from somatic cells at 

some point in the juvenile phase of their life cycle. It is likely 

that germline regeneration in Parhyale is induced by signals 
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FIGURE J.12 I (A) Adult sea urchin. (B) 16-cell stage sea urchin emb ryo. ( C) 32-cell stage sea 

urchin embr yo. No te that at the 32-cell stage, the micromeres that appea r at the 16-cell stage 

have divided into small and large micromeres. Crea ted with Bio Rend er.com . 

coming from the developing gonads , although this hypothesis 

has yet to be thoroughly tested .34 

Echinoderms are marine invertebrate s recognizable by the 

radial symmetry of their body plans . They can be found at any 

ocean depth and include the starfish, sea urchins , and sand dol­

lars that regularly turn up along beaches . Many echinoderms 

have strong regenerative capabilities, including regenerating 

parts (like missing limbs) and even whole-body regeneration . 

For instance, starfish have the ability to regenerate their arms, 

and can even regenerate an entirely new body from an arm 

that retains part of their central disc. We're going to look at one 

group of echinoderms: sea urchins (fig. 3.12). 

Sea urchins are a diverse group of echinoderms character­

ized by their pentaradial body symmetry ( their bodies branch 

into five distinct compartments) and their spiny outer layer. 

These spiny creatures can be found on the seabed of every 
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ocean and inhabit every ocean depth, from coastal tide pools 

to sixteen thousand feet below sea level. Sea urchins appear 

to use the epigenetic mode of germline differentiation . As 

the embryo reaches the sixteen-cell stage, it produces a clus­

ter of four small cells called micromeres that sits adjacent to 

the larger clump of cells that make up the rest of the embryo 

(see fig. 3.12). By the thirty-two-cell stage, these micromeres 

have divided into small and large micromeres . The large 

micromeres rest in contact with the remainder of the embryo, 

and the small micromeres sit atop these large micromeres like 

a pearly crown. The small micromeres from the thirty-two-cell 

stage embryo are the precursors to the primordial germ cells. 

When the micromeres are removed from sea urchin embryos 

at the sixteen-cell stage (before the micromeres have divided 

into large and small), the remaining embryos will nonetheless 

develop normally and give rise to adults with gamete s. 35 It is 

unclear how sea urchins compensate for the loss of these pri­

mordial germ cell-precursor cells, but cells that normally give 

rise to somatic lineages must be involved . 

Induced Transdifferentiation 

So far I have focused on cases that provide evidence for natu­

ral transdifferentiation . Within this subcategory, we have seen 

that some organisms readily regenerate their germlines ( and 

in some cases even generate their germlines) from somatic 

cells. Now let's turn to cases that provide evidence for induced 

transdifferentiation . In order to understand induced transdif­

ferentiation , we first need a better understanding of the history 
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behind thinking about how cells can change their fates, also 

called cell reprogramming. 

Research in the late nineteenth century had given scien­

tists the idea that cells within embryos narrow their fates fairly 

quickly during development . Some scientists, like the embry­

ologist Wilhelm Roux, thought that cell fates are determined 

at the earliest stages of the embryo and incapable of change 

thereafter, whereas others , like the embryologist Hans Driesch , 

thought that there is more room for cells to change their fates. 

In the early twentieth century, the understanding emerged 

that , throughout development , cells gradually lose their poten­

tial and progressively arrive at their terminally differentiated 

fates-as muscle cells, neurons, and so on . Cells that are ter­

minally differentiated have reached their final fate or cell type . 

Once cells reached these end stages, they were thought to be 

set in those fates. 

In the 1950s, this way of thinking about cells began to 

change . Two developmental biologi sts, Robert Briggs and 

Thomas King, performed a series of experiments in which 

they removed the nuclei from oocytes and replaced them with 

nuclei from late-stage embryos and tadpoles .36 The result was 

an oocyte capable of some development . While these exper­

iment s were ground-breaking, Briggs and King used nuclei 

from cells that had not quite reached their fully differentiated 

state s. In 1962, developmental biologi st John Gurdon repli­

cated these experiments using nuclei from fully differentiated 

cells harvested from the intestines of tadpoles . 37 The technique 

that Briggs, King, and Gurdon pioneered, called somatic cell 
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nuclear transfer, showed that differentiated cells retained the 

potential to adopt other, less differentiated states. Conse­

quently, these were also the first cloning experiments .38 

In the 1980s, scientists began to find that certain transcrip­

tion factors, which are proteins produced by the cell that nor­

mally help bind it to its specific fate, could also change a cell's 

fate. In 1987, three scientists, Robert Davis, Harold Weintraub , 

and Andrew Lassar, showed that fibroblasts (a type of con­

nective tissue cell) could be converted into myoblasts (a type 

of undifferentiated cell that gives rise to muscle cells), when 

forced to express a transcription factor called MyoD. 39 Other 

subsequent researchers found that forced expression of tran­

scription factors could convert primary B and T cells (both 

are immune system cells) into a different type of immune cell 

called a macrophage.4° From this research, it became clear that 

transcription factors could induce differentiated cells to switch 

their fates . One question remained, though: Can terminally 

differentiated cells be induced into a stem cell fate? 

Recall that stem cells are defined by having two properties: 

( 1) they can self-renew, and ( 2) they can differentiate into dif­

ferent cell types .41 Recall also that stem cells can have different 

levels of ability to differentiate . For instance, pluripotent stem 

cells, as we saw in sponges, planarians, and Hydractinia, can 

give rise to any cell type in the body . 

In 2006, stem cell biologists Kazutoshi Takahashi and 

Shinya Yamanaka published a series of experiments in which 

they showed that the introduction of a series of four transcrip­

tion factors (Oct3 / 4, Sox2, c-Myc, and Klf4) could induce 

mouse embryonic fibroblast cells into a pluripotent state in 
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vitro.42 These new cells were called induced pluripotent stem 

cells (iPSCs), and scientists around the world quickly began to 

fine-tune the system that Takahashi and Yamanaka had devel­

oped . 43 For instance, in 2007, a group of researchers showed 

that iPSCs could be formed from human somatic cells derived 

from fetal and newborn tissues and from adult tissues .44 In 

2012, the Nobel Prize in Physiology or Medicine was awarded 

jointly to John Gurdon and Shinya Yamanaka "for the discov­

ery that mature cells can be reprogrammed to become plu­

ripotent: '45 Cell reprogramming then, has a long and storied 

history within biology. 

The history of cell reprogramming that we have just gone 

through indicates that somatic cells have far more built-in plas­

ticity than scientists often give them credit for. It also shows 

that somatic cells have the potential to transdifferentiate into 

other cell types, including pluripotent stem cells. Based on this 

history, I argue that we should pay close attention to evidence 

of germline regeneration via induced transdifferentiation, 

because it can show us that, given the right conditions, somatic 

cells can become germ cells. Further, in the species that I'm 

going to focus on most, mice and humans, it is incredibly dif­

ficult (in the case of mice) or nearly impossible (in the case 

of humans) to provide evidence for natural transdifferentia­

tion for a number of reasons, including the reproductive biol­

ogy of these organisms and ethical prohibitions (in the case 

of humans) . So discovering the right conditions for induced 

transdifferentiation in vitro is an important step in determining 

whether those conditions can happen in vivo. 

Now let's take a look at the available evidence for induced 
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FIGURE 3.13 I Phylogeny of metazoans, highlightin g the positions of mice and hum ans 
(mamm als) . Created with BioRend er.com. 

transdifferentiation . I'm going to focus most on what has been 

accomplished in mice and in humans (fig. 3.13), but before I do, 

I need to make an important distinction . Induced transdiffer­

entiation in mice has yielded progeny, whereas all of the work 

that I describe for humans has not . This distinction is partic­

ularly important for two reasons . First, yielding progeny from 
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induced transdifferentiation is considered the gold standard of 

evidence that the cellular reprogramming of iPSCs (somatic 

cells) to germ cells works . Second, yielding progeny from the 

induced transdifferentiation of somatic cells to germ cells in 

humans has a lot of ethical boundaries that have not, to my 

knowledge, been crossed . 

Mice are one of the most well-studied organisms within 

biology, and they are thought to be especially useful for 

understanding biological processes in humans . As discussed 

previously, mice use epigenesis to differentiate their primor­

dial germ cells just before the time that the embryo enters the 

process of gastrulation . Unlike many of the organisms I've dis­

cussed, mouse gonads are hard to access for in vivo studies . 

In 2007, just one year after his lab had introduced iPSCs, 

stem cell biologist Shinya Yamanaka and two other colleagues 

introduced iPSCs into early-stage mouse embryos, before 

the time at which primordial germ cells began to differenti­

ate.46 They allowed these embryos to develop, and the result 

was chimeric mouse pups-mice that contained the genetic 

information from the original embryo cells and genetic infor­

mation from the introduced iPSCs . The group then bred some 

of these chimeric mice and found that the genetic information 

from the iPSCs appeared in the resulting progeny, indicating 

that the introduced iPSCs had given rise to germ cells. These 

experiments served as proof of concept that iPSCs could be 

integrated throughout a developing embryo and indicated that 

iPSCs could give rise to germline cells, albeit indirectly . 

In 2011, a group of stem cell and developmental biologists 

led by Katsuhiko Hayashi and Mitinori Saitou showed how 
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iPSCs generated from mouse embryonic fibroblasts could 

be used to create what they called "primordial germ cell-like 

cells:'47 The name primordial germ cell-like cells indicates that 

they operate like primordial germ cells, but they are derived 

from an artificial technique and thus should be thought of as 

slightly different from primordial germ cells that form in the 

body through natural processes . We'll see throughout the next 

few examples of scientific studies that scientists frequently add 

"like" to a cell name in order to make this distinction between 

natural and artificial apparent, and I will follow their naming 

rules as I explain their science . The group was able to trans­

differentiate iPSCs in vitro into germ-like cells (i.e., the cells dis­

played many of the genetic markers of germ cells) . They then 

transplanted these germ-like cells into the testes of infertile 

male mice . Following the transplant, several of the mice could 

create sperm . The group harvested some of the resulting sperm 

and used them to fertilize eggs, which , when transplanted into 

female mice, gave rise to offspring . This served as a proof of 

concept that iPSCs could give rise to male germ cells in vitro. 

Female germ cells ( e.g., oocytes) are much harder to recre­

ate than male germ cells (e.g., sperm) because proper devel­

opment of oocytes relies heavily on the presence and influ­

ence of the surrounding (somatic) ovarian tissue . In 2012, 

another group led by Katsuhiko Hayashi and Mitinori Saitou 

showed how oocytes could be induced to form in vitro from 

somatic cells.48 The group harvested somatic cells from mouse 

embryos, turned them into iPSCs, which they induced into 

becoming primordial germ cell-like cells . They then com­

bined these primordial germ cell-like cells with somatic cells 
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from mouse ovaries to create what are called "reconstituted 

ovaries :' Reconstituted means that the ovaries were reformed 

or reconstructed from these disparate batches of cells. Within 

these reconstituted ovaries, the primordial germ cell-like 

cells matured into oocytes . The group removed these oocytes , 

fertilized them in vitro, transplanted the resulting early-stage 

embryos into female mice, and found that they gave rise to off­

spring . In the years since, groups around the world have refined 

this in vitro culturing system and shown that iPSCs derived 

from adult mice and chickens are also capable of becoming 

fully functional oocytes. 49 

In mice and in chickens, then, scientists have achieved 

the gold standard of evidence that induced tran sdifferentia­

tion of somatic cells into germ cells ( via iPSCs) can result in 

progeny . Now, what about cases where scientists have not yet 

achieved this gold standard of evidence? In particular, what 

about humans? 

I mentioned previously that mice are often used as models 

for understanding biological processes in humans . While mice 

have given us insights into many aspects of human biology and 

processes related to our germline , there are actually quite a few 

critical differences between mouse and human germ cell biol­

ogy that make extrapolating evidence from mice to human s 

problematic . For instance, just before gastrulation, mou se 

embryos contain a structure called the extraembryonic ecto­

derm that plays an important role in the formation of primor­

dial germ cells by expressing a protein called BMP 4 . so Humans 

do not have extraembryonic ectoderm in their pre-gastrulation 

embryos, nor do human primordial germ cells appear to rely 
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on BMP 4 to differentiate . In spite of differences like these , sci­

entists have made substantial strides in turning human iPSCs 

into germline cells. 

In 2015, a large group of scientists, including germline biol­

ogist Kotara Sasaki, as well as Shinya Yamanaka and Mitinori 

Saitou, derived iPSCs from human blood cells .51 They cul­

tured these iPSCs in vitro and differentiated them into what 

they called "human primordial germ cell-like cells :' How­

ever, unlike human primordial germ cells in vivo, these cells 

were missing the expression of several proteins (for example, 

DAZL) that primordial germ cells only express after they have 

migrated into the gonads . Thus, this group provided the first 

evidence that human iPSCs are capable of becoming germ 

cells, but only up to a fairly early point in germ cell develop­

ment . 

Just three years later, in 2018, another group of biologists, 

including Chika Yamashiro and, again, Kotara Sasaki and 

Mitinori Saitou, pushed human iPSCs into even later stages 

of germ cell development .52 The group derived human pri­

mordial germ cell-like cells from iPSCs and cultured them 

in vitro with somatic cells harvested from embryonic mouse 

ovaries . Together, these two types of cells generated what sci­

entists call xenogenic reconstituted ovaries, or xrOvaries. Like 

the previously mentioned "reconstituted " ovaries, these were 

reconstructed by harvesting somatic cells from the ovaries of 

mice . The twist here is the xenogenic aspect, which means 

that the ovaries were composed of cells from more than one 

species-germline cells from humans and somatic cells from 

mice . After the group let these xrOvaries culture in vitro for 
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several months, the human primordial germ cell-like cells 

gradually acquired the late germ cell markers that had been 

missing from earlier research . These cells resembled human 

precursors to oocytes in vivo but did not enter meiosis ( the 

type of cell division that produces gametes) . Experiments in 

some other mammals ( e.g., pigs and cows) have given similar 

results-scientists have been able to induce transdifferentia­

tion of somatic cells into germ cells using iPSCs, but have not 

gotten to the point of producing functional gametes .53 

Taken together, the experiments showing natural trans­

differentiation in tunicates ( Ciona intestinalis), annelids ( Cap­

itella teleta and Pristina leidyi), crustaceans (Parhyale hawaien­

sis ), and echinoderms (sea urchins), and the experiments 

showing induced transdifferentiation in mice and humans 

(and chickens, pigs, and cows), provide strong evidence that 

transdifferentiation from somatic cells to germ cells can occur 

among all metazoans . 

THE FALSE VITALITY OF THE WALKING DEAD? GERMLINE REGENERATION 

Let's return to the task that I set out at the beginning of this 

chapter . Do the assumptions that arise from the history of 

thinking about germ cells hold as valid, or do they render to 

our understanding of germ cells the false vitality of the walking 

dead? Recall that the historical assumptions are that (1) sci­

entists can accurately and reliably distinguish between germ 

cells and somatic cellsj (2) scientists can definitively say that 

the germ cell lineage is continuous, so that there is an unbro­

ken line of descent among germ cells within an organismj 
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and (3) scientists can state that under no circumstances can 

somatic cells become germ cells (the Weismann Barrier) . 

Let's start with the assumption that scientists can accurately 

and reliably distinguish germ cells and somatic cells. Individual 

methods of germ cell identification , like relying solely on gene 

expression to identify germ cells, can introduce an uncomfort­

able amount of uncertainty into experiments . The genes used 

to identify germ cells are not always specific to germ cells, just 

as the morphological and selective staining criteria in Hargitt's 

time were not specific to germ cells. Combining methods , like 

gene expression and cell lineage tracing, can give scientists a 

much higher degree of certainty that the cells they identify as 

germ cells are, in fact, germ cells. But doing this is a time- and 

resource-intensive endeavor, and it is not a common practice in 

germ cell studies . Given these limitations on scientists ' abilities 

to identify germ cells accurately and reliably, claims that we are 

certain that germ cells and somatic cells maintain separate and 

distinct lineages should be treated with caution . Such claims, 

of course , underlie the other two historical assumptionsj thus , 

the foundation for germ cell continuity and the Weismann Bar­

rier rests on uncertain grounds . 

Now, let's look at germ cell continuity . I went through the 

various ways in which scientists currently conceive of germ cells 

as continuous . Basing a concept of continuity on germ plasm, 

as we saw, is highly problematic, as is the idea that there is an 

unbroken line of descent among germ cells between genera­

tions leading back to a common ancestor . There isn't evidence 

to support that either of these views can be applied through-
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out metazoans . The remaining concept of continuity-germ 

cells as a continuous cell lineage within an organism - is also 

problematic . Recall that I broke this notion down into two fur­

ther categories: (1) a continuous cell lineage beginning with 

the first cleavage of the egg following fertilization, and ( 2) a 

continuous cell lineage beginning with the differentiation of 

the primordial germ cells within the embryo . We saw how the 

first category of continuity here cannot apply to all organisms, 

because many metazoans form their primordial germ cells well 

after the first cleavage, using a process called epigenesis ( which 

is also considered to be the ancestral means of differentiating 

germ cells) . The second category is the basis of the Weismann 

Barrier, and I'll address that shortly. Overall, then, I can say that 

germ cells form a continuous lineage only insofar as somatic 

cells in the organism form cell lineagesj there doesn 't appear 

to be anything different or special about the germ cell lineage 

that marks its "continuity" as unique. 

Finally, let's look at the Weismann Barrier (and the associ­

ated idea of germ cell continuity described above) . The Weis­

mann Barrier is often treated as a normative claim, one that 

defines the way in which germ cells and somatic cells must be 

related and prohibits somatic cells from becoming germ cells 

once germline forms during development . Many (but not all) 

scientists consider this claim to be a universal, impenetrable, 

and fundamental tenet of biology . And yet, we have seen many 

examples that contravene (pluripotent stem cells in sponges, 

Hydractinia, and planarians) or break ( transdifferentiation in 

Ciona, Capitella, Pristina, Parhyale, sea urchins , mice, and even 
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humans) the Weismann Barrier and the supposed continuity 

of germ cells once primordial germ cells differentiate during 

development . 

All of this reasoning and evidence lead me to the conclu­

sion that the Weismann Barrier and the notion of an absolutely 

separate, distinct, and continuous germ cell lineage do, in fact, 

have the false vitality of the walking dead . These are assump­

tions without solid enough foundations to make them univer­

sally applicable throughout metazoans, and the exceptions to 

them are so widespread that we should seriously reconsider 

their usage. This leads me back to my driving question for this 

book: How does germline regenerate? 

Throughout this chapter, we have seen evidence that ger­

mline regenerates in a variety of ways-via germ cells, via 

pluripotent cells, and via transdifferentiation of somatic cells. 

There are two major outcomes of this more expansive view 

of germline regeneration and the subsequent relaxation of 

the normative role of the Weismann Barrier. First, scientists 

can remove many of the conceptual limitations on the idea of 

germline regeneration . Now, scientists who have viewed the 

Weismann Barrier as normative can consider the possibility 

that stem cells and somatic cells can play a role in germline 

regeneration and design experiments accordingly . This may 

sound obvious, but consider: you don 't find what you 're not 

looking for. If you consider germ cells to be the only source of 

germline regeneration, you 're probably not going to find evi­

dence for somatic cells or stem cells in this process , nor are you 

going to design experiments to check whether non -germ cells 

are becoming part of the germline . Big, important questions 
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arise from this revision in thinking about germline regenera­

tion: for example, How widespread is germline regeneration 

within metazoans? How has germline regeneration evolved 

within metazoans? What are the conditions under which ger­

mline regeneration occurs? 

The second major outcome is that we can revisit other 

concepts, not related to germline regeneration, that are built 

on these flawed assumptions and see how reenvisioning the 

nature of germ cells and their relationship with somatic cells 

affects them . 
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Germline Regeneration 

So far we have seen how assumptions about germ cells-how 

they are identified, how they can be continuous, and the Weis­

mann Barrier-have arisen, become integrated into the life 

sciences, and underlie a lot of scientific thinking about germ­

line regeneration. We have also seen why we have reason to 

be skeptical about the validity of these assumptions and the 

conclusions built on them . A normative view of the Weis­

mann Barrier, which defines the relationship between germ 

cells and somatic cells in a strict and inviolable way, affects 

biologists' views of many essential life processes. For instance, 

consider reproduction. One in eight couples worldwide suffer 

from infertility, and some of this is due to the inability to make 

functional gametes . Now think about how species change over 

time-accreting changes over generations by passing heritable 

traits down through offspring . Many of our current concepts 

of evolution and heredity hinge on the Weismann Barrier and 

its ability to block the inheritance of acquired traits .1 

Instead of focusing on these important topics, I want to 

explore the real-world implications of a permeable Weismann 
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Barrier by looking at human genome editing and show how 

assumptions about the nature of germ cells have massive reper­

cussions for this issue that sits at the intersection of science 

and society . 

INTRODUCTION TO GENOME EDITING 

Humans have been modifying livestock and agriculture to suit 

their interests for thousands of years . We've bred cows, sheep, 

goats, chickens, and many other species for particular traits 

that we valuej and we've gone through a similar process with 

crops like corn, wheat, rye, and rice. While we have undoubt­

edly modified the genomes of these species by selectively 

breeding them over such long timespans, this does not count 

as genome editing in the technical sense, because the effects on 

the genome have been indirect and not targeted. 

More direct attempts to modify genomes began in the 

early-to-mid-twentieth century, when scientists began to con­

duct mutation studies to understand how genes are arranged 

and how they work . These studies also do not quite count as 

genome editing eitherj while the intent was to alter genomes, 

the technologies scientists used, like exposure to radiation, 

X-rays, and different chemicals, did not allow them to target 

specific genes or sections of genomes. Genome editing, for my 

purposes, means the ability to alter directly the genetic mate­

rial of an organism through the insertion , deletion , repression, 

or enhancement of genes in a targeted way. 

Technologies that have allowed scientists to manipulate 

the genomes of organisms in targeted ways arose in the 1970s. 
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These early forms of genome-editing technologies , like recom­

binant DNA (rDNA), gave scientists direct access to modi­

fying organisms ' genomes, but they were time-consuming, 

inefficient, and expensive, and they required a great deal of 

specialized knowledge to use.2 Over the intervening decades, 

scientists have developed new and more efficient technologies 

for altering genomes . There are currently three main genome­

editing technologies used within the scientific community: 

zinc finger nucleases (ZFNs) , transcription activator-like effec­

tor nucleases (TALENs), and clustered regularly interspaced 

short palindromic repeats ( CRISPR) . All three of these tech­

nologies are based on the same principle of using nucleases 

and guides to create a double-stranded break in DNA at spe­

cific sites, but there are some distinct differences in their cost, 

efficiency, and ease of use. 3 

ZFNs were first used to alter the genomes of developing 

frogs in 2001, and after several years, this technology was 

expanded to be used in mammals. 4 While ZFNs were far faster 

and more efficient than previous genome-editing technologies , 

the limits of this technology quickly became apparent . By 2011 

scientists had shown that ZFNs were not always good at hitting 

their desired genome targets .5 The technology was also initially 

proprietary, meaning that ZFN kits had to be purchased from 

specific companies, often at a high cost that put it beyond the 

scope of many laboratories . 

TALENs, meanwhile, were first introduced in 2011, when a 

group of scientists used this technology to edit rat genomes .6 

While ZFNs are manufactured , TALENs are derived from nat­

urally occurring proteins, so their use and distribution is not 
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proprietary . Although it is cheaper to create TALENs than to 

purchase ZFN kits, it is a long and cumbersome process 

to design and generate the desired TALEN for an experiment . 

The process to verify that the TALEN has hit and modified 

the correct target is also long and tedious , making this method 

inefficient to use. 

CRISPR was introduced as a tool for molecular biology in 

2012 and quickly became the most dominant current genome­

editing technology .7 While CRISPR has its own set of draw­

backs, its popularity is grounded in the fact that it is far sim­

pler, cheaper, and faster to use than ZFNs or TALENs . It has 

become pervasive within the scientific community, and its 

quick uptake led the journal Science to dub CRISPR the "Break­

through of the Year" in 2015, and the journal Nature to call it 

out as marking the "dawn of the gene-editing age" in 2016 .
8 In 

2020, the Nobel Prize in Chemistry was awarded to two of the 

creators of CRIS PR, Jennifer Doudna and Emmanuelle Char­

pentier . The CRISPR genome-editing system sparked a min­

iature revolution within the scientific community, and some 

have argued that CRISPR has had a democratizing effect on 

science, because now even small laboratories can gain enough 

funding and technical expertise to modify their organisms ' 

genomes for experiments .9 

While CRISPR has been a boon for modifying genomes 

in the laboratory, it has also sparked renewed interest in gene 

therapy-a biomedical intervention to treat disease by mod­

ifying specifically targeted genes via disruption, correction, 

or replacement . The first US application of gene therapy to 

humans occurred in 1990 to treat ADA SCID (Adenosine 

111 



CHAPTER 4 

A C D 

1 
ANA 
i.roettnci- ....-.. .___j .. ,.,. 

FIGURE 4.1 I CRIS PR genome-editin g system. (A) The CRISPR system has two comp o­

nents joined together: a finely tun ed targeting device ( a small strand of RNA pro gramm ed 

to look for a specific DNA sequ ence) and a stron g cuttin g device (an enzyme called Cas9 

that can cut throu gh a doubl e strand of DNA) . (B) On ce inside a cell, the CRISPR system 

locates the DNA it is progr ammed to find. The CRIS PR seeking device recognizes and bind s 

to the target DNA (circled, black) . ( C) The Cas9 enzyme cut s both strand s of the DNA . 

(D ) Researchers can insert into the cell new sections of DNA . The cell automati cally incor­

porat es the new DNA into the gap when it repai rs the brok en DNA. Images and capti ons 

available court esy of the Na tional Institut es of Health . 

Deaminase deficiency Severe Combined Immunodeficiency) , 

an inherited disorder that causes severe immune deficiency 

and neurological problems .10 The technology behind early 

gene therapies required using viruses to deliver therapeutic 

copies of unmutated genes into patients at random places 

within their genomes . 

Unfortunately, some of the early gene therapy trials had 

unintended and serious consequences . For instance, in 2000, 

a group of researchers reported the first successful attempt to 

edit the malfunctioning gene responsible for a disease called 

X-SCID (X-linked severe combined immunodeficiency) .11 

X-SCID is caused by a mutation in a gene that, under nor­

mal circumstances, makes a protein that is necessary for the 

growth and maturation of the immune system . Children with 

X-SCID are prone to recurrent infections and, without treat­

ment, do not usually live past infancy . The team successfully 

introduced a copy of the gene that lacked the mutation respon-
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sible for X-SCID into the children in the trial, and the children 

developed healthy, functioning immune systems . The trial was 

hailed as a "landmark" for gene therapy. 12 However, just two 

years after the therapy successfully restored their immune sys­

tems, two of the recipients of the treatments developed leuke­

mia apparently caused by the gene therapy . Further research 

revealed that the therapeutic gene had been integrated into the 

genome at the location of a gene which, when mutated, causes 

leukemia . Gene therapies in other, earlier trials had also shown 

that the use of viruses for gene delivery resulted in severe 

immune responses in some patients. 13 Cases such as these led 

to substantial concerns regarding the safety of gene therapies, 

especially those that rely on viruses to introduce therapeutic 

genes into random locations in the patients' genome. 

The introduction of CRISPR revitalized interest in and 

applications of gene therapy and changed how they were done . 

While ZFNs and TALENs were still used for gene therapy, 

CRISPR quickly supplanted them . CRISPR's low price, ease 

of use, and precision allow scientists to edit mutated genes in 

situ under controlled conditions rather than introducing ther­

apeutic genes into patients' genomes at random . According 

to the clinical trials database maintained by the US National 

Library of Medicine, as of September 2022, there were over 

1,300 gene therapy clinical trials recruiting patients or actively 

underway within the United States . CRIS PR has helped gene 

therapy to explode, and its quick uptake by the biomedical 

research community has heightened concern for questions of 

whether, how, and under what circumstances to allow human 

genome editing . 
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HUMAN GENOME-EDITING POLICIES AND ETHICS 

Debates about human genome editing and gene therapy have 

been waxing and waning for decades . The ethical debate about 

allowing alterations of genomes began in the United States in 

1981, the same year that scientists published the first germline 

alteration of mice .14 That year representatives from three reli­

gious groups-Catholic,Jewish, and Protestant-sent a let­

ter to President Jimmy Carter, expressing concern about the 

growth of genome editing and their fears that these technol­

ogies would be used by scientists to alter society .15 Their con­

cerns, along with those growing within the scientific commu­

nity led to a governmental report addressing genome editing 

and gene therapy in 1982, called Splicing Life.16 

This report highlighted the widespread acceptance of the 

distinction between germ cells and somatic cells, enabling cau­

tious acceptance of somatic cell genome editing . The authors ' 

views on germline genome editing were less clear. Splicing Life 

and other early reports tended to highlight the practical rea­

sons why gerrnline editing would not be needed and was tech­

nologically untenable , but they did not draw conclusions about 

whether , and in what instances , to allow germline genome edit­

ing. These debates continued to recur as new genome-editing 

technologies were introduced. While debates over the ethics 

and policies of genome editing continued to pop up after 1982, 

as we have seen, technologies and therapeutic treatments like 

gene therapy did not become widespread until CRISPR was 

introduced. 

Gene therapies aim to modify particular genes in the body 
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in targeted ways . Somatic cell modifications, for instance, 

could be used to introduce modified genes that allow Type II 

diabetics to process insulin better . Somatic cell gene therapies 

might also be used in cancer treatments, either to correct iden­

tifiable genetic mutations that cause cancers or to introduce 

genetic modifications that enhance the body's natural abilities 

to kill wayward cells. In other cases, somatic cell gene thera­

pies aren't enough. It is necessary to edit germline, because 

the genes have multiple and widespread effects over time, and 

adding or repressing a single function won't help. Take, for 

example, Huntington's disease. Huntington's disease is a her­

itable, progressive, neurodegenerative disorder that affects the 

cognitive, motor, and psychiatric functions of those affected. 

We know that Huntington's disease is caused by mutation 

of a single gene, the huntingtin (HTT) gene. If we could use 

CRISPR to alter the mutation in HTT that causes Huntington's 

disease, we could not only slow progression of the disease, but 

potentially eradicate it. The edits required to cure Huntington's 

disease would have to be introduced into germline to ensure 

that the disease would not manifest within an individual or 

their progeny .17 

While the early debates about human genome editing were 

vague with regard to germline genome editing, this topic has 

come under much more scrutiny recently in response to sev­

eral events. In the spring of 2015, a group of scientists reported 

that they had successfully used CRISPR to modify the gene 

responsible for the fatal blood disorder f3-thalassemia in 

human embryos. 18 These embryos were not viable, but this 

instance of germline editing served as a proof of concept that 
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gene editing could be accomplished in human embryos and 

showed obstacles that needed to be overcome before such 

techniques were used clinically. This report prompted the US 

National Academy of Sciences and the US National Academy 

of Medicine to convene an international summit in Washing­

ton, DC, on December 1-3, 2015, which was co-hosted by the 

Royal Society of the United Kingdom and the Chinese Acad­

emy of Sciences.19 Following this summit , the organizing com -

mittee released a statement indicating that genome editing of 

somatic cells could be "appropriately and rigorously evalu­

ated within existing and evolving regulatory frameworks for 

gene therapy, and [that] regulators [ ... could] weigh risks and 

potential benefits in approving clinical trials and therapies :'20 

The committee further noted that germline genome editing 

would be "irresponsible " until safety and efficacy issues had 

been resolved and a broad societal consensus about the appro­

priateness of the procedure had been achieved .21 Somatic cell 

editing thus received the green light from the committee , while 

germline genome editing was marked as untenable . Concerns 

about germline genome editing got even more heated in late 

2018 . 

On November 25, 2018, biophysics researcher, Jiankui He, 

announced the creation of the world's first genetically altered 

babies. 22 He 's announcement came just two days before the 

start of the Second International Summit on Human Genome 

Editing, which was another joint meeting of US National 

Academy of Sciences and US National Academy of Medicine, 

the Royal Society of the United Kingdom, and the Academy 

of Sciences of Hong Kong, and was held from November 27-
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29 at the University of Hong Kong . Shortly after the second 

summit, the Organizing Committee released a statement con­

demning He's work-a sentiment echoed throughout the 

scientific community .2 3 In March of 2019, the director of the 

World Health Organization stated at an advisory committee 

meeting on governance and oversight of human genome edit­

ing that "it would be irresponsible at this time for anyone to 

proceed with clinical applications of human germline genome 

editing :'24 Thus, He's creation of genetically modified babies 

spurred a proliferation of ethical and policy reports around the 

world, which now focused heavily on heritable human genome 

editing . 

My aim here is not to give an exhaustive overview of the 

debates about the ethics and policies surrounding human 

genome editing . These debates are ongoing, and experts on 

ethics and science policy have made well-reasoned arguments 

on all sides. 25 Rather, I want to highlight two important points 

about all the policies and ethical debates surrounding human 

genome editing thus far. First, beginning with the release of 

Splicing Life, all the human genome-editing policies and eth­

ical debates have maintained a strict distinction between 

heritable or germline genome editing and non-heritable or 

somatic cell genome editing. In other words, they have divided 

human genome editing into two mutually exclusive categories: 

somatic cell genome editing and germ cell genome editing . For 

example, in the National Academies report Human Genome 

Editing: Science, Ethics, and Governance, released in 2017, the 

authors tell us that "somatic cells contribute to the various 

tissues of the body but not to the germline, meaning that, in 
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contrast with heritable germline editing, the effects of changes 

made to somatic cells are limited to the treated individual and 

would not be inherited by future generations :'26 

Second, in recent years, concerns about somatic cell genome 

editing have largely fallen into the background as ethicists, 

scientists, and policymakers have been overwhelmingly con­

cerned with heritable genome editing since late 2018, when He 

introduced the world's first genetically altered babies . This is 

evident in the proliferation of genome-editing policies released 

since 2019 .
27 Thus, while germline genome editing is highly 

controversial, somatic genome editing is much less so, and 

an enormous amount of research activity is directed at how 

to target and modify specific genes that cause disease within 

human non-reproductive cells for biomedical therapies. 28 In 

fact, recent studies have indicated broad societal support for 

somatic genome modification to help relieve or reverse genetic 

diseases like Duchenne muscular dystrophy and cystic fibro­

sis.29 

EXPLORING THE REAL-WORLD IMPLICATIONS 

OF HISTORICAL ASSUMPTIONS 

To frame this issue another way, human genome-editing 

debates and policies have assumed the validity of the Weis­

mann Barrier . They have followed the idea that germ cells and 

somatic cells are separate and distinct , and that the relationship 

between the two is inviolable, so policy considerations and eth­

ical debates treat them in separate and distinct ways. Whereas 

somatic cell genome editing is now lauded for its therapeutic 
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potential , germ cell genome editing is treated much more skep­

tically and is much more contentious . 

This makes sense if researchers trust the validity of the 

Weismann Barrier, because it maintains that somatic cells are 

incapable of becoming germ cells. Therefore genome editing 

applied to somatic cells is not supposed to be heritable . But, as 

we have seen, there is good reason to doubt the inviolability of 

the Weismann Barrier, and in fact, it can be quite permeable . A 

permeable Weismann Barrier means that, given the right condi­

tions, somatic cells can, in fact, become germ cells. Now, what 

does this mean for thinking about human genome editing? 

If somatic cells can become germ cells, then the distinction 

that our human genome-editing policies and ethical debates 

have held between germ cells and somatic cells collapses . The 

effect of this collapse should be apparentj if somatic cells can 

become germ cells, and we are editing somatic cells for medical 

therapeutics , we have introduced the potential for inadvertent her­

itable genome editing. This may seem like an ethical disaster, or 

it may seem like a desirable outcome , especially when it comes 

to devastating heritable diseases . But consider the following 

hypothetical scenario . 

One of the targets of somatic cell genome editing for medi­

cal therapeutics is editing genes involved in cancers . One such 

gene, PD-1, produces a protein that helps control the immune 

system by modulating the activities of T-cells (immune sys­

tem cells) . Certain cancers take advantage of PD-1's role in 

the immune system . These cancer cells use proteins called 

PD-Li to bind to PD-1 positive cells and suppress their pro­

liferation, while also inducing cell death in certain T-cells .30 
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In October 2020, three registered clinical trials in the United 

States were testing the efficacy of treating different cancers by 

using genome editing to knock out the PD-1 gene in somatic 

cells. When it works, this therapy allows the body to produce 

T-cells that the cancer cells cannot suppress, and can lead 

to these immune cells killing the cancer cells. While PD-1 is 

implicated in some cancers, it also plays a major role in nor­

mal immune system responses and autoimmunity . If cells with 

the PD-1 gene knocked out were to become germ cells, any 

children conceived from this genome-edited cell would likely 

have severe autoimmune issues . PD-1 deficient mouse models 

give us an indication of just how problematic this could be . 

Mice deficient in PD-1 develop, among other things, lupus-like 

symptoms, cardiomyopathy (a disease of the heart muscle that 

makes it harder for the heart to pump blood to the rest of the 

body), and extraordinary sensitivity to tuberculosis . They have 

dramatically-reduced survival rates compared to mice that are 

not deficient in PD-1.3 1 

The probability of conversions of somatic cells to germ cells 

is likely to be very low in humans . However, our current human 

genome-editing policies and ethical debates are not equipped 

to consider even the prospect of inadvertent heritable genome 

editing . They are currently too rigidly tied to the ideas that 

germ cells and somatic cells are separate and distinct and that 

the relationship between these kinds of cells aligns with that 

prescribed by the Weismann Barrier . 

Given the well-founded and widespread reluctance to 

introduce heritable genomic alterations, this set of assump­

tions is highly problematic, because our degree of uncertainty 
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and risk is unknown . We do not know how common soma­

to-germ transitions are among metazoans, let alone humans . 

We do not know the conditions under which somatic cells can 

become germ cells. In large part, we do not know these things 

because of the normative view that many scientists have held 

and continue to hold about the Weismann Barrier . In other 

words, unchallenged thinking about germline as inviolable 

has led many scientists not to consider the alternative-that 

somatic cells can become germ cells. Because the risk of soma­

to-germ transitions is unknown, our ability to make evidence­

based judgements and informed-consent decisions about the 

effects of somatic cell genome-editing therapies is impossible. 

So, where do we go with human genome editing from here? 

The potential therapeutic benefits of human genome edit­

ing are too great to ignore or to put on hold . The evidence for 

soma-to-germ transdifferentiation that I have presented from 

in vivo and in vitro experiments should not interfere with the 

exploration of the therapeutic potential of somatic cell genome 

editing . Uncertainty and risk are, after all, a component of all 

biomedical (and scientific) endeavors . But we need to take 

seriously the risks of soma-to-germ transdifferentiation­

something that has not yet been thoroughly investigated 

within humans or proposed as an issue to be considered in 

establishing human genome-editing policies. Taking these 

risks seriously means investing effort and resources into under­

standing the probabilities of such cellular transitions and, espe­

cially, understanding the conditions under which they can 

occur. Only with this kind of information in hand can scien­

tists and policymakers determine whether our current human 
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genome-editing policies are sufficient to accommodate the 

risks exposed by reenvisioning the relationship between germ 

cells and somatic cells. And if our policies are not sufficient to 

accommodate the risks, we need to revise them. 

We could view the permeability of the Weismann Barrier as 

a scary oversight in our vast and sprawling debates and policies 

about human genome editing . While this is true, I argue that 

we would be best served to think of it as a place for further 

exploration . Rather than halting a multi-billion dollar (annu­

ally within the United States) quest for therapeutics that range 

from treating heritable diseases to cancers, we can treat this 

realization as a way to open new avenues for better understand­

ing our bodies, the cells that make them up, and the processes 

that allow us to create future generations . Instead of starting 

from the idea that somatic cells can never become germ cells, 

we can start from a new question: How, and under what condi­

tions , can somatic cells become germ cells in humans? In other 

words, How does germline regenerate? 
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When you want to remove a particularly tenacious plant, you 

have to dig it up at the roots . When you want to challenge 

a widespread assumption about how the world works, you 

should do the samej expose the historical reasoning and evi­

dence that keep the assumption rooted in scientific thinking . 

History and philosophy are critical for evaluating current sci­

ence, and deploying them in combination with scientific anal­

ysis is a powerful way to transform our understanding of the 

natural world . 

Using history and philosophy to expose the flaws in assump­

tions that underlie something as important as thinking about 

germline regeneration can have far-reaching and unexpected 

effects. Human genome editing is built on a foundation of con­

ceiving of somatic cells and germ cells as belonging to strictly 

separate categories . Policies and ethical frameworks surround 

each of these categories and treat them separately. Throughout 

this book, however, I have shown that these categories are not 

as neat and separate as researchers and policymakers believe . 

Assuming that these categories are mutually exclusive has led 
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us to human genome-editing policies that introduce the possi­

bility of inadvertent heritable genome editing and yet provide 

no means of preventing it- something that should concern 

us all. To be absolutely clear, I am not saying that inadvertent 

heritable genome editing is a likely outcome of somatic cell 

genome editing . I am saying that it is a possible outcome, and 

that we do not know the probability of its being an actual out­

come . Nor will we know unless and until we challenge our 

assumptions about the relationships between somatic cells 

and germ cells and germline regeneration . 

Using the history and philosophy of science to challenge 

assumptions is not limited to the issue of human genome edit­

ing. It is a powerful toolkit that can be deployed throughout 

science, and in other areas of inquiry, and its usage can help us 

reshape the ways in which we view the world . This book , then , 

is about germline regeneration , but it is also about how science 

works, how history shapes current science, how science can 

shape the practice of history, and how things that we take for 

granted can have far-reaching effects. 
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