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PREFA CE

THE results which Dr. J. Cedric Carter

reports in this article of the Bulletin
OF THE Illinois Natural History Survey
are the outcome of six consecutive years,

1939 through 1944, of study in the field,

greenhouse and laboratory of a complex of

disease manifestations in the American elm.

The elements of this complex, singly and in

/arious combinations, have puzzled both

practical and scientific tree experts for many
.ears.

Dr. Carter has demonstrated that there

s a direct relationship between an obscure

lisease of the heartwood of living elms,

:ommonly called wetwood, and certain

orms of twig and branch dieback, "bleed-

ng" from crotches and wounds, and the

wo conditions known to tree experts as

nternal slime flux and external slime flux.

!4e has isolated a species of bacterium,

ipparently heretofore undescribed and un-

lamed, which can produce elements of this

lisease complex upon being inoculated into

lealthy trees.

Although supporting material and ob-

ervations were gathered in many places in

Uinois, the major part of the field work
onnected with this investigation was done

n the Village of Hinsdale, in Du Page
"ounty, Illinois. Much of the equipment

lecessary for some of the studies and certain

'materials, such as fertilizers, were furnished

y the Village, along with labor and other

;elp, as occasion demanded. Many of the

lustrations in this paper show phases of

'lese Hinsdale studies.

Mr. Robert S. Hopkins, Commissioner

of Public Works for the V'illage, furthered

the work in all possible ways. With his

approval, Mr. William Ellsworth Rose, as

Forester, took an enthusiastic interest in

the work from 1939 through 1941, and Mr.
Joseph F. Shafer, Assistant Commissioner
of Public Works, showed an equal interest

from 1942 through 1944. These men gave

generously of their time, assisting personally

and assigning men employed under them to

various tasks as need arose. Among such

tasks may be mentioned the collecting of

wood, gas and sap samples for laboratory

testing, the felling and cutting up of certain

trees, the periodical recording through 2

years of the readings of gauges installed in

trees, the feeding of several trees and the

setting up of a number of experiments.

Also, through their reports to the Village

President and Board of Trustees, Mr. Rose

and Mr. Shafer kept the officials and

citizens of Hinsdale informed regarding the

progress of the investigation.

To acknowledge all of this help is a

pleasure. The elements of personal and

public interest did much to make Dr.

Carter's study complete and exact in many
details. Moreover, the cooperation between

officials, of the Village of Hinsdale and
scientists of the Illinois Natural History

Survey, cordially maintained throughout,

provides an example showing how com-

munities in Illinois can proceed toward the

solution of tree problems requiring the

services of highly specialized scientists.

T. H. J'RisoN, Chief

Illinois Natural History Survey.





CONTENTS

Page

Acknowledgments 407

Review of Literature 407

Hosts and Distribution 408

Trunk Pathology 409

Wood Discoloration 409

Gas 410

Sap 410

Root Pathology 413

Branch Pathology 414

Foliage Pathology 416

Dissected Elm 417

Isolations 418

Histology 419

The Wetwood Organism 420

Morphology 420

Cultural Characters 420

Biochemical Reaction 422

Taxonomy 422

Erwin'ta nimipressuralis New Species 423

Inoculations 423
' American Elm, Greenhouse Inoculations 423

I

Siberian Elm, Greenhouse Inoculations 424

Toxicity Tests for Wilt 425

Laboratory Tests on Cut Shoots 425

Field Tests on 2-Year-Old Elms 426

Greenhouse Tests on 2-Year-Old Elms 427

Greenhouse Tests on 7- to 12-Foot Elms 429

Pressures in Affected Elms 430

Field Studies 430

Greenhouse Studies 433

3as Analysis 436

Sap Analysis 437

The pH of Sap 438

Control Studies 439

Helione Injections and Feeding in 1940 439

Urea Feeding in 1941-42 439

Drains Installed in 1942 440

Injections in 1941 and 1942 440

VllSCELLANEOUS EXPERIMENTS 441

Injections of Toxic and Stimulatory Materials 441

Distribution of Malachite Green in Elms 441

Soil Tests 443

Elm Seeds 444

Growth Associations 444

onclusions 444

nummary 445

iterature Cited 446



American elm on the University of Illinois campus.

The American elm, Ulmus amerkana L., unsurpassed ij

beauty and grace, is the most popular and widely plante|

shade tree in the Middle West.



Wetwood of Elms

J. CEDRIC CARTER

THE investigation of wetwood
reported in this paper is the out-

growth of studies of an unusual

wilt observed on a large number of

American elms in the Village of Hinsdale,

Assistant Professor of Bacteriology at the

University of Illinois, made many helpful

suggestions in connection with the identi-

fication of the bacterium associated with

wetwood. Preliminary analyses of sap

Illinois, in July and August, 1939. As from wetwood-affected elms were run by

studies of the wilt progressed, it became Dr. F. F. Weinard, Associate Professor

apparent that this wilt was a secondary of Floricultural Physiology at the Univer-

manifestation of disease intimately related

to slime flux, a chronic bleeding at crotches

and wounds, to abnormally high sap

pressure in the trunk, and to wetwood, a

water-soaked, darkly discolored condition

of the heartwood. The investigation has

shown that all of these conditions—wilt-

sity of Illinois. Mr. O. T. Lay, in charge

of the city office of the United States

Department of Commerce Weather Bu-
reau at Chicago, furnished the monthly

meteorological summaries for Chicago.

Photographic illustrations for the frontis-

piece and for figs. 19, 20, 21 and 22 were
ing, high sap pressure and water-soaked, prepared by Mr. Ray R. Hamm, Manager
discolored wood—are phases of the wet-
wood disease, and that a bacterium,

described as a new species, can cause

wetwood in elms.
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ance with the portion of the investigation

that was carried out at Hinsdale. Elms
affected with wetwood on Hinsdale park-

ways were used in parts of this investiga-

tion. Permission to use these trees was
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V^illage of Hinsdale through Mr. Robert
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and material used in treating and examin-
ing them was furnished by the Village.
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the preparation of this manuscript. The
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Plant Pathology of the Illinois Natural

History Survey, for suggestions made
during the course of this investigation.

Review of Literature

A bacterial vascular disease of Lom-
bardy poplar, Populus nigra italica

Muenchh., was described by Hartley &
Crandall (1935). Crandall, Hartley &
Davidson (1937) called this disease wet-

wood and described it as "a water-soaked

condition of the central wood." They
reported wetwood in species of Abies,

Morus. Platanus, Populus, Prosopis, Pru-

nus, Quercus, Salix, Tsuga and JJlmus,

and also Elaeagnus cuttings.

Crandall, Hartley & Davidson (1937)

mentioned that slime flux, in several

species, appeared to be a pathological phe-

nomenon of wetwood. Dodge (1937), in

a discussion of slime flux, stated, "A tree

should not be diagnosed as suffering from

slime flux unless there is a 'wet wood'

condition of the heartwood and unless the

bleeding of moisture from the tree issues

from this heartwood." He pointed out

[407]
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that, in general, moisture is under pressure

throughout the heartwood of such an

affected tree. However, in a few cases he

found pressure to be present only in isolat-

ed sections of the heartwood. May (1942)

showed that bleeding or fluxing from the

heartwood of elms affected with wetwood

was independent of sap flow in the sap-

wood. He considered slime flux to be one

of the manifestations of wetwood. Cran-

dall (1943), working with winter-injured

Platanus acerifolia Willd. in 1934, found

a bacterial infection to be present in wet-

wood-affected trunk wood. He suggested

that the frost cracks that were present in

the trees affected with wetwood had

developed during periods of low tempera-

ture. The affected trees fluxed freely

through these cracks. Large (1944)

described a flux of tung tree as alcoholic

flux or white slime flux and stated that

the disease was confined to the cambial

region. He found bacteria and an Actino-

mycete-like fungus associated with this

type of flux.

Most of the work on slime flux before

1935 was concerned mainly with the

visible manifestations of the disease on

the outside of trees. Ludwig (1886, 1888,

1890) described alcoholic flux or white

slime flux of oak, birch, poplar and maple,

and brown slime flux of apple, elm, birch,

horse chestnut, poplar and oak. He stated

that in brown slime flux the sap or slime

formed in the wood and broke through

the bark, and both the bark and wood
soon decayed. He associated Endoniyces

magnusii Ludw. with white slime flux, and

Micrococcus dendroporthos Ludw. with

brown slime flux.

Following Ludwig's early work, slime

flux was investigated by Hansen (1889)

in Denmark, by Holtz (1901) and Stautz

(1931) in Germany, by Massee (1897,

1907) and Ogilvie (1924) in England,

and by Stone (1916) and Cook (1918) in

the United States. These investigators,

with the exception of Ogilvie (1924), be-

lieved that slime flux was caused by para-

sitic organisms. Massee (1897) produced

slime flux of apple and plum trees by

inoculating them with Micrococcus den-

droporthos hudw. Stautz (1931) pointed

out that no fungus hyphae were found in

affected wood but that bacteria were pres-

ent in drops of the sap. Tubeuf & Smith

(1897), Ward (1901) and Ogilvie

(1924) believed that slime flux was not a

parasitic disease but an abnormal physio-

logical bleeding associated with normal or

abnormal pressures in the tree.

Guba (1934, 1942), after reviewing

the literature, concluded that slime flux

was not a parasitic disease but that it

developed because of artificial environ-

ment and other mechanical or physiologi-

cal conditions.

Hosts and Distribution

In Illinois, wetwood has been found in

American elm, Ulnius americana L., in-

cluding the varieties Moline and Little-

ford, slippery elm, Ulnius fulva Michx.,

English elm, Ulnius procera Salisb., and

Siberian elm, Ulrnus pmnila L. Trees

affected with this disease have been found

in 40 towns and 21 counties, as follows:

Quincy in Adams County ; Champaign and

Fig. 1.—The black dots indicate the location

of towns in which wetwood-affected elms have

been found.
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Urbana in Champaign County ; Martins-
ville in Clark County; Mattoon in Coles

County; Barrington, Brookfield, Chica-

go, Des Plaines, Evanston, Glencoe, La
Grange, Northbrook, Oak Park, Park
Ridge, Techny and Western Springs in

L?ook County ; Timothy in Cumberland
County ; Clinton in De Witt County

;

Tuscola in Douglas County ; Addison,
Elmhurst, Glen Ellyn, Hinsdale, Lombard
ind Villa Park in Du Page County; Paris

ind Redmond in Edgar County ; \Villo\v

Hill in Jasper County; Aurora and St.

[^harles in Kane County; Lake Forest in

^ake County ; Ottawa in La Salle County

;

Decatur in Macon County ; Bloomington
n McLean County; Hamlet in Mercer
County; Hillsboro in Montgomery Coun-

:y ; Peoria in Peoria County ; Danville in

^'^ermilion County and Rockford in

iVinnebago County. Distribution of the

1-0 towns is shown in fig. 1.

Trunk Pathology

Wood Discoloration.—Wetwood in

;lms is characterized by dark brown dis-

coloration that may appear in current-

season trunk wood as streaks or broken
bands or in several annual rings as narrow
to broad streaks or broken bands, fig. 2.

The discoloration sometimes extends

beyond the current-season wood into the

cambial region and phloem, Hg. 3. There
it is grayish brown and appears as short

streaks or irregular, elongate patches.

Discolored wood appears water-soaked.

When it is cut, sap oozes out.

Fig. 3.—Wetwood discoloration can some-

times be found in tiie cambial region and
phloem of elms, where it is grayish brown and

shows as short streaks or elongate patches.

Fig. 4.—Fluxing through a wound made in

Fig. 2.—Section of elm trunk affected with the removal of a large branch. Toxicity of the

/etwood, showing discoloration of inner wood flux from wetwood-affected elm prevents cal-

nd brown streaks in current-season wood. lus formation at the base of the cut.
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Pig. 5.—Fluxing through branch crotches is

common in elms affected with wetwood. The
flux on this tree, invaded by air-borne organ-

isms, has coated the bark below the crotch

with slime.

In most elms, wetwood is confined to

the inner sapwood and heartwood, and
there is very little or no streaking in the

outer sapwood and no discoloration in

the cambial region or phloem. However,
in those affected elms that exhibit wilting

of twigs and branches, grayish brown dis-

coloration can be found in the outer

sapwood and occasionally in the cambial
region and phloem as well* as in older

wood.

Gas.—In wetwood-affected tissues, gas

is produced in large amounts by the action

of the fermenting bacteria on carbohy-

drates and other materials in the trunk.

This gas, confined in the trunk, causes

abnormally high sap pressures to develop.

Pressures up to 60 pounds per square inch

have been recorded.

Sap.—Sap accumulates in abnormally

large amounts in affected wood. Because

of the abnormally high pressure caused by

the gas produced by fermentation, sap

frequently is forced out of the trunk

Fig. 6.—This elm is fluxing through a crack

in the trunk, which originated as a frost

crack during the preceding winter. Fluxing

through the crack in the bark became apparent

by June.
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through wounds made b\' the removal of
branches, fig. 4, through cracks in crotch-
es, fig. 5, and trunks, fig. 6, and through
other trunk injuries. This exuding of sap
is commonly called fluxing. The sap or
flux as it oozes out of diseased wood is

colorless to tan but turns dark upon ex-
posure to air. When abundant bleeding
occurs, the flux flows down the trunk,
wetting and soaking large areas of bark,
figs. 5 and 6. When it dries, it leaves a
light gray to white incrustation on the
bark, fig. 7. Ogilvie (1924), who worked

J\

Fig. 8.—Crack in elm trunk wood around
which a pocket formed between bark and
wood. Such pockets develop when sap and gas
seep out through cracks in the wood.

in England on elm and other trees, suggest-
ed that fluxing sap contains calcium car-
bonate and forms a white incrustation on
the bark upon drying. In some cases,

especially when fluxing is prolific or long

k-^^K '•'•Wm
continued, air-borne bacteria, veasts and

''''•'"^^^"' J^aH fungi contaminate the oozing sap, ferment

^Bjfl/ <l^^9 * "^' '"^"d produce the malodorous material
commonly called slime flux. Hence slime
flux, in the coinmon sense, is the material
resulting from an entirely external putre-
factive condition which develops only after
bleeding has occurred.

The wetwood flux, when it exudes from
the tree, is toxic to the extent that it is

Fig. 7.—Dried flux showing on the bark of capable of retarding or preventing callus
an elm after the trunk crack from which it formation, and it frequentlv kills back the
came had closed. cambium at the base of a cut where a
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Fig. 9.—Cross section of trunk showing a crack that extends from wetwood-atfected heart-

wood through the bark. Also visible are cracks radiating from the center of the heartwood.

Cracks in the wood aid in spread of sap and gas in wetwood-affected trees.

branch has been removed, fig. 4, and

around trunk cracks through which it

flows, fig. 8. Young shoots directly above

fluxing regions may wilt. Foliage and

young shoots, and also the grass at the

base of an affected tree, may be killed if

the flux drips on them.

At Hinsdale, in June and July of 1943,

several affected elms having splits or

cracks in the trunk bark were examined.

Fluxing made the bark cracks on these

trees conspicuous, fig. 6. When the cracked

bark was removed, corresponding cracks

were found in the wood beneath, out of

which sap had been oozing, fig. 8. Cross
cuts of these trunks showed the cracks in

the wood to extend inward into wetwood-
affected tissues, fig. 9. Cracks in the heart-

wood radiated from the center and extend-

ed through several woodrings, fig. 9. Most

of these cracks did not reach the cambial i

region; therefore, they did not flux, al-!

though they may possibly have permitted

more rapid and greater internal move-

ment of sap and gas.

Cracks probably develop in the wood

during the winter months, at times when

the temperature falls rapidly to very low

points. Toxic sap from the wetwood-

affected heartwood kills the cambium for

some distance around the cracks in the

wood. The bark separates from the wood

forming oval to elongate pockets, fig. 8.

Cracks in the bark with flux oozing

through them become apparent in June

or July. Many such cracks callus over

during the same growing season, fig. 10.

In studying Platanus acerifolia Willd.

which had developed frost cracks, Crandall

(1943) found only wetwood-affected tree;

w
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Fig. 10.—Callus formation that developed

over a crack in the trunk of a wetwood-affect-

ed elm. The crack developed during the

previous winter and flux became apparent

during the spring and early summer.

to show cracks. He observed that the sap

from wetwood prevented callusing.

Root Pathology

Roots of affected trees usually show
very little discoloration. However, in seed-

Fig. 11.—Split stump of a wetwood-affected

Moline elm. Wetwood does not, as a rule,

spreail into roots of grafted elms but is con-

fined mainly to the heartwood of the trunk.

Fig. 12.—Sections of an elm branch that

wilted because of wetwood. Grayish brown
streaks form in the current-season wood,

principally in the spring wood. When freshly

cut, the discolored wood appears to be water-

soaked.
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ling trees and in some grafted trees brown fig. 11, with no evidence of disease in the

streaks may extend from the diseased roots of these trees,

trunk into the heartwood and occasion-

ally into the sapwood of the roots. In Branch Pathology-
most of the grafted trees examined, the

brown discoloration was confined to the Branches that wilt on wetwood-affected
trunk wood above the region of grafting, trees show, in the current-season wood,

I
ri^. 13.—Branch dieback on a wetwood-affected elm on which wilting occurred several

years in succession.

1
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grayish brown streaks that are especially

noticeable in the spring wood, fig. 12.

These streaks originate in the trunk and

spread out into the branches. However,
they usually do not reach the branch tips.

Where grayish brown streaks are abun-

dant, they may appear as solid brown rings

in the wood of one or more seasons, but

usually only in current-season wood, which
usually appears water-soaked when freshly

cut. Branches so affected may die, fig.

13. In some trees affected with wetwood,
very few branches die. In others, scattered

branches die, a few each year, and the

^^^ It

Fig. 14.—Wetwood-atfected elm, which shows general decline, especially of lower branches.
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trees show gradual decline, as in the elm appearance by the time they fall. Leaves

pictured in fig. 14. that wilt slowly may turn yellow or brown

Heartwood in the basal portions of some before they fall. Many of the brown

branches, especially large branches, is dis- leaves may remain on the affected branches

colored brown, as in wetwood-affected for several weeks. Leaves on some trees

Fig. 15.—The wilt which occurs sometimes in elms affected with wetwood is evident on

branches at right.

heartwood of the trunk shown in fig. 2.

This discoloration in branch heartwood is

a continuation of the wetwood-affected

heartwood in the trunk.

Foliage Pathology

Wilt occurs on elms affected with wet-
wood when sufficient quantities of the

toxic sap that has accumulated in the

trunk wood is carried into the branches.

First, affected leaves curl upward along
their margins, then the petioles become
flaccid and finally the leaves droop. Curl
and droop are followed by wilt, fig. 15.

Some leaves that wilt rapidly may drop
from the trees while still green. Other
leaves that wilt rapidly may take on a
dull, greenish brown or somewhat bronzed

may droop and turn yellow but not wilt,;

while those on others may turn dull'

greenish brown between the veins, fig. 16.

Many leaves that turn j^ellow or dull

greenish brown may abscise prematurely

during July and August.

Wilting as the result of wetwood in

the trunk has been observed on trees asi

much as 10 inches d. b. h., but most fre-'

quently on trees 3 to 6 inches d. b. h.

Elms more than 10 inches d. b. h. affected

with wetwood usually do not wilt but

frequently develop yellowing and brown-

ing of the foliage, followed by leaf drop:

and branch dieback. General decline may
occur in these larger trees affected with

wetwood.
Many large elms affected with wetwood

are characterized by the dying, year after
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I

Fig. 16.—Leaf discoloration produced experimentally by injecting elm seedling with toxic

sap from wetwood-afFected elms. The toxic sap caused the leaves to turn dull greenish brown
between the veins and along the margins.

year, of scattered branches. This type of

branch dying is evident in the Hinsdale

elm pictured in fig. 14.

Dissected Elm

An American elm, variety Littleford,

that wilted during late July and early

August of 1943 was cut up for examina-
tion. This tree had two trunk cracks near

its base. Both cracks had developed during
the previous winter and before the growth
of 1943 wood. Both had fluxed earlier in

the summer but were callused over by

August. One crack, fig. 10, had a 12-inch-

long bark callus which extended upward
from a point 4 inches above the ground.

The inner face of the bark and the wood
callus which formed beneath the bark are

shown in fig. 17. Fig. 18 shows the crack

in the trunk wood after most of the 1943

wood adjacent to it had been chiseled off.

This trunk crack, approximately 18 inches

long, extended into the 1938 wood.
The second trunk crack, fig. 9, was

covered by a 2-foot-long bark callus which
extended upward from a point about 2

feet above the ground. This crack was
directly beneath the branches which wilted

in the upper part of the tree. Wood callus

had developed only in the 1943 woodring
of the crack. A cross section of the trunk

through the crack, fig. 9, shows wetwood-
affected heartwood, which includes most

of the 1941 and 1940 woodrings and all

older woodrings. Sap which had spread

out through the crack from the infected

wood into the 1942 woodring and the

spring wood of the 1943 ring was carried

from the crack up the trunk through 1943

spring wood and into the branches, which

soon wilted. There was some lateral spread

of the sap as it traveled up the trunk. The
sap caused brown streaks to form in the
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Siberian—were cultured in the laboratory,

1939-1943. Several types of bacteria were

isolated from 239, or approximately 69

per cent, of the trees sampled. Of the 346

trees, 292 had wilted during one or more

growing seasons. Many of the remaining

54 trees, which were affected with wet-

wood but which had not wilted, showed

flux. As preliminary tests showed that the

various bacterial isolates would grow

abundantly in nutrient broth and on

potato dextrose agar, these two media

were used throughout this investigation,

except where otherwise stated.

Pig_ 17.—A wetwood-affected elm with a

trunk crack which had callused over. Callus

was formed by both the wood and bark.

1943 spring wood through which it passed.

However, the streaks in the branches did

not extend to the branch tips. Other

cracks, which were confined within the

heartwood, are shown radiating out from

the center of the trunk in fig. 9. The sap

in this tree was under a pressure of 13.5

pounds before the tree was cut. Wetwood-
affected tissue extended only to the

junction of roots and trunk, fig. 11.

Isolations

Samples from 346 elms—American,

Moline, Littleford, slippery, English and

Fig. 18.—The trunk crack shown in fig. 17

with the current-season wood removed. Gray-

ish brown discoloration formed in the wood

along the crack.
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Table 1.—Summary of isolations obtained from 346 elms which showed wetwood.

419

Material Sampled
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Fig. 19.—Cross section of xylem of elm affected with wetwood, showing tyloses in many
vessels. Bacteria are occasionally present in some of the vessels. They are observed most

frequently where tyloses are abundant. X130.

a second 2-year-old seedling when the cut

portion of the stem was submerged in sap

from a diseased elm indicates that such

sap prevents or at least retards the forma-
tion of callus. Many of the ray and
parenchyma cells near the surface of the

trunk incision which was submerged, in

sap became filled with brown, gumlike
material.

The Wetwood Organism

Five bacterial isolates, representative of

the numerous isolates obtained from elms
affected with wetwood, each obtained

from a different elm, were studied for

their morphology, cultural characters and
biochemical reactions. Isolates 1, 3, 4 and
5 were obtained from wetwood-affected
elms which had wilted. Isolate 2 was
obtained from a wetwood-affected elm
which had not wilted. Isolates 1, 2 and 4
were from parkway trees, while isolates

3 and 5 were from nursery trees.

Morphology.—These five isolates are

believed to represent a single species of

bacterium. The organism is a short rod

with rounded ends and occurs singly or,

rarely, in pairs or chains, fig. 20. Cultures

on potato dextrose agar (pH 6.8) incubat-

ed at 24 degrees C. for 48 hours produced

cells measuring 0.68-2.00x0.34-0.68/.
mostly 0.68-1.35x0.34-0.68/;.. This or-

ganism is Gram-negative, motile, not acid-

fast, and has up to six peritrichiate flagella

measuring up to 11 /a long, fig. 21. Cap-

sules and spores were not observed.

Cultural Characters.—Growth in

nutrient broth appears in 24 hours or less

and the broth becomes strongly clouded

or turbid, with a decided kidney bean

odor. The organism usually forms a thin

pellicle or flocculent surface growth when
undisturbed. Sediment is usually scant

and viscid but becomes abundant if cul-

tures are disturbed at frequent intervals.

The medium becomes strongly alkaline.

Colonies on potato dextrose agar incubat-

ed at 24 degrees C. for 24 hours are

circular, smooth, entire, flat to slightly

raised, and usually opaque (whitish

cream) but occasionally somewhat trans-

lucent. Growth in streaks on potato dex-

trose agar is abundant, spreading, glisten-

I
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Fig. 20.—The organism that causes wetwood
of elm produces cells that are short rods with

rounded ends and that occur singly or, rarely,

in pairs or chains. XI, 000.

.
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method of rennet production (Society of

American Bacteriologists, Committee on

Bacteriological Technic, 1939), whey and

hard curd are produced in 20 minutes by

isolate 4, in 18 hours by isolate 2 and in

40 hours by isolates 1, 3 and 5. In shake

cultures, each isolate grows throughout

the agar. The least amount of growth

develops in the upper quarter inch of

medium. On agar in Petri dishes, each

isolate grows beneath and beyond both

microscope slides and Petri dish bottoms

placed on the surface of the medium.

The optimum temperature for growth

of the organism is approximately 24 to

30 degrees C, maximum about 37 degrees

C. and minimum 5 degrees C. or lower.

Potato dextrose agar slant and shake cul-

tures held at —12 degrees C. for 4 days,

then incubated at 24 degrees C, produce

abundant growth within 3 days, with

conspicuous gas production in the shake

cultures. The thermal death points for

the five isolates are 15 minutes at 55

degrees C, for isolates 1, 3 and 5; 10

minutes at 55 degrees C. for isolate 2

and 10 minutes at 45 degrees C. for isolate

4. The optimum pH range for growth
is 6.82—7.50, the maximum is pH 10.00-|-

and the minimum is pH 4.67.

Biochemical Reaction.—Growth of

the organism in gelatin stabs is beaded

and most abundant at or near the surface

but absent beyond 15 mm. below the sur-

face. There is no liquefaction and the

medium is unchanged. Colonies on gelatin

are punctiform, convex, entire, smooth

and translucent. Nitrates are reduced to

nitrites without the formation of gas.

Indole is not formed. Hydrogen sulfide

is produced. Asparagin stimulates growth
without the production of gas in synthetic

peptone-free medium (Society of American
Bacteriologists, Committee on Bacteriolog-

ical Technic, 1939). The medium be-

comes alkaline. Starch is not hydrolyzed.

Both the methyl red and Voges-Proskauer
tests are positive. Pectin is not fermented
by the method described by Elrod (1942).

All fermentation tests to determine the

sources of carbon that these five isolates

utilize were run in duplicate and in

parallel series on nutrient broth and syn-

thetic peptone-free basic media. Both
types of basic media were used, since

Burkholder (1932) has pointed out that

accurate results in carbohydrate fermen-

tation tests frequently are not obtained

when strong alkali-producing bacteria are

grown in beef-extract-peptone broth. One
per cent of each carbon was used except

for trehalose, melibiose and cellobiose,

where 0.5 per cent was used. These
isolates produced both acid and gas from
arabinose, rhamnose, xylose, dextrose,

fructose, galactose, mannose, lactose, malt-

ose, trehalose, melibiose, cellobiose, manni-

tol, sorbitol and salicin. They produced

slight acid and gas from starch, slight acid

but no gas from glycerol in nutrient broth,

alkali and no gas from glycerol in synthetic

peptone-free medium, and no acid or gas

from inulin, dextrin or filter paper. Acid

and gas were not produced by these isolates

from elm sawdust in nutrient broth or

from elm sawdust in synthetic peptone-free

medium when the medium was autoclaved

after the sawdust was added. However,
there was slight acid and no gas produc-

tion in the synthetic peptone-free medium
when the elm sawdust was autoclaved

before it was added to the sterile medium.
Variable results were obtained with su-

crose, raffinose, melezitose and dulcitol.

Isolates 1, 3 and 5 produced alkaline re-

action, without the formation of gas, from

all four carbons. Isolate 2 produced acid

and gas from sucrose and raffinose and an

alkaline reaction without gas from melez-

itose and dulcitol. Isolate 4 produced

both acid and gas from all four carbons.

Variation in ability of these five isolates to

ferment sucrose, raffinose, melezitose and

dulcitol is not believed to be sufficiently

significant to separate them as distinct

species.

Taxonomy

The organism constantly associated with

wetwood of elm in Illinois is similar in

many respects to Erwinia salicis Day.

However, it reacts differently from E.

salicis by producing gas from most of the

sources of carbon that were tested. In

addition, it changes litmus milk, produces

hydrogen sulfide and does not produce a

bright yellow pigment on potato. Also, it

is similar in many respects to Pseudomonas
lignicola Westerdijk & Buisman (1929),

which inhabits the wood of elms in Hol-

land. However, it differs from P. lignicola

as follows. It produces gas from dextrose-

and most other sources of carbon tested,!
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whereas P. ligjiicola does not produce gas

from glucose, the only source of carbon

tested by Westerdijk & Buisman. In addi-

tion, it has peritrichiate, not polar, flagella,

coagulates litmus milk with the production

of acid, reduces nitrates, and does not

hydrolyze starch. Because of these differ-

ences, as well as because of the complex

type of disease it produces in elms, the

wetwood organism is believed to be a new
species and is so described below. It is

associated with the production of wet-

wood, wilt, dieback, premature leaf drop

and flux of elm—American, Littleford,

Moline, slippery, English and Siberian.

Affected trees flux through trunk wood
exposed by the removal of branches,

through cracks in crotches, cracks in

trunks, and other types of injuries that

penetrate to wetwood-al¥ected tissues. The
organism inhabits mainly heartwood and

inner sapwood and is especially likely to

invade elms through pruning wounds,

crotch injuries and wounds made during

surgical treatment, transplanting and

cultivation in the nursery. The wetwood
organism was isolated from dark brown
diseased trunk sapwood and heartwood

and occasionally from brown-streaked

branch wood.

Erwinia nimipressuralis* New Species

The organism is a short rod with rounded

ends, 0.68-2.00X0.34-0. 68m, mostly 0.68-1.35

X0.34—0.68^, arranged singly or, rarely, in

pairs or chains; motile, with up to six peri-

trichiate flagella; capsules and spores not

observed ; anaerobic, Gram-negative and not

acid-fast.

On potato dextrose agar, colonies are cir-

cular, smooth, entire, flat to slightly raised,

and usually opaque (whitish cream). Growth

in streaks on potato dextrose agar is spreading,

glistening, whitish cream and viscid. Growth
in stabs in potato dextrose agar is abundant,

with liberation of gas. In nutrient broth,

growth is abundant with a thin pellicle or

flocculent surface growth, and sediment is

scant and viscid. In gelatin stabs, growth is

beaded and most abundant near the surface,

and the medium is unchanged. Gelatin is not

liquefied ; nitrates are reduced to nitrites

without the formation of gas; hydrogen sulfide

is formed ; no indole is formed ; starch is not

hydrolyzed
;

pectin is not fermented ; milk is

coagulated ; litmus and bromocresol purple

are reduced. Methyl red and Voges-Proskauer

*Etymology: L.-itin; nimis^Xoo much; pressnralis^=
perl.iining to pressure; literally, pertaining to too mucli
pressure.

tests are positive. Optimum temperature for

growth, 24—30 degrees C, maximum 37 degrees

C, minimum 5 degrees C. or lower ; thermal

death point, 45—55 degrees C. Optimum pH
for growth, 6.82—7.50, maximum pH 10.00+ ,

minimum pH 4.67.

The organism produces both acid and gas
from arabinose, rhamnose, xylose, dextrose,
fructose, galactose, mannose, lactose, maltose,

trehalose, melibiose, cellobiose, mannitol, sor-

bitol and salicin ; slight acid and gas from
starch ; no acid or gas from inulin, dextrin or

filter paper; variable results from sucrose,

raffinose, melezitose, dulcitol, glycerol and elm
sawdust.

The organism is pathogenic in trunk wood
of elms, Ulmus americana L., U. pumila L.,

U. fulva Michx. and U. proccra Salisb.

Inoculations

Inoculation experiments were started in

1940 to determine the pathogenicity of the

bacterial isolates obtained from diseased

elms in Hinsdale that wilted in 1939. Two
hundred nine inoculations were made on
opening buds, leaves, shoots, branches,

trunk phloem, trunk cambium and trunk

current-season wood of American elms in

our experimental nursery. None of these

inoculations produced what were believed

to be typical infections or resulted in wilt.

Limited browning in trunk wood was
produced in inoculated heartwood and

older sapwood but was not at first believed

to represent infection. However, later ex-

periments showed this browning in trunk

wood to represent infection and early

development of wetwood. Patch grafting

of discolored inner bark from diseased

elms in Hinsdale on 28 healthy American
elms in our experimental nursery did not

produce infection or cause wilt.

American Elm, Greenhouse Inocu-
lations.—Eight American elms, 1.0—1.5

inches d. b. h., grown in a greenhouse pit,

were used for this experiment, begun in

1941. Six of the trees were inoculated

with Erwinia nimipressuralis by use of a

hand syringe, fig. 23—three on July 21

and three on August 5. Each tree was
inoculated by injecting 50 ml. of bacterial

culture in nutrient broth plus dextrose

into the trunk through a three-quarter-

inch hole. In each trunk the injection hole,

about 14 inches above the ground, was

bored at a downward slant and it extend-

ed three-fourths of the way through the

trunk. Each injection hole was closed with
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a sterilized cork stopper. Two of the

eight trees were used as checks. One check

tree was injected with 50 ml. of sterile

nutrient broth plus dextrose and the other

was untreated.

Presence of infection of trunk wood in

the inoculated trees was determined by

culturing wood samples obtained with an

increment borer. One of the six trees

puniila L., 2 to 3 inches d. b. h., grown in

a greenhouse pit, were used for a second

experiment which, like the first, was begun

in 1941. Three of these eight trees were

inoculated, each with 50 ml. of inoculum

—culture of fermenting bacteria in nutri-

ent broth plus dextrose—on October 10,

1941. This inoculum was injected by the

use of the hand syringe method described

Fig. 23.—Apparatus used for injecting bacterial suspension and other materials into the

trunks of elms. The materia! is injected into the tree through a hole bored in the trunk to within

about 1 inch of the bark on the opposite side.

inoculated with bacteria was sampled

April 21, 1942, two were sampled Novem-
ber 13, 1942, and three were sampled

April 10, 1943. The untreated tree was
sampled November 13, 1942, and the tree

injected with sterile nutrient broth plus

dextrose was sampled April 10, 1943. The
trunk wood samples obtained w^th an in-

crement borer from the six inoculated

trees showed dark brown streaks in the

heartwood. This discoloration was com-

parable to the streaking in elms naturally

infected wnth wetwood. Fermenting bac-

teria which produced both acid and gas in

nutrient broth plus dextrose were isolated

from the wetwood tissues of these six in-

oculated trees. These bacterial isolates

were similar to the original inoculum. The
untreated tree and the tree injected wnth
nutrient broth plus dextrose showed no
dark brown discoloration in the heart-

wood typical of wetwood. Fermenting
bacteria were not isolated from wood of

these two check trees. None of the eight

trees had wilted by February, 1945, when
they were removed from the greenhouse.

Siberian Elm, Greenhouse Inocu-
lations.—Eight Siberian elms, Ulmus

above. As a check, another tree was in-

jected with nutrient broth plus dextrose.

The four remaining trees were untreated.

The four untreated trees and one of

the three inoculated trees were cut up and

examined on April 13, 1942. In three of

the four untreated trees, the 1938 and all

older wood was light brown, while the

1939 and all younger wood was white.

Brown heartwood and white sapwood are

believed to be normal for healthy Siberian

elm. Bacteria were not isolated from the

trunk wood of these three trees. The
other untreated tree was fluxing through

cracks in crotches and through a crack

in the trunk. The trunkwood showed
normal w^hite 1942 and 1941 wood. The
1940 wood was gray and water-soaked

and turned light brown upon exposure to

air. The 1939 and older wood was dark

brown and showed an infection of wet-

wood. Fermenting bacteria, which pro-

duced both gas and acid, were isolated

from the dark brown 1939 wood but not

from the grayish, water-soaked 1940 wood
or the white 1941 and "1942 wood.
The inoculated tree which was exam-

ined on April 13, 1942, had normal white
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1942 and 1941 wood. Its 1940 summer
wood was white, but its 1940 spring wood
and all older wood was dark brown and
water-soaked. Isolates of fermenting bac-

teria similar to the original inoculum
were obtained from the brown 1940
spring wood.

With an increment borer, trunk wood
samples for culturing were taken April

10, 1943, from the remaining three trees,

two inoculated with bacteria and one

treated with sterile nutrient broth plus

dextrose. Isolates of fermenting bacteria

similar to the original inoculum were ob-

tained from the two inoculated trees.

Bacterial growth was not obtained from
the trunk wood of the tree injected with
nutrient broth plus dextrose.

Toxicity Tests for Wilt

Numerous toxicity tests were conducted

to determine why wilting occurs on elms

affected with wetwood. These tests were
made on cut shoots of both elm and
tomato and also on potted elm seedlings.

Laboratory Tests on Gut Shoots.

—

Cut shoots of elm and tomato were placed

in test tubes, one of each in each tube,

containing the solutions to be tested. Ob-

servations were made on the time required
for the shoots to wilt. The materials test-

ed and the times required for the elm and
tomato shoots to wilt in the various solu-

tions are given in table 2. All samples of

sap were from elms in Hinsdale affected

with wetwood. Neither filtering nor auto-
claving, nor both, destroyed the toxicity

of the sap. The elm shoots wilted in 1.5

to 4.0 hours, the tomato in 8.5 hours.
The results indicate that filterable and
thermostable toxins were present in the

sap.

Water-soluble materials toxic to elm
shoots but not to tomato shoots were
obtained from normal elm heartwood
when it was soaked and also when it was
autoclaved in distilled water. The water
in which normal heartwood was autoclaved
was much more toxic than that in which
it was soaked. It caused elm shoots to

wilt in 1.5 hours, while water in which
heartwood was soaked caused shoots to

wilt in 9.5 hours.

No apparent correlation existed between
the amount of liquid taken in and the

number of hours before the shoots wilted.

However, the total amount of material

taken in may have been influenced by the

size of the shoots, injury to tissues when

Table 2.—Results of toxicity tests with sap from infected wood of wetwood-affected elms;
sap tested for toxicity on shoots of elm and tomato. All tests were run for 10 hours.

Material Tested

Air

Tap water

Sterile distilled water

Sterile nutrient broth plus 1 per cent dextrose. .

24-hour culture of isolate 41-173

24-hour culture of isolate 41-173, autoclaved. . . .

Filtrate of 24-hour culture of isolate 41-173

Filtrate of 24-hour culture of isolate 41-173,

autoclaved

Sap from diseased elm No. 4-7

Sap from diseased elm No. 6-7

Sap from diseased elm No. 42-43
Sap from diseased elm No. 42-43, autoclaved. . .

.

Filtrate of sap from diseased elm No. 42-43

Filtrate of sap from diseased elm No. 42-43,

autoclaved

Water in which normal elm heartwood was soaked
Water in which normal elm heartwood was soaked,

autoclaved

Hours Required to

Wilt

Elm

1.0

No wilt

No wilt

No wilt

1.5

1.5

No wilt

No wilt

4.0

3.5

3.5

1.5

1.5

1.5

9.5

1.5

Tomato

1.5

No wilt

No wilt

No wilt

No wilt

No wilt

No wilt

No wilt

8.5

8.5

8.5

8.5

8.5

8.5

No wilt

No wilt

Milli-

liters OF

Liquid

Taken In

8.0

7.6

2.1

0.2

3.3

3.5

2.1

4.4

1.5

3.7

0.6

3.0

2.2

1.8

2.4

pH OF

Liquid

7.16

6.40

6.38

5.55

4.65

5.13

4.96

7.06

15

28

14

35

6.36

5.70

4.96
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the stems were cut, and the presence or

absence of bacteria in the solutions tested.

The amount of solution (0.2 ml.) from

the 24-hour culture of isolate 41—173
taken in by the shoots may have been

limited in part by mechanical plugging of

vessels by bacteria. However, the tomato

shoot in this solution did not wilt, even

though the elm shoot in the same test

tube wilted in 1.5 hours. Filterable and

thermostable toxins were not produced in

nutrient broth plus dextrose by isolate 41—
173. The hydrogen ion concentrations of

the solutions used, which ranged from pH
4.65 to 8.14, appeared to have no effect

on the elm and tomato shoots.

Field Tests on 2-Year-Old Elms.
—In this experiment, six 2-year-old potted

seedlings of American elm were connected

by rubber and glass tubing to six large

wetwood-af¥ected elms in Hinsdale to test

the toxic effect, on seedlings, of sap from
wetwood trees. Two additional potted

seedlings were maintained as check trees.

Four of the six large elms had wilted in

previous years. Sap from the large trees

was carried to the seedlings through

rubber tubes and improvised glass con-

tainers. A glass tube, 29 mm. in diameter,

about 3.5—l-.O inches long, was placed

around the stem of each seedling to be

treated, care being taken not to injure the

foliage as the tube was slipped down over

the seedling. Rubber stoppers, with holes

cut to fit, and split to the outside, were
fitted around the stem and inserted in each

end of the glass tube. The upper stopper

had two additional holes into which two
glass tubes were inserted. One of these

tubes, plugged with sterile cotton, served

as a vent. To the other tube was attached

rubber tubing which extended to a piece

of one-half inch threaded pipe fitted into

a hole bored in the diseased tree trunk.

The whole apparatus was arranged in

such a way that sap from the wetwood-
affected heartwood of the large tree

flowed into the glass container around the

stem of the seedling.

On each of four of the eight seedlings,

a transverse incision was made by remov-
ing a V-shaped piece of stem. Three of

these seedlings were attached by tubes, as

described above, to elms affected with
wetwood. The fourth, used as a check, was
not attached to a tree; its glass container
was filled with sterile distilled water.

Each of three of the remaining seed-

lings was attached, as described above,

to an elm affected with wetwood and,

when the glass container was full of

sap, a transverse incision was made at a

downward slant in the stem beneath the

surface of the liquid. A similar incision

was made in the stem of the single remain-

ing seedling, whose glass container was
filled with sterile distilled water.

The two seedlings which received

water grew normally throughout the

experiment. The three seedlings given sap

through V-shaped incisions did not wilt.

Fig. 24.—Apparatus used in supplying wet-

wood sap and other materials to potted elms.
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One of them, however, showed some
browning of the interveinal tissues of the

leaves on the side of the tree directly

above the incision. In all of them, grayish

brown streaks typical of wetwood devel-

oped in the last-formed spring and early

summer wood, extending 4 to 9 inches up
the stems and 3 to 6 inches down the

stems from the incisions.

The three seedlings which had incisions

made in their stems under sap developed

wilt. A dull brown or water-soaked con-

dition of the interveinal leaf tissue, simi-

lar to that pictured in fig. 16, developed

within 24 hours after treatment was
started, and was followed in another 24
hours by curling and wilting of the

leaves. Each seedling developed grayish

brown streaks similar to the streaks found
in current-season wood of trees naturally

affected with wetwood. These streaks

appeared in the last-formed wood, mainly

in the spring wood, and extended up the

stems from 8 to 24 inches above the

incisions and down the stems 4 to 10 inches

below the incisions.

Greenhouse Tests on 2-Year-Old
Elms.—The toxicity of sap collected from

wetwood-affected elms in Hinsdale and of

the materials listed below was tested on

2-year-old greenhouse-grown seedlings of

American elm. The materials tested and

the number of trees that received each

material were as follows : ( 1 ) sterile dis-

tilled water, as check, 7 trees; (2) un-

sterilized distilled water, as check, 2

trees; (3) unsterilized sap from diseased

elms, 4 trees; (4) filtrate of sap from dis-

eased elms, 4 trees; (5) sap from diseased

elms, autoclaved, 4 trees; (6) filtrate

of sap from diseased elms, autoclaved, 8

trees; (7) precipitate of sap from diseased

elms—precipitate obtained by acidifying

the sap with sulfuric acid, filtering, then

resuspending the precipitate in alkalized

water—2 trees; (8) sterile distilled water
in which healthy wood was soaked 1

year, 2 trees; (9) water acidified (pH
2.62) with hydrochloric acid, 4 trees;

(10) water alkalized (pH 9.5+) with

sodium hydroxide, 4 trees
; (11) suspen-

sion of living wetwood bacteria in sterile

distilled water, 1 tree; (12) filtrate of

nutrient broth staled by growth of the

wetwood organism, autoclaved, 4 trees

;

(13) filtrate of nutrient broth plus dex-

trose, staled by growth of the wetwood

organism, autoclaved, 2 trees; (14) sus-

pension of ash from sap in distilled water
—suspension obtained by evaporating the
liquid and burning out the organic
materials—2 trees; (15) filtrate of ash

suspension from (14), 2 trees.

The stem of each tree to be treated was
fitted with a glass container similar to

that shown in fig. 24. The material to

be tested was supplied to this glass con-

tainer through the thistle tube. A piece

of small bore glass tubing, bent in a V
shape, was placed in the upper stopper

to serve as an air vent. After the container

had been filled, the upper stopper was lift-

ed sufficiently to permit insertion of a

sterile chisel, and an incision was made
in the stem beneath the surface of the

liquid ; this incision was made across the

stem at a downward slant through one-

third to one-half of the stem. The stopper

was then replaced and sufficient amounts
of material were added at intervals to keep

the level of the material above the incision

and to prevent air from getting into the

conductive tissues. The tests were run at

different times during the period from
July 30 to October 22, 1943, and all were
run in duplicate, except that for material

(11), suspension of living wetwood bac-

teria in sterile distilled water. Most tests

were terminated at the end of 5 days.

The trees treated with the distilled

water, sterile distilled water, acidified

water, alkalized water, water in which
healthy wood was soaked, precipitate from
wetwood sap, water suspensions of living

wetwood bacteria, ash from wetwood sap,

and filtrate of ash from wetwood sap,

maintained their foliage and grew normal-

ly throughout the experiment. Data ob-

tained with the other materials, including

the check materials, are given in table 3.

Trees treated with wetwood sap—un-

sterilized, autoclaved, filtered, and filtered

and autoclaved—with filtrate of staled

nutrient broth, and with filtrate of staled

nutrient broth plus dextrose, showed vary-

ing degrees of leaf discoloration, curl and

wilt. In general, filtrate of wetwood sap

caused the most rapid leaf discoloration,

curl and wilt. Bacteria in the wetwood sap

did not increase the amount or al¥ect the

type of wilt. Filtered sap was absorbed

in greater quantities than unfiltered sap.

In one test, sap that was filtered and auto-

claved, table 3, caused browning of inter-
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veinal tissues within 6 hours. In the same

test, leaf curling or an early stage of wilt

developed within 22 hours. This browning

and curling occurred during clear weather

in August. With most of the materials

listed in table 3, browning of interveinal

tissues developed in 8 to 36 hours ; leaf curl

and wilt developed in 22 to 70 hours.

These tests show that toxic materials

in the abnormal sap that accumulates in

Table 3.—Results of toxicity tests with sap from infected wood of wetwood-affected elms;

sap tested for toxicity on 2-year-old greenhouse-grown elm seedlings. Most tests terminated

at the end of 5 days.
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tissues affected with wetwood can cause

wilt and that, for the production of wilt,

Erwitiia nimipressuralis need not be carried

into the branches and leaves.

The first evidence of leaf discoloration,

as shown in the greenhouse tests, is a faint

dull browning of the subepidermal cells

in the interveinal tissues. Visible only when
the leaf is held up to the light, the dis-

coloration is followed within a few hours

by more pronounced browning of the

upper and lower epidermal cells that

spreads toward the lateral veins, fig. 16.

This leaf browning, which is similar

in appearance to a type of midsummer
leaf scorch commonly seen in Illinois on

large fluxing elms, continues to spread

until the whole leaf margin is brown, and

it is followed by curling or wilting of the

leaf. Frequently the brown tissues are

bordered by a yellow band. Leaves usually

are brown and dead within 3 to 6 days

from the time the sap is introduced. Such
affected leaves abscise easily.

The treated trees were examined for in-

ternal symptoms. A water-soaked appear-

ance in the current-season wood, together

with brown streaks typical of wetwood, de-

veloped only in the trees given wetwood
sap through incisions. However, not all of

the trees that received wetwood sap showed

both of these symptoms. In trees treat-

ed with acidified and alkalized water the

current-season wood was water-soaked

but had no typical brown discolorations.

The water-soaked appearance of the wood
depends upon the amount of moisture

present and can occur in healthy as well

as wetwood-affected trees. Wetwood sap,

however, is brown in color and it makes
the wood it affects appear darker than

healthy wood. Cut ends of stems or

branches affected with wetwood lose this

water-soaked appearance after drying.

Grayish brown streaks appeared in

current-season wood of trees given un-

sterilized and autoclaved wetwood sap and

its filtrate. They did not appear in the

wood of the trees given the autoclaved

filtrate or the water suspension of living

bacteria. A brown flocculent precipitate

was formed when the filtrate was auto-

claved. The filtrate was much lighter

brown or tan after the precipitate was
removed. This indicates that streaking in

current-season wood is largely dependent

upon the amount or intensity of color in

the wetwood sap that passes through it.

Wilt did not occur in trees given acidi-

fied (pH 2.62) or alkalized (pH 9.5+ )

water, indicating that the pH reaction

(pH 7.5 to 10.0) of wetwood sap has no
relation to the production of wilt. The
toxic material in wetwood sap was not

removed by precipitation, but it was
destroyed when the sap was reduced to

ash by burning. Trees treated with an ash

suspension did not wilt.

From this experiment it appears that a

toxic agent is produced by Erwinia nimi-

pressuralis grown in nutrient broth and

in nutrient broth plus dextrose. However,
the cut shoot experiment described earlier

indicates that very little toxic material

was produced in nutrient broth plus dex-

trose. In the earlier experiment, cut shoots

of elm placed in wetwood sap wilted in

1.5 hours, while those placed in the fil-

trate of staled nutrient broth plus dextrose

did not wilt in 10.0 hours.

Greenhouse Tests on 7- to 12-

Foot Elms.—An experiment was carried

out to determine whether wetwood sap

and other materials listed below would be

readily taken in through elm leaders one-

fourth to one-half inch in diameter and

whether any of these materials would
cause wilt. Seven American elms, 7 to 12

feet tall, growing in 14-inch flower pots

in the greenhouse were selected for this

experiment. Each tree was treated with

a different material. The materials tested

were ( 1 ) sterile distilled water, used as

a check, (2) wetwood sap, (3) filtrate of

wetwood sap, autoclaved, (4) fermenting

wetwood bacteria in nutrient broth cul-

ture, (5) filtrate of nutrient broth staled

with fermenting wetwood bacteria, auto-

claved, (6) fermenting wetwood bacteria

in sterile distilled water and (7) ferment-

ing wetwood bacteria in sterile distilled

water, autoclaved.

A leader of each tree was bent over and

fastened in such a position that when a

bottle containing the material to be intro-

duced was slipped over the cut end of

the leader the liquid would not run out.

Before the leader was cut, bark on the

portion of the stem to be immersed in the

solution was disinfected with 70 per cent

alcohol and then rinsed with sterile dis-

tilled water. After the stem end was im-

mersed in the solution, sterile cotton was

packed in the bottle mouth around the
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leader. Each cut leader remained in its

respective solution for 5 days. As each

bottle was removed, the cut end of the

leader was wrapped with rubber tape to

prevent the wood from drying out.

Filtrate of wetwood sap, of which 291

ml. were taken up in 5 days, caused

browning and wilt of foliage on the two
upper branches nearest the cut end of

the treated leader ; the two branches were,

respectively, 9 and 12 inches below the

cut. Browning appeared within 24 hours,

wilt within the next 24 hours. Leaves near

the base of the two branches turned brown
and wilted 24 hours before the leaves at

the tips. All of the leaves, 50 in number,

on these two branches wilted and turned

brown within 72 hours, and abscised

within 10 days. In 45 days the treated

leader had died back 8 inches, to within

1 inch of the uppermost lateral branch.

Additional dieback had not occurred at the

end of 3 months. On subsequent exam-
ination a light tan water-soaked condition

was found in the current-season wood,
especially noticeable in the spring wood

;

this condition extended down the stem 30
inches.

Wetwood sap, of which 41 ml. were

absorbed in 5 days, caused slight browning
of leaves on the first lateral below the

treated leader. However, none of the

foliage wilted. The treated leader died

back 5 inches in 45 days.

The wetwood organism, Erwinia n'uni-

pressuralis, in nutrient broth, in sterile

distilled water, and autoclaved in sterile

distilled water, did not cause any browning
or wilting of leaves. Filtrate of nutrient

broth staled with fermenting wetwood
bacteria did not cause wilt but prevented

callus formation on the end of the cut

leader.

Callus developed normally on the cut

leaders immersed in sterile distilled water
and nutrient broth culture of Erwinia
nimipressuralis after a slight initial killing

of the cut bark had occurred. It is possible

that bark on the leader immersed in water
was killed by mechanical injury when the

leader was cut. Callus formation was not

retarded on the cut leaders which were
immersed in water suspensions of living

and autoclaved E. nimipressuralis.

In this experiment, browning and water-
soaked appearance of the wood was not
characteristic of any one treatment. A

water-soaked condition developed when
wetwood sap, its filtrate, nutrient broth

culture of fermenting wetwood bacteria

and its filtrate were used. Fine brown
streaks developed in current-season wood of

the cut leaders when they were immersed
in sterile distilled water, a nutrient

broth culture of Erwinia nimipressuralis

,

its filtrate, and a suspension of it in sterile

distilled water, but this streaking was not

characteristic of that found in wetwood-
affected trees in the field. The trees treat-

ed with sterile distilled water, a nutrient

broth culture of E. nimipressuralis, its

filtrate, a suspension of it in sterile dis-

tilled water, and an autoclaved suspension

of it in sterile distilled water, continued

to grow normally throughout the experi-

ment, except for the lack of callus for-

mation at the cut on each leader, as

pointed out above.

Pressures in Affected Elms

Field Studies.—In these studies, the

presence of gas and sap under pressure

in tree trunks was first noticed in 1941

while increment borings of the diseased

trunk wood of wilting elms were being

taken. From some trees, a considerable

amount of gas and sap Howed out through

the increment borer tube (auger) and

continued to flow out of the hole in the

tree trunk after the increment borer was

removed. This flow was accompanied by

bubbling and fizzing sounds, indicating

that gas was dissolved under pressure in

the sap.

According to the studies of MacDougal
(1932), MacDougal & Working (1933),
and Beilmann (1940), pressure in trunks

of healthy trees, various kinds, is never

great, never as much as 1 pound, and is

altered mainly by changes in external air

temperature. Stautz (1931), Dodge
(1937) and May (1942) have pointed

out that abnormally high pressures de-

velop in the trunk wood of trees affected

with wetwood.
During 1941, as part of this investiga-

tion, the pressures in the trunks of 22 wilt-

ing elms that were affected with wetwood
were measured with a pressure gauge

attached to an increment borer, fig. 25.

Pressure readings were taken after the

wood core had been removed from the

'

auger and the increment borer had been
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backed up several turns to allow for the

greatest possible exposure of diseased

wood adjacent to the hole in the trunk.

This procedure eliminated errors that

Fig. 25.—Apparatus used for measuring

pressure in trunks of elms affected with wet-

wood. The gauge is attached to the outer end

of the increment borer auger. Pressure is

recorded by the gauge when the auger enters

the wetwood-affected wood, but pressure read-

ings are taken only after the wood core has

been removed from the auger. (See text, pages
430 and 431.)

might have resulted from compression of

the air in the auger. Pressures read in 13
of the 22 trees ranged from 1.0 to 16.5

pounds. No apparent relation existed

between the pressures read and the
amounts of branch wilt observed. The
higher pressure readings were obtained
from trees which either were not fluxing

or were fluxing only slightly through
cracks in crotches, pruning wounds and
other external wounds. However, those

trees which gave high pressure readings

fluxed strongly through the holes made
by the increment borer. All cores obtained

with the increment borer from trees giving

high pressure readings were discolored

dark brown, especially noticeable in the

older sapwood and heartwood, and they

had a fermentation odor.

Pressures recorded in wetwood-affected

trees in 1941 were so abnormally high in

comparison with the pressures found in

healthy elms that additional readings were
taken in 1942 and 1943. On April 1, 1942,

gaugecock connections were installed, fig.

26, on eight elms at Hinsdale. Readings
were taken at irregular intervals during
1942 and 1943.

In 1942, pressures greater than could

be accounted for by changes in the outside

air temperature or barometric pressure

began to develop during April. These
pressures continued to increase and reached

a peak in August. After they had reached

the peak, they gradually declined and

had reached zero by February, 1943.

Fig. 26.—Gauge and gaugecock connection used to obtain pressure readings of elms affected

with wetwood. This type of gaugecock connection made it possible to obtain pressure readings

at will without the escape of gas and sap from the trunk.
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Pressure changes of fractions of a pound,

probably induced largely by changes in

external air temperatures, were obtained

during February and March of 1943.

Pressures definitely higher than normal

became apparent in April, 1943, and in-

creased until early September, when they

Although the mean maximum tempera-

ture for June falls within this range,

pressure readings are not then at the maxi-

mum, perhaps because of the limited

amounts of carbohydrates and other mate-

rials available at that time for fermentation

in the infected wood. Possibly at that time
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April 1, 1942, and pressure readings, taken

periodically, increased from 1 pound on
April 14 to 60 pounds on June 20, 1942.

The reading was 51 pounds on June 18, as

recorded on the gauge, fig. 26.

On June 20, after the 60-pound read-

ing had been made in this Hinsdale tree,

the gaugecock started to leak, allowing

sap and gas to escape. The next day, June
21, the pressure had dropped to 40 pounds.

The pressure continued to decrease during

the remainder of June and through most

of July, and had decreased to 1 1 pounds
on July 29. After the installation of a

new gaugecock on July 29, trunk pressure

again increased, and readings were ob-

tained of 28 pounds on July 30, 42 pounds
on July 31 and 46 pounds on August 4.

Pressure then decreased until it reached

1 pound on January 8. During February
and March of 1943 the pressure in this

tree was too low to register on the gauge
being used. A pressure of 2 pounds was
read in May of 1943, and on June 2 this

tree was fluxing through a trunk crack

which apparently had developed the previ-

ous winter. The tree continued to Hux

through the trunk crack until October. So

long as the trunk continued to Hux, pres-

sure readings varied between 1 and 2

pounds. On October 6 the trunk crack

was found to have callused over, and

the pressure registered on that day was
12 pounds. Subsequent pressure readings

were 14.2 pounds on October 12, 16

pounds on October 27 and 2 pounds on
November 30. On December 11, there

was not sufficient pressure to register.

Greenhouse Studies.—The pressures

developed in two elms artificially in-

fected with wetwood and one elm not in-

fected, all grown in the greenhouse, were
recorded from November, 1942, through
February, 1944. The infected trees had
been inoculated with Erivinia riiniipressur-

alis in 1941 and had developed typical wet-

wood symptoms in the trunk wood during
1942. The non-infected tree was used as

a check. Gaugecocks were installed in the

trunks of all three trees on November 13,

1942. In the two wetwood-affected trees,

pressures developed which were greater

than those normal for healthy elms and
similar to those found in naturally infect-

ed elms. In one tree a maximum pressure

of 8 pounds occurred on June 26 and
again on July 3, 1943. In the other tree

a maximum pressure of 14.8 pounds was
recorded on August 30, 1943. In the check

tree no pressure that could be measured

with the gauge developed. A water manom-
eter was connected to the check tree

on October 4, 1943, and a maximum
reading of 21 mm., approximately 0.03

pound, was recorded on October 21.

The curve in fig. 28 shows the monthly

average of the pressure readings ob-

tained from one of the infected trees
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Fig. 28.—The average monthly pressure recorded during 16 months in one greenhouse-

grown elm, artificially infected with wetwood. In the greenhouse, just as in the field, an annual

pressure cycle occurs, with the peak pressure in September and low pressures in winter.
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for the period November, 1942, to the

end of February, 1944. The maximum
pressure in this tree occurred in Septem-

ber, 1943. Diseased elms under obser-

vation in Hinsdale this same j'ear also

produced maximum pressures in Septem-

ber.

The low pressure of 1.5 pounds which

occurred in June was recorded while the

tree was fluxing through a crack in a

branch crotch 3 feet above the gaugecock.

To test the effect of drainage on fluxing,

the gaugecock was left open from June 7

until the crotch stopped fluxing on June
11. Then the gaugecock was closed, and

fluxing began again on June 15. The
gaugecock was reopened at once and the

crotch stopped fluxing on June 17. There-

after the gaugecock was kept closed, and

the amount of fluxing was not sufficient

from that time on to prevent the formation

of callus. The crotch crack was sealed

with callus on July 18, and fluxing ceased.

Pressure in the trunk of this wetwood-
infected tree was found to follow a diur-

nal cycle as well as an annual cycle. Both
pressure and air temperature readings dur-

ing a period of 2 days and 1 night were re-

corded on August 3—4 and August 12—13,

1943, fig. 29. On August 3, when the air

temperature did not go much above the

optimum temperature range for the wet-

wood organism, the maximum pressure

occurred at 1 :15 P.M. On August 4, 12

and 13, when the air temperature had risen

above the optimum temperature for the

organism by 9:00 a.m., the maximum
pressure occurred between 8 :30 and 1 1 :00
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A.M. The minimum pressure occurred be-

tween 10:00 P.M. on August 3 and 12:10

A.M. on August 4 and between 7 :05 and
8:00 P.M. on August 12. These observa-

tions indicate that the diurnal pressure

maximum pressures and maximum tem-
peratures occurred most often at 1 :00 p.m.

These data show, as did the temperature
and pressure curves for August 3 and 12,

that pressure reaches its maximum at
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Fig. 30.—Air temperatures, internal trunk temperatures in a healthy tree, and pressures

in a healthy tree and in a wetwood-atfected tree, all three trees greenhouse-grown; recorded

on November 16, 1943. The trunk temperature curve and the pressure curve for the healthy

trees are similar in shape to the air temperature curve. A rapid drop in air temperature
between 1:00 and 1:10 p.m. did not cause a similar drop in pressure in the wetwood-affected

tree. Pressure in the diseased tree did not decrease until the air temperature dropped below
68.5 degrees F. Zero represents atmospheric pressure.

cycle in wetwood-affected trees is not in-

fluenced by changes in air temperature, as

long as the air temperature is in the opti-

mum range for the organism. However,
air temperatures above and below the op-

timum range for the organism apparently

influence the rate of fermentation and thus

affect pressure.

Pressure and air temperature readings

were taken at 15-, 30- or 60-minute inter-

vals on 17 days between August 2 and
September 1 and on 15 days between
September 29 and November 16, 1943.

For the 17 days, maximum pressures oc-

curred most often at 11:00 a.m., while
maximum temperatures occurred most
often at 1 :00 p.m. For the 15 days, both

about 11 :00 a.m., when the maximum air

temperature is above the optimum tem-

perature range for the wetwood organism.

However, when the maximum air tem-

perature is not above the optimum tem-

perature range of the organism, pressure

and temperature both reach their maxima
at about 1 :00 p.m. The pressure cycle does

not reach a second peak during any one

day, regardless of the variations in air

temperature. This experiment indicates, as

did the previous one, that the diurnal

pressure cycle is not influenced by changes

in air temperature so long as the air tem-

perature is in the optimum range for the

organism.

The relationship between air tempera-
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ture, trunk temperature in a healthy tree

and pressures in a healthy tree and in a

wetwood-affected tree was studied from

October 5, 1943, to January 13, 1944.

Curves in fig. 30, which are typical, show
the readings for November 16. Air and

trunk temperature readings are given in

degrees Fahrenheit, pressure readings from

the healthy tree as millimeters of water,

and pressure readings from the wetwood-

affected tree as pounds per square inch.

The air temperature curve shows a

gradual increase from 8:00 a.m. until 1 :00

P.M., when the temperature reached 77

degrees F. Opening the greenhouse ven-

tilator between 1 : 00 and 1 : 10 p.m. caused

the air temperature to drop from 77 to 70

degrees F. This drop was followed by an

increase to 71.5 degrees at 1:25; then

the air temperature declined to 57.5

degrees F. at 3:15 p.m., after which it in-

creased to 65 degrees at 3:45 p.m. The
pressure curve and the trunk temperature

curve for the healthy trees are similar to

the air temperature curve except that the

trunk temperature curve continues to de-

cline between 3:15 and 3:45 p.m. Rey-

nolds (1939) found temperatures in pop-

lar and Cottonwood to be influenced great-

ly by air temperatures. Pressure in the

wetwood-affected tree became apparent by

10:00 a.m. and increased until 1 : 15 P.M.

This pressure stood at a maximum of 5.2

pounds from 1:15 to 2:00 P.M., but de-

creased as the air temperature dropped be-

low 68.5 degrees F.

The average of the maximum air tem-

perature readings taken in the greenhouse

was approximately 83 degrees F. in Oc-
tober, 73 degrees F. in November, 66
degrees F. in December and 71 degrees F.

in January, while the average of the maxi-

mum trunk temperature readings taken

was approximately 74 degrees F. in Oc-
tober, 70 degrees F. in November, 68

degrees F. in December and 71 degrees

F. in January. As no continuous recording

devices were used, the maximum tempera-

tures recorded in many cases may not have

been the actual maximum temperatures.

Air temperatures of 66 to 73 degrees F.

are not sufficiently below the optimum
temperature for the wetwood organism

(75.2 to 86.0 degrees F.) to stop fermen-
tation. Pressures that could be measured
with a gauge were present in the wetwood-
affected elm until the tree became dormant

about December 1. The average daily

maximum pressure was 8 pounds in Octo-

ber and 4 pounds in November, but in De-
cember and January the pressure, if any

was present, was too low to register on

the gauge.

The pressure in the healthy tree did not

decrease as did that in the wetwood-affect-

ed tree and was not noticeably affected by

dormancy. The healthy tree had an aver-

age daily maximum trunk pressure of 6.7

mm. in October, 7.9 mm. in November,
4.8 mm. in December and 6.7 mm. in

Januar>^

Gas Analysis

Gas produced in wetwood-affected elms

was analyzed in the field for carbon dioxide

and in the laboratory for carbon dioxide,

oxygen, hydrogen, methane, carbon mon-
oxide, illuminants and nitrogen. The gas

samples analyzed were from trees ranging

from 5 to 12 inches d. b. h. Field analyses

for the per cent of carbon dioxide in the

gas were made by collecting approximate-

ly 24 ml. of the gas in Smith fermentation

tubes over water and by absorbing the

carbon dioxide with N/5 sodium hydrox-

ide.

The gas samples analyzed in the field

were collected in August, October and

November, 1942, and in June, July and

August, 1943. The analyses tended to

show that in August the gas contained

more carbon dioxide than it did in pre-

ceding or succeeding months. The per cent

of carbon dioxide in different trees varied

considerably during any one day. There

was no correlation between the diameter

of the trunk and the per cent of carbon

dioxide in the gas. For instance, each of

two gas samples collected on August 19,

1943, one from a tree 12 inches d. b. h. and

one from a tree 5 inches d. b. h., contained

19 per cent carbon dioxide. Gas was not

present in sufficient quantities to be collect-

ed for analyzing from December, 1942,

to May, 1943.

Samples of gas were analyzed in an

Orsat apparatus, July 2, 1943, and found

to consist of approximately 46.4 per cent

methane, 33.8 per cent nitrogen, 14.3 per

cent carbon dioxide, 4.5 per cent oxygen

and 1.0 per cent hydrogen. Carbon mon-
oxide and illuminants were not present.

The amount of hydrogen recorded (1.0
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per cent) is very small—less than the

probable error in a combustion analysis.

MacDougal (1932) reported that marsh
gas, composed mostly of methane, or any

other inflammable gas had not been found

in normal trees.

No tests were made in the present in-

vestigation to determine whether the gas

from the wetwood-affected trees was toxic

to foliage of elms. Crocker ( 1931 ), Crock-

er, Zimmerman & Hitchcock (1932) and

Krone (1937) pointed out that natural

gas, which contains about 80 per cent

methane, is not highly toxic to trees and

other plants.

Gas was produced in abundance when
the wetwood organism was grown in

nutrient broth plus dextrose. The carbon

dioxide content of six samples of this gas

was determined by absorption with N/5
sodium hydroxide and the hydrogen

content by passage of the gas through a

palladium tube. The samples contained

approximately 44.7 per cent carbon

dioxide and 2.4 per cent hydrogen. How-
ever, it was found that the amount of

carbon dioxide contained in the gas varied

with the age of the culture and with the

rate of fermentation. More carbon dioxide

was produced in young cultures, when
the rate of fermentation was most rapid,

than in old cultures.

Sap Analysis

Sap from the trunk wood of elms affect-

ed with wetwood was analyzed for cal-

cium, chlorides, copper, iron, magnesium,
manganese, phosphate, potassium, sulfates,

zinc, nitrates, nitrites, ammonia, starch,

reducing sugars, indole and erythrodex-

trin. Also, different quantities of distilled

water in which healthy tissue and wet-

wood tissue had been soaked were analyzed

for the materials listed above. The meth-

ods used in analyzing for these different

materials were those given in publications

of the Society of American Bacteriologists,

Committee on Bacteriological Technic

(1939), Merck and Compan\', Inc.

(1940) and Connors & Tiedjens '(1941).

Many of these methods were supplement-

ed by recommendations of Dr. O. W.
Rees, Chemist, Illinois State Geological

Survey.

Sap that accumulates in large amounts
in elms affected with wetwood can be

collected by tapping the trunks of affected

trees. In all healthy elms tapped during
this experiment, sap was not present in

the wood in sufficient quantities to be
collected. Analyses were made of distilled

water in which wood samples from healthy

trees and from wetwood-affected trees

had been soaked. Sapwood and heartwood
samples of both healthy and diseased trees

were tested separately'. The water in

which the wood had been soaked, and
which contained the water-soluble materi-
als of the wood, is referred to below as

leach.

All analyses of sap and leach were run
in duplicate and most of them were re-

peated two or more times. Ash of the sap

of diseased elms was obtained by evaporat-

ing the liquid and burning out the organic

material over low heat. This ash was re-

suspended in distilled water and used as

a test material. Also, filtrate of the ash

suspension was used as a test material.

The sap—untreated, filtered, and fil-

tered and autoclaved—and the ash suspen-

sion filtrate contained a moderate amount
of phosphate. In the ash suspension, phos-

phate was abundant. Only small amounts
of phosphate were present in the leaches

from wetwood and healthy heartwood.
Potassium was abundant in the sap—un-

treated, filtered, and filtered and auto-

claved—and in the ash suspension. There
was possibly a trace of potassium in the

leach from wetwood tissue but none in

the leaches from healthy sapwood and

heartwood. Magnesium was not present

in any materials tested except for possibly

a trace in the ash suspension. No nitrites

were found in sap from wetwood tissues

or in the leach from healthy heartwood.

There appeared to be traces of nitrites in

the leaches from healthy sapwood and

from wetwood tissues. In our analyses,

no calcium, chlorides, copper, iron, man-
ganese, zinc, nitrates, ammonia, starch,

indole or erythrodextrin were found in any

of the materials tested. The ash suspension

contained carbonates but it did not contain

bicarbonates or hydroxides. It would seem

from this fact that potassium and phos-

phorus were present as carbonates in the

materials tested.

No reducing sugars were detected in

sap or in the leaches from wetwood tissues,

healthy sapwood or healthy heartwood.

There appeared to be traces of reducing
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sugars in the leaches produced by auto-

claving healthy sapwood and healthy

heartwood. Ogilvie (1924) found no

sugar, or only traces of it, in the clear

fluid from "water-soaked wood" of elm.

The pH of Sap

To' compare the pH of sap from wet-

wood-affected elms with the pH of water-

soluble materials in the wood and bark of

healthy trees and in the wood of trees

affected with wetwood, each of the tissues

named was soaked in distilled water and

the resulting leach, containing water-

soluble materials, was tested for its pH.
Ten samples of sap and 10 samples of

wetwood leach were alkaline, pH 7.9,

when tested with indicators in the field.

Five samples of leach from healthy wood
and five samples of leach from healthy

bark were acid, pH 6.3. The distilled

water used in these tests was neutral to

slightly acid.

The pH values of wetwood sap and of

wetwood leaches, and of healthy wood and
healthy bark leaches, were determined
with the Youden apparatus in the labora-

tory on several occasions and are given in

table 4. Both sap and leach from wetwood-
affected elms were alkaline, averaging pH
7.67 and 7.39, respectively. The leaches

from healthy wood and bark were acid,

averaging pH 6.35 and 5.89, respectively.

These data indicate that sap in healthy elm
wood and bark is acid, while sap in wood
affected with wetwood and also the water-

soluble materials from wood affected with

wetwood are alkaline. This is in general

agreement with the findings of Ogilvie

(1924), who reported the brown and red

flux from elm to have a pH of 9 or above,

and of Crandell, Hartley & Davidson

(1937), who found wetwood-affected

tissues of elm and other trees to have a

higher pH value than either live sapwood
or true heartwood.

Additional pH tests were made on fil-

Table 4.—The pH of wetwood sap and of leaches of wetwood, healthy wood and healthy

bark of elms. The readings were obtained with the Youden apparatus, with platinum electrodes.

Date Collected

July 23, 1941.

August 15, 1941.

November 12, 1941*.

August 11, 1942.

Average pH.

Tree No.

1

2

3

4

5

6

7

10

11

12

13

14

15

16

17

18

Wetwood
Sap

7.43

7.36

7.80

8.34

7.56

7.11

7.87

7.31

7.62

7.36

7.70

8.55

8.00

7.40

7.67

pH Value

Wetwood
Leach

7
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tered and autoclaved sap from wetwood-
affected elms. For these tests a sample of

sap was divided into four portions. One
portion was untreated, one was autoclaved

at 15 pounds for 20 minutes, one was
passed through a Berkefeld filter and one

was filtered and then autoclaved. The un-

treated sap had a pH of 7.40, the auto-

claved sap a pH of 8.09, the filtered sap

a pH of 6.26 and the filtered and auto-

claved sap a pH of 6.33. Autoclaving

resulted in an increase in the pH of both

the unfiltered sap and the filtered sap.

When samples of unfiltered and filtered

sap were autoclaved, a brown, fluffy pre-

cipitate was formed, \\hich settled to the

bottom of the container upon standing.

The formation of this precipitate may
have accounted for the differences in the

pH readings obtained before and after

autoclaving.

Sap collected from the diseased tis-

sues of a wetwood-affected tree is alkaline.

Supposedly it is, or contains, the products

of the long-continued fermentation of fer-

mentable materials present in the tree. In

the laboratory, nutrient broth plus dex-

trose eventually becomes strongly acid

(p. 422) as the result of fermentation by

Erivinia nimipressuralis. The difference in

pH between fermented sap and fermented

medium appears inconsistent. However,
Conner, Peterson & Riker (1937) have

shown that the crown gall bacterium,

Phytomonas tumefaciciis, brings about an

acid condition when it is grown with glu-

cose as the main source of energy but an

alkaline condition when grown in a medi-

um that does not contain glucose. The
wetwood organism likewise brings about

an alkaline condition when it is grown in

nutrient broth without dextrose. It would
seem, therefore, that fermentation as it

occurs in the tree goes on when no sugar

or only traces of sugar are present. The
validity of this assumption is further em-
phasized by our failure to obtain tests for

reducing sugars in any of the sap samples,

or in any of the leach samples (p. 437)
until after they had been autoclaved.

Control Studies

Control studies, which were started in

1940, included injection of chemicals into

trunk wood, fertilization, and installation

of trunk drains. The chemicals injected

were Helioue, mercuric chloride, copper
sulfate, silver nitrate, and 8-hydroxyquin-
olin sulfate. The fertilizers used were
10-8-6 commercial fertilizer and urea.

Helione Injections and Feeding
in 1940.—Twenty elms, 3 to 10 inches

d. b. h., were selected for this experiment.

Nine of these trees had wilted in 1939
and all 20 in July, 1940. The 20 trees

were treated. as follows: (1) Eight trees

were injected with Helione—2 trees

with a 1 : 200 dilution, 2 with a 1 : 500
dilution, 2 with a 1 : 750 dilution and 2

with a 1:1,000 dilution—and each re-

ceived 250 ml. of solution. (2) Eight trees

were injected with Helione in the same
manner as in (1) but were also fed 10-8-6

fertilizer. (3) Four trees were fed 10-8-6

fertilizer but were not injected with
Helione.

Helione injections were made during
August and September, 1940. Fertilizer

was applied during September and Octo-
ber by the punch bar meth(xl in amounts
of 25, 35 and 40 pounds to 3—i--, 6- and
8-inch trees, respectively.

Subsequent to treatment, seven of the

eight trees injected with Helione, but

given no fertilizer, wilted in 1 or more
years: three in 1941, two in 1942 and
three in 1944. One of the three trees

that wilted in 1944 had wilted in 1941

also. None of the eight trees injected with

Helione and given fertilizer wilted in

1941, but five of them wilted in 1942

and one of these five wilted also in 1943

and 1944. Wilt occurred in all four of

the trees which were given no injections

but were given fertilizer, two in 1941,

one in 1942 and one each year, 1941—1944.

Only one of the eight injected trees and

three of the eight trees that were injected

and fed did not wilt during the 4 years

following treatment. Under the conditions

of this experiment, injecting with Helione,

feeding with 10-8-6 fertilizer or combin-

ing both treatments did not appear to be

effective in preventing wilt.

Urea Feeding in 1941-42.—Urea
was fed by the punchbar method to 10

elms, 3 to 5 inches d. b. h. Five of these

trees were fed 15 pounds of urea each

and five were fed 25 pounds of urea each.

Each tree received half of its dosage of

urea in October, 1941, and the other half

in April, 1942. Previous to treatment,

eight of the 10 trees had wilted in 1941,
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one in 1939 and one in both 1939 and

1941.

Subsequent to treatment, only three of

the trees wilted, 1942-1944, one in 1942

and 1944, one in 1943 and 1944 and one

in 1944 only. The tree which wilted in

1942 and 1944 had received 25 pounds

of urea; the other two had received 15

pounds of urea each.

Drains Installed in 1942.—Drains

were installed in 10 affected elms, 4 to

6 inches d. b. h, to determine whether

provision of an artificial outlet for the ab-

normally produced sap and gas in the

trunk would prevent wilt. In eight trees

the drains were installed on March 24,

in one tree on May 13 and in one on June
17. Holes were bored into the trunks at

an upward slant to within about 1 inch

of the cambium on the opposite side. Sec-

tions of pipe were then driven into the

holes far enough to be firmly held, but an

effort was made not to drive them into the

wetwood-affected tissue.

Only three of the trees fitted with

drains wilted, 1942-1944. One wilted in

1942 and again in 1944, the other two in

1943. The tree which wilted in both 1942

and 1944 fluxed through cracks immedi-

ately above and below the drain, and the

bark adjacent to these cracks was killed.

In the other two trees, it is possible that

cracks in the wood, concealed beneath the

bark, permitted seepage of toxic sap into

current wood, whence it was distributed

to branches and leaves, causing wilt.

Injections in 1941 and 1942.—In

August of 1941, 10 elms affected with

wetwood were selected for this experi-

ment. All 10 trees were wilting but none

of them had wilted in 1939 or 1940. Five

of them were injected with mercuric

chloride and five with copper sulfate. The
five trees injected with copper sulfate were
4 to 6 inches d. b. h. and each tree received

100 ml. of a 1: 1,000 dilution. The five

trees injected with mercuric chloride were
3 to 10 inches d. b. h. One 3-inch tree

received 50 ml., one 4-inch and two 5-inch

trees received 100 ml. each, and one 10-

inch tree received 200 ml. of a 1: 1,000

dilution. Each injection was made with a

hand syringe, fig. 23, through a hole bored

in the tree to within 1 inch of the cambium
on the opposite side. One to four such

holes were bored in each trunk, the num-
ber of holes depending upon the size of

the tree: e. g., one hole in a 3-inch tree,

four holes in a 10-inch tree. The total

dosage for any tree with more than one

hole was divided equally among the

several holes.

From the results of bactericidal tests

made in 1942, the amounts of mercuric

chloride and copper sulfate injected into

these 10 elms in August, 1941, were esti-

mated to have been inadequate. The 1942

tests were made during February, March
and April, and the following concentra-

tions of materials were found to kill the

wetwood organism : mercuric chloride,

1 : 150,000; copper sulfate, 1 : 1,000; silver

nitrate, 1 : 50,000 ; and 8-hydroxyquinolin

sulfate, 1 : 9,000. On J:he basis of this in-

formation, the elms injected in 1941 were

reinjected with the same chemicals

—

mercuric chloride and copper sulfate—in

June, 1942. Also, additional elms were
selected for injection with silver nitrate

and 8-hydroxyquinolin sulfate.

The amount of material to be injected

into each tree was determined in the

following manner. First, a wc'od core or

boring was obtained with an increment

borer, and the diameter of the wood af-

fected with wetwood was measured on the

core. Then the probable height of the

affected wood in the tree was estimated.

With these figures, the volume of affected

wood was roughly calculated. The amount
of chemical injected into each tree was
sufficient to give a concentration that

would kill the wetwood organism in a

volume of water equal to the estimated

volume of affected wood. Four elms

—

three which had wilted in 1940 and 1941

and one which had wilted in 1939 and

1941—were injected with a 1 : 500 dilu-

tion of silver nitrate ; two of these trees

were each given 200 ml., the third was
given 300 ml. and the fourth 500 ml.

Three elms which had wilted in 19-10 and

1941 were injected with a 1 : 200 dilution

of 8-hydroxyquinolin sulfate; one of these

trees was given 300 ml., the second 800

ml. and the third 1,000 ml. After the in-

jections were made, the holes were closed

with iron set-screws sterilized with 70

per cent alcohol.

The five trees injected with mercuric

chloride in 1942 did not wilt in that year,

in 1943 or 1944. The five trees injected

with copper sulfate and the four injected

,

with silver nitrate did not wilt in 1942 or'

1
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1943, but two trees injected with copper

sulfate and two injected with silver nitrate

wilted in 1944. Two of the three trees

injected with 8-hydroxvquinolin sulfate

did not wilt in 1942, 1943 or 1944, but

the third tree wilted in 1942 and again in

1943.

These tests might be interpreted as

indicating that mercuric chloride, copper

sulfate, silver nitrate, and 8-hydroxyquin-

olin sulfate may be of value in controlling

wilt. However, it must be borne in mind
that of 284 trees in Hinsdale that wilted,

1939—1943, only 73 wilted in more than

1 year. Also, the wetwood organism was
isolated repeatedly, 1942—1944, from the

wetwood-af^ected trunk wood of the trees

which had received injections in 1941 and

1942, indicating that the organism was
not killed throughout the affected wood
by any of the materials injected. Later

experiments indicated that most of the

material injected went into the younger

sapwood, especially the current-season

wood, and not into the heartwood or older

sapwood.

Injections of mercuric chloride and

copper sulfate made in August, 1941,

caused the cambium to die back 0.5 to 1.5

inches around many of the injection holes.

Most of these injured areas callused over

in 1942. Cambial injury following the in-

jections made in 1942 was negligible,

since care was taken to prevent the solu-

tions from coming in contact with the

cambium around the injection holes.

Miscellaneous Experiments

Injections of Toxic and Stimula-
tory Materials.—An experiment was
started on July 29, 1942, to determine

whether materials toxic to the wetwood
organism, as determined by bactericidal

tests, would inhibit or kill bacteria in wet-

wood-affected trunk wood and subsequent-

ly reduce the pressure in the trunk. Also,

materials known to stimulate fermentation

were injected into other trees to see if pres-

sure could be increased. The toxic materials

injected were mercuric chloride, 1 : 500,

copper sulfate, 1 : 200, silver nitrate,

I 1 : 500, 8-hydroxyquinolin sulfate, 1 : 200
and Elgetol, 1 : 40. The stimulatory mate-
rials injected were 5 per cent dextrose and
nutrient broth plus 1 per cent dextrose.

Sterile distilled water was injected as a

check material. Each material was inject-

ed into a single tree.

A one-half inch hole was bored through
the heartwood of each tree to be treated,

to about 1 inch from the cambium on the
opposite side. A gaugecock was installed

in each hole. All injections were made
with a hand syringe, fig. 23. After the

solutions were injected, the gaugecocks
were closed to keep these solutions in the

trees. Pressures registered immediately be-

fore and immediately after the injections

were made and during the remainder of

the growing season of 1942 and the season
of 1943 are shown in table 5.

Following the injection of each mate-
rial, including distilled water, pressure

temporarily increased. However, the

pressure in most trees had returned to

approximately the initial point within 9
hours after the injections were made.
Trunk pressures increased during August
and September of 1942 in all trees except

the one which was injected with 5 per

cent dextrose. Pressure readings obtained

from each tree followed the normal pres-

sure curve from June to mid October of

1943. Failure of the toxic materials to

reduce pressure suggested that these

materials either had not become distribut-

ed throughout the bacteria-infected wood,

that through some chemical change they

were not toxic to the bacteria after being

injected into the wood or that the quantity

of materials was not sufficient to produce

the desired result.

Distribution of Malachite Green
in Elms.—Malachite green was used to

study the distribution of materials injected

into elms. These tests were made August

31, 1943, on 8-year-old American elm

trees growing in our experimental nurs-

ery. Methods of supplying the dye were

( 1 ) through a hole bored under dye in

the trunk, dye being held against the trunk

in a cuplike container that kept the hole

submerged while it was being bored and

for 10 minutes afterwards; (2) by the

hand syringe method, fig. 23 ; (3) by cut-

ting the tree and immersing the cut trunk

base in the dye; (4) by cutting the leader

and immersing the cut end in the dye;

and (5) by cutting a branch and immers-

ing the cut end in the dye. Two trees were

subjected to each method of treatment.

Penetration of malachite green through

a hole in the trunk submerged below the
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surface of the dye was not extensive but

was similar in both trees. In one tree the

dye extended in its upward spread from 0.3

inch in 1938 wood to 16 inches in 1943

wood. It extended in its downward spread

from 2 inches in 1941 wood to 5 inches in

1943 wood. The dye did not penetrate

1937 and older wood above the hole or

1940 and older wood below the hole. It

spread laterally beyond the hole 0.1 inch

in 1943 to 1941 wood.

With the injection method, penetration

of the dye w^as more extensive than in the

test described in the preceding paragraph.

The dye in one tree extended in its upward
spread from 24 inches in 1939 wood to 36

inches in 1942 wood. It extended in its

downward spread from 6 inches in 1938

wood to 12 inches in 1942 wood. It spread

only in the midsummer and late summer
portions of the 1938 wood, and laterally

beyond the injection hole from 0.1 inch

Table 5.—Pounds pressure per square inch registered by elms injected with various materials.
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in 1938 wood to 0.5 inch in 1942 wood.
It did not penetrate 1943 or 1937 and
older wood. However, 1943 wood was
blocked off by the screwed-in syringe.

Penetration of malachite green was
most extensive in the two trees that had
their trunk bases submerged in dye for

3 hours. Both trees were about 18 feet

tall. The dye spread to the top of the

trunk and into some branches in the 1943
spring and early summer wood but only

9 feet up the trunk in the 1943 late sum-
mer wood. It spread upward 8 feet in 1942
wood, 7 feet in 1941 and 1940 wood, 6
feet in 1939 wood and 4 feet in 1938 late

summer wood. The dye did not penetrate

1937, 1936 or 1935 wood, or 1938 spring

and early summer wood. Evidently, the

1935—1937 wood had become inactive.

The 1943 or current-season wood, es-

pecially the spring and early summer
wood, was the most active in carrying the

dye to various parts of the tree.

From the cut leader submerged in mala-

chite green for 3 hours, the dye spread

down the trunk 60 inches in 1943 spring

wood, 42 inches in 1942 and 1941 wood
and 36 inches in 1940 and 1939 wood;
1939 wood was the oldest in this portion

of the trunk. The dye spread into branch-

es through the 1943 spring and early

summer wood and reached the branch tips

and penetrated the leaf petioles. These
branches were within 4 feet of the cut

on the leader and measured 6 inches to 5

feet long.

Penetration of malachite green in a 5-

vear-old branch, cut 30 inches from the

trunk and immersed for 3 hours, was
mainly in 1943 wood. The dye spread
from 22 to 24 inches back from the cut

in 1942-1939 wood. In 1943 wood, mainly
n the spring and early summer wood, it

ipread from the base of the immersed
branch down the trunk 1 foot and up the

:runk 6 feet. The dye, as it spread up the

crunk, was carried out into lateral branch-
es through the 1943 spring and early

•ummer wood.

With all methods of injection except

:he hand syringe, the distances to which
Tialachite green penetrated were greatest

n current-season wood, especially that

;0rmed in spring and early summer. The
jiye failed to penetrate heartwood, be-

:ause, as MacDougal, Overton & Smith
^1929) found, the heartwood of certain

Table 6.—Analysis of Hinsdale, Illinois,

parkway soil in which elms affected with wet-
wood were wilting.
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elm is pH 6.0 to 7.5, according to Spur-

way (1941).
Elm Seeds.—Seeds were collected

from 10 wetwood-affected elms in Hins-

dale and planted in the spring of 1941 to

ascertain if the disease was transmitted

through the seed. Nine of these trees had

wilted previous to 1941, three in 1939, one

in 1940 and five in both 1939 and 1940.

Verticillium had been isolated from the

three trees which wilted in 1939 and from

the one tree which had not wilted. The
seedlings that were obtained grew nor-

mally.

Growth Associations.—Growth of

the wetwood organism in association with

four fungi

—

Verticillium albo-atrum R. &
B., Dothiorella ulmi V. & M., Coniothy-

rium sp. and Alternaria sp.—was studied

because these fungi were found occasional-

ly in trees affected with wetwood. Each
fungus to be tested was planted at the

center of a Petri dish of potato dextrose

agar, and each test was run in duplicate.

Four days later, the wetwood organism

was planted in streaks along two sides and

about 20 mm. beyond each growing fun-

gus colony. The plates were held 30 days

for observation.

The wetwood organism was inhibitory

to growth of Verticillium and Dothiorella

upon contact. However, this inhibition

was overcome in 12 days, and thereafter

both Verticillium and Dothiorella grew
slowly over the bacterial colonies and

spread over the agar beyond. The wet-

wood organism produced only a slight,

temporary inhibition of growth of Conio-

thyrium and Alternaria. This inhibition

occurred when the fungus and bacterial

colonies were in contact with each other.

Both Coniothyrium and Alternaria grew
through and over the bacterial colonies,

and the bacteria spread along the hyphae
of both fungi. In each test, the bacterial

colonies spread more rapidly from the

fungus colony than toward it.

Conclusions

From wetwood-affected elms in Illinois

a bacterium was isolated, and with it the

wetwood disease was reproduced experi-

mentally. The bacterium is quite similar

to Erwinia salicis Day, the watermark
disease bacterium, and to Pseudomonas
lignicola Westerdijk & Buisman (1929),

but because of certain differences it is

regarded as a separate species and has been

named Erwinia nimipressuralis, new
species.

Erwinia nimipressuralis inhabits mainly

the heartwood and older sapwood of the

trunk. Fermentation by this organism in

the infected wood liberates gas which, if

it does not escape, produces high pressure.

Sap accumulates in the infected wood and

produces the water-soaked condition which

gives rise to the name wetwood. Much of

the abnormal gas and sap can be drained

out of the affected wood by the installation

of drains. Radial cracks may occur, prob-

ably during the winter months, in wet-

wood-affected trees. These cracks may or

may not reach the cambial region. If they

extend to the cambial region, they serve

as avenues of escape for the sap and the

gas generated in the infected wood. Sap

and gas flow out through the trunk cracks,

killing the surrounding cambium and

forming pockets between the bark and

wood. The bark external to these cracks

may split ; then the sap and gas seep out,

and the sap flows down the trunk. In many
trees, cracks form in branch crotches,

and sap and gas escape through these

cracks. Likewise, wounds caused by the

removal of branches may allow the sap

and gas to escape. The flowing out of the

sap and gas through these vents is com-

monly called fluxing, and the escaping sap

and gas are known as flux.

Wilt develops wherever sufficient quan-

tities of the wetwood sap are taken up in

the current-season wood and carried to

the branches. The severity and extent of

wilt appear to depend largely upon the

amount of toxic sap that is carried into

the branches. Some trees show yellowing

of leaves and premature leaf drop in July

and August without the development of

wilt. Trees that wilt may show symptoms
any time during July and August; oc-

casionally they show symptoms in late

June and early September also. Although

wilting branches may lose all of their

foliage, if no twig or branch dieback oc-

curs they may produce a new crop of

foliage within 3 weeks. If, however, severe

wilt occurs, not only do the leaves wilt

and fall but the twigs and branches die,,

back to larger laterals. I

There is very little spread of wetwoou,

into the roots of elms, and usually it does

I
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not spread below the region of grafting

in Moline or other grafted types of elms.

In the experimental work reported here,

buds, leaves, branch and trunk phloem,

trunk cambium and current trunk sap-

wood inoculated with the wetwood organ-

ism did not become infected. Trunk heart-

wood and older sapwood inoculated with

fermenting bacteria became infected, and

topical wetwood was produced. However,
the trees in which the heartwood became

infected did not wilt during the 3 years

they were under observation.

In the trunks of elms affected with wet-

wood, high pressures develop, whether the

trees wilt or not. These pressures common-
ly reach 5 to 30 pounds per square inch,

and are highest in trees that do not flux.

In trees which flux freely, there usually is

very little or no pressure. A pressure of

60 pounds per square inch was recorded

in one elm in 1942. This tree fluxed freely

in 1943 and, while fluxing, developed a

pressure of only 1 to 2 pounds. Pressure

is absent in February and March but be-

gins to develop in April and early May.
It increases until August or September;

then decreases until late December or

January. Pressures recorded in artificially

infected greenhouse elms followed the gen-

eral annual pressure cycle observed in

naturally infected elms and were too low

to be measured with a gauge when the

trees were dormant.

In artificially infected greenhouse elms,

a diurnal pressure cycle was observed. The
maximum pressure occurred about 1 1 : 00

A.M. in June, July and August and about

1:00 P.M. in October, and the minimum
pressure occurred usually between 7:00
P.M. and 11 :00 p.m. The amount of pres-

sure that developed in the greenhouse trees

was influenced by air temperature. When
: the temperature fell much below the opti-

mum temperature range of the wetwood
organism—23 to 30 degrees C. or 75.2

to 86.0 degrees F.—pressure in the trees

1 decreased. The pressure recorded in a

j

greenhouse elm not affected with wetwood
never exceeded 21 mm. of water, approxi-

mately 0.03 pound per square inch, as

I measured by a water manometer, but the

maximum pressure recorded in one green-

i house tree affected with wetwood was

I

14.8 pounds. The diurnal rise and fall of

I the pressure curve for a normal tree, of

the trunk temperature curve and of the

air temperature curve corresponded close-

ly-

Samples of gas from wetwood-affected
elms contained approximately 46.4 per

cent methane, 33.8 per cent nitrogen, 14.3

per cent carbon dioxide, 4.5 per cent oxy-

gen and 1.0 per cent hydrogen. Carbon
monoxide and illuminants were absent.

Samples of sap from wetwood-affected

elms contained phosphates and an abun-

dance of potassium. Although tests were
made for them, the following elements

and compounds were not found: calcium,

chlorides, copper, iron, magnesium, man-
ganese, sulfates, zinc, nitrates, nitrites,

ammonia, starch, reducing sugars, indole

and erythrodextrin.

The sap and diseased wood of wetwood-
affected elms are alkaline, while both sap-

wood and heartwood of normal trees are

acid in reaction.

Erwinia nimipressuralis has an optimum
temperature range of 24 to 30 degrees C,
75.2 to 86.0 degrees F., a maximum tem-

perature of 37 degrees C, 98.6 degrees

F., and a minimum temperature of 5 de-

grees C, 41 degrees F., or less.

Summary

1. Our investigation of wetwood of

elms was started in 1939. In Hinsdale,

1939-1943, 284 elms wilted because of

wetwood infections in their trunks. None
of the 284 elms which wilted died, and

only 73 wilted in more than 1 year.

2. Wetwood infection has been found

in the American elm {Ulmus americana

L.) and its cultivated varieties Moline and
Littleford, and in the slippery elm (Ulmus
fulva Michx.), the English elm {Ulmus
procera Salisb.) and the Siberian elm
{Ulmus putnila L. ). Samples from 346
elms located in 21 counties of Illinois

were cultured, and the wetwood organism

was isolated from 239 of them. Of the

346 trees, 292 showed wilt at the time the

samples were taken.

3. Histological studies show the wet-

wood bacterium to inhabit principally the

vessels and ray-cells of the trunk. It does

not grow in sufficient abundance to cause

general clogging of the conducting tissues

and it does not cause disintegration of the

tissues it inhabits.

4. Wetwood and flux were produced by

trunk wood inoculations with this bacte-
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rium. Wilt was not produced by these in-

oculations, nor by inoculations of buds,

leaves, shoots or branches. Infection was
not obtained by patch grafting with dis-

colored inner bark taken from diseased

trees.

5. Sap from wetwood caused young
trees to wilt when it was introduced into

their current-season wood. It appears that

grajash brown streaks in the current-sea-

son wood are caused by the discolored sap

and not by the wetwood organism. The
bacterium was not often isolated from
wilting branches.

6. Trunk pressures in wetwood-affect-

ed elms commonly reached 5 to 30 pounds
per square inch, and were highest in trees

that did not flux. A pressure of 60 pounds
per square inch was recorded in one tree

in 1942. Pressures in wetwood-affected

elms began to develop in April and early

May, increased until August or Septem-
ber and then decreased until late Decem-
ber or January. Pressures were not detect-

ed in February and March. In artificially

infecteid greenhouse trees, pressures fol-

lowed a diurnal cycle with a maximum
between 11:00 a.m. and 1:00 p.m. and
a minimum between 7 : 00 and 1 1 : 00 p.m.

7. Gas from affected elms contained

methane, carbon dioxide, oxygen, hydro-

gen and nitrogen.

8. Sap from affected elms contained

phosphates and potassium.

9. The pH determinations showed the

sap and discolored wood of wetwood trees

to be alkaline, the wood of healthy trees

to be acid.

10. The bacterium which causes wet-

wood is a fermenting facultative anaerobe

of the genus Erwinia. It is named Erwinia
nimipressuralis, new species.

11. Control measures tested included

feeding with 10-8-6 fertilizer and urea, in-

stallation of drains in trunks, and the in-

jection of mercuric chloride, copper sul-

fate, silver nitrate, 8-hydroxyquinolin sul-

fate and Helione. Neither the use of fer-

tilizers nor the injection of any of the

chemicals appeared to be effective. The
installation of drains, however, gave at

least temporary control of flux.
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