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ABSTRACT We describe the application of a simple
genetic test that indicates the order of events in a morpho-
genic or biochemical pathway. The test uses temperature-
sensitive (ts) and cold-sensitive (¢s) mutants, and it orders
the times at which the ts and cs defects are expressed.

During the development of any organism, many events occur
as parts of pathways in which intermediates are processed in a
defined sequence. If, in a temperature-sensitive (s) or cold-
sensitive (cs) mutant, a step in such a pathway fails to occur
at nonpermissive temperature, an intermediate preceding
the step may accumulate. If the block is relieved by shift to a
permissive temperature, the intermediate may be converted
to the product of the pathway. Let us consider a double
mutant that contains both a ts and a c¢s mutation. If the (s
and cs lesions affect the same pathway, the pathway will fail
to function at either the high nonpermissive temperature or
the low nonpermissive temperature. But if the cs and ts
events must occur in a particular order, a shift from low
nonpermissive temperature (e.g., 20°) to high nonpermissive
temperature (e.g., 40°) should have a very different outcome
than a shift from 40° to 20°. Specifically, (4 in Table 1) if
the cs step precedes the ts step, then a shift from 20° to 40°
will not result in completion of the pathway since the is

block (I 5 P) will be imposed as the cs block (I; = I,) is
relieved. A shift from 40° to 20°, on the other hand, ought
to result in successful completion of the pathway, since im-
position of the cs block as the ts block is relieved will not
prevent accumulated intermediate (I,) from being con-
verted to product. Therefore, by performing temperature
shifts with appropriate cs-ts double mutants, we can determine
the order in which functions rendered cs or ¢s are required.

Temperature-sensitive mutations can occur in many, if not
all, of the genes of a given organism (1-4). Many ts proteins
lose activity when shifted from permissive to nonpermissive
temperatures, and many acquire activity when shifted from
nonpermissive to permissive temperatures (5-7). Cold-sensi-
tive mutants have been isolated in several organisms (8-12).
Like ts mutations, ¢s mutations can occur in many genes.

The experiments we report here use c¢s and (s mutations
that block the pathway of bacteriophage P22 morphogenesis.
They allow the construction of an order-of-functton map that
reflects the temporal sequence in which the c¢s and t¢s defects
are expressed in the phage assembly pathway. The success

Abbreviations: (s, temperature sensitive; c¢s, cold sensitive;
TSS and CSS, temperature- and cold-sensitive synthesis, re-
spectively; TL and CL, temperature and cold labile, respectively.
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of these experiments leads us to believe that similar experi-
ments can be useful in analyzing development in any bio-
logical system in which temperature mutants are available
and construction of recombinants is possible.

MATERIALS AND METHODS

Media, Bacteria, and Phage. LB broth, nutrient agar, A
plates, and buffered saline have been described (13). Bacterial
strains are derivatives of Salmonella typhimurium LT-2.
DB53 and its amber suppressor derivative DB74 have been
described (13). The following mutants of phage P22 have been
described (15): ¢/, 13=amH101 (in our notation, the gene
assignment precedes the allele designation; 13~ amH101
means that emH101 is an allele of gene 13), 1-amH21, 8-
amN15, 17tsl.1, 27ts2.1, 37¢s3.1, 127¢s12.1, 571s26.1, and
9-1s848. 8 tsRN15 was isolated as an am™ revertant of am-
N15. 3~tsRH73 was isolated as a ug*t revertant of ugH?7
(16). 17csRH21 was isolated as an am ™ revertant of amH21.

Isolation of cs Mutants. 30 c¢s mutants, of which 27¢csH22,
2-¢csH59, 27¢sH118, 8 ¢sH137, and 17¢sH139 were used in
this study, were isolated as follows. Wild-type P22 was
mutagenized for 26 hr with hydroxylamine (17). Phage sur-
vival was 0.019, of which 0.5%, formed clear plaques. Sur-
viving phages were plated on DB53 at 40°, and after 2 hr
the plates were transferred to 20°. All plaques that were small
when the bacterial lawn appeared and that remained small ag
the lawn developed were picked with sterile toothpicks and
tested on DB53 for growth at 37° and for failure to grow at
20°. All {s strains grow at 20° and 30° but fail to grow at 40°.
All ¢s strains grow at 40° and 30° but fail to grow at 20°.

Genetic Mapping and Complementation Tests. Map positions
for the am and ts markers have been reported (15). cs markers
were mapped by the methods of efficiency of plating and per-
missive rescue on prophage deletion strains (13).

Complementation tests results for the am, s, and ug alleles
have been reported (15). cs alleles were tested at 20° against
amber alleles in known genes by the complementation in
liquid culture method (15).

Construction of cs-ts Recombinants. Exponential DB74 cells
(2 X 108 cells per ml) were infected with 5 phage per cell of
each parent. Progeny were plated permissively. Individual
plaques were picked with sterile toothpicks and the phage
were tested for ability to grow at 20°, 30°, and 40°. Phage
that could grow at 30° but not at 20° or 40° were purified
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and checked by complementation spot test (15) for failure to
complement the ¢s parent at 20° and the ¢s parent at 40°.

Lysis Inhabition. All phages used in this study carried the
marker ¢,’, to ensure entry into the lytic cycle, and the marker
13=amH101 (lysis inhibition), to prevent cell lysis in the non-
permissive host DB53 and to allow linear phage or phage
precursor accumulation throughout the temperature-shift
intervals (15). During a 13~ infection, phage accumulation
proceeds with linear kinetics by 200 min at 20° and by 50
min at 40°. The infected cells lyse rapidly and completely
upon vigorous treatment with chloroform.

Temperature Shift-Down Experiments. Exponential DB53
cells (2.5 X 108/ml) were infected with phage at a multiplicity
of infection (MOTI) of 5. After 65 min of incubation at 40°,
temperature shifts were performed by diluting 1:100 into LB
broth at 20°, 30°, and 40°. At indicated times after the shifts,
aliquots of each culture were lysed by dilution into buffered
saline containing chloroform, and phage present were assayed
by plating on the amber-suppressor strain DB74 at 30°.

Temperature Shift-Up Expervments. Exponential DB53
cells were infected at an MOI of 5. After 220 min of incubation
at 20° (which is comparable physiologically to 65 min at 40°),
temperature shifts were performed by diluting 1:100 into
LB broth at 20°, 30°, and 40°. At indicated times after the
shifts, aliquots of each culture were lysed by dilution into
buffered saline containing chloroform, and phage present
were assayed by plating on DB74 at 30°.

Nomenclature: TSS, TL, CSS, and CL. We use the ter-
minology of Sadler and Novick (5). If a {s gene product is
synthesized at a permissive temperature and is subsequently
shifted to a nonpermissive temperature, it may or may not
be inactivated at the nonpermissive temperature. If it be-
comes inactive, it is called TL for ‘“temperature labile.”” If it
remains active, it is called TSS for ‘“temperature-sensitive
synthesis.” We define CL and CSS analogously.

RESULTS AND DISCUSSION

30 c¢s-ts double-mutant phage strains were constructed and
tested in temperature-shift experiments. Each c¢s-ts infection
was examined for phage yield after shifts from 20° to 30°,
20° to 40°, 40° to 30°, and 40° to 20°. Infections with all cs
and fs single mutants were similarly examined. The results
of a typical test are displayed in Table 2 and Fig. 1. In this
example, ¢s137 produced substantial yields of phage after
shifts from 20° to 30° and from 20° to 40°, and {s2.1 gave
large yields after shifts from 40° to 30° and from 40° to 20°.
Similar temperature-shift results were obtained with the
double mutant ¢s137-ts2.1 with one significant exception:
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Fie. 1. Kinetics of phage accumulation after temperature
shifts with ¢s137, (s2.1, and ¢s137-(s2.1. @-— -@, 20° — 20°;
o -9, 20° > 30° 0—@,20° — 40°; M- — W, 40° — 40°;
H- - -H 40°—30°; . M, 40° — 20°,

We have also measured kinetics in cs-ts tests with ¢s137-ts1.1,
cs137-ts3.1, ¢s59-ts2.1, ¢s59-ts12.1, and ¢s22-ts1.1. In each test,
as in the figure above, the cs-ts double mutant behaved like its
c¢s or ¢s parent for every shift except the 20° to 40° or 40° to 20°
shift in which the cs-ts failed to yield phage.

the shift from 20° to 40° was not productive. By the reasoning
presented in the introduction, it appears that cs* function is
required before s+ function.

The results of temperature-shift tests with all 30 cs-ts phage
strains are shown in Table 3. 19 of the 30 gave results like
those for ¢s137-ts2.1, in that both shifts to 30° were produc-
tive, but only one shift from one nonpermissive temperature
to the other was productive. These 19 are grouped together
in the table, and for each we have assigned a temporal order
to the cs and ¢s defects. Eight of the 30 produced phage after
both shifts to 30°, but they did not produce phage after either
shift from one nonpermissive temperature to the other. One of
the 30 gave phage after all shifts, and two failed to produce
phage after one of the shifts to 30°. In all cases, infections
with parental cs and (s single-mutant phages were productive
after all shifts from nonpermissive to permissive temperatures.

TABLE 1. Predicted results of temperature shifts for pathways with reversible cs and ts steps

20° — 20°  20° — 30°  20° — 40° 40° — 40°  40° — 30°  40° — 20°
w1 = L5, p - + - - + +
® 1 -ts, 1, <+ - + + - + -

I, and I, represent intermediates on a pathway with product, P. A plus means that product is made after the indicated shift; a

minus means that it is not inade.
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esl37 tsl.l cs22 5848
csl37 tsl.1
EARLIER tel.l o822 LATER
cs22 ts848
es137 ts848

F1g. 2. Order-of-function map for ¢sl.1, ¢s22, cs137, and ¢s848.
The order-of-function map is the upper line of the figure. The
map is based on the four individual experiments whose outcomes
are shown in the lower part of the figure.

The Execution Point. In order to interpret our experimental
results, it is important to make the distinction between the
step in a pathway that fails to occur in the presence of a cs
or ts mutation and the executton point of the mutation. By a
cs or ts step, we mean a point in the pathway at which the
presence of wild-type function is required. The execution
point is defined operationally; it is the latest time at which
shift to nonpermissive temperature will produce the mutant
phenotype. The execution point, therefore, indicates the end
of the mutation’s temperature-susceptible period (18). For
a given mutation, the cs or s step and the cs or ts execution
point need not coincide. For example, if a ts enzyme is tem-
perature sensitive at synthesis (T'SS), its execution point is
at the time of its synthesis, since shift to high temperature
after that time will not produce the mutant phenotype. On
the other hand, if the enzyme is temperature labile (TL), its
execution point is at the time of its catalytic function. Thus
for the TL enzyme the execution point and the ts step coin-
cide, but for the TSS enzyme the execution point precedes
the ts step. Similarly, if a s protein is stabilized against heat
inactivation by association with a structure, its execution
point is at the time that the association is established.

Criterta for Inferring Temporal Order. Table 4 shows four
basic patterns of temperature-shift behavior that cs-ts double
mutants can generate in our experiments. For a given cs-ts
double mutant, if the c¢s and {s steps are reversible upon
temperature shifts and if the ¢s and {s steps must occur in a
particular order, then results like those in 4 or B of Table 4
are expected. (See also Introduction and Table 1.) What should
be expected if the mutant gene-products do not simply gain
or lose activity as the temperature is shifted, or if the c¢s and
ts events must not, in fact, occur in sequence? As the following
analysis indicates, even where gene-products are not simply
temperature-reversible, it is still possible to deduce the order
of the c¢s and (s execution points in some cases. Even more
important is the observation that, whenever only one of the two
shifts from one nonpermissive temperature to the other yields
product, we can correctly infer the order of the mutant execution
points.

(1Zfs12.1 }—1[ 8-es137 |

EARLIER —-=
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For this analysis, we shall assume that the mutants are
cs or ts as a result of altered protein structure, although this
need not be true for all temperature mutants and although our
conclusions concerning order of function do not depend upon
this assumption. We shall also assume that the c¢s and s
proteins are synthesized continuously, rather than sequen-
tially, during the intervals in which temperature shifts are
performed. This is, in fact, the case for the P22 “late” pro-
teins with which our experiments are primarily concerned.

We consider several cases:
. $(CL) (TSS; . .
(t) Suppose we have the pathway I e I, el P, in which

¢s protein is cold labile (CL) and the ¢s protein is temperature
sensitive at synthesis (T'SS). In such a situation, the ¢s execu-
tion point precedes the cs execution point. During incubation
at 40° I, accumulates; shift to 20° results in formation of
product (P), since I, is converted to P. If incubation is first
done at 20°, I, accumulates; shift to 40° results in product
formation, since the s execution point has been passed. The
pattern obtained is that of D in Table 4.
£s(CS9) _ ¢5(TL)

(7¢) Suppose we have the pathway I; —— I, —— P. Here
cs execution point precedes the (s execution point. During
incubation at 40° I, accumulates; shift to 20° results in forma-
tion of product, since I, is converted to P. If incubation is
first done at 20°, I, accumulates; shift to 40° does not result
in product formation, since I, cannot be converted to product
at 40°. The pattern obtained is that of A in Table 4.

cs(CL)

(727) Suppose we have the pathway I; —— P, in which the

ts(TL)
same step fails to occur at both 20° and 40°. Here the cs and
ts execution points are the same or are simultaneous. Neither
the shift from 40° to 20° nor the shift from 20° to 40° is
productive. The pattern is that of C in Table 4. If the cs is

§(CS8)

c
CSS, I o P, then the ¢s execution point precedes the

S(TL)
ls execution point. Shift from 40° to 20° is productive, since
the ts block is relieved and the c¢s execution point has been
passed. The pattern obtained is that of A in Table 4.
(1) Suppose the cs and ¢s steps are not in the same pathway.

cs
L—1
\’—>P

ts
L1,

Here there is not a necessary order for the cs and s execution

points. Shifts from 20° to 40° and from 40° to 20° are pro-
ductive. The pattern obtained is that of D in Table 4.

X
cg(CL §(TL )
(v) Suppose we have the pathway I S_‘_L I, 45(TD) D in

which, in the absence of the is step, intermediate I is ir-
reversably converted to a nonviable form, X. Here the cs
execution point precedes the ts execution point. Shift from 40°
to 20° does not yield product, since X cannot be converted to

[(27cs59 ] [ 9 ts848 ]

LATER

Fia. 3. Composite order-of-function map constructed from the data in Table 3. The map includes the gené assignment for each allele.
Alleles that have not been tested in many cs-ts combinations (e.g., 37¢sR73) are not included in this map.
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P and since the c¢s block is imposed as the is block is relieved.
Shift from 20° to 40° also does not yield product, since the ¢s

block is imposed as the cs block is relieved. The pattern ob-
cs(CL)

tained is that of C' in Table 4. If the ¢s is 78S, I} ——
X

TSS)
1, B P, then the ¢s execution point precedes the cs

execution point. During incubation at 40°, X accumulates;
shift to 20° does not yield product because the c¢s block is
imposed and because X cannot be converted to P. Incubation
at 20° followed by shift to 40° does result in product forma-
tion, since the ¢s execution point has been passed. The pattern
obtained is that of Bin Table 4.

From these examples a generalization emerges: Patterns
like those in A or B of Table 4 indicate the order of the cs and
{s execution points, whereas patterns like C and D do not,
by themselves, indicate the order. Note that in the above
examples we have made the simplifying assumption that a
temperature-labile or cold-labile protein makes the active/
inactive transition relatively rapidly upon shift to nonpermis-
sive temperature. If, instead, the transition is relatively
sluggish, then the protein takes on the character of a TSS or
CSS.

In our experiments, then, we feel justified in inferring
temporal order for a given cs and ¢s whenever the following
conditions hold:

(7) All shifts of the cs, s and c¢s-ts mutants from nonper-
missive temperatures to 30° are productive. These controls
tell us that incubation at nonpermissive temperature does
not destroy the potential of the infected cell to produce phage
after shift to permissive temperature.

(77) The shift from 40° to 20° is productive for the s mu-
tant alone. This control tells us that any failure to get phage
when the cs-ts double mutant is shifted from 40° to 20° is not
due to the s allele, and is therefore due to the additional
presence of the cs allele.

(137) The shift from 20° to 40° is productive for the cs
mutant alone. This control tells us that any failure to get phage
when the ¢s-ts double mutant is shifted from 20° to 40° is not
due to the cs allele, and is therefore due to the additional
presence of the ts allele.

(1) With the cs-ts double mutant, either the shift from 40°
to 20° is productive and the shift from 20° to 40° is not, in
which case we conclude that cs precedes ts, or the shift from
20° to 40° is productive and the shift from 40° to 20° is not,
in which case we conclude that s precedes cs.

TABLE 2. Phage yields after temperature shifts with csi37,
ts2.1, and cs137-ts2.1

20°%—= 20°  20%= 30° 20° = 30°
cs137 1.5 72 98
ts2.1 - - -
cs137-ts2.1 1.7 74 0.2

40°— 40°  40°— 30°  40%—~ 20°
cs137 - - -
ts2.1 0.1 198 53

cs137-ts2.1 0.2 129 49

Table shows phage/cell 48 min after each temperature shift.
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TaBLE 3. Phage yields after temperature shifts with all cs, s,
and cs-ts phages

209 20° 20%9 30° 20°» 40° | 40%» 40° 40> 30° 40%» 20°! | Temporal

order

cs22 0.5 181 208

cs59 0.3 321 278

cs118 0.3 129 305

cs137 1.5 72 98

5139 0.5 156 150

CsRH21 4.0 166 35

tsl.1 0.3 152 50

ts2.1 <0.1 198 53

ts3.1 <0.1 138 122

ts5.1 <0.1 255 180

ts10.1 <0.1 139 124

12,1 <0.1 510 300

Ts26 1.0 500 112

tsR73 0.8 268 40

ts848 0.8 460 355

wild-type 194 340 565 910 960 350

cs22-tsl.1 0.3 168 125 1.1 48 1.7 ts-cs

Ts22-ts826 0.3 392 165 0.6 310 0.6 ts-cs

€s22-ts848 0.1 85 2 0.6 154 112 cs-ts

cs59-ts2.1 0.9 225 34 0.1 84 0.1 ts-cs

cs59-ts12.1 0.7 194 141 0.1 260 0.1 ts-cs

cs59-tsR73 0.3 327 38 0.6 155 2.0 ts-cs

Ts59-ts848 3.0 222 10 0.8 196 106 cs-ts

Ts137-tsl.1 3.2 330 3.6 1.6 185 31 cs-ts

cs137-ts2.1 1.7 74 0.2 0.2 129 49 cs-ts

csl37-ts3.1 <0.1 65 0.1 <0.1 370 144 cs-ts

Tsl37-tsl2.1 | <0.1 87 4 <0.1 38 0.4 ts-cs

cs137-ts26 3.7 492 0.3 0.1 745 59 cs-ts

Ts137-ts848 0.1 115 2.3 1.1 101 61 cs-ts

Ts139-ts3.1 2.0 32 2.5 2.5 214 76 cs-ts

cs139-ts12.1 0.1 97 38 <0.1 22 0.1 ts-cs

T5139-t526 0.3 226 4.6 3.5 129 44 cs-ts

Ts139-ts848 7.5 234 9.2 <0.1 170 170 cs-ts

CoRH21-ts848 3.4 99 2,2 0.7 67 46 cs-ts

©s59-ts26 0.1 570 25 0.1 378 0.1 ts-cs

cs22-ts2.1 0.8 265 2.4 0.1 135 2.4

Tsl18-ts5.1 1.6 59 1.3 1.2 231 1.9

CcsRH21-ts2.1 1.1 28 0.8 1.5 29 1.0

TSRH21-ts26 1.7 35 1.1 1.1 9% 1.3

TsRH21-ts10.1| 3.2 72 2.4 1.5 62 2.2

Ts139-ts2.1 1.7 73 1.4 2.1 38 1.3

©s139-tsR73 0.3 82 3.1 0.4 65 0.5

Ts139-tsl.1 0.2 105 6.1 0.2 26 0.4

cs137-ts10.1 1.6 121 6.9 0.1 5 2.3

csRH21-ts3.1 0.3 8 0.4 0.3 27 3.8

cs22-ts10.1 0.5 200 31 3.5 165 26

No. of phage per cell was measured 64 min after temperature
shift for all experiments except the following: ¢s22, ¢s1.1, and
¢s22-ts1.1 infections were assayed 36 min after temperature
shifts; ¢s59, ts2.1, ¢s137, cs59-ts2.1, and cs137-ts2.1 were assayed
48 min after temperature shifts; all shifts from 40° with ¢s12.1
were assayed 200 min after temperature shift, since no late gene
expression can occur until after the shift (15). We consider a
yield of more than 10 phage per cell productive and a yield of 10
or fewer nonproductive. '

The Order-of-Function Map. For 19 of 30 cs-ts double
mutants tested, we obtained results that meet our criteria
for inferring temporal order. Accordingly, we have assigned
an order to the cs and ¢s execution points for each pair, and
these assignments are included in Table 3. We have combined
some of these orders to produce the order-of-function map
presented in Fig. 2. Here each cs-ts pair is drawn with the
earlier of the two on the left. At the top of the figure is the
map itself; at the bottom are representations of the outcome
of each cs-ts test used to construct the map. The order-of-

TaABLE 4. Four patterns of results for temperature shifts with
cs-ts double mutants

20% 20° 20 30° 20% 40°  40% 40°

40% 30° 40% 20°

(A) - + + - + -
(B) - + - - + +
) - + - - + -
(D) - + + - + +
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function map represents, in graphic form, the order of the
mutant execution points during P22 assembly.

Events in sequence obey the transitive rule: if B is later than
A and C is later than B, then C is later than A. For example,
the transitive rule requires that ¢s137 precede ts848 (see Fig.
2). A cs-ts test with the double mutant cs137-{s848 gave the
required order, as the figure indicates.

Using the information in Table 3, we have constructed the
composite order-of-function map shown in Fig. 3. Here, as in
Fig. 2, alleles with an earlier-later relation defined by the
cs-ts test are placed with the earlier of the two on the left.
If the earlier-later relation for a pair is not known, they are
placed so that they overlap. (Note that mutant alleles with
simultaneous execution points are expected to overlap on the
order-of-function map.) When the figure is constructed by
these rules, some alleles oceupy discrete positions and are
shown in solid boxes (e.g., ts26); others overlap two or more
nonoverlapping alleles and are shown in dotted boxes (e.g.,
ts1.1). The map proves to be linear, thereby conforming to the
transitive rule. The composite order-of-function map sum-
marizes our conclusions about the order in which gene-prod-
ucts function during P22 assembly.

In a few of our tests, mutations that are in the same gene,
and thus affect the same protein, do not show coincident
execution points (see 27¢s2.1 and 27¢s22). This result is
expected of two mutations that alter the same protein but are
expressed at different times in the protein’s life. For instance,
the major capsid protein must not only form the shell of the
virion, but it must also interact with the tail structure. There
is every reason to believe that these two activities must occur
in a fixed order. Therefore, two mutations in the gene for the
capsid protein might show a sequence with respect to each
other. We believe that such considerations ought to be applied
to any protein unless they are excluded by specific information.

Congruence of Our Conclusions with Tlhose of Other Studies.
In this paper we treat mutations as formal elements. How-
ever, let us briefly indicate the correlation between our
conclusions and what is known about P22 assembly from other
studies. The product of gene 12 is needed for P22 DNA
synthesis, and DNA synthesis is required early in infection
(20). Accordingly, we would expect gene 12 function to appear
as an early event in our order-of-function map, and indeed it
does. The product of gene 9 (designated P9) forms the phage
tail, and purified tails can attach to purified tailless phage
in vitro; hence addition of the tail is a terminal step in phage
assembly (21). Accordingly, we expect at least some 9~
defects to appear as late events in the order-of-function map,
and indeed the 9~¢s that was examined does so. The roles of
the products of the other genes in which we have used tem-

Proc. Nat. Acad. Sci. USA 70 (1973)

perature mutants are as follows: P5 is the major protein
component of the phage head; P8 is required for production of
a head precursor structure; P1, P2, and P3 are required for
the encapsulation of DNA by the head precursor; and P10
is required soon after DNA encapsulation (22, 23). The
order of function that we have derived from temperature
shifts is evidently consistent with what is known from other
investigations.

We have shown that cs-ts tests and complementation tests,
considered together, indicate the order in which gene-products
function in a morphogenic pathway. These tests do not
require the experimenter to know the specific defects of the
mutants used. Therefore they make a genetic analysis of
development possible wherever temperature mutants are
available and construction of recombinants is possible.
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