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Introduction

Copper sulphate and formaldehyde have been most commonly
used as fungicides in the treatment of seed wheat. The choice
between the two has often been determined by local custom and
prejudice, while in other cases climatic differences have been thought
to be worthy of consideration in the selection. During the twenty
years, approximately, that formaldehyde has been used as a dip
Or spray, as a gas (44, 53) or with steam (39), reports have differed
radically in the degree of favor with which it has been viewed.

One group of experimenters has reported injury to germination
or seedling vitality, or both, following the use of formaldehyde.
STEPHENS of the Sherman County Branch Experiment Station at

Moro, Oregon, has consistently reported injury in his station reports
since 1913 (50). In 1917 he noted that 18.5 per cent of the seed

wheat was killed. He has made the further important observation

that in many cases seedlings may progress in development but with
lessened vegetative vigor. Hearp and Woorman (31) found

germination reductions at concentrations of 30—40 gallons of water

* The project on which the present paper is based was financed under the Adams
Fund, to which acknowledgment is hereby made.
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to the pint of formaldehyde. In Utah, STEWART and STEPHENS (52)
noted vitality reductions in wheat, barley, and oats, but thought
the advantages outweighed the injury. MAckIe (37) of Cali-
fornia noted that seed stored after treatment uniformly showed poor
germination. Even with proper drying the tissues appeared hard-
ened, causing retardation and distortion of the young seedlings.
Varying degrees of injury have been reported by many different
investigators (14, 19, 20, 21, 22, 53, 57, 58).

On the other hand, formaldehyde has been approved in varying
measures by different investigators, some of whom recognized the
dangers and injury in some cases, but have felt that the advantages
outweighed the injury. The War Emergency Board of American
plant pathologists found little injury from formaldehyde except
when the concentrations were higher than the usual 1 part to 320
parts of water, or when the other common precautions in treatment
had not been observed. This work was based on the reports of
seventeen experiment stations, and is probably the most complete
and uniformly secured set of data available from so large an area
of country (35). Many other workers in America and Europe have
reported in similar vein (6, 16, 32, 36, 38, 40, 45, 51, 55).

Within the past two years two most interesting papers have
appeared, in which the possibilities of avoiding injury from formalde-
hyde treatment have been suggested. BrAUN (13) finds the injury
apparently much diminished by not treating the grain until imbibed
with water. It is believed that exterior disinfection is thus at-
tained, and a much less amount of formaldehyde enters the grain
under these conditions. Miss HURD (33) believes that when seeds
are treated in formaldehyde and subsequently allowed to dry, the
polymer paraformaldehyde is deposited on the seed coat with serious
eventual injury. Here, instead of the “pre-soak,” we have the
recommendation of washing in water subsequent to treatment to
avoid the harmful paraformaldehyde deposits. With the work of
Miss HUrD there appears to be a better explanation than formerly
of the source of the injury of formaldehyde to seeds. Amid a
wide diversity of opinions as to the value of the disinfectant,
and with differing recommendations for reduction in treatment
injury, it seemed altogether desirable that something be learned as
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to the exact nature of the effect exerted by formaldehyde on the
physiological processes of seeds, as shown by wheat. Accordingly,
the Oregon Experiment Station has been occupied in such studies,
during parts of the past three seasons, and inasmuch as local condi-
tions have necessitated the temporary discontinuance of this work,
it was thought well to report the results already obtained.

Experimehtation

Wheat for these studies was kindly furnished by Mr. STEPHENS
of the Oregon Branch Experiment Station. In order that the
" behavior of this wheat in relation to formaldehyde might be known,
it was thought advisable first to determine the effect on germination
of varying the concentration and also the time of treatment. The
formaldehyde used was the ordinary commercial material, the
strength of which was determined according to the method outlined
by HaAywoop and SmitH (30), and found to contain 39.3 parts per
hundred by volume of the formaldehyde gas

In the studies of the effect of varying the time of treatment, the
period was varied from 5 to 300 minutes of soaking in formaldehyde
1-320. The number of seeds used was 10,800, one-third being
grown in blotters in the customary manner, one-third in soil in
porous clay germinators indoors, and one-third outdoors in pots of
soll exposed to the weather and a temperature between 40° and
60" F. The indoor samples were grown in the laboratory, and, as
might be expected, germination was much more prompt at the
higher temperature. It was found that the time of dip between
twenty and forty minutes only slightly reduced the germination
percentages. A somewhat greater drop in the curves (figs. 1, 2)
occurs as the time is lengthened up to four hours, although the drop
Is not great in most cases. The seeds germinated in soil displayed
a somewhat greater percentage of injury, as measured by appearance
above soil, than was true of the samples grown in blotters. This
difference between the behavior of formaldehyde treated seeds when
germinated in soil and in blotters was noted by CRANEFIELD (20) in
studying the effect of the fungicide on oats. He found the injury
In oats grown in the soil averaged four times greater than that of
seed grown in blotters. The explanation of this difierence in
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apparent injury was given by WALLDEN (56), who thought injuries
to the coleoptile, making it difficult to pierce the soil, do not prevent
the germination of seeds in blotters. Miss HUrD (33), after making
a similar observation, expresses preference for the blotter studies,
which she believes show more clearly the distortion incident to

F16. 1.—Effect of time of soaking wheat on percentage germination, Hybrid 128
wheat from Moro, Oregon: solid line shows percentage germination in blotters, broken
lines in soil indoors and outside; formaldehyde mixed 1-320 parts of water; summary
of 3600 seeds tested.

injury, even though the percentage stand which would be attained
under field conditions by this method could only be estimated.

In varying the concentrations of formaldehyde, treatment was
for ten minutes at 20° C., and the concentrations were varied from
40 to 320 parts of water to 1 part of formaldehyde. Uniform
dropping in germination occurred in all cases with increasing con-
centrations. As compared with the water dipped controls, there
was little injury apparent at the usual concentration of 1—320;
but with a concentration of 1—160 the germination curves began to
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fall, and at 1—40 the germination was cut from 40-60 per cent, both
in the blotters and in the soil. Here again, as in the previous
series, the injury was greatest in the outdoor soil, less in soil indoors,
and least of all in the blotter tests (figs. 3, 4).

Formaldehyde readily forms various polymers (8, 25). On
standing in the cool a flocculent white precipitate forms readily,
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lines in soil indoors and outside; formaldehyde mixed 1-320 parts of water; summary
of 3600 seeds tested.

or on concentration of the commercial solutions. This 1s ordinarily
referred to as paraformaldehyde, although the various polymers are
probably often found more or less associated, and means for the
identification of the various forms are not well known. Efforts
have been expended toward developing methods to prevent such

polymerization (28), but these methods have not been adopted in
general. If wheat is dusted with the white flakes of this so-called

paraformaldehyde, serious injury results. Turkey Red so treated



238 BOTANICAL GAZETTE [NOVEMBER

gave in one series of tests 9.5 per cent germination in blotters and
15 per cent in soil, as compared with 93.5 and 93 per cent respec-
tively for the controls. This effect of the white polymer on the
grain was noted by Coons and McKINNEY (19), who found that it
does not readily air out of grain but persists on it, so that its pres-

Fi1c. 3.—Effect of varied concentrations of formaldehyde on percentage germina-
tion, Hybrid 128 wheat from Moro, Oregon: solid line shows percentage for seeds
germinated in blotters, broken lines for seeds in soil outside and indoors; ten minutes
of soaking; summary of 3000 seeds tested.

ence could be demonstrated by an indicator after the grain had
been exposed to the air of the laboratory for many months. Miss
Hurp (33) later has emphasized the extreme importance of the
polymer as the possible channel through which injury from formal-
dehyde ordinarily results.

PERMEABILITY

It was recognized that it must be determined whether formalde-
hyde actually penetrates the coat of wheat. It haslong been known
that the seed coats of many seeds exhibit varying powers of exclu-
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sion. BrowN (15) showed this to be conspicuously the case for
barley, while SHULL (49) found semipermeability of seed coats a
rather general situation. SCHROEDER (47) showed that the coat
of wheat is permeable to the entry of mercuric chloride, iodine,
alcohol, ether, chloroform, and acetic acid when in water solutions.
Injury to the seed coat destroys this seed coat power of exclusion.

v,
S
S
~
S
b
~

F1G. 4.—Effect of varied concentrations of formaldehyde on percentage germina-
tion, Turkey Red wheat from Moro, Oregon: solid line shows percentage for seeds
germinated in blotters, broken lines for seeds in soil indoors and outside; ten minutes

of soaking; summary of 3000 seeds tested.

CONCENTRATION

Miss Hurp (34) found that injuries from the entry of fungicides
are much worse when seed coat cracks exist over the embryo.

Two methods were employed in studying the relation of the
seed coat of wheat to formaldehyde entry. Aiter various difh-
culties in technique, at the suggestion of Dr. E. M. HARVEY, the

method was finally adopted of sealing the seeds one at a time to
the end of small glass tubing, into which formaldehyde solution was

placed. After allowing the seed to be in contact with the solution
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for 3—4 days, the dry tip of the grain exterior to the tube was sec-
tioned and treated directly with the Schryver formaldehyde reagent
(29). With long periods of exposure to high concentrations of
formaldehyde (1-8) penetration appears to be possible at either
tip of the grain or on either face. The second method employed
was to measure the degree of semipermeability of the seed coat
indirectly by determining the weight increase of the seeds when
soaked 1n distilled water and in formaldehyde respectively. For-
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F1G. 5.—Comparative absorption by wheat of water and formaldehyde mixed
1 to 8 parts of water, Hybrid 128 wheat from Moro, Oregon: solid lines indicate per-
centages of weight increases when seeds were soaked in formaldehyde, broken lines
when soaked in water.

maldehyde of high concentration (1—8) was used, in order to make
more conspicuous any semipermeability differences of the coat
toward the water and formaldehyde. In harmony with the results
of BRowN (15), if seeds with semipermeable coats be placed in salt
solutions, water will be taken up by imbibition until the inward
force is offset by the equal outward osmotic force incident to the
solution outside. If the two forces just balance each other, and
if the coats be perfectly semipermeable, further soaking of the seeds
in solution will not cause a rise in the curve indicating percentage
weight increase, and the curve will continue horizontal. On the
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other hand, if there is a gradual entry
of the salt into the seed, the curve
will flatten out quickly, and after
changing the seeds back into pure
water, the sudden and extensive rise
of the curve as the water enters will
be followed by a subsequent sinking
as the salt gradually diffuses out of
the seed again. In this way, by long
and careful soaking of seeds in water
and solutions of higher osmotic con-
centration, it is possible to determine
whether the substance in solution is
entering the seed coat. Frequent
weighings are essential, each seed lot
being dried of surface moisture with
filter paper at each weighing. After
the curves approach equilibrium, the
seeds in either solution are trans-
ferred to the other one, with special
attention to the behavior of the
curves at this reversal of solutions.
The weighings were made in tripli-
cate with 3.5 gm. samples. Seven-
teen intervals, covering 292 hours of
soaking, were followed by computa-
tion of percentages. A study of the
resultant curves (fig. 5) leads to the
conclusion that formaldehyde slowly
penetrates the seed coat, and that
when the grain is again transferred
to distilled water, the formaldehyde
gradually diffuses outward. These
results are shown in table I. The
variations at the time of reversal are
by no means so great, even with this
high concentration of formaldehyde,

TABLE 1
DDATA ON PENETRATION AS SUMMARIZED IN FIG. §5; PERCENTAGE WEIGHT INCREMENTS AT VARYING PERIODS OF SOAKING OF WHEAT
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soaking in formaldehyde; others in water.

* Figures printed in heavy type indicate
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as the writer (%) in earlier work has found to maintain with other
grains in the presence of gram molecular solutions of sodium
chloride. From the consistent behavior of these curves we must
conclude that formaldehyde penetrates the coat of wheat, although
such entry is slow. The work of BAKKE and PLAGGE (10) offers
interesting confirmation of these conclusions. In their work the
rate of entry of water and of 1—320 formaldehyde was compared.
After a dip of fifteen minutes they found the weight increase about
the same for the two, and concluded that water entry from 1—320
is not greatly different from the absorption of distilled water. The
question of the comparative entry of water and of formalde-
hyde solutions becomes specially interesting in the light of
Corrins’ (18) work with barley, which indicated that the entry of
solutions, and hence the seat of selectivity, is in the germ end of
the grain.
DIASTASE

In order to determine the effect on starch digestion of the
presence of formaldehyde, a series of twenty-six test-tubes was
filled each with 10 cc. of 25 per cent soluble potato starch solution.
To all but two of the tubes 1 cc. of a filtered solution of Merck’s
medicinal diastase of o.5 per cent concentration was added. To the
test-tubes was then added 4 cc. of a formaldehyde solution varying
in concentration from 1-1000 through 1—400, 1-320, 1—240, 1-100,
1-80, 1—40, 1—20, 1-10, 1—1, and pure 40 per cent commercial formal-
dehyde solution. Each condition was run in duplicate. These test-
tubes were then incubated for 1.25 hours at 40° C. It was presumed
at the beginning of these tests that it would be essential to determine
the percentage of reducing sugars as a measure of the degree of
digestion. It was found, however, that by modifying the methods
used by APPLEMAN (3) and SHERMAN (48), it was easily possible
to detect comparative differences in the amount of digestion by
the deepness of coloration of the solution upon the addition of
iodine. The stock solution of iodine as used eventually by dilution
10 cc. to 100 cc. of water was prepared with 1 gm. iodine, 5 gm.
potassium iodide, and so cc. water. In the series enumerated the
gradation of color was so obvious, from the deep blue of the check
to the clear solutions where digestion was complete, that the
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experiment was tried of giving to each tube at the end of the test
a number value. No digestion (as in the tubes lacking diastase) was
indicated by 1o, complete digestion (no starch) by o, and inter-
mediate shades proportionately in between. It is not claimed that
this method equals the accuracy of colorimetric technique, yet the
differences were so pronounced that on checking over results with
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F1c. 6.—Effect of varying concentrations of formaldehyde on starch digestion:
height of lines indicates amount of starch remaining undigested (all conditions shown
in duplicate); 1 cc. 0.5 per cent solution Merck’s diastase, 10 cc. 25 per cent soluble
starch solution, and 4 cc. of varying concentrations of formaldehyde used in all but
controls.

other observers who were unfamiliar with the conditions presented,
1t was thought that the situation did not justify the other method.
Referring to fig. 6, in which these values are presented graphically,
it will be observed that with the higher concentrations of formalde-
hyde the digestion is not greater in amount than that occurring in
the check containing no diastase. Commencing with the concentra-
tion of 1—20 of formaldehyde, and running from that point down to
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1—400, there is increasingly greater digestion found (less starch
remaining). The question immediately arose as to whether the
result was inhibition or a retardation of the rate of digestion. This
was answered by running two series of digestions over a period of
four hours at the same temperature as in the previous tests. To

DIASTASE
SERIES
T c Tl ¢ T c rl ¢
T C , S -
' 2 3 4 5 6

F1c. 7.—Time factor as related to starch digestion in presence of formaldehyde
mixed 1—40 parts water: height of line indicates amount of starch remaining undigested
(all conditions shown in duplicate); 1 cc. 0.5 per cent solution Merck’s diastase,
10 cc. 25 per cent soluble starch solution, and 4 cc. formaldehyde used in tests (1),
and a like amount water in controls (C); time periods in hours tests 1 to 6 respectively,
1.25, 1.5, 1.75, 2, 3, and 4 hours.

all the test-tubes of one series was added 1 cc. of the diastase solu-
tion, to one-half of the tubes was added 4 cc. of formaldehyde 1—40,
and to the other half (control) an equal amount of water. Ten cc.
of the 25 per cent soluble starch solution was placed in all tubes.
The second series was prepared in the same manner, except that
formaldehyde of 1—320 concentration was used. Four test-tubes
from each series were removed every fifteen minutes, two contaln-
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ing formaldehyde and two controls, and the iodine test applied
and results evaluated. Figs. 7 and 8 show that although digestion
1s markedly checked by 1—40 formaldehyde at the end of the first
one and a quarter hours, digestion proceeds with further intervals
of time, so that by three hours the digestion which had been com-

DIASTASE

SERIES

F1G. 8.—Time factor as related to starch digestion in presence of formaldehyde
mixed 1-320 parts water: height of line indicates amount of starch remaining undigested
(all conditions shown in duplicate); 1cc. o.5 per cent solution Merck’s diastase,
IO CC. 25 per cent soluble starch solution, and 4 cc. formaldehyde used in tests (7),
and a like amount of water in controls (C); time periods in hours tests 1 to 5 respec-

tively, 1.25, 1.3, 1.75, 2, 2.5 hours.

plete in the controls in half that time, has also occurred in the
presence of the formaldehyde. The series in the presence of 1-320
(fig. 8) formaldehyde was not so striking, but nevertheless shows
satisfactorily that formaldehyde does not entirely inhibit the action
of diastase, but retards the same. Turning to the effects on the
starch digestion in living wheat of the concentrations of formalde-
hyde 1-320, 1—240, 1-160, and 1-80, a considerable quantity of

























































