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to build on previous work — to revise con-
cepts derived from these older data by inte-
grating them with more recent findings
that have emerged through the use of
sophisticated new technologies. The use of
in-vivo imaging techniques and green fluo-
rescent protein (GFP)-fusion proteins to
study membrane traffic9 and of high-reso-
lution, three-dimensional (3D) EM have
revealed the dynamic nature, as well as the
3D complexity, of the structure of the
Golgi. FIGURE 1 shows the 3D organization
of a portion of the Golgi ribbon in a mam-
malian cell. The general features of the
mammalian Golgi are summarized in BOX 1.
An improved understanding of the compli-
cated structure of this organelle and of the
dynamic nature of molecules that provide
its function have led to the development of
new concepts, as well as to the re-interpreta-
tion of older biochemical, microscopic and
cell-free assay data. It has also stimulated a

re-evaluation of our ideas concerning how
the Golgi forms and functions.

The biggest hindrance to progress in
understanding the structure–function rela-
tionships of the Golgi is that truly funda-
mental information is missing — not for
lack of effort, but because the technology
required to obtain the data was not avail-
able until relatively recently. This missing
information falls into three broad cate-
gories — structure, molecular composition
(proteins and lipids) and dynamics. More
specifically, both the structure and molecu-
lar composition must be understood in the
context of how they are dynamically modi-
fied with function. We believe that resolu-
tion of these issues is finally on the horizon.
For example, the integration of data from
in-vivo imaging by light microscopy with
high-resolution (~5 nm) 3D structural
data derived from EM tomography of
rapidly frozen cells/tissue has the potential
to resolve structural/dynamic issues. These
techniques are continually being improved
and promise to yield further insights with
the development of better tags that are
smaller and less perturbing than GFP and its
analogues, and that can be visualized at both
the light microscopy and EM levels10. The
application of proteomics techniques, devel-
oped relatively recently, will identify the
basic protein components of the Golgi and
will reveal how these molecules are post-
translationally modified11,12. Functional pro-
teomics has the potential to identify many of
the molecular changes that occur with
changes in physiology or cellular function13,
and, with the help of informatics scientists,
this field promises to move very rapidly. A
serious void that remains is our poor under-
standing of how membrane and signalling
lipids contribute to Golgi function, and
what kinds of functional modifications they
undergo to fulfil these roles.

In 1998, on the 100th anniversary of the
discovery of the Golgi, numerous reviews cov-
ering the topic of the Golgi were published2,14.
These review articles provided detailed

Since the first description of the Golgi in
1898, key issues regarding this organelle
have remained contentious among cell
biologists. Resolving these complex
debates, which revolve around Golgi
structure–function relationships, is
prerequisite to understanding how the 
Golgi fulfils its role as the central organelle
and sorting station of the mammalian
secretory pathway.

Although Camillo Golgi described the ‘internal
reticular apparatus’ more than 100 years ago1,
many issues regarding the Golgi still remain
contentious among cell biologists2. In mam-
malian cells, the Golgi is comprised of a ribbon
of flattened stacks of cisternae that are punctu-
ated by openings of various sizes, through which
tubules project and vesicles move3–5. Its structure
has fascinated cell biologists since the 1950s,
when A. J. Dalton and M. D. Felix6 first used
electron microscopy (EM) to show the basic cis-
ternal arrangement of the organelle.Structural
observations of the Golgi have evoked numer-
ous models of how molecules move through
this organelle7.Additionally, the marker-enzyme
hypothesis of C. de Duve8 contributed to the
development of reliable cell-fractionation tech-
niques and, thereby, to the determination of
organelle function. However, the concept that
arose from this hypothesis — that a protein
‘resides’ in a specific organelle — slowed our
appreciation of how truly dynamic ‘resident’
proteins are.

An enormous amount of data on Golgi
structure and function have been gathered
over the past 50 years. The challenge now is
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respected groups — those of J. Lippincott-
Schwartz and G. Warren — have weighed in
on opposite sides of this debate22–29.
Although their proponents consider the two
ideas incompatible, it remains possible that
the answer to the question of how the Golgi
forms will involve ideas from both sides of
the debate, with some Golgi proteins and
enzymes redistributing to and from the ER,
and other matrix proteins persisting to serve
as a ‘seed’ for Golgi reassembly. Resolving
these issues will require better definition of
the Golgi matrix in both molecular and
dynamic terms.

Cargo movement through the Golgi
In the past, this debate has focused on whether
anterograde traffic (that is, the forward trans-
port of cargo) through the Golgi is mediated
by vesicles, tubules, or the process of cisternal
progression/maturation. FIGURE 2 outlines
these mechanisms in the context of the orga-
nization of the mammalian Golgi.
Experiments to test these mechanisms were
originally designed on the basis of the premise
that there was a single, exclusive mechanism
for anterograde transport. Now, many, but
certainly not all, believe that each of these
mechanisms (vesicle-, tubule- and cisternal-
mediated transport) has an important role in
directing traffic forward through the
Golgi30–32.

This debate of how cargo is moved through
the Golgi is the longest standing, and certainly
the most ‘colourful’, in the field of mammalian
membrane-traffic research. Between 1958 and
the mid-1960s, cisternal progression/matura-
tion was the favoured mechanism for transport
through the Golgi33–35. The concept of cisternal
progression/maturation was essentially dis-
placed by the vesicular transport model that
resulted from the work of J. Jamieson and
G. Palade36,37. Their extensive studies, combin-
ing pulse-chase analyses, cell fractionation and
morphological studies of secretion in the
exocrine pancreas, both indicated and
favoured the general concept of vesicular
transport.

A considerable amount of data that vali-
dated the vesicular transport hypothesis were
published between the mid-1980s and mid-
1990s, predominantly through the collabora-
tive efforts of the groups of J. Rothman and
L. Orci38. Many of the details of anterograde
vesicular transport were both well estab-
lished and accepted by the late 1980s. The
identification of a component, βCOP, of the
coatomer protein complex I (COPI) (a
group of seven coat proteins that make up
the non-clathrin vesicle coat on Golgi-
derived transport vesicles) by R. Duden and

components as they are exported from the
endoplasmic reticulum (ER)? Or, as pro-
posed by G. Warren and colleagues in 2000
(REF. 17), does the Golgi form using a persis-
tent matrix that nucleates Golgi assembly?
Historically, the question of organelle bio-
genesis has been studied primarily in the
context of reassembly of the Golgi following
mitosis. However, recent data indicate that
the time resolution in these earlier studies
was too slow to identify the essential fea-
tures of mitosis, and was certainly too slow
to follow formation of the Golgi18–21. The
questions of what the Golgi matrix is and
how it functions are integral to the topic of
Golgi formation and function. These ques-
tions have been the subject of significant
comment recently, because two well-

accounts of the history associated with work
on this curious and complex organelle.
Although plant and yeast studies have con-
tributed significantly to our overall under-
standing of Golgi function, we have limited
the scope of this article to the main topics that
are now debated in research on the mam-
malian Golgi. These topics are outlined
against the historical backdrop of progress —
including recent advances — in the mam-
malian membrane traffic field. The TIMELINE

shows a concise historical background to these
issues, which are summarized in BOX 2.

Golgi formation
As proposed by J. Lippincott-Schwartz and col-
leagues in 1999 (REFS 15,16), does the mam-
malian Golgi form by the self-organization of

Figure 1 | Model of part of the Golgi ribbon in a mammalian cell generated from a dual-axis
three-dimensional reconstruction. Thick (400 nm) sections of plastic-embedded specimens prepared
from fast-frozen/freeze-substituted HIT-T15 cells were imaged in an electron microscope (EM) operating at
750 kV. Image data were recorded digitally using semi-automated methods for charge-coupled-device
image montaging, data acquisition and image alignment as the sample was serially tilted at 1.5° angular
increments over a range of 120° (± 60°) about two orthogonal axes. The three-dimensional (3D) density
distributions (tomograms) calculated from each set of aligned tilts were aligned with each other and
combined to produce a single 3D reconstruction measuring 5.4 x 4.4 x.0.4 µm3. Such reconstructions are
readily viewed tomographic slice by tomographic slice. Although each of these computer-generated views
resembles a conventional two-dimensional EM image, they correspond to slices much thinner (~4 nm)
than can be physically cut. Each Golgi cisterna can be manually segmented, extracted and viewed in any
given orientation, and in context with any other modelled object(s), to resolve convoluted membranes. The
Golgi ribbon in this model is composed of seven cisternae — cis-most (light blue) to trans-most (red) —
preceded by a layer of docked and fused vesicular tubular clusters (light green). The distribution of the
numerous, small non-clathrin-coated and uncoated vesicles (~50 nm, white) is shown in the context of the
Golgi cisternae5,31.
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that give rise to COPI-containing transport
intermediates43. Imaging of procollagen–GFP
also indicates a role for COPI in regulating
cargo export from the ER at a pre-Golgi sort-
ing step44. However, as the COPI complex
consists of at least seven different proteins,
there is every reason to believe that such a
complex might have several, related func-
tions — the clathrin paradigm makes this
possibility compelling.

Clathrin heavy and light chains function
as coat components at the plasma mem-
brane, at the trans-Golgi, and, most likely,
throughout the entire endocytic pathway.

co-workers39 and T. Serafini and colleagues40

in 1991 strengthened the vesicular transport
model.

The key concepts and identification of
regulatory molecules of the COPI-depen-
dent mechanism of vesicular transport
came from studies using a cell-free assay to
follow the transport of VSV-G (vesicular
stomatitis virus membrane glycoprotein).
VSV-G is an exogenous transmembrane gly-
coprotein that has been used extensively to
study membrane trafficking through the
mammalian secretory pathway. Although
retrograde traffic (that is, the transport of
molecules backward within the Golgi, and
from the Golgi to the ER) was acknowl-
edged, it was only when P. Cosson and F.
Letourneur focused on the mechanisms of
retrograde transport that it became appar-
ent that one of the functions of COPI vesi-
cles is to mediate the recycling of ER pro-
teins from the Golgi (or from the
intermediate compartment between the ER
and Golgi) back to the ER41,42. Studies of
COPI function and vesicular transport are
ongoing, and have resulted in renewed con-
sideration of the validity of the cisternal
progression/maturation model.

Over the past few years, considerable evi-
dence has accumulated for non-vesicular
mechanisms of transport through the Golgi.
Consequently, present research is focused on
determining whether these different trans-
port mechanisms act together, or are differen-
tially used and regulated. Does the choice or
predominance of a given transport mecha-
nism depend on the cell type, the stage of the
cell cycle, the rate of cargo synthesis and the
type of cargo synthesized? Although there is

considerable evidence that vesicles are a sig-
nificant component of the transport mecha-
nisms to, within and from the Golgi, it is not
yet clear to what extent these other transport
mechanisms function as well.

COPI vesicles and bidirectional traffic
The main question now is which sorting
and/or trafficking step(s) do COPI vesicles
actually mediate? Recent live-cell imaging
data using the ε subunit of COPI
(εCOP)–GFP indicate that COPI regulates
traffic between the ER and Golgi by generat-
ing kinetically stable membrane domains
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Box 1 | Key features of the mammalian Golgi complex

The key features of the mammalian Golgi complex are that:
• It functions as the central organelle of the cell secretory pathway, and interacts with the

endoplasmic reticulum (ER) at both sides of the stack.

• It consists of stacks of flattened cisternae that are connected at equivalent levels across non-
compact regions (holes or fenestrae) to form a ribbon.

• Its structure is proposed to be maintained through interactions with a unique matrix.

• It contains enzymes that are involved in the post-translational modification of newly
synthesized proteins and lipids (for example, phosphorylation, acylation, glycosylation,
methylation and sulphation).

• It contains enzymes that are capable of synthesizing complex sphingolipds and glycolipids.

• Although considered ‘resident’, Golgi-processing enzymes are in a constant state of dynamic flux
between the Golgi, ER, plasma membrane and endosomal compartments.

• At the ‘trans’ face of the Golgi stack, cargo is sorted for exit to several destinations within the cell
and for secretion outside the cell.

• Molecules recycle to the Golgi from the plasma membrane through the endosomal–lysosomal
pathway.

• It interacts with all components of the cytoskeleton — microtubules, actin filaments,
intermediate filaments, ankyrin and spectrin.

• It forms a ‘platform’ for many signalling complexes, which, in turn, regulate Golgi function.

Camillo Golgi
observes internal
reticular apparatus by
metallic
impregnation1.

Cisternal
maturation is
proposed
by Grassé33.

Cisternal structure of Golgi
apparatus is visualized by
Dalton and Felix using
electron microscopy6.

Novikoff proposes the ‘GERL’
(Golgi–ER–Lysosomes)
hypothesis66.

Jamieson and
Palade propose
vesicular transport of
secretory proteins37.

Pagano and Lipsky pioneer
the use of N-[7-(4-
nitrobenzo-2-oxa-1,3-
diazole)]-6-aminocaproyl
sphingosine (NBD-
ceramide) as a vital stain
for the Golgi in living cells84.

Rambourg, Clermont and
Hermo show the 3D
structure of the Golgi, and
show that it is a single-
copy organelle in most
mammalian cells3.

Rothman’s cell-free
assay provides
‘proof of concept’ of
vesicular transport85.

Identification of a
component of the COPI
coat by Duden et al.39

and Serafini et al.40.

Lippincott-Schwartz and
colleagues visualize
Golgi-membrane traffic
using GFP constructs in
live cells86,87.

Using NBD-ceramide and
live-cell imaging, Cooper
et al.55 show that
tubulovesicular processes
emerging from the trans-
Golgi extend along
microtubules.

Cosson and Letourner
show that COPI
vesicles mediate
retrograde transport41.

Griffiths and
Simons propose
the trans-Golgi
network (TGN)
hypothesis60.

1898 1954 1957 1964 1966 1979 1985 1986 1989 1990 1991 1994 1996

Timeline | The history of the mammalian Golgi debates

3D, three-dimensional; COP, coatomer protein complex; GFP, green fluorescent protein.
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Sorting and exit from the Golgi
The compartment for sorting cargo for exit
from the Golgi was defined as the trans-
Golgi network (TGN)60 by G. Griffiths and
K. Simons in 1986. It has also been referred to
as the trans-Golgi reticulum (TGR)61. It has
been widely accepted by the membrane traf-
ficking community that this compartment is
the single trans-most cisterna of the Golgi and
the network that extends from it. In addition
to containing molecules for sorting cargo for
exit from the Golgi to the endosomal–lysoso-
mal, regulated secretory and constitutive
secretory pathways, the TGN possesses
unmistakable structural characteristics.
Abundant budding tubular and/or vesicular
membrane profiles are coated with clathrin.

Although considerable progress has
been made in understanding sorting events
at the trans-Golgi, the problem is very com-
plex. Most evidence indicates that proteins
destined for either the basolateral domain
of a polarized cell, or for the endocytic
pathway, are sorted through the signal-spe-
cific recognition of amino-acid targeting
motifs in their cytoplasmic domains62.
Although molecular studies have provided
clues as to the nature of these signals, the
complete ensemble of coat proteins and the
associated machinery that recognize, sort
and form vesicles and tubules in the trans-
Golgi have not been identified. Even the
well-accepted example of clathrin-mediated
transport from the trans-Golgi to the endo-
somal–lysosomal pathway has become
increasingly complicated as more adaptor
complexes and adaptor-like molecules are
identified25,45,46,63. Apically directed proteins
are proposed to be sorted by their lectin-like
properties, or by the association of their
transmembrane domains with microdomains
that are enriched in cholesterol and sphin-
golipids — referred to as ‘lipid rafts’63,64.
Understanding how lipid rafts form and
function, and to what extent they con-
tribute to sorting at the trans-Golgi, will
require the development of ingenious new
technologies.

Our own work, using high-resolution 3D
EM tomography to study the Golgi complex,
has indicated that cargo is sorted not in one
but in several trans-cisternae that can be
reproducibly distinguished from one another
by virtue of their structures, coat morpholo-
gies and vesicular/tubular profiles65. Most
recently, this questioning of how the TGN is
defined has been supported by data that come
from cells prepared using techniques that are
better suited to preserving the highly
dynamic, yet labile, structure of this
organelle4,5. Importantly, these 3D structural

and from the Golgi55–59. Unfortunately,
because of the limitations of light
microscopy, these studies have not shown to
what extent small vesicles also function in
these pathways.

The fundamental questions that have
arisen are whether tubules and vesicles per-
form the same functions, and if so, whether
they use the same molecular machinery to
sort cargo, recruit coats and engage com-
partmental regulatory systems? Determining
the conditions under which each of these
transport mechanisms is favoured should
provide useful insights into how the func-
tion of the Golgi is regulated.

Do tubules also contribute to intra-Golgi
transport? Again, this question is difficult to
evaluate using in-vivo imaging because light
microscopy does not provide the resolution
that is necessary to distinguish individual
elements of the Golgi ribbon and their asso-
ciated tubules and vesicles. The fluorescence
signal within the stack is usually so intense
that the Golgi appears as a single, large
structure. Furthermore, the frequency with
which different laboratories have, so far,
observed such tubules by EM indicates that
they are unlikely to have a major role in
intra-Golgi traffic.

That said, Rambourg and colleagues have
shown that dilated tubules/cisternal bridges
serve to connect non-equivalent cisternae at
points where the Golgi ribbon branches —
for example, between a cis-cisterna in one
region and a trans-cisterna in the next region7.
Such connections could facilitate the move-
ment of molecules forwards and/or back-
wards through the Golgi to a significant
extent. Resolving the question of whether or
not tubular/cisternal connections typically
exist within the Golgi, and, if so, whether they
mediate general or specific transport func-
tions will be imperative to a more complete
understanding of how membrane traffic
moves through the Golgi.

However, the function of clathrin-coated vesi-
cles at each of these distinct cellular sites is
directed by a plethora of adaptor/effector
molecules45,46. The question of whether COPI
functions in anterograde intra-Golgi traffic
remains controversial. Laboratories involved
in this debate present contradictory data
using similar assays and methods. J. Rothman
and colleagues continue to provide evidence
for anterograde-directed vesicle-mediated
traffic across the Golgi47–50. However, data
from a number of other groups argue against
a major role for COPI vesicles in the forward
transport of cargo through the mammalian
Golgi51–53.

Cargo movement to and from the Golgi
From the 1960s to the mid-1990s, it was well
accepted that vesicles mediate traffic to and
from the Golgi, and between cisternae. EM
micrographs of thin-sectioned cells indicated
this, and the vesicular transport model held
much appeal. Conceptually, vesicles provide a
rational mechanism for sorting, and the
routes to and from the Golgi complex are the
main areas for sorting in the mammalian
secretory pathway. Tubules were, for the most
part, not considered, most likely because clear
images of tubules were rarely seen in the thin
sections used for EM.

As whole-cell immunofluorescence
became more widely used — especially when
used in combination with perturbants such as
brefeldin A — a marked variation in our con-
cept of Golgi traffic emerged54. Brefeldin A is
a fungal metabolite that inhibits the activa-
tion of ADP-ribosylation factor 1 (ARF1) on
Golgi membranes and therefore the assem-
bly of the COPI vesicles, with the result that
the transport of newly synthesized proteins
from the ER to the Golgi is blocked. In-vivo
imaging of fluorescent lipids and GFP-
hybrid proteins identified both membrane
tubules and large, pleiomorphic transport
intermediates as major carriers of cargo to

Box 2 | Current debates on Golgi structure–function

The current debates on Golgi structure–function are:
• Is the mammalian Golgi formed de novo or by a (persistent) matrix?

• What is the main mechanism of intra-Golgi transport — cisternal progression/maturation,
tubules or vesicles?

• Do coatomer protein complex I (COPI) vesicles function in anterograde transport?

• What is the role of tubules in transport to, from and within the Golgi?

• Where and how is cargo sorted for exit from the Golgi to the constitutive, endosomal–lysosomal
and regulated secretory pathways? 

• What is the definition of the trans-Golgi network? Should we re-define it on the basis of current
evidence?

• What are the roles of signalling in Golgi function?
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(GAPs)75. ADP-ribosylation factors also
modify the signalling lipids within the
Golgi membrane bilayer, and might addi-
tionally function to coordinate interactions
with the cytoskeleton76,77.

Members of other signalling protein fami-
lies that are found associated with the Golgi
have been shown to modulate its function.
These include the Rab protein family (in par-
ticular, Rab1 and Rab2 at the cis-Golgi, Rab6
throughout the stack, and Rab9, Rab11 and
Rab17 at the trans-Golgi78), the het-
erotrimeric G proteins79, phosphatidylinosi-
tide 3-kinases and CDC42 (REF. 80). Protein

studies of the Golgi have also re-confirmed
the close association of specialized ER with
trans-cisternae. The close apposition of a spe-
cialized form of ER with the trans-Golgi, first
described by A. Novikoff in 1964, was a cor-
nerstone of the structure and function of
‘GERL’ (Golgi–ER–lysosomes)66. The inti-
mate association of this modified ER with the
trans-Golgi, together with the consistent
observation that the trans-most Golgi cisterna
was positive for acid phosphatase (a marker
enzyme for lysosomes), led to the formula-
tion of the ‘GERL hypothesis’. This hypothesis
proposed that lysosomal enzymes bypass the
Golgi stack and are delivered directly to the
trans-most Golgi compartment for the bio-
genesis of lysosomes. Although the ‘GERL’
concept ‘fell from grace’, we believe that eluci-
dating the role(s) of specialized ER in the
sorting and exit of cargo from the trans-Golgi
remains crucial to an overall understanding of
Golgi function.

The molecular mechanism(s) for sorting
cargo to at least three distinct pathways
(apical, basolateral and endosomal–lysoso-
mal) from a single trans-Golgi compart-
ment must differ substantially from a
process in which cargo destined for each
pathway is sorted before entry into multiple,
structurally discernable trans-cisternae. In
fact, it is not yet clear how many
vesicle/tubule populations exit the Golgi,
and whether this number varies signifi-
cantly among different cell types.
Constitutive trafficking to the apical and
basolateral pathways occurs in both polar-
ized and non-polarized cells63, and mole-
cules move to each pathway in different
vesicle and tubule populations67. Cells that
form secretory granules possess an addi-
tional regulated secretory pathway, and
morphological data indicate that secretory
granules might form at different levels
within the Golgi stack, and might even exit
the Golgi at different sites depending on cell
type68–70. In addition, there is now signifi-
cant evidence that molecules leaving the
Golgi move to early, as well as late, endo-
somes71,72, which would require an addi-
tional population of post-Golgi carriers. To
confidently address the question of how
many different vesicle and tubule popula-
tions originate at the Golgi, it will be neces-
sary to track multiple endogenous markers
using techniques such as correlative light
imaging and 3D EM.

The role of signalling in Golgi function 
Our recent understanding of how dynamic
the Golgi complex and its many exit path-
ways are, and of the complexity of its

interactions with many molecules of the
cytoskeletal network, has made us aware
that these events must be coordinately reg-
ulated by an incredibly sophisticated sys-
tem. Many regulatory molecules localized
to the Golgi have been shown to affect its
function. The role of ARF1 is the best stud-
ied, and there is compelling data to sup-
port a function for ARF1 in the assembly,
sorting and disassembly of COPI vesi-
cles73,74. The functions of ARF1 are, in turn,
regulated by large families of guanine
nucleotide exchange factors (GEFs) and
guanine nucleotide-activating proteins

NATURE REVIEWS | MOLECULAR CELL BIOLOGY VOLUME 3 | OCTOBER 2002 | 793

Figure 2 | Dissecting Golgi organization and transport. The structures in a–d are from the data
presented in FIG. 1. a | The orientation of the Golgi ribbon showing the presence of abundant intra-Golgi
vesicles. b | The orientation of the Golgi ribbon is shown again, but with the vesicles omitted to allow the
stacked Golgi cisternae to be visualized more clearly. c | These small vesicles (average diameter ~50 nm)
fill openings in the Golgi ribbon — wells or non-compact regions — as well as holes within the cisternae
themselves, and they are also found at the periphery of stacked Golgi cisternae. The spaces between
cisternae are generally too small (≤ 20 nm) to accommodate vesicles. d | Cisternae from the boxed region
in b are shown in the context of the structure–function relationships of the Golgi. In the cisternal
maturation/progression model, new cisternae form by the fusion of VTCs (vesicular/tubular
clusters)/ERGIC (endoplasmic reticulum–Golgi intermediate compartment) elements that use the existing
cis-most cisterna as a template. Cisternae progress through the stack and ‘mature’ as Golgi-processing
enzymes are moved backwards to earlier cisternae through a COPI-regulated, vesicle-mediated
mechanism. At the trans-face of the Golgi, several trans-cisternae, frequently referred to as the trans-Golgi
network — depleted of early resident Golgi enzymes — detach and fragment as membrane is consumed
in the process of packaging cargo for exit. Exit is mediated by vesicles and/or tubules. COP, coatomer
protein complex; ER, endoplasmic reticulum.
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Birth of the life sciences in Spain 
and Portugal

Neidhard Paweletz

T I M E L I N E

For many centuries, Spain and Portugal
were occupied by various nations. The
consequent mixing of cultures formed a
unique environment in which to do science.

The Iberian Peninsula was, for many centuries,
a welcome target for foreign powers. Romans
and Visigoths ruled it from AD ~200–700 and
oppressed the Iberians. The most influential,
however, were the Arabs and, in AD 710, the
Arabian army that had marched across North
Africa reached the Strait of Gibraltar. In AD 711,
the Arab commander Tarik and his army
passed the Strait and defeated the Visigoths at
Guadalete. From here, the Islamic invasion
continued and expanded across large parts of
the Iberian Peninsula.

The army was soon followed by Arabian
scholars, physicians, artists and other educated
people, who established new centres of Islamic
culture. Córdoba became the capital of the
Islamic empire al-Andalus (Andalusia), and
other important centres of science and schol-
arship were established; among these, Toledo
became especially important1 (BOX 1).
Christian beliefs of the time proclaimed that
sickness occurred according to God’s will and
that humans were not allowed to interfere
with God’s action. So, sick people were neither

diagnosed nor treated; rather, monks or nuns
nursed them until they got better or died.
Although there were some medical activities
by non-clerics (such as barbers) and monas-
teries often had a herbal garden in which
plants for medical use were grown, the
progress of medicine in Western Europe had
ground to a halt.Arabian scholars, by contrast,
were not influenced by Christian beliefs and so
they began to establish new centres of wisdom
and practical skills2. Arabian medicine blos-
somed and produced outstanding physicians
and surgeons who became well known in the
Western world.

Here, I recall some of the discoveries that
emerged and describe some of the scholars who
worked in Spain and Portugal between the sixth
and twentieth centuries (see TIMELINE).

Isidore of Seville
In the sixth and seventh centuries, Seville was
a focus of ‘compilation’ — the conservation of
ancient knowledge. Isidore of Seville was born
around AD 560/570 (REFS 3,4). He learned Greek
in a monasterial or episcopal school in Seville
and, in AD 599, became Bishop of Seville and
Catholic Primate of Spain. During this time,
he wrote many books on various aspects of
human life. Particularly important are his




