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HE rule of inheritance in cell lineages is the transmission of an undiminished

legacy to each of a geometrically increasing family of descendants. Episodes of
mutation or segregation may intervene, but further descendants will again follow
this rule of clonal heredity, which is the corollary of equal division. But other rules
of inheritance are known—for example, the entailment of estates in land and the
traditional law of primogeniture in titles of nobility—whereby a legacy must pass
undivided through a single line of descent through the generations. This paper will
have to do with biological analogies of linear inheritance which have appeared in
experiments on the transduction of motility-genes in Salmonella.

Transduction is a mechanism of genetic recombination which is notable for the
transfer of hereditary fragments from one cell to another (Symposium 1955, LEDER-
BERG 1956a). In these experiments, a temperate bacteriophage serves as vector for
the fragments, which are furnished by the disruption of the chromosomes of a bac-
terial host as it supports the growth of the phage. When this crop of phage is applied
to cells of a suitably marked recipient strain, some (~ 107%) of these cells yield a
transformed clone which carries a given marker from the donor. In previous studies,
the transformed clones have exhibited the same genotypic stability as did the parents.
However, the selective methods which were used to isolate the rare recombinants
would overlook transductional effects that did not yield substantial clones of the
new types. These studies included auxotrophic, fermentative, resistance, serological
and motility markers, and each one for which a suitable selective technique was
available was subject to transduction in much the same fashion.

The following experiments are a follow-up of observations on “motility trails”
(see paragraph 1. 1) initiated by DR. BRUCE STOCKER during a research visit to this
laboratory (STOCKER, ZINDER and LEDERBERG 1953). After his return to England,
DRr. SToCcKER began microscopic studies on these trails; the immediate concern here
was the problem of segregation and crossing over in transductional clones. However,
the two studies proved to be operationally inseparable. I am indebted to DR. STOCKER
for an unreserved exchange of materials, information and manuscript drafts through-
out these studies. In the main, the terminology also follows his suggestions. A con-
cordance of my results and interpretations with his (STocker 1956b) is given at the
close of this paper.

Glossary and symbols. The central concept of this paper is that of a line (adj. linear
or unilinear) which signifies a single, unbranched, finite or infinite chain of descent

! Paper No. 604 of the Department of Genetics. This work has been supported by research grants
from the National Cancer Institute, (C-2157), Public Health Service, from the National Science
Foundation, and from the Graduate School of the University of Wisconsin with funds allocated
by the Wisconsin Alumni Research Foundation.
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FiGURE 1.—Diagrammatic representations of hereditary transmission within a clone?, A, holo-
clone. B, segregating clone. C, line. D, a pattern of delayed development, see 4.5. The large circles
may be taken as +, the small as —.

.

(fig. 1C), with regard to a given quality. A line must correspond to a sequence of
unequal fissions, at each stage of which only one product propagates the line, A
clone may be multilinear if its descent can be resolved into a number of lines. By
extension, a clone or a cell may bc loosely referred to as line or linear if it contains
or initiates a line. In previous discussions, semiclone and chain have been used as
synonyms of line. As will be seen, trails are the overt manifestations of linear inheri-
tance of motility in a clone growing in semisolid agar medium.

Clone is taken to mean the progeny from a single cell, and often implies the regular
appearance of a trait throughout that progeny. When the meaning is not given by
the context, holoclone (see fig. 1A) will be used for the latter sense.

Exogenole signifies a chromosome fragment, explicitly the one given over in trans-
duction. 4 — x B, or its equivalent, B x—4, are abbreviations for transduction
from genotype 4 (donor) to B (recipient). These and other terms are discussed in
more detail elsewhere (MORSE, LEDERBERG and LEDERBERG 1956b).

* A uniform convention for the numbering of cells in a lineage would be helpful. The scheme
shown in A is adapted from JENNINGS (1908; cf. ZELLE 1951) and has the advantage that the num-
ber of digits is the generation number, and that the family relationships are readily visualized. For
very large pedigrees a sequence of dinary numbers could be replaced by the corresponding decimal,
but the generation number must then be specified. In C, the line shown is 0-1.12-121. In principle,
however, any single line could be written 0-1-11-111-. . . as has been adopted in table 2.
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Following the introduction, this paper comprises the following: Section 1 (/1.1
to 1.3) reviews the experimental procedures. Section 2 gives experimental detail on
the microscopic analysis of cell pedigrees, and section 3 on plating experiments.
Section 4 brings together ancillary observations. The interpretive analysis of the
data and speculations are deferred to section 5. Section 6 compares DR. STOCKER’S
data with these. Many readers may wish to proceed to the recapitulations of the
experimental sections, placed for convenience at 2.0 and 3.0, and to the discussions
of sections 5 and 6, before reviewing the details.

1. MATERIALS, METHODS AND PRELIMINARY OBSERVATIONS

1.1 General procedures and background observations have been given at length
(Z1nDER and LEDERBERG 1952; StockeRr el al. 1953; LEDERBERG and EDWARDS
1953; LEDERBERG and Tino 1956) and will be recapitulated only briefly. In 1897, Hiss
had discovered that a very soft agar permitted motile bacteria to spread throughout
the medium, while nonmotile varieties stayed where put. The technique was redis-
covered several times, and has since been widely adopted in enteric bacteriology.
The spreading cloudy growth of a motile clone is called a swarm (figs. 7, 8) and is
the most characteristic result of transduction of motility to a nonmotile strain
(STOCKER et al. 1933). In the same experiments, trails are seen: these are groups of
small colonies strung out through the soft agar for some millimeters from the point
where the treated bacteria of the nonmotile strain had been planted (fig. 4). The
trails were thought to mark the path of a motile cell wherever it divided and left
behind nonmotile progeny. The first ohservations suggested that the trails, and
therefore the corresponding lines of inheritance of motility, were always unbranched,
but later evidence has weakened this conclusion. At the time, however, the trails
were explained by the linear transmission through the recipient clone of a damaged
exogenote which could no longer replicate, but could still confer motility on the cell
which carried it. Since transduction here fell short of a transformed clone, it was
described as abortive. To test the hypothesis of abortive transduction and to supple-
ment plating experiments, cell lineages from transformed motile cells were studied
more directly in pedigrees controlled by micromanipulation.

1.2 The manipulative procedures, especially the use of the oil chamber, follow
pE Foxsrune (1949). The principal media were Difco penassay broth and NGA,
“nutrient gelatin agar”, 0.8 per cent gelatin, 0.4 per cent agar with a broth base.
Microclones were routinely held at room temperature (22 4 2°C) and examined at
150 magnifications darkfield. This was conveniently obtained with a 15 X ocular
and a 10 X objective (not necessarily phase contrast) in combination with a Bausch
and Lomb LWD phase condenser carrying a 43 X annulus. For closer study at
645 X, a matched 43 X dark phase contrast objective was swung into place.

1.3 Most of the experiments were of the form SW-623 —x SW-666. The cultures
are described more fully elsewhere (LEDERBERG and EpwarDs 1933) but both are
derived from a monophasic S. paratyphi B. SW-666 is Fla,~ H:® (flagellaless, hence
nonmotile; phase-1 flagellar determinant b); SW-623 is Fla,* Hy'. The transducing
phage was PLT22 adapted by serial passage on SW-623. SW-666 was originally
chosen for these experiments because of the previously demonstrated linkage of the
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H, to the Fla, factor, a consideration which is immaterial except where it is empha-
sized below.

EXPERIMENTAL RESULTS AND CONCLUSIONS
2. Experiments with microclones

2.0 Recapitulation. Partial pedigree analyses were made of the progeny from iso-
lated motile initials. A single initial might generate many motile offspring during
the first ten or fifteen generations. When these motile offspring were isolated and
propagated, they usually constituted strict hereditary lines (for motility) for as
many as thirty fissions longer. In further pedigree analyses, the number of lines
which issued from two sister cells was unequally partitioned. That 1s, if “E” repre-
sents the potentiality to produce many motile offspring, E was unequally, perhaps
linearly, transmitted at cell division. Formazan granules were also transmitted
linearly, but the possible inherent polarity of the bacteria, as marked by formazan,
could not be correlated with the linear transmission of E. About four per cent of
motile initials generated stable transductional clones. These often showed an early
segregation of motile and nonmotile subclones. The concurrence of motile and multi-
linear subclones was also noted.

2.1 Isolation of motile initials. The first step in each experiment was the isolation
of infrequent motile nitial cells from SW-623 —x SW-666. Equal volumes of an
overnight broth culture of SW-666 and stock lysate of SW-623 were mixed and incu-
bated for about 90 minutes to give an input of about 10° bacteria, 10'° phage per ml.
Between 90 and 150 minutes, 10¢ to 105 cells became motile. These initials were
readily isolated with the help of a trapping droplet. Small drops of the treated cul-
tures were deposited on a cover glass under oil, adjacent to drops of clear broth.
The droplets were then fused in pairs, permitting the motile initials to swim into the
traps where they could be clearly seen and individually caught. The interval between
mixture and isolation was two to three hours, which might allow as many as three
fissions depending on a variable initial lag. Subsequent pedigrees are therefore likely
to be truncated at the origin. After most of the experiments were completed, it was
found that isolation was simplified by spinning down the transductional mixture
after about 60 minutes and trapping from droplets of concentrated sediments.
Hundreds of initials could be trapped in a short time by this procedure, which was
used in experiments below 2.16, 2.18, 3.1, 3.7, 4.1.

2.2 Undivided clones. The simplest experiment was to plant the motile initials in
individual droplets and examine the microclones the next day, when they usually
contained about 10* cells each. Table 1 shows the results from 384 viable isolations,
including some pedigrees which have been summed to give the total yields. In addi-
tion, about ten per cent of the cells isolated were inviable. In these cases, a long fila-
ment (“snake”) often persisted which might remain motile for hours or days but
never divide. Other clones contained one or several ghosts which may have originated
by phage lysis,

2.3 Only fifteen (four per cent) of the clones contained a preponderance of motile
cells which would relate them to swarms, i.e., holoclonal inheritance of motility
These will be taken up later 2.22.
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TABLE 1

Distribution of vields of motile cells in 384 single microclones

; 1 ‘
Yield:. .. .. .. 0 1 2 45 I 6 1 9| 10 11—15116~20121—30 >30 Swarm
Number of ‘ I

clones:....| 100 | 59 | 39 | 28 | 17| 7 | 9|6 I 6 4 6 25 ‘ 23 19 | 21 15

2.4 The remaining clones all had a limited number of motile individuals, ranging
with decreasing frequency from 0 to about 100. The distribution of these numbers
was highly skewed, as can be seen from table 1. For numbers in the range 0 to 9, the
distribution is approximately exponential, each class being proportional to 0.8%;
while the larger numbers follow a nearly flat distribution. Except as an indication of
nonhomogeneity, the quantitative significance of this distribution is not apparent,
and we shall be concerned only with its qualitative features.

2.5 The microclones therefore give a partial corroboration of the hypothesis of
abortive transduction of motility, in so far as transformed motile cells are isolated
which do not transmit the trait regularly to their descendants. The frequent class
of clones, containing one motile individual is most readily understood: each com-
prises a line still in being after 13 fissions (2'¥ ~ 10¢), while the most frequent, zero
class consists of lines that had terminated some time between the first and the 13th
fission. Most of the experiments are directed at an understanding of the remaining
two thirds of clones which have more than one motile individual: whether these are
multilinear, and if so the patterns of distribution or generation of the lines.

2.6 Progeny of intermediate isolales. These experiments were done to confirm the
linear inheritance of motility for a number of generations, and to ascertain whether
the clones containing many motile cells could be resolved into lines, or whether they
would show a continuing pattern of irregular transmission which might be neither
linear nor clonal. The expression “isolation at #,”” means that a motile individual was
reisolated from a clone whose total population indicated a history of % fissions. As
indicated in the previous paragraph, many isolates were made at about 7y to nys;
the history of these pedigrees is summarized in figure 2.

2.7 As shown in figure 2, linear inheritance was followed strictly in every reisolate
but one after #y, that is, no branching (production of two motile progeny from one
cell) need have occurred after ny or could have occurred after ms. This range, nn to
nis, follows because the clones could not be examined at each fission. Many of the
clones were already resolved into one or more lines between the first and tenth fis-
sions. The exceptional clone (4 in figure 2) must have had a branch not earlier than
e and possibly as late as ny7; the figure represents a progeny from a cell isolated at
ms which gave a subclone containing 18 motile among 5,000 nonmotile cells. As
18 ~ 24 and 5000 ~ 22, this subclone must have branched not earlier than » = 15 +

= 19, and not later than # = 15 + 12 = 27. Ten of the motile cells at n.; were
isolated; one formed a line for at least 13 additional generations (n4); the others
were nonmotile or inviable at the next examination at ns to 74.

2.8 The outstanding examples of continued linear inheritance were a pair of motile
cells isolated from the same clone at #; which gave regular asymmetric division for
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Ficure 2.—Duration of motile lines generated by isolated initials. The scale is the number of
generations elapsed from the time of isolation. The heavy horizontal bars show the minimum dura-
tion of a single line, from the last point at which any branching could have occurred to the earliest
point at which the line could have terminated. The light bars and extensions show (to the left)
the earliest point at which branching could have ceased, and (to the right) the longest that each
line might have lasted. The overlap represents intervals during which individual clones were not
examined. A vertical tick on a light bar is cquivalent to a short heavy bar, that is, a single motile
cell was observed and isolated at this point, but had no motile progeny when its subclone was re-
examined. Many lines were terminated before motility had ceased; when examinations were con-
tinued after the cessation of motility in a line, the end of the study is indicated by - . An arrow
indicates a swarm. Vertical bars connect lines that had heen isolated from the same clone; they do
not represent the derivation of one line from another.

an additional 45 and 32 fissions, respectively (fig. 2B). These lines were observed and
reisolated at intervals of a few fissions until they finally terminated, in one case by
cessation of growth, in the other by the gradual loss of motility. (This experiment
lasted seven days (March 17-23, 1954), the clones being held at 10°C to slow their
growth at night.)

2.9 These pedigrees, from intermediate isolates, suggest that clones with many
motile cells are indeed multilinear, i.e., can be resolved into simple lines; although
branching may persist as late as the third decade of fissions, it is usually not observed
after the first. Once established, the lines were propagated for a variable interval
(from one to 42 fissions) being terminated either by the death or immotility of the
line cell.

2.10 On a number of occasions, a motile line was watched throughout one or more
fission intervals. The dividing cell remained active until the moment of separation,
at which point one daughter continued to move, while the other remained stationary.
The motile daughter was the cell which continued the line on further division.
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2.11 Early lineages from motile initials and partition of line numbers af fission. It
is manifestly impossible to make a complete pedigree analysis of a multilinear clone
for more than a few generations, if for no other reason than that one cover glass will
not hold more than a few dozen isolates, and that at least a minute is needed, under
the best circumstances, to separate two daughters into separate drops. As the clones
grew, it became increasingly difficult to complete the handling of a generation before
it divided again, and to maintain a coherent record of its disposition. On the other
hand, concentration of effort on a single clone was unrewarding because the majority
of initials generate none, one or very few lines. No procedure was found (cf. STOCKER,
and 4.9) by which the minority of cells that would generate multilinear or swarm-
clones could be detected in advance of growing out their progeny. A number of
clones were, however, followed for a few fissions to answer the specific question
whether the partition of lines (i.e., the total number of motile cells which ultimately
appear in sib subclones) was random at the division of a multilinear cell. Figure 3
represents these partitions most of which come from single observations at an early
fission. The coordinates of each point give the larger yield as abscissa, the smaller
as ordinate. Thus the point (40, 2) refers to a fission at which one daughter gave a
clone (usually read at a size of 10° to 10*) containing 40 motile individuals, the other
daughter clone giving 2. In a few cases, the partition could be followed for two or
three fissions. Only a few of the partitions represent divisions later than sy for the
reasons given in 2.7.
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Ficure 3.—Partition of potential lines at cell division. Each point represents a fission after
which the two daughters were allowed to form clones, and the yield of motile lines in each was enu-

merated. The smaller yield is always given as ordinate. For details of the method of plotting, see
2.12.



852 JOSHUA LEDERBERG

2.12 The figure presents only those partitions where a total of eight or more lines
was at stake. The data are plotted on a modification of MosTELLER and TukEeY's
(1949) co-ordinate paper. The ordinate scale is shifted to / y + 1 rather than v/
so that the “‘shortest distances” can be read directly from the plotted points. The
20" band which lies parallel to the expected line, x = v, thus should exclude only
five percent of the observations. The observed partitions are clearly unequal, one
daughter tending to inherit most of the potential lines. The most nearly equal splits
of a large stake were 19,11 and 30,9; grossly discrepant splits such as 36,0 or 40,1
were more common.

2.13 These inequalities are consistent with the hypothesis (STocker 1956b) that
the multilinear clones are resolvable into two orders of linear inheritance, the simple
motility lines already described, and in some clones, a line defined by the ability to
generate many of these simple lines. Following STOCKER, descents with many motile
cells will be designated as the “‘E line” (E for exceptional), leaving open the question
whether the descendancy is strictly linear (see 5.3).

214 Linear inheritance of formazan residue. Linear inheritance is the expected con-
sequence of the passive handing down of a particle at cell division. An almost trivial
instance of a line stems from observations on the bacterial reduction of triphenyl-
tetrazolium chloride. The reduction product is triphenylformazan, a fat-soluble,
water-insoluble red pigment which is usually deposited as a single conspicuous
granule near one pole of the bacterium (LEDERBERG 1948; WEIBULL 1953). The
transmission of this granule at cell division has been seen to be linear in direct pedi-
gree isolations, and by other procedures 4.7,

2.15 Correlation of motility with formazan-lines. The mere fact of unipolar deposi-
tion of formazan speaks for a polarity of cellular organization in Salmonella (and
other enteric bacteria) which belies the superficial antero-posterior symmetry of the
rod. An effort was made to correlate the unequal division of a cell into formazan-
carrying Fz* and not-carrying Fz~ daughters, with the unequal division of motility
and of E lines. However, it proved to be difficult to induce the deposition of formazan
in cells of microclones: in general, it is taken up only by cells in the stationary phase,
and it was therefore impractical to study the correlation of formazan with motility
in intermediate isolates. Nevertheless, cells already Fz+ were amenable to trans-
duction, so that pre-stained initials could be isolated. It was however noted that
recipient populations, in which half the cells were Fz*, gave motile initials of which
only one to two percent were Fz*+. A similar negative correlation was found between
motility and Fz* in experiments with motile clones of Salmonella and of Escherichia
coli. Such clones invariably contain a proportion of temporarily nonmotile indi-
viduals which is increased after formazan-staining. However, those motile cells which
do carry a unipolar granule appear to be as vigorous and viable as the controls. Pos-
sibly the formazan is toxic when it is deposited above a threshold level. No preferred
orientation (formazan anterior or posterior) was noted; an individual motile cell
might reverse its orientation at intervals of a few seconds.

2.16 Motile initials were collected from transductions to prestained recipients and
followed for three or four fissions along the formazan line. That is, at successive
fissions, the Fz*t cell was separated for further observation, and the ¥z~ sib set aside
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TABLE 2
Yield of motile progeny in pedigree lines of formazan-stained initials
Yield in cell no.
Initial no.
2 12 112 Fz = 111
1. 4 25 0 inviable
2. 15 1 2 0
3. 23 0 0
4. 18 0 2 2
5. 13 1 1 2
6. 2 3 44 1
7. 0 22 0 1
8. swarm = 0 22
9. 2 18 6
10. 1 2 42 (2)
11. 3 1 12
12. 1 1 0 0
13. 3 0 0 0
14. 1 0 1 0
15. 1 0 1 0
16. 3 0 0 0
17. 3 0 2 1
18. 0 1 1 inviable
19. 2 0 2 0
20. 2 0 0 0

I'rom pre-stained initials, the line of cells (1-11-111) carrving a formazan granule was followed
for three fissions, the successive sibs (2-12-112) being transferred to individual droplets. Lines No.
3, 9 and 11 grew more slowly or rapidly than the others, and were therefore not separated at a
third fission. Lines 1 to 9 are summarized in 2.16. Line 11 is excluded because of the uncertainty
whether 111 or 112 would have been multilinear. In line 10, the granule was no longer discerned
after the first fission, and the “formazan-line” was continued only arbitrarily. 12. to 20. are some
of the pedigrees with few motile progeny.

In line 8, the initial cell had already divided twice when the isolate was reexamined, and cells
2 (= 21 4 22) and 12 were pooled. Unfortunately, the swarm that resulted was lost before it could
be analysed for homogeneity.

The numbering of cells follows figure 1A.

and allowed to form a microclone. Finally, both sibs were set aside, and all the clones
were scored for number of motiles the following morning. The sequences of table 2
may be thought of as progressive halvings of the initial cell, from the center to the
polar granule. With three fissions, a random disposition would lead to the occurrence
of E in successive segments (i.e., 2, 12, 112, 111, see fig. 1A) in the proportions
4:2:1:1. The eight E-clones of this experiment were found in the proportions 4:3:1:0,
which is concordant with the expectation, i.e., the E quality is not specifically asso-
ciated with a part of the initial cell that is marked by Iz polarity. The possibility of
mutual exclusion of E and the Fz-marked segment was considered, but another clone
(which also contained a swarm 2.22) included a multilinear progeny from the Fz-
terminal segment.

2.17 Clones with few lines from the same experiment are also tabulated but show
no striking features.



854 JOSHUA LEDERBERG

2.18 Mandifestation of linked transduction; lesis Jor reciprocal crossing over. As al-
ready mentioned the Fla— locus is linked to another marker, f;, the parental cou-
plings in these experiments usually being FlatH,i—x Fla—H?. To this point we have
considered only the motility phenotype (Fla* or Fla~). The serotype (/7% or H?) of
motile clones is readily detected with absorbed antiserums by agglutination tests,
or by the inhibition of motility in NGA orunder the microscope. The Fla—/I, linkage
Is exhibited by a proportion of clonal swarms which were Fla*I7 1* as well as others
which were FlatH>. The serotype of non-clonal initials and /ines is now in question,
The first trials showed a complete inhibition of motile initials equally by & and ¢
serum, and in NGA as well as in microclones. However, control experiments
Fla*Hy—x Fla—H® also showed inhibition by i serum, which must therefore be at-
tributed to a delicate cross-reaction between & and i (not observed in agglutination
tests or in inhibition of swarms, and not necessarily a flagellar reaction, cf. LEDER-
BERG and TiNo 1956, 93.14) rather than the necessary presence of the 7 antigen on
the motile initials. As a comparable non-6 #la~ stock is not available the specificity
of inhibition by & serum has not been verified.

2.19 Other serums (e, ¢, d, &, r and 1.2) were then tested on the b—x & controls,
and all were found non-inhibitory, in contrast to 7 and &. Further experiments were
therefore conducted with the transductions Fla*+I7,¢ (SW-940)—x Fla—H. With this
system, all initials were completely inhibited by 1:1000 & antiserum (figure 11) and
were all also partially or completely inhibited by anti-a. In microclones all cells
(except a few which generated b swarms) were slowly but completely immobilized by a
serum. In dilute NGA + a serum (see 3.3) stationary colonies and a few short
trails were seen (fig. 12). This result is evidence, not otherwise available, of the
homogeneity of the exogenotes, i.e., that each one that carries the Fla* marker also
carries the coupled H,. The occurrence of recombinant clones Fla*# 1* may therefore
be attributed to crossing over in a transient, initial heterogenote Fla~H*/ex FlatH,*
(cf. MORSE ef al. 1956b; DEMEREC and DEMEREC 1956).

2.20 Intermediate motile isolates from multilinear clones have also been tested
separately with b or @ serum. Most were inhibited but in one test, two of four cells
isolated were unaffected by @ serum, and may have had a pure & serotype. These
terminal non-a lines may account for the residual trails seen in NGA platings with
this antiserum.

2.21 A search was made for reciprocal crossovers, ie., Fla—H,* among nonmotile
progeny in multilinear clones and co-segregants (2.22) in clones containing motile
transformations (both Hy* and H,2). These are detected as isolates capable of yielding
motile, non-b recombinants when tested x—Flg+H" in NGA plus b antiserum. None
were found in a total of about 100 tests.

2.22 Clones with swarms: segregation. As stated, 2.3 and table 2, about four percent
of motile initials gave clones which contain ten percent or more motile individuals.
These have also been replated on NGA and verified to initiate swarms. Several dozen
individuals from these progenies have also been allowed to form clones and proved
to be regularly motile, without continued segregation. They therefore correspond to
stable transductions of motility. However, the initial clones are often mixtures of
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stably motile and stably nonmotile cells, shown in terms of proportions of motile
to total cells:

Pure + ~% + . ~l + ~¥ + <Y+
16 \ 8 3 7 2

These data include microclones observed directly as well as those plated in NGA
which gave swarms 3.12. The inference that many of the clones are segregating is
supported by pedigrees on five additional isolates in which segregation was observed
directly until not less than # (two cases), 7> (two cases) and #4 (one case). One of the
m pedigrees, already cited in 2.16 generated twenty-two lines in a cosegregant of the
swarm. Only two other pedigrees (which segregated swarms to at least 7, and #,
respectively) were directly informative on the number of lines generated by co-
segregants (non-swarm sibs) of swarm-producing cells. The numbers were zero and
one respectively (cf. 3.12).

3. Plating experiments

3.0 Recapitulaiion. Motile initials and single clones therefrom were plated in soft
agar, and the correlation of motile individuals and lines with trails was verified.
However, the fraction of motile cells which formed trails in agar depended on the
stiffness of the medium, and no generalization could be made on the distinction of
linear from multilinear cells by this method. The general features of the clones,
already stated from pedigree experiments, were reaffirmed in the plating experiments.
Several trails might be generated by a single initial. The early segregation of motile
and nonmotile holoclones was verified, as was the occurrence of motile holoclones
(swarms) as sibs to multilinear subclones.

3.1 Correlation of motile nitials with trails in NGA. It has so far been plausibly
assumed that motile lines correspond to visible trails of colonies in NGA. However,
experiments to verify this correspondence were at first indifferently successful. Mo-
tile initials were pooled after isolation from trapping droplets (2.1) and transferred
individually to fresh drops. These were then taken up, one at a time, in a hand-
controlled quartz pipette (LEDERBERG 1954) and blown out on to the surface of an
NGA plate. By this technique of blind transfer (which is, however, much less labori-
ous than the more certain procedure of transfer by the micropipette used for manipu-
lation) somewhat more than half the isolations were successful in terms of outgrowth
at the point of transfer. Thus, 29 motile initials planted on NGA gave 18 outgrowths:
three were swarms, the remainder were stationary colonies or clusters of two or three
fused colonies. No trails were seen.

3.2 As it was supposed that chemotactic influences (see 4.11) might encourage
motile bacteria to remain at the surface layer of the agar, trials were made of plating
motile initials in deep NGA. Pools of initials were collected and ejected from the
micropipette into 0.5 ml broth. Samples of the diluted pool were than made up to
contain 100 or 200 cells and plated with 10 ml molten NGA in 6 cm Petri dishes, or
25 ml NGA in 10 cm Petri dishes. The plates were then chilled to set them promptly
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and incubated overnight at 37°C. All too often, the readings were already somewhat
obscured by overspreading swarms, but it was usually possible to enumerate swarm
centers as well as colonies and trails. As an arbitrary classification, a frail is an aggre-
gate of ten or more microcolonies in NGA; a cluster has from two to ten; a colony
(self-evidently) just one, and a swarm is a diffuse cloud of growth. These units, taken
together, are viable centers. The summation of a number of platings from several
preparations in which about 900 initials had been plated is:

} Colonies Clusters and trails ‘ Swarms Viable centers
Number............. .. .. ... l 732 86 31 ‘ 849

Percent................ .. .. ’ 86 ‘ 10 ; 4 i

3.3 This incidence of swarms is comparable to the yield in table 1; it is quite clear
that only a small proportion (here ten percent) of the motile cells plated can form
trails in NGA. However, considerable variability in the proportion of trails was noted
from one day to the next. This variability was traced to the fluidity of the NGA,
which is poorly reproducible unless special care is taken to disperse all of the gelatin
and agar evenly. It was found that the addition of progressive volumes of broth,
to dilute the NGA, would give progressively higher yields of trails, while concentrat-
ing the medium had the opposite effect. For example, aliquots of the same pool of
initials were plated, with the following results.

. \
dilutedxw(:;gx broth Colonies Clusters ‘ Trails Swarms ‘ Viable centers
_ - . S P
— i 53 "R 2 ‘ 2 ! 50
4:1 I 46 i 3 { 6 0 57
7:3 39 I 18 ‘ 11 3 71
3:2 | 19 . 11 ‘ 19 4 i 53

Clearly cells that appear only as compact colonies in NGA (fig. 7) are manifest as
clusters and trails when the medium is diluted (fig. 8). The last medium (dilute NGA)
was adopted as the softest that could be cleanly handled without slopping (except
in midsummer).

3.4 The platings of well-separated initials show “trails” which are no longer strik-
ingly linear, especially in dilute NGA. At least part of the rectilinearity of the trails
formerly figured may be attributable to the orientation of a chemotactic gradient
of metabolic products from the excess recipient cells (cf. 4.11). The isolated trails
may more closely resemble the tracings of random walks but their own appearance,
together with that of seeded NGA under the microscope suggests that the progressive
movement of motile cells in this medium is confined to microscopic interstices in the
gel. These interstices may also entrap motile cells, which would account for the ap-
preciable proportion of initials which give no trail at all; even when NGA is seeded
with fully motile clones, only a minority of the cells are visibly motile at any one
time,

3.5 The rectilinearity of trails is, of course, also complicated by the genetic multi-
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Ficure 4. —Unusually long trails from SW-553 x— SW-666. The transduction mixture was
diluted and samples planted at the top of a series of NGA tubes. Many of the tubes showed swarms,
which appear as cylindrical clouds which gradually progress to the bottom, as well as trails. This
tube lacks swarms but shows two trails of unusual length. The tube was incubated several days
before being preserved for photography, and some irrelevant growth at the glass-agar interface is
also cvident. This and other figures approximately life size unless indicated otherwise.

Fi16ure 5.—A colony of SW-553 in deep NGA showing a spontaneous trail. About 3X.

F1GURE 6.~—F. coli mutant W-2802 showing abundant satellites, in deep NGA.

Ficrres 7-8.—Pooled initials from SW-660 x— in NGA and dilute NGA respectively.

linearity of the clones produced by many initials. A few platings have been made of
intermediate motile cells, isolated ca. n10. The trails these cells produce are generally
less profuse than those made by initials and they may sometimes assume a definitely
rectilinear aspect, though the presence of doublets is again remarkable.

3.6 The occurrence of swarms in these platings has also been noted. Owing to
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FierrEs 9-10.—Single clones of SW-666 x— from motile initials showing several large and
small trails each. Plated in dilute NGA.

Fircures 11-12.—Pooled initials of SW-666 x—- SW-940 in dilute NGA containing b and a
antiserum, respectively. Compare with figure 8.

overgrowth, observation of swarm centers has been difficult, but in favorable plates,
about half the swarms are notably centered by a compact colony or a trail, indicative
of early segregation as the counterpart of 2.21. This centering was not observed when
motile clones were replated, and should not be confused with “flares” 4.6.

3.7 Platings of clones. The technique of 3.1 was used (o transfer single initials to0 .5
ml volumes of broth. These were then incubated about ihree hours, and plated into
NGA. The plates were then incubated overnight. Altogether, 282 isolates were
transferred, 186 successfully. The clones averaged about 2¢ viable centers each, but
showed considerable variation, presumably because of a high dispersion of the dura-
tion of lag (¢f. Cavarnl and LeEpERBERG 1936). For example, the following clone
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sizes were noted in one series of parallel platings: 7, 8, 10, 17, 21, 23, 25, 30, 32, 44,
4,54, 65, 66, 69, 73, 81, 87,101, 106, 109, 140, 142, 143, 149. The non-integral powers
of 2 also illustrate early dissynchrony, though this may be exaggerated by the
temporary staying together of essentially divided cells. About five percent of the
viable cells are not recovered in the plates, as was shown by counts in deep agar
added to the residue in the broth tubes after plating. These variables indicate the
need for caution in postulating statistical homogeneity in bacterial growth.

3.8 Of the 186 viable clones that were plated, 135 showed only compact single
colonies, or occasional doublets of doubtful significance, precisely as did platings
of clones of control SW-666 cells. Sixteen clones included one trail, three clones had
two and one (possibly in a soft batch of NGA) had ten trails in addition to compact
colonies. The three or four exceptional clones indicate that the potentiality of form-
ing a trail even in NGA is not a strictly unilinear legacy (cf. 5.3).

3.9 The remaining 11 clones included swarms which usually spread so that they
could not be counted. Three of these were pure; 8 had colonies or trails as well, and
are therefore included as examples of segregation in 2.22.

3.10 After the effect of diluted NGA was discovered (3.3), 62 initials were proc-
essed for the plating of clones in this medium. As expected, the incidence of trails
was much higher than in the preceding experiment. Thirty-nine viable clones in-
cluded 22 with trails (see figs. 9, 10), 15 with single compact colonies only, and two
with swarms, both segregating. The following numbers of motile lines (trails and
clusters) were found in this series of clones: fourteen zeros, and 1, 1,1, 2, 3, 3, 4, 6,
8,8, 9,11, 11, 11, 14, 15, 17, 20, 20, 21, 21, 25. As compared with table 1 this dis-
tribution may be shifted slightly to the right, which is expected because motile lines
that terminate before 710 would be missed in microclones, but may well be detected
in dilute NGA.

3.11 A few clones were also processed from intermediate isolates. In accord with
2.6 these gave at most one trail.

3.12 In five of the thirteen swarm-clones of these experiments, the numbers of co-
segregant trails could be counted for comparison with 2.21 as follows: 2, 3, 5, 18, and
20. The other five segregating swarm-clones either had compact colonies or, if trails
were present they were obscured by the swarm. As already noted, three of the swarm
clones were pure.

4, Miscellaneous observalions

4.1 Experiments with SW-553; spontaneous lines. SW-333 is, as previously de-
scribed (LEDERBERG and Epwarps 1953) a nonmotile Salmonella dublin, Fla—H >,
Unfortunately, many experiments which later had to be repeated with SW-666 were
first conducted with SW-553. This stock was initially chosen because its Fla— muta-
tion, although distinct from that of SW-666 (STOCKER ef al. 1953) is also linked to H;.
Furthermore it gives spectacularly long trails (fig. 4) when motility is transduced
to it from other strains. However, it has also been found to produce trails spon-
taneously, though these are always insignificant when compared to those ob-
tained by transduction. This effect was first noticed in platings of clones from motile
initials (cf. 3.7) when every colony in some plates was observed to have a smal
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satellite trail (as in fig. 3). The same effect was then observed in control platings.
It can be discerned regularly only in dilute NGA, which accounts for its having been
overlooked previously. SW-666 did not give this eJect in comparable platings, and
was therefore adopted in place of SW-353 for further studies. Otherwise, the general
features of the transduction experiments with SW-353 were quite similar to those
reported in 2. and 3.

4.2 When it was learned how to trap motile initials from concentrated suspensions
(2.1), the procedure was applied to untreated cultures of SW-533, and motile initials
were found about one thousandth as frequently as from transductional mixtures.
These were isolated and found to generate lines which petered out after a few divi-
sions, which, together with the appearance of their minute trails in agar makes them
comparable to the late lines in transductional clones (2.7).

4.3 Other Fla~ cultures which produce spontaneous trails more frequently have
been noted (STOCKER et al. 1933) and are being studied more systematically (Quanp-
LING, cited by SToCKER 1956a).

4.4 A similar appearance, with more profuse satellites, has been noted in a number
of mutants which were recovered in so far unsuccessful attempts to obtain absolute
nonmotile mutants of E. coli K-12 (fig. 6); the patterns of transmission of motility
in this material have not been investigated in detail but are seemingly quite irregular.
In general, E. coli is not as aggressively motile as are most Salmonellas.

+.5 Delay of expression in motile clones. When cells from motile clones of Salmonella
were observed at fission, both daughters were promptly and equally motile. Salmo-
nella is, however, characterized by numerous flagella per cell, so that this result is
not inconsistent with a latent polarity. LE1rsox (1951) has described bacteria with
unipolar flagellation in two categories, based on his observations of stained smears:
those in which incipiently dividing cells already show a flagellum at each (distal)
pole, and those in which only one flagellum is apparent. The second situation would
be attributed to a relative delay in the formation of a new flagellum after the onset
of fission. Through Dr. Lrirsox’s courtesy, a culture of this type (Pseudomonas
aeruginosa H1A) was available and preliminary observations on living material have
been made. The most extensive pedigree is depicted in figure 1D, where 4 and —
refer 1o apparently motility of a cell at the moment of its separation from its sib.
Thus, every cell transmits motility to its progeny. However, a + initial has one -+,
one — daughter; a — initial two 4 daughters. This rule can be rationalized if a
flagetlate cell makes no more flagella, while its daughter, née sans flagella, makes two
de novo prior to the next fission. As is also perhaps to be expected, occasional excep-
tions (o this rule were found in other more fragmentary pedigrees, and more work
will be needed to validate the pattern on a sound statistical basis.

4.6 “Flares”. STOCKER el al. (1933) noted that the centers of transductional swarms
often contained an accumulation of denser microcolonies, very variable in size. At
that time, it was wondered whether these might represent a segregational process,
but no nonmotile derivatives could be isolated from these “flares” (the actual center
of the swarms being crowded with excess recipient cells). Tt is now apparent that
the flares have no special relationship to the transduction process, as they have been
seen on replatings of motile clones, both of transductional and stock culture origin,




































