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 ABSTRACT

 Pattern formation in morphogenesis has been a subject of considerable investigation

 by many biologists working in diverse fields. The present article takes into account

 various lines of inquiry on the genesis of regular patterns in terms of concepts of

 genetics, embryology, biophysics, biochemistry, and mathematics and attempts to deter-

 mine their contribution to the emergence of a general concept. The main emphasis

 is laid on primary patterns from which the final patterns are derived. The develop-

 ment of a pattern can be brought about by two processes, one concerned with the
 formation of a 'prepattern' which determines the positions at which structures are

 formed and the other determining the amount of 'precursor' or differences in the
 competence of cells to respond to an underlying prepattern. On the basis of this
 morphogenetic model, some of the experimental results, involving the genesis of novel

 patterns, and variation in the numbers and positions of structures are interpreted.
 The mechanisms responsible for the genesis of prepatterns are discussed. The pre-
 pattern is considered as the distribution of an inducing substance with regions of high
 and low concentration; the regions of, high concentration occur at sites where struc-
 tures later form. The process whereby such a distribution could arise is described.
 Various other mechanisms by which regular patterns involving larger number of
 structures can be formed are discussed.

 INTRODUCTION

 Reality is the embodiment of structure;
 Structure is the embodiment of properties;
 Properties are the embodiment of harmony;
 Harmony is the embodiment of congruity.

 Ts' T'ien-ch'in

 (in the "Kuan Tsi," fourth century B.C.)

 O_ NE of the properties of living things
 is the ability to reproduce. Repro-

 duction is the mechanism by which

 like begets like. How is the like-

 ness of form or shape between par-

 ents and offspring maintained? The chromoso-

 mal theory of heredity, in its essential features,

 maintains that heritable differences between

 individuals are largely due to differences in the

 genes on their chromosomes. Development, in

 a sense, is the process of unfolding the genetic

 information contained in the fertilized egg.

 The property of copying molecules of their

 own kind during cell division resides in the

 DNA (deoxyribonucleic acid) molecules on the

 chromosomes by which the likeness of form or

 shape between parents and offspring is pro-

 duced.
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 The structure of the DNA molecule provides

 a plausible basis for gene specificity, for gene rep-

 lication, and for gene mutation. The variable

 characteristic of DNA structure is the sequence

 in which the four kinds of bases follow each

 other along the molecule, providing for a large

 number of different sequences which determine

 the genetic information. It is possible to em-

 body the information required for different

 amino acid sequences of proteins in the se-

 quence of the four bases of the DNA molecule,
 whereby biosynthesis during development can

 proceed. However, the synthesizing of required

 substances is only one of the essential features

 of development, since we deal here with the

 process of differentiation in time and space,

 where differently organized units forming differ-

 ent organs maintain definite relative positions.

 Thus, we are confronted withi two questions:
 first, what causes apparently geneticaliv identi-

 cal cells to become different in appearance and

 function, and, second, how do different kinds of

 cells become arranged in orderly patterns in

 space?

 An interesting clue to the origin of differences

 in genetically identical cells comes from the

 work of Sonneborn and Beale (1949). In Para-

 mecium aurelia, three groups of genes are

 known to determine the antigenic character of

 this organism. The expression of any one of

 the three specific antigens is controlled by the

 state of the cytoplasm, which can be altered by

 external influences. Slight changes of tempera-

 ture can alter the cytoplasmic state to favor

 the expression of any one of the three antigenic

 characters. These environmentally induced

 changes are transmitted to the daughter cells

 when the individual cell divides. The bearing

 of these findings on multicellular organisms is

 obvious, where cells carrying at least initially

 identical genetic information may become dif-

 ferent as a consequence of environmental

 differences. There is reason to believe that in

 the fertilized egg itself there are regional differ-

 ences, so that cytoplasm in various regions has

 unlike properties. It is likely that, on cell divi-

 sion, nuclei find themselves in different kinds

 of cytoplasm which may lead to differentiation.

 Another suggestion is that differentiated pro-

 toplasmic units may be propagated in the nu-

 cleus and may be remodelled in the cytoplasm

 (Weiss, 1950), a concept which assumes two

 entirely different processes which occur at dif-

 ferent places. Once such differences have arisen

 in the embryo, the contact of one group of cells

 with another may induce further complexity.

 The intricate mechanisms at work during de-

 velopment, however, cannot be simplified to

 such an extent, but at least we can picture de-

 velopment as a process wherein structural com-

 plexity increases in a stepwise manner.
 Causal relations during development, or epi-

 genetic processes, can be studied by embryologi-

 cal or genetic methods or by both. In general

 the embryological approach is to study how

 structures develop and then to interfere with

 the normal process by transferring parts of

 the embryo from one position to another or to

 treat the embryo with chemical and physical

 agents. The genetic approach is to concentrate

 on gene differences between closely allied in-

 dividuals and to examine how genes control

 these differences during development.

 We are mainly concerned here with the

 second of the two questions raised earlier. The

 purpose of this article is to examine how pat-

 terns, or structures showing an orderly arrange-

 ment, are formed. What follows is not a com-

 plete review of facts or ideas but a presentation

 of various attacks on the pattern problem so

 far as they contribute to the emergence of a

 general concept. Insects are chosen as illustra-

 tive material for their merit in regard to the

 availability of genetic information and of pat-

 terns of varying complexity. Insects provide a

 variety of structural patterns, some regular,

 some semiregular, and some highly irregular.

 The development of these structures is easy to

 follow, and numerous genes are known to affect

 them in one way or another. The mechanisms

 by which some of the insect patterns are pro-

 duced are considered in the following sections.

 ENDOMITOTIC DIVISIONS AND T HE WING SCALE

 PATTERN

 Work on the lepidopteran wing pattern has

 uncovered mechanisms of considerable signifi-

 cance in pattern formation. Since most of the

 original work is written in German, perhaps it

 has not invited the attention that it deserves

 from English-speaking biologists. Therefore, it
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 FOUNDATIONS OF ANIMAL PATTERNS 291

 may be of some value to consider the main fea-

 tures of this work here.

 The pattern of scales in the wings of Lepi-

 doptera has been studied in great detail (Kuhn

 and Henke, 1932; Henke and Mertz, 1941;

 Henke, 1946; Henke and Pohley, 1952; Pohley,

 1953; reviews: Goldschmidt, 1938, 1955; Henke,

 1947; Kuhn, 1955). In the wing of the flour

 moth, Ephestia kiihniella, three main types of

 scales (Fig. la, b) can be recognized: cover
 scales, middle scales, and ground scales. The

 pattern of scales on the forewing and hindwing

 differs. The scales on the forewing stand free

 from each other and are arranged in regular

 rows, while those on the hindwing cover each

 other, the way shingles do, and form irregular

 and branched rows. In those parts of the wing

 where all three types of scales are present, the

 scales are often arranged in groups of four. The

 cover scales show variation of structure and

 of pigment. In the forewing, eight color types

 of scales (Fig. 1c) can be distinguished. There

 exists a close correlation between the nature

 of the pigment present and the shape of the

 scale. The wing-scale pattern of the Lepidop-

 tera is of particular interest to a student of

 developmental biology, for, in the determina-

 tion of the scale pattern, one studies not only

 differences in pigmentation but also in the struc-

 ture of scales.

 In the development of the scale pattern, two

 types of differentiation must be considered.

 One is the development of the scale itself from

 the stem cell, the lineage of which can be

 traced back to the scale epithelial stem cell;

 the other is the amount of polyploidy, by which

 the size of the scale types is determined. The

 main features of Henke's (1947) description of

 scale differentiation are represented in Fig. 2.

 In Ephestia, the formation of scales can be

 recognized with the appearance of large cells,

 the scale-forming stem cells, in the epithelium

 of the young pupa. The primary scale stem cell,

 which may be designated the scale stem cell I,

 undergoes two divisions (Kohler, 1932; Siiffert,

 1937; Strossberg, 1937, 1938). The first division

 of the scale stem cell I gives rise to a scale stem

 cell II and a degenerating cell. The surviving

 stem cell II divides again into two, one of which

 gives rise to the scale proper while the other

 a

 ml?

 do

 b c
 FIG. 1. WING SCALES OF Ephestia kiThniella

 a, part of the body with right forewing and hindwing; b, a piece from the upper side of the forewing
 de, cover scales; mi, middle scales (cover scales removed); gr, ground scales (middle and cover scales removed)
 c, 8 types of scales with their characteristic form and pigmentation. (After KUihn, 1955.)
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 c s f Cc < 3Cover scale 32n

 cesc#/csc I (f ftc D Long follicle n

 tesc - Epithelial
 e cells 2n

 -msfc -< Middle scale 16n
 Imfms Xffc - Long follicle 4n

 me_c{js c \ {fdeg Short follicle 2n

 esc c 4 Epithel ial 7 -< o cells 2n

 1sc ]gsfc ) Ground scale 8n ,sgsc c ffc ss Short follicle 2n
 'de g

 tesc C==lEpithelial 2n

 II s f -lc )Lower Ground scale 4n
 Is c II -

 I I ' ffc c s Short follicle 2n
 deg--

 I e sc{

 esc Epithelial
 c e Iell s 2n

 FIG. 2. SCHEMATIC REPRESENTATION OF DIFFERENTIATION OF WING SCALES IN Ephestia kuhniella

 Legend is arranged below to correspond to vertical columns. (After Goldschmidt, 1955; Kuhn, 1955.)
 cesc, cover scale epithelial stem cell
 mesc, middle scale epithelial stem cell
 gesc, ground scale epithelial stem cell
 lesc, lower ground scale epithelial stem cell
 csc I, cover scale stem cell I
 esc, epithelial stem cell
 mnsc I, middle scale stem cell I
 gsc I, ground scale stem cell I
 Isc I, lower ground scale stem cell I
 csc II, cover scale stem cell II

 deg, degenerating cell
 msc II, middle scale stem cell II
 gsc II, ground scale stem cell II
 lsc II, lower ground scale stem cell II
 csfc, cover scale-forming cell
 ffc, follicle-forming cell
 msfc, middle scale-forming cell
 gsfc, ground scale-forming cell
 lsfc, lower ground scale-forming cell

 forms the follicle or socket of the scale. In gen-

 eral, the development of the butterfly scale is

 very similar to that of the Drosophila bristle

 (see p. 305), the degenerating cell in the former

 corresponding to the nerve cell in the latter.

 An important clue to the mechanisms in-

 volved in the formation of scales of different

 sizes has come to light by measurement of the

 nuclear size of the scale-forming cells. There

 exists a correlation between the nuclear size and

 the scale size. Geitler's (1938, 1939-40, 1954)

 elaborate studies showed that nuclear growth

 can be the consequence of repeated division

 of chromosomes without a subsequent nuclear

 division, a process known as endomitosis. Since

 in endomitosis the number of chromosomes

 doubles in the absence of nuclear division, a

 corresponding increase in nuclear size is pro-

 duced. By counting the number of chromo-

 centers in the nucleus, the number of genomes

 can be ascertained. During development of the

 wing of Ephestia, countings are in good agree-
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 FOUNDATIONS OF ANIMAL PATTERNS 293

 ment with the assumption that, starting with

 the normal epithelial cell with 2n chromosomes,

 nuclei with 4n, 8n, 16n, and 32n can be formed

 to give rise to lower ground scales, ground scales,

 middle scales, and cover scales, respectively. In

 Fig. 2, the large and small follicle cells are

 shown to be tetraploid and diploid, respectively,

 while 4- to 32-ploid nuclei are represented for
 different scale types.

 A more careful examination of Fig. 2 reveals

 that, with increase in polyploidy of the scale-

 forming cells, the number of successive divisions

 of the epithelial stem cells decreases. The sum

 of the number of endomitotic divisions and the

 number of epithelial cell divisions remains

 constant. Thus, in the lower ground scales with
 4n chromosomes, which have undergone only

 one endomitotic division, the epithelial stem

 cell divides four times; in the ground scales with

 8n chromosomes, it divides three times; in the

 middle scales with 16n chromosomes, it divides

 two times; and, finally, in the cover scales with

 32n chromosomes, the epithelial stem cell di-
 vides only once. These results suggest that in

 the formation of the scale pattern a compensa-

 tory principle is effective. This is a discovery

 of far-reaching significance, but comparable

 studies on other insects are badly needed to

 elaborate Henke's "law of compensation."

 What conclusion could one draw from these

 findings? The analysis of the scale pattern, at

 its face value, suggests that the determination

 of a pattern might be the consequence of in-
 tranuclear differentiation of the genetic ma-

 terial, achieved through endomitosis. Closer

 examination, however, shows that this is not

 the case. Since the scale cell and the follicle

 cell arise at the last differentiating division, it

 is reasonable to assume that the determination

 of their difference in type has already been
 realized before endomitosis begins - that is,

 at the moment when epithelial and scale stem

 cells first separate. Now, it may well be argued

 that at the time of the first differential division a

 change in the chromosomal material might have

 occurred, and this may cause later cell genera-
 tions to undergo endomitosis. Although the role

 of endomitosis in growth and form in insects

 is well established (Lipp, 1953, 1955, 1957;

 Geitler, 1954), there is not enough evidence to

 suggest that intranuclear differentiation is the

 cause of divergent determination.

 SPEEDS OF DEVELOPMENT AND DETERMINATION

 STREAM

 Another interesting feature of lepidopteran

 wing scales is their characteristic pigmenta-

 tion. The color differences in scales are caused

 by pigments which appear during different times

 of development (Goldschmidt, 1923; Henke,

 1933). Goldschmidt (1920) first pointed out that,

 in the development of the scale color pattern,

 long before the pigment is formed and the

 scales actually mature, detectable differences in

 the rate of differentiationi of different parts of
 the scale pattern piay an important role in the

 realization of the final pattern. The parts of

 the wing eventually forming dark-pigmented

 scales show slower differentiation in comparison

 with parts giving rise to light-colored scales.

 However, such differences in the differentia-

 tion of scales can only be detected during a

 short period. If the pupal wing is dried at an

 appropriate stage, the undifferentiated scales,

 which at this stage of development are soft bags

 filled with blood, collapse, but the differentiated

 scales remain erect. Since the main features of

 the scale pattern appear in the form of a relief

 of protruding and of flattened scales, this stage

 in wing development was termed the "relief

 stage" by Goldschmidt. The importance of

 Goldschmidt's findings lies in that they demon-

 strated for the first time that a primary pattern

 may be laid down before a pattern appears

 visibly.

 Once it could be shown that the scales within

 different parts of a pattern are at different stages

 of differentiation, the concept of differential

 velocity of differentiation was extended farther

 to explain the differences in the scale pigmenta-

 tion. Goldschmidt assumed that chromogens

 are present in the hemolymph only at certain

 specific periods and are incapable of entering

 entirely chitinized scales. This hypothesis was

 confirmed when Braun (1939) showed that in
 the relief stage, and even a considerable time

 before its appearance, the scales which are not

 entirely chitinized and which later form the

 dark scales are alone capable of yielding pig-

 ment when treated with tyrosine. Since pig-
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 294 THE QUARTERLY REVIEW OF BIOLOGY

 ment is deposited in chitin in colloidal

 solution, a hardened scale is incapable of receiv-

 ing more pigment; therefore, the speed of

 hardening, different in different areas, may

 lead to the pattern of pigmentation.

 A similar situation was found to exist at a

 period preceding the relief stage when the scale-

 forming stem cells undergo two differentiating

 divisions. During this period two 'waves of

 mitosis' pass over the wing from the base toward

 the margin, but the wing regions which eventu-

 ally form the dark scales show much more fre-

 quent mitosis than those which ultimately give

 rise to the light-colored scales (Kohler, 1932;

 Braun, 1936). This phenomenon is therefore

 called 'mitosis pattern' and corresponds to the

 stem cell divisions I and II (see p. 291). The
 frequency of these cell divisions is under ge-

 netic control (Braun, 1936). In this case the oc-

 currence of more frequent mitosis indicates

 slower differentiation in comparison with those

 cells that had ceased dividing.

 Further analysis of certain pigment patterns

 in the Lepidoptera (Goldschmidt, 1920, 1923,

 1938) revealed that the amount and the specific

 arrangement of the pigment were under genetic

 control. In some cases it was found that the

 process of pigmentation started from one point

 and spread from there across the wing, follow-

 ing a definite course. This observation led

 Goldschmidt to suggest that visible color pat-

 terns may be due to the progress and nature of

 flow of an underlying determination sub-

 stance. Adopting a concept introduced by Spe-

 mann, he called it a "determination stream"

 and suggested that genes controlling the struc-
 ture and the color of a wing may act by control-

 ling a determination stream of definite quantity,

 speed of progress, pattern of flow, and of action
 upon different processes in morphogenesis.

 The concepts of differential velocity of differ-

 entiation and of the determination stream must

 be considered as first attempts to fill the gap

 between genetics and embryology, for they

 enabled one to picture development in terms of

 gene-controlled processes. Unfortunately, these

 concepts, when extended to explain the develop-

 ment of the lepidopteran wing pattern, proved

 to be unsuccessful. This was partly owing to

 Goldschmidt's assumption that during develop-

 ment the whole wing acts as a unit. The

 situation was clarified when Kuhn and von

 Engelhardt (1933) not only demonstrated the

 existence of a determination stream in the

 developing wing of Ephestia but also showed

 the presence of a definite arrangement of areas

 or fields forming specific parts in the wing

 pattern.

 PATTERN FIELDS IN THE WING

 Schwanwitsch (1924) and Siiffert (1925, 1927)

 first pointed out that the wing pattern of butter-

 flies and moths must be divided into several

 independent systems consisting of pattern fields

 and that these should be regarded as belonging

 to the same system if they vary from one species

 to another concomitantly and independently of

 other pattern fields. Confirmation of this point

 of view came from the findings of Henke (1928)
 when he showed that individual fluctuations in

 the pattern fields belonging to the same system

 within a single species of Larentia sordidata do

 undergo concomitant variation. Finally,

 Schwanwitsch's (1925, 1928, 1929a, 1929b,

 1931) elaborate studies firmly established that

 the complicated pattern of the lepidopteran

 wing is the result of different arrangements of

 invariably present constituent parts or fields.

 These morphological observations have served

 as a starting point for a detailed experimental

 analysis of wing patterns.

 One of the thoroughly examined systems is

 the symmetrical system (Figs. la, 3k) present in

 the wing of Ephestia kiihniella. In the sym-
 metrical system, a central field is enclosed by

 proximal and distal bordering bands. Within

 the central field on the transverse vein of the

 wing, two black spots, with a white spot in

 between, are situated. At the margin of the wing

 there are five (or six) dark marginal spots lying

 between the veins. The unity of the central

 field is proved by the fact that it acts as a

 whole under modifying genetic or environ-
 mental influences.

 Kuhn and von Engelhardt (1933), by using

 the technique of microthermocautery, applied

 slight burns to the pupal wing of Ephestia.

 Two types of reactions, depending on the time

 of operation, could be sharply distinguished.

 In the first period, during the first day after

 pupation, the effects of burning on the wing
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 FOUNDATIONS OF ANIMAL PATTERNS 295

 were entirely local. The bordering bands were

 pushed about the wing in a specific manner

 (Figs. 3b, c, d). Identical results were obtained

 on the black mutant race of Ephestia (Fig. 3e).

 Now, if the marks of cautery at different places

 in a number of wings are compared, the result-

 ing pattern is such as would be caused if a

 determination stream (Fig. 3a) proceeded from

 the anterior and posterior margins of the wing

 toward the center and if the distal and proximal

 terminations of this stream determined the

 positions of the bordering bands limiting the

 symmetrical system.

 In the second period, between 48 and 60

 hours after pupation, when the determination

 stream is actually spreading, a cautery mark
 applied to the wing brings the spreading move-

 ments to a standstill (Fig. 3f-j). By stopping
 the determination stream at various stages of its

 progress, a series of adult wings can be obtained

 that reveal the entire course of the determina-

 tion stream. From the course of the determina-

 tion stream reconstructed in this manner, it be-

 comes clear why the earlier operations produce

 their effect near the wing margin and later

 ones toward the center, and why still later ones,

 as would be expected, may only affect the
 contour of the bands which become transverse
 after the two streams have united. Similar re-

 sults were obtained by Kuhn and von Engel-
 hardt (1936) on the currant moth, Abraxas

 grossulariata. The patterns formed in this way

 are called "spreading fields" (Henke, 1948).

 These findings suggest that, in the realization of

 a pattern, chemical diffusion and field arrange-

 ment are likely to be important factors. How-

 ever, Schwartz's (1953) experiments on the wing
 pattern of Plodia indicate that the determina-

 a

 C
 c _h_

 d

 e

 k _

 Pb d db
 FIG. 3. DETERMINATION OF THE SYMMETRICAL SYSTEM ON THE UPPER SIDE OF THE FOREWING IN Ephestia

 kiihniella

 a-j, the effect of cauterizing the pupal wing during different periods of development; k, forewing of
 Ephestia kiihniella; db, distal band; pb, proximal band; ms, marginal spots; S, symmetrical system; w,
 white spot located in between the two black spots. (After Kuhn and von Engelhardt, 1933, and Kuhn, 1955.)
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 a b

 FI. 4. GENERALIZEID SCHEMES OF FIELDS AND PATTERNS
 IN THE SATURNID FOREWING

 a, generalized scheme of the three main systems
 in the forewing. C, central field; G, general field;
 P, peripheral field; 1, basal field; 2, root field
 margin; 3, root field; 4, proximal band; 5, shadow
 field; 6, shadow; 7, distal band; 8, exterior field;
 9, exterior field margin; 10, margin field. b, general-
 ized scheme of pattern locations in the forewing.
 1-8, the location of border patterns. (After Henke,
 1948.)

 tion stream is probably not due to chemical
 diffusion.

 A comparative examination of wing patterns
 showed the existence of pattern fields occupy-
 ing similar positions in the related groups of
 Lepidoptera. These findings enabled Henke
 (reviews: 1933, 1948) to draw a general scheme

 of the wing pattern of the Saturnidae. Fig. 4a,
 b shows schematically three fairly well-exam-
 ined systems, which in Henke's terminology
 are referred to as "fields" and are known as the
 general field (Grundfeld), the peripheral field
 (Umfeld), and the central field (Zentralfeld).

 The pattern of the lepidopteran wing is not
 determined as a whole by a uniform process
 but by a number of more or less partially inde-

 pendent processes. In a series of experiments

 on Lymantria dispar, Henke (1943) demon-

 strated that different fields are determined at

 different times during wing development. If

 cauterizations are made in the wing after a

 given element is determined, the wing shows

 only local defects. In cases where the patterii

 was not yet fully determined, its development

 was found to undergo modification, but, if

 cauterizations are made at different periods of

 development, some elements of the pattern

 may act as though they were fully determined

 at the time, while others are still labile and can

 be modified. Fig. 5 shows the effect of cauter-

 izing the pupal wing at different periods. In

 the graph, age at operation is given as abscissa;

 the ordinate shows the percentage of cases in

 which the peripheral field or the central field

 behave in a mosaic manner, indicating that

 they have already been determined. The three

 wings drawn on the graph illustrate the results

 of cauterizing (a) at a period when only the

 marginal spots are determined, (b) at a stage

 in which the peripheral field is determined, the

 central field being still undetermined; and (c)

 a case in which the whole pattern is deter-

 mined. Thus, the fields behave as independent

 units.

 RHYTHMIC PATTERNS

 Suffert (1927, 1929) described a certain kind

 of rhythmically repeated elements in the form

 of lines or dots in a lepidopteran wing and
 designated them "pearling patterns." Rhyth-
 mic patterns on the wing may be formed by dif-

 100

 80

 60 a

 20

 0 _ _I ,1 , 1

 1 2 3 4 5

 FIC. 5. THE EFFECT OF CAUTERIZATION ON THE DETERMINATION OF FIELDS IN THE PUPAL WING OF

 Lymantria dispar

 Abscissa, age at operation. Ordinate, percentage of cases. Dotted line, symmetrical systems. Dashed
 line, middle shadow field. See text for description of the three cauterized wings illustrated. (After Henke,
 1943).
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 ferent processes. Henke (1936, 1948) distin-

 guished two types of rhythms: diffusion

 rhythms and simultaneous rhythms.

 The diffusion rhythms represent several uni-

 form lines or bands which form concentric

 figures. In some groups of Lepidoptera, sym-

 metrical lines are seen on the proximal and

 distal sides of the wing, while in others a

 number of parallel lines are found. Although

 the appearance of one or more dark lines (Fig.

 6a) in the white bands may give the impres-

 sion that they are part of the symmetrical sys-

 tem, studies of Henke and Kruse (1941) have

 shown that these markings do not actually

 belong to the system in which they arise.

 Henke (1936) suggested that diffusion rhythms

 in the central field may arise by a process of

 chemical arrangement, or Liesegang-phenome-

 non - that is, the phenomenon occurring if

 the precipitates are concentrically arranged in

 a colloidal medium. Mobilization occurs when

 the critical condition is being approached, with

 the material diffusing from the zones which be-

 come clear spaces to those which become rings.

 Becker (1937) has argued that the atypical pat-

 tern formed upon the tergites of aging wasp

 queens may be the consequence of Liesegang

 ring formation evoked mechanically by the irri-

 tation of the hypodermis. Henke (1948) has also

 attempted to explain the formation of a con-

 centric pattern in the outer seed coat of the

 horse chestnut by means of Liesegang ring

 formation. In the incompletely colored pieces

 of the chestnut, one can see that the brown

 color and the formation of dark lines start

 from the radicle and the base of the cotyledon

 and proceed in a centrifugal direction. The

 dark lines always appear behind the extend-

 ing brown color (Fig. 6b). This process cor-

 responds with the formation of a Liesegang

 pattern as a consequence of chemical diffu-

 sion in a colloidal medium, starting from
 a center. Since the patterned area runs back

 into itself, concentric rings of decreasing size

 are formed on the margin. These may be cen-

 tered at a single point (Fig. 6c), or they some-

 times take the form of two circles (Fig. 6d).

 These suggested explanations are very tempt-

 ing, but it must be pointed out that so far there

 is no genetic or experimental evidence to show

 that a Liesegang phenomenon is actually at

 work, although certain biological patterns ap-

 parently do indicate that such a possibility does

 exist.

 There are other rhythmic patterns, such as
 simultaneous rhythms, which are characterized
 by the absence of any center of diffusion and
 therefore do not involve the mechanisms by
 which diffusion rhythms arise. In a simultane-
 ous rhythm, as the name indicates, pattern-
 forming processes begin simultaneously in all
 parts of the wing. The development of wing
 scales in Ephestia provides a good example of
 a simultaneous rhythm, when two waves of
 mitosis pass over the wing from the base to-
 ward the margin, and the cellular processes

 proceed simultaneously in all parts of the

 S

 aX

 L L

 b

 Fic. 6. PATTERNS IN THE FOREWING OF A MOTH AND IN A HORSE CHESTNUT

 a, the pattern of lines in the peripheral field (L) and central field (S) in the wing of Eupithecia venoscata;
 b-d, the formation of a concentric pattern in the horse chestnut. (After Henke, 1948.)
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 wing. Furthermore, color spots on the wings

 of Lepidoptera show a great transition from

 irregularity to regularity. Henke was of the

 opinion that such patterns arise by a simultane-

 ous rhythm. He invoked some sort of competi-

 tion for a common substrate required by the

 cells forming the colored spots and argued that

 this interaction might transform originally ir-

 regular spots into a pattern of uniform struc-

 tures. The main difficulty is that, although a

 competitive mechanism of the kind suggested

 by Henke might well account for patterns

 which vary from individual to individual, it

 would lack the precision required to produce

 regular patterns.

 A HYPOTHETICAL SCHEME OF PATTERN FORMATION

 Henke (1948) presented a hypothetical scheme

 (Fig. 7a-x) whereby various types of wing pat-

 terns in the Lepidoptera can be derived. In

 the formation of a simultaneous rhythm, a

 majority of elements are arranged in such a way

 that they divide the space uniformly. The

 size and form of these elements, as also their

 number and positions, depend on the condi-

 tions of the system. Henke suggested that in

 extreme cases these conditions could be of such

 a nature as would give rise to determination

 centers. This suggestion assumes that various

 patterns are a consequence of specific arrange-

 ment of pattern fields or determination centers

 which arise by simultaneous rhythms.

 As an initial step, within an originally uni-

 form area, accidentally arising inhomogeneity

 might produce irregular spots (Fig. 7a). Next,

 as a result of cellular competition for a common

 substrate, the irregular spots could be trans-

 formed into regular patterns of spots or bands

 (b-e). In extreme cases a single element might

 give rise to a band (f). If the concentration

 of the determining substance decreased toward

 the margin of the individual elements of the

 pattern, a gradient of color would appear in the

 final product. On this basis, concentric ocelli

 with different colors could arise (g).

 If one assumed that a marginal pattern was

 formed through localization of a determining

 substance on the margin of the wing (h-k), its ex-

 tension in the manner of a Liesegang process

 might produce a centric pattern (m). The ap-

 pearance of different kinds of determination

 centers in the same region could give rise to

 concentric, heterogeneous bands (j-l). If a field

 were devoid of a color margin (n) and if a

 second marginal field is formed inside it, a

 marginal pattern, as shown in Fig. 7o, p, may

 be formed. If at the same time the smaller

 field gave rise to a color margin, a pattern with

 color zones (p) would appear. More complicated

 border formations (s) might arise along the

 lines of (p) and (q). It is also possible that a

 a c e

 s t u v w x

 FIG. 7. HYPOTHETICAL SCHEME OF PRIMARY PATTERN FORMATION IN THE WINGS OF BUTTERFLIES

 See text for explanation. (After Henke, 1948.)
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 field appearing earlier in development might

 modify the surrounding pattern. For instance,

 the amount of color-forming substance in a field

 may be reduced because of an adjoining zone

 that arose earlier in development, and weak

 coloration on the borders might result (r, v).

 In certain cases particular segments in a rhyth-

 mic zone might produce a concentration of

 color on their margins (t, u); these could be

 formed only in one direction (w) or uniformly

 in both directions (x).

 The above scheme presented by Henke is of

 considerable interest. These studies began as

 a morphological analysis of pattern variability

 in related groups of Lepidoptera and subse-

 quently led to numerous attempts to explain

 the origin of various patterns on the wing in

 terms of pattern systems, field centers, deter-

 mination stream, diffusion rhythms, simultane-

 ous rhythms, etc. Before drawing a general

 picture of pattern formation, the role of genes

 in the determination of the wing pattern, or

 of its constituent parts, must be examined.

 GENES IN THE DETERMINATION OF WING PATTERN

 Genetic and phenogenetic studies of the

 lepidopteran wing show that the pattern sys-

 tems in the wing behave as independent units

 under modifying genetic or environmental in-

 fluences (reviews: Ford, 1937; Goldschmidt,

 1938; Caspari, 1941; Henke, 1947, 1948; Kuihn,

 1955).

 The abnormalities which are induced by

 environmental stimuli such as temperature, X-

 rays, ultraviolet rays, and chemicals and which

 parallel in a striking manner the phenotypes

 of mutant genes were termed "phenocopies"

 by Goldschmidt (1935a). Studies of phenocopy

 effects provide information regarding the epi-

 genetic system - that is, the entire system of

 causal relationships which is involved in the

 development of an organ or a whole animal.

 For each type of phenocopy there is a "sensi-

 tive period," or, occasionally, several sensitive

 periods, during which it can be relatively easily

 induced. Kuhn (1926) showed that every

 morphological system in the wing of Argynnis

 paphia has its own distinct sensitive period.

 Later, the sensitive periods of different systems

 were thoroughly examined by Feldotto (1933),

 Kbhler and Feldotto (1936, 1937), Kuhn and

 Henke (1936), Stubbe 1938), and Wulkopf

 (1936). These studies established that elements

 belonging to the same morphological system

 have identical sensitive periods.

 Different systems in the wing reveal develop-

 mental independence under the influence of

 genetic or environmental factors. For instance,

 there are certain genes which darken the central

 field without affecting the surrounding fields

 (Whiting, 1919; Kuhn, 1937, 1939). Similar

 field-specific changes may be induced by chemi-

 cal treatment (Strohl and Kohler, 1934). A

 number of genes have been described in

 Ephestia which act on the elements of one sys-

 tem only. There are genes which influence the

 symmetrical bands (Kuihn and Henke, 1929,

 1932; Hilgel, 1933; Clausen, 1937; Schwartz,

 1938); some genes affect the marginal spots

 (Kuihn and Henke, 1929); others affect the

 central shadow (Clausen, 1937); and still others

 affect the central spots (Kuhn and Henke, 1932).

 Operations on the pupal wing, as also numer-

 ous mutants affecting the number of wing veins,

 show a direct dependence of the marginal spots

 upon the veins in Philosomia cynthia (Henke,

 1933). Kohler (1940) suggested that the posi-

 tion of the marginal spots may be dependent

 upon the lacuna system in the developing wing

 of Ephestia. Pattern elements which show

 morphological dependence upon the structure

 of the wing, the veins, and the margin are

 termed 'dependent patterns.'

 Numerous mutants are known to affect the

 shape and size of single scales (Fink, 1938) and

 the distribution of pigment (Kuhn and Henke,

 1932) in the single scale. Whiting (1919) and
 Kuhn and Henke (1929) have described genes

 which replace light-colored scales by dark-

 colored ones without affecting the region of
 symmetrical bands and the central spots in
 the wing. In another mutant (Kuhn, 1939),

 such replacement is restricted to the central
 field.

 Kuhn and Henke (1936) described two genes

 that influence the size of the central field and

 the positions of the symmetrical bands. The
 dominant gene Sy (lethal when homozygous)

 causes the bordering bands to approach each

 other, diminishing in this way the size of the

 central field. Another factor, Syb (intermediate

This content downloaded from 89.206.116.155 on Sun, 14 Oct 2018 04:16:25 UTC
All use subject to https://about.jstor.org/terms



 300 THE QUARTERLY REVIEW OF BIOLOGY

 in the heterozygote), enlarges the central field

 by causing the bordering bands to diverge.

 Similar effects can be produced by applying a

 heat shock during the sensitive period for size

 of the central field in normal individuals. The

 effects of these genes and of temperature treat-

 ments during the sensitive period of correspond-

 ing regions in the wing are additive. An in-

 teresting feature of the Syb gene (Kuhn and
 Henke, 1936) is that it shows the phenomenon

 of maternal inheritance. Thus, in reciprocal
 crosses between Syb Syb and Syb syb moths, the
 offspring originating from a cross of Syb Syb
 mother by Syb syb father has a broadened cen-
 tral field as compared with animals descended
 from Syb syb mothers. These results well illus-
 trate the role of genes in the development of
 wing pattern.

 The analysis of color patterns in the Lepi-

 doptera is illuminating in several respects, for
 it reveals to a certain extent the nature of

 pattern-forming processes and their genetic

 control. These studies enable us to consider

 pattern formation in terms of processes which

 are stepwise in nature. In the development of

 a wing, the first pattern to be laid down is

 the pattern of the wing shape and of the wing
 veins, about which comparatively little is

 known. The second pattern is the pattern of

 future fields. The third pattern-forming process

 controls the limits of these fields, such as the
 bordering bands. Thus, a three-dimensional
 wing pattern is produced by a stepwise elabora-
 tion of an underlying pattern through processes
 which are four-dimensional in nature.

 When we consider the final pattern as a

 derived expression of a primary pattern, numer-

 ous facts need to be explained. For instance,
 although there is enough evidence to show that

 various fields in the developing wing are under
 genetic control, there is no information as to

 how these fields with different constitutions

 arise. Least is known about the decisive point

 in the formation of those primary patterns

 which have been described as field centers and

 which arise as simultaneous rhythms or about

 diffusion rhythms which have been considered

 in terms of a Liesegang phenomenon. A great

 advance would have been made if the mecha-

 nisms underlying simultaneous rhythms or dif-

 fusion rhythms had been properly understood.

 Henke's suggestion that some kind of competi-

 tion may produce a simultaneous rhythm is not

 very convincing. The mechanisms by which

 chemical rhythms with greater precision can

 arise will be described later. We turn now to

 the Drosophila wing pattern, which has given

 some information about the genetic mechanisms

 involved in pattern formation.

 THE EPIGENETICS OF THE DROSOPHILA WING

 PATTERN

 The role of genes in developmental proc-

 esses can perhaps best be studied in Drosophila,

 owing largely to the availability of mutants of

 known phenotypic effects and also to the ease

 with which the development of certain -organs

 can be followed. Among other organ systems,

 the wing pattern of Drosophila has been an ob-

 ject of intensive genetic analysis. The wing is

 a thin plate with a roughly oval outline. On

 the wing surface, five longitudinal veins and

 two cross-veins form a characteristic pattern.

 Goldschmidt (1935b, 1937) and Waddington

 (1939, 1940, 1942b, 1942d) have described the

 development of the wing in the normal and in

 a number of mutant forms in Drosophila. A

 very generalized scheme of the stages in devel-

 opment of the normal wing is given in Fig.

 8a-h. In the mature larva the prospective wing

 can be recognized as a thickened and folded

 area of the mesothoracic imaginal buds or

 discs. Shortly afterward, the folds elongate and

 the bud takes the form of a thin blade. Within

 the expanded blade the prepupal veins can be

 seen, but they are obliterated in the next stage

 when the wing is inflated and the two surfaces

 are forced apart. During pupation the wing

 contracts again and the two surfaces come to-

 gether and leave spaces between them that thus

 form the pattern of the definitive wing veins.

 Finally, the fluid in the wing is forced out and

 the wing, not as yet completely mature, assumes

 the adult form.

 During development the contracting wing is

 in a state of delicate balance, and during this

 period even minor genetic or environmental

 disturbances can produce large phenotypic ef-

 fects, some of which are shown in Figs. Si-p.

 Such periods in wing development have been

 termed 'epigenetic crises.' A number of genes
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 FIG. 8. STAGES IN THE DEVELOPMENT OF THE NORMAL WING OF Drosophila (a-h) AND THE EFFECTS OF CERTAIN
 MUTANT GENES ON THE WING-VEIN PATTERN (i-p)

 i, shifted-2, the longitudinal veins pushed together; j, veinlet, showing elimination of a considerable part
 of the distal regions of the wing veins and a shift in position of the posterior cross-vein; k, dachs, caus-
 ing a short square wing in which the veins diverge at a greater angle than normally; 1, blot, producing a
 small mirror-image twin wing; m, broad, the wing blade relatively broader than normal, producing di-
 vergence of the wing veins; n, cubitus interruptus, the distal part of the fourth vein is eliminated and
 the fifth vein shifts forwards; o, dachsous, causing the wing to become large so that the cross-veins diverge
 at a greater angle; p, dachsous-fouriointed-plexus, causing abnormal wing-veins. L1-L5, longitudinal
 veins; the anterior and posterior cross veins are located between L3 and L, and between L4 and L,
 respectively. (After Waddington, 1956.)

 tend to increase the wing's contraction in length

 or width or to affect the contraction in gen-

 eral. During the later stages of contraction,

 when the veins are in the form of cavities,

 some genes cause obliteration of veins; others

 produce extra veins.

 The study of a large number of genes affect-

 ing wing development has provided a general

 picture of epigenetic systems, or the whole sys-

 tem of causal relations, involved in the develop-

 ment of the wing. This developmental se-

 quence has been largely confirmed by produc-

 ing mechanical defects in the wing at definite

 periods (Lees, 1941). Similarly, phenogenetic

 studies (Goldschmidt, 1935a; Henke, 1947; re-

 view, Waddington, 1950) have shown that a

 series of abnormalities, produced by treating the

 wing at definite periods with sublethal tempera-

 tures, parallel the phenotypes produced by mu-

 tant genes. In Drosophila, each epidermal cell on

 the surface gives rise to a single hair (Dobzhan-

 sky, 1929), and by counting these it is possible

 to discover alterations in cell number and ar-
 rangement following various modifications of

 temperature. A comparison of cell densities in
 mutants with those in the phenocopies gives

 a clear picture in terms of cell division, growth,
 and interaction of various factors which influ-
 ence the epigenetic landscape. Although such
 studies yield some information about the period
 at which genes exert their influence during de-
 velopment, they do not reveal the nature of
 the primary gene activity or its mode of action.

 An important fact emerging from the study

 of mutant phenocopies (Henke, 1947), is that
 the sensitive period of a mutant phenocopy
 usually coincides with the period at which the
 mutant diverges from the normal developmental
 course. This fact enables us to consider devel-

 opment in terms of systems which are unstable

 during sensitive periods and which, under ge-
 netic or environmental influences, may take up
 different developmental paths that are open

 to them. On the other hand, in normal indi-
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 viduals the developmental systems are well

 buffered against disturbing influences, so that in

 spite of minor variations a uniform end result
 is achieved. This is known as "epigenetic canal-

 ization" (Waddington, 1942a).

 The sensitivity of an animal strain to en-

 vironmental stimuli is under genetic control.

 Now, if selection is practiced for the capacity

 of a strain to respond to an environmental
 stimulus in a particular manner, genotypes can

 be produced which would develop into the se-

 lected phenotype in the absence of the particu-

 lar, original environmental stimuli (Wadding-

 ton, 1953b, 1956a, 1957a, 1960; reviews: 1957b,
 1961). Thus, the crossveinless and bithorax

 abnormalities produced by environmental

 means, after selection had been practiced for

 some generations for responsiveness to a certain

 environmental stimulus, could be genetically
 assimilated. Bateman (1959a,b) and Scharloo

 (1961) have confirmed Waddington's findings.

 From this general picture of epigenetic proc-
 esses in wing development, we turn to the

 specific pattern of the wing veins.

 Intensive developmental and genetic analysis

 of the pattern of the wing veins in Drosophila
 has led to some important conclusions (reviews:
 Waddington, 1948, 1956b). Close examination
 of the pattern of five longitudinal veins (L1-L5)
 and two cross-veins (anterior and posterior) in

 the Drosophila wing (Fig. 8h) shows that it
 arises in a series of steps. Different veins appear
 during different periods of development. A
 number of mutants affect the wing vein pattern
 in different ways, some of which are shown in
 Fig. 8.

 The genetic studies on the pattern of five
 longitudinal veins reveal that they do not
 always behave as a unit. A number of genes
 have effects on particular veins or particular

 parts of certain veins. House (1953a, 1953b,
 1954, 1955) has shown that some genes with
 effects on particular parts of the wing vein may
 exert subthreshold effects on neighboring re-
 gions; in combination with other genes such

 genes may produce visible alterations in neigh-
 boring regions. These genes have pronounced
 effects on particular sections of the venation

 rather than on the whole wing system. How-

 ever, there also exists a certain reaction of the

 whole wing-vein pattern to a local defect pro-

 duced by a gene. In one mutant (Fig. 8n) that

 causes the absence of the L4 vein, the tip of

 L5 is found to move forward to fill in the space

 left by the absence of L4. The posterior cross-

 vein in the wing pattern also exhibits a great

 tendency to adjust its position in relation to

 changes in the general surroundings (Fig. 8j,

 k, n). These facts suggest that the final wing

 must be considered as representing a state of

 equilibrium resulting from the interaction of

 numerous factors in a very complex manner.

 There are reasons to believe that the seem-

 ingly simple pattern of wing veins may be the

 result of cooperation of a number of gene-

 controlled processes. This is well demonstrated

 in Timof6eff-Ressovsky's (1931) selection experi-

 ments on a mutant (venae transversae incom-

 pletae) that causes a break in the posterior

 cross-vein in the wing of Drosophila funebris.

 Timof6eff-Ressovsky was successful in isolating

 different stocks in which the break occurred

 anteriorly or posteriorly and a third stock in

 which the breaks in the posterior cross-vein

 occurred at both ends with equal frequency.

 In other words, modifier genes could alter the

 expression of the main gene. Thus, a number

 of genes with individual effects interact in the

 control of various developmental processes (see

 Scharloo, 1962). In some cases these processes

 may be disturbed to the extent that many parts

 of the vein may be missing or extra veins may

 be formed (Timofeeff-Ressovsky, 1934). Recent

 experiments (Waddington, 1955) on the pos-

 terior cross-vein in Drosophila melanogaster

 have given some information on the buffering

 of epigenetic systems in the cross-vein pattern.

 The pattern of wing veins in Drosophila is

 highly instructive, for it reveals that, even in

 the determination of a small part of a vein, a

 number of processes may be at work (for the

 growth pattern in lepidopteran wing veins, see

 Weiss, 1925). Further, the ability of veins to

 adjust their position in relation to modifica

 tions arising in the neighboring regions indi

 cates that the final pattern may be an outcome

 of a gradually developing equilibrium betweer

 a number of forces which may be complex. Al

 though the number of such forces is bound to

 be large, only a few of them are likely to exert

 major effects. For instance, in the contraction

 and subsequent expulsion of the fluid during
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 wing development (for the role of hemolymph

 pressure during unfolding of the wing, see

 Stern, 1927), tension in the wing epithelia and

 the hydrostatic pressure of the body fluid must

 be some of the major factors with general ef-

 fects on the process. That need not be sur-

 prising, for numerous examples in insect de-

 velopment can be given (Kohler, 1932; Henke,

 1953b; Waddington, 1943, 1962) to show that

 such physical factors play an important part in

 pattern formation.

 Certain facts, however, need further explana-

 tion if the genesis of such patterns is to be
 properly understood. The obvious question is
 to what extent the physical factors influencing a

 pattern can be controlled by genes. It may not

 be too optimistic to consider changes in the

 physical properties of developing systems in

 terms of changes in the properties of macro-

 molecules, in turn controlled by genes. But we

 still have to provide an explanation for those

 factors which dictate that there are going to be

 only five longitudinal veins in the wing of Dro-

 sophila and not six, and that each one of them
 is going to occupy an assigned positon in the

 wing as a whole. Perhaps the answers to such

 questions could be sought better in simpler

 patterns, to which we shall turn.

 CELL MIGRATION AND CELL AGGREGATION IN

 COLOR PATT'ERNS

 The study of insect color patterns has re-

 vealed mechanisms of general importance in

 pattern formation. In some insects, in which

 the cuticle of the thorax or abdomen is trans-

 parent, the color may be due to the presence

 of pigment granules in the epidermis or in the

 peripheral fat body. When the cuticle is trans-

 parent, it is possible to photograph the pigment

 cells during development and to study the

 mechanisms involved in the formation of color

 patterns.

 The changes in color pattern at metamorpho-

 sis brought about by the migration of chromato-

 cytes have been examined in some detail in

 the Thaumaleidae (Hinton, 1958) and Simu-

 liidae (Hinton, 1959). There is a relationship

 between the presence of skeletal muscles and

 the color pattern. The chromatocytes cannot

 be present between a muscle and the area of the

 cuticle in which it is inserted, and, therefore,

 changes in the disposition of the skeletal muscles

 necessarily impose changes in the pattern of

 the chromatocytes. The chromatocytes present

 in the mature larva persist in the adult, with-

 out any appreciable change in number, and

 thus are responsible for the color pattern of the

 pupa as well as for that of the young adult.

 In both families the establishment of color pat-

 tern involves a considerable migratory move-

 ment of chromatocytes, which form new aggre-

 gation patterns. The migrations are supposed to

 be due to a change in the hormonal balance,

 but no direct evidence is available to support

 this assumption. This type of formation of

 color pattern is exceptional and in some ways

 resembles the kind of color changes that are

 known to occur in some urodeles. For instance,

 in early stages of Triturus torosus, the melano-

 phores, after their original dispersal from the

 neural crest, form new aggregation patterns

 (Twitty, 1945). The mechanisms by which such

 aggregation patterns in insects are formed await

 further analysis.

 Another interesting case is that of changes

 in the color pattern brought about by migra-

 tion and alterations of shape of pigment cells,

 a unique method developed by insects. In Chao-

 borus (Corethra) species, in their dark-adapted

 state, the chromatocytes cover the dorsal and

 dorsolateral sides of air sacs and prevent the
 larva from becoming conspicuous on a dark

 background because of light reflected by the

 transparent sacs. If the larva is transferred to

 a light background, the chromatocytes disperse

 and migrate to the ventral surface of the air

 sacs, leaving only four large black solid spots.

 Such a change from the dark-adapted state can
 be produced in 10 to 30 minutes and is re-

 versible. The movements of chromatocytes are

 under endocrine control and can also be in-

 duced hormonally (Dupont-Raabe, 1957). How-

 ever, in this case it is not known why a par-

 ticular group of cells reacts differently to chang-
 ing physiological conditions.

 CELL SPECIFICITY AND CELL ORIENTATION IN

 CUTICULAR PATTERNS

 Although during development of color pat-

 terns a considerable cell migration takes place,
 the work on Rhodnius prolixus well illustrates
 that cells retain the property of forming spe-
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 cific elements in a pattern. There are five

 nymphal stages in Rhodnius, during which the

 cuticular pattern of the abdomen is thrown

 into stellate folds and is pigmented with mel-

 anin. On the surface of the abdomen are

 bristles that arise from parts of smooth cuticle

 known as plaques. Wigglesworth (1940) noted

 changes in the cuticular pattern after burning

 the part between two lateral pigment spots in

 the third instar larva. An interesting outcome

 of these experiments was that the two spots

 united to form a continuous spot in the fourth

 and fifth nymphal stages. If one pigment spot

 is burned, it is replaced by unpigmented cuticle

 in the next instar. Further experiments con-

 firmed previous observation that the cells

 which form a given element in the pattern

 retain the property of forming this element in

 spite of repeated division and migration, and

 these properties become manifest only under

 the influence of the appropriate hormones

 during metamorphosis. There are reasons to

 believe that the property of cells to form a given

 element in a pattern is likely to be under ge-

 netic control. Sobel's (1953, 1954) experiments

 on the Abnormal Abdomen mutant in Dro-

 sophila melanogaster have shown that the loca-

 tion of spots on the abdomen is influenced by

 a large number of genes.

 Experiments on the bristle-bearing plaques

 showed that, when the cuticle was distended by

 artificial means, the cells forming the plaques

 were stretched also and thus formed compara-

 tively larger plaques. On the other hand, in

 an unstretched cuticle smaller bristles were

 formed. The number of new plaques arising at

 a given molt was influenced by the nymphal

 stage from which the molting hormones were

 provided, a fact which shows that the number of

 plaques is not predetermined. But the number

 of new plaques appearing in each successive

 molt is determined by the number of cells inter-

 vening between existing plaques at the com-

 mencement of molting. Wigglesworth (1940)

 suggested that the bristle-bearing plaques exert

 an inhibitory influence on the surrounding

 plaques. It is supposed that, during the activity

 of the molting hormones, the plaque bristle-

 forming centers become active and draw some

 chemical substance or substances from the sur-

 rounding cells. The cells from which the

 chemical substances are drained off do not form

 these structures, but cells not lying in the

 immediate vicinity of existing plaques are ca-

 pable of utilizing surrounding substances and

 therefore form bristles and plaques. In short,

 there is a sort of competitive mechanism that

 insures an approximately even spacing between

 irregular structures. It is not very different

 from the mechanism that produces streaks of

 cloud with clear zones in between; in the latter

 case no two streaks of cloud can survive too

 close while competing for condensed vapor.

 More precise mechanisms that determine the
 positions of bristles will be described later.

 In Rhodnius the orientation of abdominal

 bristles is fairly regular. The constancy of

 bristle orientation is demonstrated by the fact

 that the bristles regenerating over a burned area

 show more or less normal orientation. This

 fact led Wigglesworth (1959) to conclude that

 there must be within the epidermal cell some

 kind of "cytoskeleton" which defines its antero-

 posterior axis. Piepho (1955) and Piepho and

 Marcus (1957) studied the orientation of scales

 in displaced implants in Lepidoptera and came

 to the conclusion that there exists some kind of

 "orienting force" in the general epithelium,

 while Picken (1949) showed that the orientation

 of the scales is due to the oriented protein

 polysaccharide of which the scale is composed.

 The factors responsible for the orientation of

 the cuticle of abdominal tergites in Rhodnius

 have been investigated by Locke (1959, 1960).

 The larval cuticle in the abdominal region of

 Rhodnius has a uniform pattern of transverse

 ridges or ripples. The effects on the adult

 cuticle were studied by altering the orientation

 of pieces of larval integument in the developing

 insects. Grafting experiments within a segment

 showed that the pattern is only disturbed when

 grafts are interchanged in axis, a fact which
 suggests that the cells responsible for the pattern
 are similar from side to side but differ from

 anterior to posterior. There appeared to be an

 axial gradient within each segment, for the

 anterior segments show a greater ability to

 restore continuity of the distorted pattern than

 do posterior segments. Pieces of integument

 from different axial levels within a segment,

 when juxtaposed, affect the pattern according
 to the level from which they come. This in-
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 structive example shows that apparently similar

 elements within a pattern may possess a certain

 specificity of their own. The underlying process

 by which such individuality comes into being

 is not understood.

 GENES IN PATTERN DIFFERENTIATION

 We have discussed some of the important

 mechanisms in pattern formation. A better

 understanding of the problem can, perhaps, be

 achieved in simpler developmental systems

 which can be analyzed by applying precise

 genetic methods. In this respect the bristles

 of Drosophila provide a very suitable material.

 The bristles are of two types, microchaetae and

 macrochaetae. The microchaetae are smaller,

 numerous, and irregularly arranged. The

 macrochaetae are larger, fewer, and constant in

 number and arrangement. The bristles show

 patterns of varying complexity, some regular,

 some semiregular, and some highly irregular.

 The development of the bristle organ has

 been studied in some detail. In insects, in

 general, the bristle organ is derived by two

 successive mitotic divisions of a single epithelial

 cell. These four cells form, respectively, the

 bristle proper, its socket, a sensory nerve cell,

 and its sheath (Lees and Waddington, 1942;

 Schwenk, 1947; Henke, 1951, 1953; Wiggles-

 worth, 1953). In Drosophila the trichogen and

 tormogen cells arising out of the division of a

 single hypodermal cell give rise to a bristle and

 its socket, respectively. The bristles are in-

 nervated (Stern, 1938) by peripheral nerve cells

 which are bipolar and are situated below the

 hypodermis. The shape of a bristle depends

 on the growth of chitin chains of the cell wall

 in an orientation parallel to the long axis of

 the cell (Lees and Picken, 1945). Various

 mutants produce their phenotypic effects by

 interfering with developmental processes during

 different stages of bristle development (Lees and

 Waddington, 1942).
 In Drosophila, the availability of numerous

 genes which influence bristle pattern in differ-

 ent ways makes it possible to study pattern

 formation in terms of gene-controlled processes.

 The dorsal surface of the head and thorax of

 Drosophila is covered by macrochaetae. These

 large bristles, in normal individuals, occupy 40

 specific sites and form a constant pattern.

 Numerous genes are known to affect the differ-

 entiation of bristles at specific sites. Earlier

 investigations on pattern genes which cause

 supernumerary bristles (MacDowell, 1915; Neel,

 1940, 1941, 1942) or on genes which remove

 bristles (Plunkett, 1926; Goldschmidt, 1931;

 Sturtevant and Schultz, 1931; Muller, 1932;

 Child, 1935; Ives, 1939) attempted to elucidate

 the role of genes in localized differentiation, but

 no satisfactory explanation could be provided.

 A number of alleles at the scute (sc) locus

 eliminate bristles. Each allele acts at specific

 sites in the pattern of macrochaetae (Dubinin,
 1929; Serebrovsky, 1931). Individuals that carry,

 for instance, alleles scl, sc2, or sc4 usually differ-

 entiate 26, 30, or 12 bristles, respectively (Fig.

 9). Sturtevant (1932), realizing the importance

 of genetic mosaics in developmental analysis,

 first showed that sc tissue was autonomous in

 development. Stern (1954a, b) developed a

 hypothesis according to which the cells which

 form different numbers of bristles do so by

 responding differently to an unvarying pre-

 pattern. Thus, in individuals carrying sc+ (wild-

 type) and sc' genotypes, a patch of sc+ tissue
 in sc' surroundings responds to an unvarying
 prepattern by differentiating a normal ocellar

 bristle. On the other hand, a small patch of

 scl cells in sc+ surroundings fails to form a

 typical ocellar bristle (Stern and Swanson, 1957).

 Experiments in which alleles of the achaete (ac)

 locus were employed revealed certain interesting

 facts. Individuals carrying the allele ac+ differen-

 tiate all 40 bristles on head and thorax, but sub-

 stitution of ac+ by ac results in the elimination

 of certain bristles, including the two posterior

 dorsocentrals. In these individuals, although ac

 tissue usually did not form a posterior dor-

 socentral bristle, on a mosaic thorax sometimes

 a bristle of subnormal size did appear. However,

 such bristles were always found in the close

 neighborhood of ac+ tissue (Fig. 10). These

 findings give the impression that diffusion of

 some substance from the ac+ tissue into un-

 responsive ac surroundings might have caused

 the latter to respond to an underlying prepat-

 tern, but, in certain cases in which the ac+

 tissue did not cover the normal site of dor-

 socentral bristles but existed in its vicinity, the

 bristles differentiated at the abnormal site.
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 FIG. 9. THE POSITIONS OF THE LARGE BRISTLES ON THE HEAD, PROTHORAX, AND MESOTHORAX OF
 Drosophila melanogaster

 a, dorsal view of head, prothorax, and mesothorax of the wild type, showing the positions of 40 bristles.
 oc, ocellar; p.dc., posterior dorsocentrals; b-d, the positions of bristles in SC1, SC2, and sc4 respectively. Sites
 surrounded with a circle do not differentiate bristles. (After Stern, 1956a.)

 These results suggest that the prepattern is

 distributed over a gradient field with a peak

 at a typical bristle site but is capable of evoking

 a response at lower levels (Stern, 1956a, 1956b).

 The sex-comb of Drosophila provides an op-

 portunity to study differences in the respon-

 siveness of the two sexes. A male Drosophila

 is characterized by the presence of a row of

 thick bristles, known as a sex-comb, on the

 first tarsal segment of the foreleg. Females do

 not possess a sex-comb. In experiments involv-

 ing genetic mosaics (Stern and Hannah, 1950),

 the differentiation of sex-comb teeth was found

 to occur whenever cells of male genotype were

 present in the regions of the foreleg, even

 though the majority of the tissue was of female

 constitution. These findings suggest that an

 identical prepattern exists both in male and

 female forelegs; only a certain region is capable

 of evoking sex-comb differentiation, and only
 in male cells but not in female cells. This

 interpretation is further attested and refined

 by cell lineage studies on gynandric male sex-

 combs (Tokunaga, 1962). The site of prepattern

 singularity for the primary sex-comb is recog-

 nized as a strip of tissue extending transversely

 in the distal part of the developing basitarsus.

 During this period, the differential responsive-

 ness of this tissue to an identical male and female

 prepattern is determined. If it is to form a

 sex-comb, then the male tissue undergoes a shift

 in its position and occupies the site of the

 primary sex-comb. In female tissue, no change

 of position is involved. However, the reason

 that male tissue normally undergoes a shift of

 position to occupy the region of the prospec-

 tive sex-comb, whereas the female tissue is com-

 ......... .........

 1X '~~~~~~~~~~'
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 FIG. 10. MOSAIC INDIVIDUALS OF Drosophila

 Shaded regions ac, white regions ac+. a, showing
 a rudimentary bristle in ac tissue on one side of the
 thorax; b, differentiation in ac+ tissue of a dorso-
 central bristle at an abnormal site, the right half of
 the thorax consisting of ac+ tissue only. (After
 Stern, 1956a.)
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 paratively stationary, is not understood. But, at

 least, the initial topographic likeness of male

 and female tissue is informative, for it indicates

 that the prepattern is identical in both the male

 and female cells.

 One important fact emerging from the studies

 on triploid intersexes (Stern, 1957; Hannah and

 Stern, 1957), which possess fewer teeth than

 males, is that the response of intersexual cells

 to the sex-comb prepattern is lower than that

 of males cells, so that fewer cells respond to

 form teeth, but, whenever a cell does respond

 positively, it reacts in a fully male fashion and

 not in an intermediate degree. Thus, although

 intersexuality may cause a lower response in

 general, the response of a single intersexual

 cell to the developmental prepattern is all-or-

 none in type.

 There are certain mutants in Drosophila that

 cause a repetition of structures. For instance,

 in enzgrailed (en), a secondary sex-comb is
 formed on the forelegs of males. It appears

 more or less as a mirror image of the normal

 primary sex-comb. The question therefore arises

 whether normal individuals possess a prepattern

 for an extra sex-comb. Using genetic mosaics,

 Tokunaga (1961) showed that when en/en

 tissue occupied the area of the secondary sex-

 comb on en/+ tarsi, differentiation of teeth

 occurred even when the homozygous area was

 small. It was concluded that nonengrailed as

 well as engrailed forelegs possess a prepattern

 for a secondary sex-comb and that phenotypic

 differences depend on the response of the geno-

 types.

 The various taxonomically important forms

 of sex-comb in Drosophila species exhibit

 variation of the kind to be expected in the

 light of the processes discussed above (Stern,

 1954a, 1954b). Very likely, the evolutionary

 process that diversified the sex-comb feature

 began as a response of mutated genes to pre-

 existing developmental prepatterns, and new

 prepatterns arose by mutation. There is reason

 to believe that homoeotic mutant genes produce

 their effects by remodelling the prepattern, for

 there are genes that not only produce extra

 sex-combs on the second and third legs, unlike

 normal flies that possess a sex-comb only on the

 foreleg, but also change the entire bristle pat-

 tern of the second and third legs into a pattern

 typical of the first (Hanna-Alava, 1958a, 1958b).

 The study of genetic mosaics reveals that

 pattern differentiation may occur in two ways:

 different genotypes may either respond differ-

 ently to an unvarying prepattern or they may

 create different prepatterns. In genetic mosaics

 these two processes appear to vary independ-

 ently. The assumption that a prepattern exists

 is necessary to explain effects produced by genes

 at specific sites in patterns involving localized

 differentiation. The term prepattern signifies

 any kind of spatial difference in development

 and need not be mistaken for a morphogenetic

 field capable of organ differentiation with quali-
 ties of regulation, for a prepattern may or may

 not have morphogenetic consequences.

 If we consider a prepattern as a spatial
 distribution of certain physicochemical factors,

 it is difficult to conceive how such a distribution

 could remain stable over a given period of time.

 Since developmental processes are dynamic in
 nature, pattern formation may be considered

 as a sequence of prepatterns and patterns in

 which every pattern acts as a prepattern for the

 next pattern till the final pattern is realized.

 Thus, a change occurring at any one of the
 steps in this hierarchy of events could modify

 the resulting pattern; such a change might be

 produced by either genetic or environmental
 factors. Taken in this light, bristle pattern
 appears to be an atypical case for two reasons:
 first, it remains stable over a fairly long time in
 development, and, second, it represents a final

 pattern in the sense that no other pattern

 becomes superimposed upon it. On the other
 hand, although the study of pattern genes
 beautifully demonstrates the invariable presence

 of a prepattern, it does not provide any in-
 formation on the genesis of prepatterns.

 PATTERN DIFFERENTIATION IN

 MORPHOGENETIC FIELDS

 In insects with complete metamorphosis, such
 as Diptera, the future imaginal tissue is present
 during larval life in the form of imaginal buds
 or imaginal discs. These originate from the
 hypodermis of the embryo, which is a part of
 the ectoderm. During development various im-

 aginal discs differentiate to form specific organs.

 The prospective significance of imaginal discs
 was studied by Stern (1940) and Zalokar (1943,
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 1947), while Birmingham (1942) demonstrated

 the boundaries of the tissue derived from the

 cephalic imaginal discs. The imaginal discs

 vary considerably in their response during

 development to a given concentration of hor-

 mone (Bodenstein, 1943, 1957).

 It was thought for some time that long after

 the period of embryonic determination there is

 a second period when the imaginal discs are

 determined (Geigy, 1931; Liischer, 1944; Gloor,

 1947). However, the determination of imaginal

 discs is by no means fixed even during a late

 period of development. For instance, in the Bar

 mutant of Drosophila the fate of the eye im-

 aginal discs can be modified by treating third

 instar larvae with temperature. An increase in

 temperature produces an increase in the number

 of eye facets, without involving an enlargement
 of the eye disc, at the expense of head ectoderm

 (Steinberg, 1941; Chevais, 1943). These findings

 suggest that the fate of imaginal discs can be

 altered during the last larval stage. Similar

 studies on eye imaginal discs (Bodenstein and

 Abdel-Malek, 1949) confirmed these findings.

 The labile character of the imaginal discs can

 also be demonstrated by subjecting third instar

 larvae to a heavy dose of X-rays. In this case,

 many of the imaginal cells are killed and those

 which remain produce duplicate organs or

 organs showing homoeosis - e.g., eyes located in

 the place of antennae or vice versa (Wadding-

 ton, 1942b, c). In homoeotic mutants the imagi-

 nal discs also show plasticity of development

 comparable to the normal and ordinary mutant

 forms (Vogt, 1946a, 1946b, 1947). For instance,

 in individuals carrying the gene aristopedia,

 which causes part of the antennal bud to de-

 velop into a leg instead of an antenna, the

 amount of bud diverted into abnormal differ-

 entiation can be altered by treating the third

 instar larvae with high temperature. It is likely

 that the essential features of the imaginal discs

 are determined by influences from the mesoderm

 during the last larval stage, and, therefore,

 their determination in the embryo can only

 be of a preliminary kind (Shatoury, 1955).

 An important feature of imaginal discs is

 their capacity of regulation both within them-

 selves and between serial or opposite imaginal

 discs (Waddington, 1947, 1953a; Pantelouris and

 Waddington, 1955). If one of the two wing

 discs of a larva is removed mechanically, the
 remaining wing disc, in addition to forming a

 wing as it does normally, also gives rise to the

 wing of the disc that had been removed. On the

 other hand, in the bithorax mutant the haltere

 disc of the same side of the body is capable of

 performing the function of a wing disc that has

 been extirpated. Hadorn and his collaborators

 (1946-1963) have performed numerous experi-

 ments on Drosophila imaginal discs which have

 an important bearing on pattern formation,

 and these will be discussed in some detail.

 The nature and degree of regulation in

 genital imaginal discs have been studied in

 great detail (Hadorn, 1963; Hadorn and Gloor,

 1946; Hadorn, Bertani, and Gallera, 1949;

 Hadorn and Fritz, 1950; Hadorn and Chen,

 1956; Ursprung, 1957, 1959, 1962; Luiond, 1961;

 reviews: Hadorn, 1953, 1961; Ursprung, 1963).

 Genital imaginal discs of third instar larvae were

 cut into medial, paramedial, or transverse parts

 of different sizes. The fragments were then im-

 planted into the body cavity of a host larva,

 which provides a natural medium for the im-

 plants with ample nutritive material and hor-

 mones. The fragments differentiated their

 imaginal structure simultaneously with the

 metamorphosing host.

 The organ elements of the genital apparatus

 can be localized in the imaginal disc, and a

 schematic map can be designed (Fig. 11) to

 represent the positions of presumptive areas

 from which sperm pumps, claspers, anal plates,

 spermathecae, or vaginal plates can be derived.
 Different parts of the imaginal discs are only

 capable of differentiating their district-specific
 elements. Overlapping regulations do not occur,

 a fact which therefore suggests that the cell
 mass of a larval disc consists of a mosaic of
 districts with district-specific developmental
 potencies.

 Each district in the imaginal disc behaves as

 an embryonic field (cf. Weiss, 1939) and is
 capable of full regulation in forming its district-
 specific organ element. If an imaginal disc is
 cut into three parts, it is capable of differ-
 entiating, for instance, into three pairs of anal

 plates instead of only one pair. These results

 suggest that parts of the field are endowed
 with the capacity of restoring the normal

 organization of an intact field, thus forming
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 FIG. 11. THE DETERMINATION OF THE FEMALE GENITAL APPARATUS OF Drosophila

 a, the genital organs of the adult: ap, anal plates; o, oviduct; r, receptaculum seminalis; s, spermatheca;
 u, uterus; v, vaginal plate. b, the genital disc, shown lying across the intestine. c, the position of the
 genital disc in the larva. d, the location of fields giving rise to adult genital apparatus, represented in
 a schematic map; the shading of areas in d corresponds to those of a. (After Hadorn and Gloor, 1946.)

 field-specific structures. An important feature of

 the regulation of a field district is that it is

 accompanied by an increase in cell number;

 mitotic activity continues until the normal cell

 number characteristic of a whole district is

 achieved. Thus, the process involved in the reg-

 ulation of field parts appears to lead to 'all-or-

 none effects.' However, a field is only able to

 regulate itself if a certain minimal mass of field

 material is present, or can be regenerated,

 before the onset of metamorphosis (Fig. 12).

 The capacity of regulation in transplanted

 portions of a field is moreover influenced by the

 interval of time that elapses before the host

 larva enters metamorphosis. In younger hosts

 there is full regulation of field parts, largely

 owing to the availability of material and time

 required for extra cell divisions, but in older

 hosts the implants are forced to differentiate

 much earlier due to the steadily rising level

 of the hormones promoting metamorphosis.

 Disc fragments from older donors cannot regu-

 late when transplanted into hosts of the same

 age, but full regulation can occur if pieces

 are transplanted into younger or older larva

 or even into an adult, provided there is a

 long lapse of time between the partition and the

 onset of metamorphosis. Thus, if pieces of a

 disc are transferred several times from one old

 larva to another, full regulation may occur.

 Occasionally, an imaginal disc undergoes ab-

 normal regulation in the sense that it forms

 structures atypical of its own species but typical

 of some related species. Thus, in Loosli's (1959)

 transplantation experiments on dorsal meta-

 thoracic discs of Drosophila melanogaster, a

 pattern of adventitious bristles appeared. In

 normal individuals of Drosophila melanogaster

 such a pattern does not exist, but it can be

 made to appear as a result of mechanical evoca-

 tion, so the normal individuals must possess a

 latent, potential field of this nature. A pattern

 of metathoracic bristles comparable to the one

 arising in the transplanted imaginal discs

 of Drosophila exists in the Sepsidae. Pos-

 sibly, then, during the labile period of the

 haltere imaginal discs, a regulative process com-

 parable to that responsible for a homologous

 pattern in the Sepsidae occurs. These results

 can be interpreted in terms of the prepattern-

 competence concept of Stern (1954a, 1954b).

 According to this concept, changes in the

 competence of cells to respond to an unvarying

 prepattern may result in the expression of differ-

 ent phenotypes, provided a prepattern for

 such structures is present. In Loosli's experi-

 ments, the occurrence of adventitious bristles

 does not appear to have involved any change in

 the prepattern of the metathoracic discs. How-

 ever, there are other cases in which imaginal

 discs may undergo a change of prepattern. For

 instance, if pieces of genital discs are cultured

 in adult larval hosts and are then retransplanted

 into metamorphosing hosts, the genital material
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 FIG. 1 2. A SCHEMATIC REPRESENTATION OF THE DETERMINATION OF THE SPERMATHECA FIELD IN
 THREE EXPERIMENTAL SERIES

 I, the spermatheca field forming secondary fields during the larval stage under normal conditions; A,
 the location of the spermatheca field; B, the spermatheca field grows to a certain size necessary for its di-
 vision into two secondary fields; M, onset of metamorphosis. II, in a series of experiments, the spermatheca
 field was cut medially into two halves, a and aa. The part (a) implanted into younger hosts differentiated
 as in IC, but the part (bb) implanted into older hosts did not differentiate into two secondary fields. III,
 in another series of experiments, the spermatheca field was divided into a larger part (al) and a smaller
 part (aa1). The larger part showed normal regeneration, but the smaller part failed to regenerate into
 two subfields, an outcome suggesting that a minimal mass is required for the regeneration of secondary
 fields. (After Hadorn and Chen, 1956.)

 gives rise to head structures -namely, anten-

 nae, aristae, orbital setae, ocelli, etc. (Hadorn,

 1963). Similarly, wing parts can be obtained

 from eye-antenna discs (Schlaepfer, 1963). Such

 cases of homoeosis indicate a real change in the

 prepattern of imaginal discs.

 In Drosophila, because of the highly specific

 arrangement of bristles and hairs on the body,

 insight into the pattern-forming processes could

 be gained by studying pattern formation in

 reaggregating cells that had been previously

 dissociated (Hadorn, Anders, and Ursprung,

 1959; Usprung and Hadorn, 1962; Hadorn and

 Buck, 1963). Such experiments were first per-

 formed on vertebrates by Holtfreter (1939, 1943)

 and later by Moscona (1952), Weiss and Anders

 (1952), and numerous other experimental em-

 bryologists.

 The imaginal discs in Drosophila can be

 partially dissociated by treating them with

 trypsin in vitro. If wing discs from different

 mutants and species are dissociated and mixed

 -yellow melanogaster with ebony melanogas-

 ter, or wild-type pseudoobscura with yellow

 melanogaster - and are then transplanted into

 the body cavities of normal melanogaster larvae,

 the resulting structures show both yellow and

 ebony (or wild-type) areas. The important fact

 is that these macromosaics show no sutures,

 an outcome implying that the cells derived

 from different wing discs can differentiate into

 uniform and regular structures. In the implants

 the patterns are composed of light and dark

 bristles - i.e., yellow vs. ebony or wild-type,

 which correspond to the normal bristle pattern

 on the wing margin. Thus, cells from different

 discs are capable of giving rise to uniform and

 integrated patterns ("Randborsten-Kombinate").

 These results indicate that there is some

 kind of supercellular arranging ability in

 the morphogenetic field. There is also some

 evidence to suggest the presence of an organ-

 forming area in the wing discs, at the time of

 dissociation, for building the wing pattern.

 However, the dissociated cells of wing discs on

 transplantation do not always give rise to a

 normal pattern. In certain cases the bristles on

 the wing margin show abnormal patterns,
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 though in all such cases a pronounced longitudi-

 nal axis is exhibited. This result indicates that

 the pattern of the wing marginal bristles be-

 comes reorganized under the influence of prev-

 alent field conditions.

 These studies give some information about

 pattern formation in morphogenetic fields

 through the dissociation of the cells of the

 imaginal discs and examination of the resulting

 pattern. However, a certain aspect of pattern

 formation in these experiments needs clarifica-

 tion. If one considers that a pattern is re-

 formed in dissociated cells following cellular

 reaggregation, one would like to know by what

 mechanisms the reaggregation of the dissociated

 cells comes into being. Unfortunately, technical

 difficulties in the experiments employing tissue

 culture in vivo do not permit a direct analysis,

 and, consequently, cannot provide a picture of

 the process at work in cellular aggregation.

 However, it is possible that appropriate cells in

 dissociated discs during aggregation find each

 other by cell affinity. That would, however,

 entail considerable cell migration, which the

 imaginal cells do not reveal when they are

 cultured in vitro. This difference is quite prob-

 ably due to the lack of refined techniques of

 tissue culture in insects, and, therefore, cell

 affinity as a mechanism of pattern restitution

 cannot be entirely ruled out. There is no doubt,

 however, that the dissociated cells after trans-

 plantation do undergo cellular reaggregation.

 If they do so without finding their exact

 original places in the pattern, the restitution of

 the pattern may represent origin of a prepattern

 de novo in the aggregated tissue such that cells

 derived from any region of the imaginal disc

 may form appropriate structures if located in

 the pattern-forming area. Futher investigations

 are needed to decide between these two pos-

 sibilities.

 An informative technique in the analysis of

 patterns (Kroeger, 1959b) is to combine

 mechanically tissues of different genetic con-

 stitutions or of different determinations - i.e.,

 tissues which have a different developmental

 background. If the forewing and hindwing

 imaginal discs of Ephestia are mechanically com-

 bined and transplanted into a host, the mosaic

 tissue grows together to form a uniform com-

 plex. The two discs always form an integrated

 hinge consisting of hindwing and forewing with

 their typical sclerites. If different mutant tissues

 are combined and transplanted, they show simi-

 lar features. The fact that the mosaic tissue

 always gives rise to integrated structures suggests

 that the imaginal discs first grow together to

 form a compound disc and later give rise to a

 prepattern for the hinged structures. The pre-

 pattern that gives rise to the forewing part of

 the hinge is identical to the one which forms

 the hindwing part of the hinge. Therefore, only

 when the final pattern is differentiated do the

 differences in determination begin to interact

 with the prepattern. The resulting pattern is

 the consequence of a differential response to an

 identical prepattern. The term 'determination'
 in this case denotes the competence of mosaic

 tissue to construct a wing hinge, while 'prepat-

 tern' signifies the site of differentiation which
 appears to be identical in each disc.

 An important feature of a great many pat-

 terns is their bilateral symmetry. Numerous at-

 tempts have been made to explain the origin

 of pattern symmetry (Kroeger, 1958, 1959b,

 1960a, b). If a wing imaginal disc is implanted

 into the body cavity of a younger host, a second

 wing imaginal disc, symmetrical to the first, is

 formed from it. Moreover, all malformations in

 the morphology of the hind sclerites of the

 original implants, arising as a result of ac-

 cidental damage during transplantation, are ex-

 actly imitated in the new disc that sprouts from

 the cut portion of the implanted discs. When

 parts of the sclerite pattern are missing, this loss

 of structures proceeds in a strict sequence which
 commences at the axis of the symmetry of the

 respective system and progresses outward on

 both sides. The copying of malformations and

 loss of structures in a sequence from the medial

 parts to the lateral ones have led to the sug-

 gestion that, at a certain period of development,

 determination waves travel from the middle

 toward the sides. In certain cases such waves

 may travel only on one side. The waves respon-

 sible for lateral elements appear first, and those

 for central elements follow later.

 Kroeger's hypothesis regarding the origin of

 bilaterally symmetrical structures has provoked

 considerable discussion (Waddington, 1962).

 It is rather difficult to accept Kroeger's concept

 of centrifugal pattern formation as a general
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 rule. Besides other difficulties, the main objec-

 tion arises from the fact that all biological

 patterns do not arise in a centrifugal manner.

 In certain patterns the loss or inhibition of

 structures is more marked centrally than later-

 ally, and this is just the opposite of what would

 be expected in a pattern that is determined

 centrifugally. For instance, if the development

 of an amphibian limb-bud is inhibited by non-

 specific inhibiting agents, the inhibition of the

 3rd and 4th digits is more persistent than that

 of the 1st, 2nd, and 5th digits (Tschumi, 1953).

 It must be admitted that at present we do not

 have any clue to the nature of processes in-

 volved in the genesis of pattern symmetry.

 GENES, PRECURSORS, AND PREPATTERNS: A

 QUANTITATIVE APPROACH

 The analysis of the development of patterns

 has largely confirmed the differential responsive-

 ness of cells to an underlying invariant pre-

 pattern. The prepattern concept is attractive,

 but we are faced with several questions. How

 do the prepatterns arise? How can prepatterns

 be altered?

 The prepattern can be pictured as the dis-

 tribution of an inducing substance with regions

 of high and low concentration. The regions of
 high concentration occur at sites where struc-

 tures later form. A process whereby such a dis-

 tribution could arise has been suggested by

 Turing (1952). He considered the distribution

 in a morphogenetic field of two chemical sub-

 stances, or "morphogens," together with an

 adequate supply of substrate from which they

 could be synthesized. These morphogens are
 assumed to be free to diffuse and to react with

 each other. Turing showed that, for certain

 values of the rates of reaction and diffusion, the

 initial homogeneous equilibrium is unstable;

 any disturbance of the equilibrium, for example

 by Brownian movement, will lead to the devel-

 opment of a standing wave of concentration of

 the morphogens. The actual pattern of peaks

 and valleys of concentration depends on the size

 and shape of the field and on the "chemical

 wave length" -that is, the preferred spacing

 between peaks, which in turn depends on the

 rates of reaction and diffusion.

 Turing's suggestion provides a simple model

 of the process whereby a prepattern could

 arise. In cases in which a pattern is constant

 throughout a species, Turing's model is more

 satisfactory than the competitive model sug-

 gested by Wigglesworth (1959). According to

 Wigglesworth's model, the positions of the

 bristles will depend in part on which particular

 hypodermal cells happen by chance to be the

 first to differentiate, whereas Turing's mecha-

 nism could give rise to a pattern independent of

 the initial chance disturbance. Although a

 competitive mechanism could explain a series of

 structures whose only regularity is the approxi-

 mately equal spacing between them, it lacks

 the precision that is required in producing pat-

 terns which are constant from individual to

 individual.

 The arrangement of microchaetae and

 macrochaetae could be satisfactorily explained

 by similar mechanisms which differ only in

 the accuracy with which they are regulated.

 It can be shown that the positions of the

 microchaetae depend to a great extent on the

 shape of the field as a whole. Fig. 13a and b

 shows two solutions of Turing's equations in a

 uniform rectangular field. The dots correspond

 to peaks of concentration of one of the mor-

 phogens. The solutions differ only because

 slightly different reaction rates have been as-

 sumed. In Fig. 13c, d, and e, the arrangement

 of microchaetae on the sternites of the fourth

 abdominal segment of three individuals of

 a b

 c ~~~d e

 FIG. 13. COMPARISON OF SOLUTIONS OF TURING'S
 EQUATIONS AND THE ARRANGEMENT OF

 MICROCHAETAE IN Drosophila

 a, b, solutions of Turing's equations in two di-
 mensions; the dots represent peaks of concentration
 of a morphogen. c, d, e, the arrangement of micr6-
 chaetae on the fourth abdominal sternite in three
 individuals of Drosophila subobscura. (After May-
 nard Smith and Sondhi, 1961.)
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 Drosophila subobscura is shown. In Fig. 13c,

 the microchaetae are somewhat regular; in 13d,
 rows of microchaetae are parallel to the bound-
 ary of the sternite; in 1 3e, the microchaetae
 are diagonally arranged. The resemblance be-

 tween the arrangements in d and e and the
 theoretical distributions is striking. The impor-

 tant point to be made here, however, is that
 sternites with regular bristle patterns are com-

 mon in flies with a low number of bristles, but
 an increase in the number of bristles on a
 sternite is usually accompanied by some loss
 of regularity. That is what would be expected
 in a Turing-type mechanism, which can give

 rise to a constant pattern only if the number

 of peaks is between 5 and 7. This is so because

 the number of structures formed will be the

 nearest integer to the ratio of the size of the

 field to the chemical wave length; therefore, the

 larger the number of structures which is to be

 kept constant, the smaller must be the coeffi-
 cient of this ratio.

 There is evidence that the arrangement of

 structures in animal and plant development

 may depend on the shape of the field as a

 whole. This is well demonstrated in the work

 of Sengel (1958) on the development of the
 feather papillae on the skin of the chick in

 vitro. If skin is removed from the dorsal

 regions of the embryo when the feather rudi-

 ments have just become visible, these rudiments

 disappear, and, later, new feather papillae

 develop in different positions, the first to appear

 forming a row along the center of the explant.

 Wardlaw (1953) has commented favorably on
 Turing's diffusion-reaction theory and has

 gathered evidence (Wardlaw, 1955a, 1955b, 1957,

 1959) in support of it. Turing's two-morphogen

 model is, however, too simple to explain all the

 facts. As Waddington (1956b) has pointed out,
 it would predict that different patterns would
 arise if particular stages of differentiation oc-
 curred in embryos of different sizes, and this

 does not happen. But, in spite of this and other

 difficulties, Turing's suggestion of how a pre-

 pattern might arise is along the right lines.

 Turing's model has been successfully applied

 in experiments on the expression of the pattern

 of ocelli and bristles in Drosophila subobscura.

 By using a major mutant gene, ocelliless, as a

 source of observable variation, an attempt has

 been made to deduce the nature of the pattern-

 forming processes and their genetic control by

 examining the range of variation in the end-

 product of these processes.

 The number and arrangement of the head

 bristles and ocelli is uniform in the Droso-

 philidae, though several mutants altering the

 number, usually by removing one or more of

 these structures, are known. The sex-linked

 recessive mutant, ocelliless, in Drosophila sub-
 obscura removes the bristles and ocelli on top

 of the head. In the foundation population,

 homozygous for the mutant, a large number of

 flies lacked all the head bristles and ocelli; in

 the rest, varying combinations of bristles and

 ocelli were present. The ocelli in some of the

 flies were found to be displaced from their

 normal positions, and in certain cases their

 sizes were also affected. In a few flies the

 bristles were repeated unilaterally or bilaterally

 - that is, instead of a single normal bristle,

 additional bristles were found to lie close to

 the normal bristle on one or both sides. Since

 a positive correlation was found between the

 presence of bristles and of ocelli, the degree of

 expression of the mutant was measured by

 giving a unit 'score' for the presence of each

 of the structures studied. Starting from the

 original population, selection for a higher and

 for a lower number of structures was practiced

 for a number of generations.

 Earlier experiments (Sondhi, 1960, 1961a)

 showed that selection for a higher number of

 structures was effective in increasing the mean

 number of ocelli and bristles to the wild-type

 level, although the selected population was still

 carrying the ocelliless gene. In the last selected

 generations the frequency of repeated bristles

 was found to be much greater than in the

 foundation population, and, occasionally, more
 than three ocelli were also seen. On the other

 hand, selection for a lower number of structures

 was effective in eliminating most of the struc-

 tures in the center of the head, after which

 little progress was made. These experiments

 suggested that selection could either increase or

 decrease the competence of cells to respond to

 an unvarying prepattern present both in

 normal and ocelliless flies; or, to express the

 same idea in another way, selection could in-

 crease or decrease some chemical substance
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 314 THE QUARTERLY REVIEW OF BIOLOGY

 (a precursor) that must be present in an

 adequate amount if structures are to be induced

 by an underlying prepattern.

 If selection could increase or decrease the

 number of structures in the head pattern, it

 appeared logical to inquire whether or not the

 patterns themselves could be modified by

 selection. For such an experiment, however, a

 population was needed in which individuals

 with different types of patterns existed. Once

 again, the ocelliless mutant provided an op-

 portunity to study this problem. In another

 series of experiments (Maynard Smith and

 Sondhi, 1960), selection for symmetrical and

 asymmetrical ocellar pattern was practiced on

 a population which was constructed by cross-

 ing the upward and downward selected lines.

 In the symmetrical line, only individuals with

 two posterior ocelli, but lacking the anterior

 ocellus, were used as parents. In the asym-

 metrical line, only flies with the anterior and

 the left posterior ocelli, but lacking the right

 posterior ocellus, were used as parents. In

 the symmetrical line the frequency of the

 selected phenotype increased from 14.75 per

 cent to 64.20 per cent, while the combined

 frequency of the asymmetrical phenotypes

 declined almost to zero. In other words, selec-

 tion was effective in increasing the frequency

 of a symmetrical pattern in flies and in reduc-

 ing in the same population the occurrence of

 asymmetrical structures. The response in the

 line selected for asymmetry was less striking.

 The distribution of phenotypes in the sym-

 metrical and asymmetrical populations is shown

 in Fig. 14. An interesting feature of the sym-

 metrical population was that the anterior

 ocellus, when present, was reduced in size (see

 Fig. 15b), often to a small speck, and was not

 displaced posteriorly. This fact suggests that

 selection produced a change in the ocellar pat-

 tern without changing the existing prepattern.

 The change in the ocellar pattern could have

 been produced by concentrating ocelli-bristle-

 forming substances, or some precursor, only in

 the posterior region of the head. The failure

 in producing an asymmetrical pattern of ocelli

 appears to be due to the absence of lateral

 gradients in the head of developing Drosophila,

 since the adult structure is symmetrical. Similar

 experiments on the microchaetae in Drosophila

 have been performed by numerous workers

 (Reeve and Robertson, 1954; Thoday, 1958;

 Reeve, 1960, 1961; for references to earlier

 works and a discussion of fluctuating asym-

 metry, see Van Valen, 1962).

 The results in selecting for symmetrical and

 asymmetrical ocelliless populations can be ex-

 plained if it is assumed that there is primarily

 an unvarying prepattern determining the posi-

 80~~~~~~
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 FIc. 14. FREQUENCY OF DISTRIBUTION OF PHENOTYPES IN THE SYMMETRICAL LINE (a) AND THE ASYMMETRICAL

 LINE (b)

 Following selection for symmetry and asymmetry, respectively. (After Maynard Smith and Sondhi, 1960.)
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 tions of the ocelli and bristles and a varying

 amount of some common 'precursor' of bristles

 and ocelli. Since there exists in the foundation

 population a correlation (r=0.46) between the

 presence of bristles and of ocelli, and since both

 are derivatives of the hypodermis, a common

 precursor is postulated. It is supposed that

 there is a group of alleles which alters the ex-

 pression of the ocelliless flies by altering the

 amount of this precursor, which is present in

 the required amount in the wild-type flies.

 Whether bristles or ocelli appear at these sites
 depends on whether the required amount of

 precursor is present, or, in Stern's terminology,

 whether the cells are competent to respond.

 For the sake of simplicity only three peaks of

 the prepattern (Figs. 15, 16) are shown, two of

 which represent the peaks which induce struc-

 tureg in the wild-type flies. The upper hori-

 zontal lines represent the threshold level which

 the prepattern must reach if it is to induce a

 a

 A

 _/ ~~~~b

 FIG. 15. THE ARRANGEMENT OF BRISTLES AND OCELLI
 IN Drosophila subobscura

 a, the wild-type; b, c, c1, individuals homozygus
 for the mutant ocelliless; b, showing the absence of
 certain bristles; cl, c2, showing the repetition of
 certain bristles and ocelli respectively. In the
 diagrams A-C on the left, the curved lines represent
 the prepattern, pictured as a varying concentration
 of an inducing substance; black areas represent the
 concentration of precursor; the upper horizontal
 line in each case represents the threshold level
 which the prepattern must reach if it is to induce
 a structure. (After Maynard Smith and Sondhi,
 1961.)

 D W u

 z

 PRECURSOR

 A ~~~~~~a

 B

 C X~~~~~~~~~C

 FIG. 16. THE FREQUENCY OF INDIVIDUALS WITH THE
 DIFFERENT AMOUNTS OF PRECURSORS IN THREE ocelli-
 less POPULATIONS AND THE ARRANGEMENT OF BRISTLES

 AND OCELLI IN WILD-TYPE AND ocelliless
 Drosophila subobscura

 Upper figure: in population D, the flies lack most
 of the bristles and ocelli; in population W, most
 of the individuals have wild-type phenotype; in
 population U, the individuals have a greater number
 of structures than in the wild-type; p and q repre-
 sent the range of the precursor. Lower figures,
 the arrangement of bristles and ocelli in a, the wild-
 type; b, c, and c1, individuals homozygous for the
 mutant ocelliless. In b, the bristles show homeo-
 morphic distortion; in c and c1, the bristles and
 ocelli respectively show non-homeomorphic distor-
 tion of structures arising at the two extremes of
 the mutant expression. See legend to Fig. 15. (Upper
 drawing, after Sondhi, 1962; lower drawings, after
 Maynard Smith and Sondhi, 1961.)

 structure. The third, submerged peak of the
 prepattern indicates the possibility that in the

 wild-type flies there are peaks present to which

 wild-type tissue does not respond. On the basis

 of this morphogenetic model, which is an ex-

 tension of that suggested by Stern (1954a, b)

 in the light of the mathematical considerations

 of Turing (1952), most of the experimental
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 results can be explained successfully (Maynard

 Smith and Sondhi, 1961; Sondhi, 1961b, 1962a,
 1962b, 1963).

 In cases in which structures normally present
 in wild-type flies are missing, the phenotypes
 can be explained on the basis of a low level
 of precursor substance (Fig. 15B). If the
 amount of the precursor is greater (Fig. 15C)
 than in the wild-type flies (Fig. 15A), it is pos-
 sible that two structures might develop in

 response to a single peak of the prepattern.

 Such repetitions occur mainly in the popula-
 tions which have been selected for an increased

 number of structures and, therefore, presumably
 for an increase in the amount of precursor.

 These successes in explaining variation in

 adult structures in terms of varying responses
 to unchanging prepatterns carry with them the

 danger that the prepatterns may be regarded
 in a somewhat mystical light. So far none of

 these experiments has shown that the prepat-
 terns can be changed; on the contrary, they have
 confirmed their constancy. Now, if all the con-
 stancies in development were to be explained
 in terms of pre-existing morphological con-
 stancies present at an earlier stage of develop-
 ment, this would lead by an infinite regression

 to a preformationist theory of embryology. The
 question now arises of whether there is any
 evidence of variation in the prepattern deter-
 mining the positions of bristles and ocelli in
 Drosophila, and if so, of whether the variations
 are of the kind which would be expected if the
 prepatterns arise by the type of mechanism sug-
 gested by Turing.

 The pattern which develops in a Turing-type
 process depends on the size and shape of the
 field in which the chemical reactions proceed
 and on the 'chemical wave length,' -that is,
 on the preferred spacing between peaks, a spac-
 ing which in turn depends upon the rates of

 reaction and diffusion. A small change in the
 ratio between the wave length and the size and
 shape of the field will lead to a distortion of
 the prepattern, but the number and general ar-
 rangement of peaks will remain the same. But

 if the ratio between field size and wave length

 changes to a greater degree, a changed pattern
 with different numbers of peaks will arise.

 Evidence that changes of this kind occur in

 the prepattern determining the positions of

 macrochaetae and ocelli will now be presented.

 Changes in the prepattern of the macro-

 chaetae and ocelli can be demonstrated in the

 ocelliless mutant, for, in certain populations

 of flies, changes in the positions of these struc-

 tures cannot be explained easily on any other

 basis. Continuous selection for an increased

 number of ocelli and bristles in later experi-

 ments showed in some flies the presence of four

 to five ocelli, with distortion of the ocellar pat-

 tern - that is, the occurrence of extra struc-

 tures was accompanied by a change in the

 positions of associated structures (Fig. 16c1).
 In the downward selected line, further selection

 for a reduced number of structures produced

 changes of two kinds. Fig. 16b shows a case in

 which, on the left side of the head, three

 large bristles on the margin of the eye are

 displaced posteriorly, as compared with the

 normally disposed bristles on the right side

 of the head. It is possible that a single bristle

 would develop in a position slightly displaced

 from the normal if the precursor were absent

 at the peak of the prepattern but existed a short

 distance away from it. In such cases, however,

 displacement of a bristle need not involve a

 change in the prepattern, but in this case all

 the three bristles on the lefthand margin of

 the eye were displaced in the same direction.

 This could only happen if the prepattern

 itself is distorted. Such a distortion has been

 termed a 'homoeomorphic distortion'- i.e.,

 presence of a prepattern with the same number

 of peaks as usual but of a different shape.

 In another illustration (Fig. 16c), four

 bristles are shown on the right margin of the

 eye. Here the anterior bristle is in its normal

 position, but the following three bristles, one

 more than normally present, show an irregular

 arrangement compared to that which is present

 in normal flies. Such a distortion has been

 termed a 'non-homoeomorphic distortion'-

 e.g., presence of a prepattern with a different

 number of peaks from the wild-type. The inter-

 est of this particular phenotype is that it shows

 an unusual change in the arrangement of the

 macrochaetae, one that can arise by Turing's

 mechanism. In terms of Turing's model, the

 ratio between the chemical wave length and

 the size of the field in which the waves are

 developing can vary within certain limits with-
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 out involving any change in the actual pattern

 formed but, ultimately, a threshold would be

 reached which would involve the appearance of

 an additional bristle or bristles and a respacing
 of other bristles in the field.

 Prolonged experiments on increased and de-
 creased expression of the ocelliless mutant

 (Sondhi, 1962a) have revealed a peculiar
 phenomenon of precursor-prepattern relation-

 ship. The important feature of the line selected

 for a lower number of structures was that the
 elimination of central structures increased the

 frequency of marginal bristles. The cases of

 nonhomoeomorphic distortion of marginal

 bristles were found to increase with an increase

 in the number of genes for lower score. On the

 other hand, an increase in the frequency of
 genes for a higher number of structures pro-

 duced extra ocelli (Fig. 16c1) which showed non-

 homoeomorphic distortion. Since such pheno-

 types were seen only at the two extremes (Fig.

 16, top) of mutant expression, it is reasonable
 to suggest that the primary effect of the ocelliless

 gene is to alter the amount and distribution
 of the precursor and that this alteration in turn
 may change the prepattern. The importance
 of these findings lies in demonstrating a causal
 relationship between precursor and prepattern
 such that changes in the former can cause the
 otherwise unvarying prepattern to vary.

 The change in a pattern can also be produced
 in a very different way, which may be the con-
 sequence of modified growth of the adjoining

 parts (Sondhi, in prep.). Such a case is witnessed
 in the downward selected line, where, as an
 extreme response to selection, the flies showed
 dorso-ventral depressions on the margins of
 the head. The head depressions were found to

 occur unilaterally as well as bilaterally, and
 they varied in expression. In the last generation
 of selection, these depressions were not re-
 stricted to the margins of the head but were
 found to spread over the entire surface of the

 head and to give it a hollowed-out appearance.

 In such cases the orientation of the marginal

 bristles was affected. The orientation of the

 bristles largely depended on the intensity of
 the head deformations. Since depressions might

 occur on one side or on both sides of the head,

 it could be seen that only that side of the head

 which carried the depression showed a change

 in bristle orientation. Moreover, in cases of

 severe head depressions the bristles were found

 to be bent at the base, a deformation which

 suggests that the change in the course of orien-

 tation was due to mechanical force applied dur-

 ing development. The changes in the orienta-

 tion of bristles may be interpreted as secondary

 effects on the expression of the pattern (Sondhi,

 in prep.).

 Stern (1954b) and Sturtevant (1961) have

 discussed the genetic mechanisms by which new

 patterns can arise. Loosli (1959) discovered that a

 new pattern which appeared when imaginal discs

 of Drosophila melanogaster were transplanted

 into host larvae existed in a closely related

 species. However, direct evidence on the evolu-

 tion of structural patterns and on their genetic

 control is lacking. Continued selection experi-

 ments on the expression of the ocelliless popula-

 tion have demonstrated that a novel pattern

 can appear (Sondhi, 1961b, 1962a).

 In experiments op. the expression of the

 ocelliless mutant, a partial barrier preventing

 progress beyond the wild-type phenotype was

 encountered. The occurrence of such a barrier

 is in agreement with Waddington's concept of

 canalization, in which the canalizing selection

 during the past evolution of species insures that,

 in spite of minor variations, the same end

 result is achieved. However, the barrier, as

 judged by the distribution of phenotypes in

 the selected population, was not absolute.

 Rendel (1959), working with the mutant scute

 in Drosophila melanogaster, was able to obtain

 populations in which the flies had a greater

 number of bristles than are present in the wild-

 type. Therefore, an attempt was made to ob-

 serve the effect of continued selection on the

 ocelliless population, with the view that an

 increase in the frequency of genes promoting a

 higher score might bring to expression new

 structures, though their appearance at specific
 sites could not be predicted. The results of

 these experiments showed that a novel pair of

 bristles would arise, always at a specific site and

 with a definite orientation. The frequency of

 such bristles, or 'neomorphs,' was found to in-

 crease with progressive selection. They were seen

 only in flies in which all the normal structures

 were present. A careful examination of flies

 closely related to Drosophila made available at
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 the British Museum of Natural History, London,

 revealed that a homologous pair of bristles does

 exist in a closely related family, the Aulacigas-

 teridae. Such bristles were seen in Aulacigaster

 leucopeza, which also has a similar pattern of

 macrochaetae and ocelli.

 There is some reason to believe that the oc-

 currence of neomorphs is not attributable to

 the appearance of a new peak in the prepattern;

 if it were so, the neomorph would be associated

 with the displacement of existing peaks. Yet, in

 the flies in which the neomorphs occur, no

 change in the position of associated bristles is

 seen. Moreover, the presence of a homologous

 pair of bristles in a closely related family

 strongly suggests that the prepattern of these

 bristles is present in wild-type Drosophila. If so,

 the origin of neomorphs can be ascribed to an

 increase in the level of the precursor reaching

 the peak of the prepattern which lies submerged

 in wild-type individuals (Fig. 17).

 The above analysis has provided some infor-

 mation on the nature of mechanisms at work in

 pattern formation. In these studies, by employ-

 ing a mutant gene which causes variation in a

 constant pattern, an attempt has been made to

 deduce the nature of developmental processes

 and their genetic control by examining the

 range of adult variation. The limitations of such

 an analysis are obvious. Although the use of the

 methods of quantitative genetics in problems of

 development reveal to us the complex and inte-

 grated nature of developmental systems in terms

 of genes, little can be learned from such studies

 about the intermediate steps that are involved

 in the transition from gene to structure.

 DISCUSSION AND CONCLUSIONS

 In pattern formation we are mainly con-

 cerned with mechanisms by which order is

 established in developing systems. Since most of

 the visible patterns are expressions derived

 from an underlying primary pattern, it is the

 study of the latter that should provide a real

 clue to our problem. There have been two

 major attempts in this direction, one made by

 INCREASING

 AMOUNT

 OF T 5 a
 PRECURSOR

 PREPATTERN

 9

 FIG. 17. MODEL TO EXPLAIN THE ORIGIN OF A NEOMORPH

 Left, two peaks of the prepattern are shown. The larger one represents the peaks which induce struc-
 tures in the wild-type flies, the smaller one represents the position of the neomorph. T1, T2, and T3 repre-
 sent three successively increasing levels of the precursor. If the amount of precursor falls between T1 and T2
 wild-type structures are formed (a). Individuals with amounts of the precursor falling between T2 and

 T. give rise to neomorphs and also in most of the cases show a repetition of structures (b). The pattern of
 macrochaetae and ocelli in Aulacigaster leucopeza is shown in c. 1-3, orbital setae; 4, vertical seta I; 5,
 vertical seta II; 6, ocellar seta; 7, neomorphic bristle; 8, post-vertical seta. (After Sondhi, 1962.)
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 Henke (1948) and the other by Turing (1952).

 Henke's attempts to explain the genesis of

 primary patterns in terms of simultaneous

 rhythms were unsatisfactory, for they failed

 to provide a suitable mechanism by which field

 centers or determination centers could come

 intQ being during development. On the other
 hand, Turing's suggested model does provide

 an explanation of the process by which constant

 patterns can arise. Although Turing's investiga-

 tions were mainly concerned with mechanisms

 by which stationary waves during development

 come into being, he indicated that, with three

 or more morphogens, a mechanism was possible

 that could give rise to traveling waves. Un-

 fortunately, no attempt has been made so far

 to develop this concept.

 The development of a constant pattern can

 be explained in terms of two processes, one con-

 cerned with the formation of a prepattern

 which determines the positions at which struc-

 tures are formed and the other which deter-

 mines the amount of 'precursor' or competence

 (cf. Waddington, 1932) of cells to respond to an

 underlying prepattern. These two processes

 can va-ry independently of each other: there is

 enough experimental evidence to justify the

 distinction between them.

 A considerable body of evidence suggests that

 comparable patterns, for instance, of sex-comb,

 bristles, or body segments may have identical

 prepatterns in unrelated species. An important

 feature of the prepatterns arising in a Turing-

 type mechanism is that comparable prepatterns

 may be produced by unrelated individuals with

 reaction systems of different genetic constitu-

 tion. Differences between individuals, on the

 other hand, may arise because of genetically

 determined differences in competence between

 their cells to respond to an identical prepattern.

 Experiments on the wing hinges of Ephestia

 kiuhniella (Kroeger, 1959b) have shown that dif-

 ferences among serially homologous parts of the

 same individual may be determined by differ-

 ential responsiveness to identical prepatterns.

 In this case, however, the differences of response

 are not genetically determined but arise in the

 course of differentiation.

 If we consider development as a gradually

 changing reaction system, a prepattern at a

 particular stage would depend on the nature of

 substances entering the system and the condi-

 tions of the system, and these in turn would

 determine the ensuing pattern. In development

 the reaction system is continuously changing as

 growth proceeds. (For patterns of growth, see

 Huxley, 1932; Medawar, 1944; Weiss and

 Kavanau, 1957; D'Arcy Thompson, 1961). Each

 pattern acts as a prepattern for the next de-

 velopmental stage till the final pattern is

 achieved. This concept is in harmony with the

 stepwise and epigenetic nature of development.

 However, a chemical basis of pattern formation

 advanced along these lines would be an over-

 simplification of the processes actually involved.

 Besides the chemical basis, the energy rela-

 tions within the system (see Needham, 1942),

 and the biophysical properties of developing sys-

 tems (see Weiss, 1950, 1961; D'Arcy Thompson,

 1961) must be important factors.

 The main difficulty which arises in a Turing-

 type mechanism, as Maynard Smith (1960) has

 pointed out, is that it cannot give rise to a

 constant pattern if the number of structures in

 the constant pattern is large. The simplest

 method of insuring the constancy of large num-

 bers is by a process which has been termed

 'multiplication.' The morphogenetic field is first

 divided by one patterning process into a small

 number of large regions and then subdivided by

 a second process into a larger number of smaller

 regions. It is therefore interesting that develop-

 ment of the genital disc (Ursprung, 1959) of

 Drosophila has a stepwise character of this kind.

 Since many of the developmental processes are

 stepwise in nature, it is likely that only processes

 of this kind can produce uniform results.

 In patterns in which structures are arranged

 in a linear series, it is necessary that the two

 patterning processes should be separated so that

 one follows the other in time, but, if struc-

 tures are arranged on a surface, another type

 of multiplicative process is possible without

 involving a time control. In this case two pat-

 terning processes can occur simultaneously but

 along different axes; one process can determine

 the number of 'rows,' and the second, the num-

 ber of structures in each row. This model re-

 quires that the morphogenetic field should be

 initially anisotropic, whereas Turing supposed

 the field to be isotropic. Thus, in the cuticle of

 Rhodnius, on which the only structure visible
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 on the adult tergites is a series of transverse
 ripples, Locke (1959, 1960) has demonstrated

 the presence both of an antero-posterior

 gradient and of a side-to-side polarity. The

 arrangement of microchaetae on the sternites of

 Drosophila suggests that the field is isotropic,

 but there are reasons for supposing that, on

 the dorsal surface of the thorax, the rows and

 columns are separately determined by mecha-
 nisms which occur simultaneously but along

 different axes. The developmental analysis of

 the two-dimensional bristle pattern on the

 thorax of wild-type Drosophila and of a mutant
 form in which the rows of thoracic bristles are
 distorted is under investigation (Sondhi, in
 prep.).

 In certain groups of segmented animals, there

 is no indication of multiplicative mechanisms,

 yet a large number of segments do show a great

 constancy of segment number within a species.

 The constancy of such periodic structures can

 be controlled by some kind of "chemical count-

 ing" (Maynard Smith, 1960), which would bring

 the series to an end when the required chemical

 constitution had been reached. This implies

 that, although various body segments may ap-
 pear similar, they may be dissimilar in some

 characteristic individual property. There is a
 considerable body of evidence in favor of the

 concept of chemical counting. For instance, it

 may be recalled that apparently similar elements

 within the cuticular pattern of Rhodnius do

 show certain specificity, presumably of a

 chemical nature. An understanding of the

 process by which such specificity in apparently

 similar elements of a pattern comes into being

 should prove to be of great significance in

 understanding the genesis of patterns.

 We have considered some of the possible

 mechanisms by which regular patterns can arise

 in development. Although some satisfaction

 may be derived from the general picture that

 has emerged from the present analysis, we do

 not have enough information about those fac-

 tors that cause the breakdown of a uniform area

 during development into spatially arranged ele-

 ments which give rise to the future pattern.

 Future studies may reveal more of the founda-

 tions on which patterns are laid down.
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