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Summary. An attempt was made to explain the excessive wilting tendency of 3
tomato mutants, notabilis, flacca, and sitiens. The control varieties in which these
mutations were induced are Rheinlands Ruhm for flacca and sitiens and Lukullus
for notabilis. Although all 3 mtutants are alleles of separated loci, they seem to
react similarly to water stress. The mutants wilt faster than the control plants whenl
both are subjected to the same wvater stress. It was demonstrated by measurements
of water loss from whole plants that all 3 mutants have much higher rates of
transpiration than the control varieties, particularly at night. The extent of cuticular
transpiration was compared in both kinds of plants by measuring the rate of water
loss from detached drying leaves coated with vaseline on the lower surface. The
difference in cuticular transpiration between the mutant and the control plants
seems to be negligible. However, various facts point to stomata as the main factor
responsible for the higher rates of water loss in the mutant plants. The stomata
of the latter tend to open wider and to resist closure in darkness, in wilted leaves,
and when treated with phenvlmercutric acetate. Stomata of the 2 extreme mutants,
sitiens and flacca, remain open even wvhen the guiard cells are plasmolyzed. The
stomata of the mutants also are more frequent per unit of leaf surface and vary
more in their size.

Very few instances of modifications of plant-
water relations by single gene mutations have been
studied. The only examples analyzed are those of
wilty dwarf in tomato (1,6), wilted in corn (5),
and an osmotic mutant of Arabidopsis thaliana (3).
The wilting of the tomato and the corn mutants
result from development of anomalous vessel ele-
ments which interfere with water movement. In
the first, development of a secondary wall across
the end of the vessel elements produces reticulate
or scalariform perforation plates (1), whereas in
the second mutant differentiation of the 2 large
metaxylem vessels of the vascular bundle is de-
layed (5). The aberrant phenotype of the Arabi-
dopsis mutant results from the low osmotic pressuire
of the cell sap (3).

This paper presents the results of a sttudy of 3
mtutants of tomato which tend to wilt rapidlv. The
mutants are flacca (flc), sitiens (sit), and notabilis
(not). All 3 are recessive point mutations prodtuced
by x-ray treatment (9, 10, 11). Their chromosomal
location, as indicated from tests of allelism and
linkage made by Dr. C. M. Rick of the University
of California, Davis, is as follows: not and flc
are located in separated loci on chromosome no. 7
and sit on chromosome no. 1. The control varieties,
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designated hereafter as normal plants, in which
these mutations were induced are Rheinlands Ruhm
for flc and sit and Lukullus for 1not. Although
these mutations are alleles of 3 separated loci, they
seem to react similarly to water stress. When
normal and mutant plants are subjected to the
same water stress, the mutants wilt first. This
wilting characteristic is expressed by the multants
in all stages of life. Of the 3, not is most vigorous
and most nearly resembles the normal plant. The
other 2 grow more slowly and differ from the
normal plant by swelling of stems and epinasty
of leaves, especially on the tipper part of the plant.
These differences are particularly notable in sit
which, in addition, frequently develops numerous
roots on all parts of the stem.

Experiments and Results

Rate of Trainspiration. The first step was to
learn whether the rapid wilting of the mutants
restults from inadequate water suipply or from ex-
cessive water loss. Preliminary observations on
grafted material indicated that stem and root sys-
tems in these mutants have, at most, only small
effect on water supply and that their characteristic
wilting results mainly from excessive water loss.
Normal plants grafted on mutant stem or root sys-
tems did not wilt prematurely, whereas mutants
grafted on normal shoots or roots did wilt pre-
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matturely. -More convincing evideence x-as fouind by
comparing the rates of trainspiratioin of muitant and
normal plants. Six plants of each of the mtutants
and the normal varieties were arranged randomly
in a greenhotuse where the average light, tempera-
tture, an(l humidity conditions were as follows:
nloonl 5000 ft-c, 390, 30 %; night = (larkness,
17o, 70 %. The resutlts are presented in table I.

All 3 muitants have muich higher rates of trans-
piration than the nornial varieties, the dlifference
being greatest at night. The most rapidly trans-
piring mLutaInt, sit, also is the weakest in growth,
whereas the least rapidly trainspirinig of the 3, ntot,
is the most vigorotus. The th;rdc muttant, flc, is
initermecliate in 1)oth respects. It appears clear
from these data that all 3 mutants develop utnutstual
water stresses an(d wilt easily because they transpire
excessively.

Table I. Ra''

Varietv

Rlbeiinlaiw(ls
Rulhini ( iorniial)

flacca
sitien.s
Lukulluis (niormial )
nlotabilis

of1aItl cr Lo.s of.lfaunt/and
NVormnal Plants

gm Water loss/ mg \Vater loss/
rm leaf dry Nvt/br cm' leaf area/hr

Day Nivight Day Niglht

2.283
5.057
6.570
2.145
4.350

0.328
2.15 1
3.920
0.350
0.918

7.75
15.49
18.47
7.38

13.04

1.15
6.53
10.89
1.19
2.75

Cuiticatl(a r Transpiration. P'ossible (lifferenices
between muItant anid( normal plants in resp-ct to
cuiticuilar transpiration were investigated by meas-
turing the rate of water loss from detacheci (Irying
leaves, the lower sturface of which was coated
with v-aseline. The measuremeints were ma(le tunder
light of stufficiently low intensity to indulce closture
of the relatively few stomata onl the tipper leaf
sturface. The restults of these measuiremeints are
shownl in figure 1.

The resuilts stuggest that, if the ctiticuilar trans-
piration from the uipper leaf suLrface canl be takenl
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FIG. 1. The rate of cuticular tranispirationl from de-
tached leaves of mutanit and niormal plants. Bottom

Rheilllanids Rullllh (niornmal) - - - flae ca;
-.-.- sitieis. Top - Lukulltus (nornia ); - - -

notabil is.

as an indication of ctutic'ilar transpiration of the
entire leaf, normal aind mtltant plants hav e similar
rates of cultictilar transpiration. The fact that the
rates are somewhat higher in the mutants does not
contradict this conclulsion. These small (lifferenices
between muttants, especially flc and sit, anid normal
plants may be attribuited, at least partly, to trans-
piration of stomata remainiing openI on the upper
leaf suirface in the mtutants. This fact and the
reason for the coating of the lower suirface sx-ill
be explained later.

Stomlatal Sizr, Fr equency, (and Diffrentiati(at.
Preliminary observations on leaf anatomy inclicate(d
that stomata of the mtltants are more Xvariable in
size, more freqtuent per uinit of leaf area, and open
wider uinder similar light conditions. The size,
distribution, and behavior of stomata were deter-
mined microscopically by examination of imprints
of silicone rubber (7, 13) taken on leaves from
the variouis treatments.

The variation in size of closed stomata, in leaves
2, 6, and 10 weeks of age, was calcuilatecl from
measuirements of 90 stomata chosen rain(lomly from
the ceintral region of 6 ran(lom leaves at each age.
The leaves were floated on water in (larkiuess for
12 houirs before impressions were takeni in order to
indtuce closure of stomata. The ratio, number of
stomata/number of ordinary epidermal cells, and
the nuimber of stomata per unit of leaf suirface
also wvere calculated from the same leaves. Each
value of these 2 ratios is an average of couints of
both kind(s of cells in 50 ran(lom microscope fields
(X 1000) at each age. The ulse of the ratio, ntimWbr
of stomata/number of ordinary epidermal cells,
eliminates differences in cell size whiclh may resuilt
from the conditions of growth anid as stuch it is a
good measuire of stomatal differentiatioin (8). The
restults are representedl in table IT.

The size of closed stomata varies more in the
multants than in the normal plants, variation beling
greatest for sit. The mutants also have more
stomata per uinit of leaf suirface. This higher
frequency of stomata in the muitants may resuilt
either from an extensive differentiation of more
stomata or simply becaLuse of the reduIce(d leaf size
in these plants. The twvo alternatives were checked
1v calcuilatinig the ratio, number of stomata/ntumber
of ordinary epidermal cells, in both muitant andl
normal plants. The ratio was fouindlto be sig-
nificaintly (95 % level) higher in the muitants for
leaves of ages of 6 and 10 weeks. This fact stug-
gests that more stomata differentiate in the muitants
than in normal plaints. The values calculated in
leaves of age of 2 weeks are mulch less accuirate than
those from older leaves. In youing leaves cells are
more nulmerotus an(d smaller than in older leaves,
and ordinary epidermal cells may be confuised
easily with stomatal mother cells.

Stomtatal Behazior. The stomata of mutailts
and normal planits were compared in respect to
frequiencies of openinig and(I closuire in light ain(d
(lark, respectively, and clostire when suibjected to
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Table II. The V'ariation in Size of Closed Stomata, the Ratio of Number of St(,mata/Number of Ordinary
Epidermal Cells, and tile Niumber of Stomata in Leaves of Different Ages in Mlutant and Normal Plants

Coefficient of No. of stomata/ No. of stomata
variation of size no. of ordinary per 0.049 mm2

of closed stomata epidermal cells of leaf area
Variety 2wks 6N 1ks lOwks 2wks 6wks l0wks 2wks 6xwks lOwks

Rheinlands
Ruhm (normal)
flacca
sitiens
Lukullus

(normal)
notabilis

24.1 20.1 18.2
313 21.8 25 8
37.3 41.7 33.8

244 17.4 74
26 1 22.9 18.7

22
25
25

0.29 0 26 0.25
0.31 0.31 0 27
0.30 0.31 0.31

0.26 0.25 0.23
0 25 0 28 0.28

10
10
11

7
7
8

24 8 5
26 10 7

plasmolysis, treated with phenylmercuric acetate,
and dturing wilting. All 4 tests were made with
detached leaves takeni from the fifth internode be-
low the top. Leaves were made futlly turgid by
floating them on water prior to testing. A) The
rate of stomatal opening was measured on leaves
kept in darkness overnight and then transferred
to a light intensity of 3000 ft-c. Stomatal closure
was measured on leaves transferred from 2 hours
in light intensity of 3000 ft-c to darkness. The
frequency of open stomata was calculated by check-
ing about 300 stomata from the central region of
the leaf every 15 minutes. Stomata were classified
for this purpose as open when the width of the
aperture was 2 a or greater. The results of these
observations are shown in figure 2.

The important finding from these observations
is that many stomata of all 3 mutants tend to
remain open in darkness. Similar frequencies of
open stcmata were found even after 12 hours in
dark. This finding explains the higher rates of
transpiration of the mutants at n:ght, shown in
table I. The highest freqtuency of open stomata
at night is found in sit which also has the highest
rate of night transpiration; the lowest is in not
which has the lowest rate of transpiration at night.
It shotuld be noted that the freqtlency of stomata
that remain open at night varies considerably both
on a given leaf and among leaves. This variation
is not correlated with any obviouLs features such
as size of guard cells or distance from veins. It
should be noted also that stomata on the upper
leaf sturface behave similarlv to those on the lower
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FIG. 2. Rates of stomatal opening and closure in the
mutant and the normal plants. Left Rheinlands
Ruhm ( normal ) ;- - - - flacca; -.-.-. sitiens. Right
Lukullus ( nornial) ; - - - - notabilis.

surface in darkness. Open stomata were fotund,
more in flc and sit and fewer in not, mostly close
to the main veins.

B) The effect of plasmolysis on stomatal closure
was studied by removing strips of epidermis from
leaves and placing them in a solution of mannitol
with an osmotic pressure of 12 bars and examining
the strips under the microscope. Many stomata of
sit and flc remained open even when the gulard
cells were completely plasmolyzed, whereas those
checked in not and the normal varieties were closed
completely.

C) The rates of water loss of mutant and normal
plants were measured by weighing detached drying
leaves. It was assumed that noticeable differences
between mtutant and normal p'ants in respect to
this measure would reflect mainly differences in
stomatal reaction to increased wilting. This as-
sumption was based on the previous finding of
similar rates of cuttictilar transpiration in mutant
and normal plants (figture 1). Prior to the experi-
ment the leaves were floated on water under light
of 3000 ft-c in order to make them ftllv turgid and
also to induce maximtum opening of stomata. The
leaves were then dried carefully on blotting paper
and scattered, right side tip, on dry petri dishes.
Light, temperatture, and humidity conditic-n-. were
as follows: 3000 ft-c, 28°, 30%. The restults are
represented in figure 3.

The higher values of the mutants, particullarly
those of flc anid sit, in the horizontal part of the
graphs suggest that some stomata of these plants
remain open in drying leaves. This finding was
confirmed by checking imprints of wilting leaves
dried up to 60 minutes. Open stomata were fotund
on both leaf sturfaces, more in flc and sit and
fewer in not. The tendency of stomata in all 3
mutants to remain open in dark and in wilted
leaves explains why the lower surface of leaves
used to check the rate of ctuticular transpiration
(fig 1) was coated with vaseline. It explains also
why the differences between the rates of ctuticular
transpiration of mutant, especially in flc and sit, and
normal plants were attributed, at least partly, to
loss of water throutgh stomata in the first plants.
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Time (minutes)

FIG. 3. The rate of water loss from detached drying
leaves of mutant and normal plants. Left Rhein-
lands Ruhm (normal); - - - - flacca; -.-.- sitiens. Right

Lukullus (normal); - - - notabilis.

D) It is well known that phenylmercuric acetate
causes closure of stomata (14). The effect of
this compound on stomata of both mutant and
normal plants was investigated by floating disks of
leaves of 1.2 cm diameter on a solution of 1 X 10-4
M phenylmercuric acetate in 0.02 % Triton X-100
to improve wetting. Prior to the test the leaves
were floated on distilled water under light intensity
of 3000 ft-c for 90 minutes in order to induce
opening of stomata. Imprints were taken from
these disks after floating them for 5 hours on the
test solution under the same light conditions. In
checking these imprints it was found that many

stomata in the mutants remain open, whereas all
stomata in the normal varieties were closed. The
frequencies of open stomata in the mutants treated
with phenylmercuric acetate seem to be similar to

those frequencies in darkness (fig 2').

Discussion

The observations reported in the preceding sec-

tion indicate that the excessive wilting of the
mutants results from their higher rates of trans-
piration. The difference between normal and mu-

tant plants in rates of transpiration are greater at
night than during the day time (table I). As in-
dicated in figure 1, mutant and normal plants have
similar rates of cuticular transpiration. On the
contrary, the extent of wilting as well as the lack
of vigor in the mutants is well correlated with the
behavior of stomata. The least vigorous muttant,
sit, has the highest rate of transpiration and its
stomata differ most from those of normal plants
in their tendency to remain open in dark, in drying
leaves, under plasmolysis, and when treated with
phenylmercuric acetate. The most vigorous mutant,
not, differs least from the normal variety in rate
of transpiration as well as stomatal behavior. It
should be noted also that the mutants have more

stomata and fewer hairs per unit of leaf area.

The rate of water loss from leaves is influenced
by many internal and external factors. Possible
effects of external conditions on the difference
between mutant and normal plaints were excluded
by growing and checking them under similar con-
ditions. The rate of cuticular transpiration was
found, as mentioned before, to be similar in both
kinds of plants (fig 1). However, these plants
differ in size and shape of stomatal aperture and
spacing between stomata, all of which may influ-
ence the rate of water loss (4,12). The relative
contribution of each of these stomatal features to
the higher rates of water loss in the mutants was not
estimated. However, the maximum difference be-
tween mutant and normal plants is attained under
conditions which causc closure of stomata in the
latter. This fact is demonstrated most clearly in
table I, where the mutants have relatively much
higher rates of transpiration at night than during
the day time. As mentioned before (fig 2), many
stomata of the mtltants remain open in darkness,
whereas those of normal plants are completely
closed. This situation probably also occtlrs tem-
porarily in day time when high water deficits are
btuilt Up in the leaves. As mentioned before (sec-
tioin C), some stomata of the mtutants remain open
in drying leaves, whereas those of normal plants
are closed completelv.

It is generally assumed that turgor pressure of
the guard cells is an important factor in movement
of stomata (2). From the data presented in this
paper it is clear that turgor pressure alone does
not control stomatal opening in these mutants.
Stomata in all 3 mutants remain open in dark, in
wilting leaves and when treated with phenylmer-
ctiric acetate. All these conditions induced closure
of stomata in normal plants. Stomata of the 2
extreme mutants, flc and sit, remained open when
the guard cells were plasmolyzed. Further re-
search along this line is in progress in an attempt
to explain the difference in stomatal behavior be-
tween the mutants and the normal plants.
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