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ABSTRACT

Samples of sapwood and bark of western redcedar were collected at
3 day to 6 week intervals after injury and extracted with water, -chloroform
and acetone. Extracts were tested for the presence of some common heart-
wood compounds and in vitro fungitoxic properties. Extracted samples col-
lected 6 weeks after injury were inoculated with a decay fungus, and the
resulting weight losses determined. No heartwood compounds were detected in
any extracts, and no extracts were fungitoxic in vitro. Weight losses fol-
lowing decay of extracted chip's indicated that decay resistance was initi-
avted in the bark and sapwood. Thus, these tissues possess a mechanism of
disease resistance inducedvby injury. It is concluded that this resistance
results from the deposition of a toxic substance that is unextractable with
water,‘ chloroform, or é.ceténé. The altération of sapwood, if not the bark,
is analogous in certaiﬁ regpecis to the formation of reaction zones in the
sapwood of various trees, since these zones are induced by injury and are char-
acterized by abno'rm‘ai‘ toxin formation. However, the toxins formed in othef
trees are normal hgp.rtwo¢d_constituents, and in this respect apparently not

parallel to the toxic substance induced in western redcedar.
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' INTRODUCTION

When resistant plant tissﬁe is invaded by a pathogenic organism, it
conmonly responds bj producing one or more toxic compounds ‘which bring about
localization or death of the invading organiém. This response involves alter-
ation of nomal’motaboliéxn resulting usually in the death of the host cells
involved. If the toxic compoonds formed are oxidation products of compounds
'e':ds‘ting"nornially in the tissue, or if the level of a preexisting toxic com-
pound ivncre"ééeé;'"tﬁe ‘result is termed a hypersensitive reaction. If the tox-
ic compounds formed are not normally found in tho plant, the result is a ph‘y-.
toalexin response. Both classes of response are examples of i'nduce'd'éhemi--
cal disease resistance which provi&é protection agains't pathogens not pos~
sessing specific counter mechanisms to avoid elioita‘tioh or to degn'ade fhe
toxins.

| Many tree species contain ex'tract.éble ‘substances in the heartwood zone
which are toxic to pathogenic fungi: in vitro. D'e‘oéy"reSistanoe, and hence
durability of wood in use, corresponds roughly to the amounts and toxicity of
the extractable toxins present. Sapwood possesses no toxic extractives, and
as lumbe'r it is much less decay resisﬁan’t thah"'most Héartwbbd’. However, even
when exposed by injury, living sapwood is often resistant to decay and dis-
ease. This 1ndicates that a mechamsm which prevents disease and decay is pre-
sent in res:Lstant sapwood.

| The conversion of sapwood to heartwood is somewhat analogous to the
productlon of phytoale:dns, 4in that fungitoxic compound_s ‘are produced upon or
after the death of .ray cells. The sapwood of various angiosperm trees and
species in thePinaceae forms reaction zones characterized by the synthesis
of fungitoxic compoﬁnd‘s wﬁen subjected to an irregular stimulus such as wound-

i
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ing and subsequent fungal inoculation (Hart & Johnson, 19703 Jorgensen, 1961;
Shain, 1971), In all investigéted cases this altered sapwood contains toxic . -
_extractlves normally found only in the heartwood. The 'i‘brmation' of reaction
'phytoa.lexin prqduction' by Shain (1967), and is an example of 1nd:uced
ch’ezpic'al disease resistance. |

This thesis _a.;bfem'pts'to determine whether disease resistance in the
sapwood and bark of western redcedar can be explained by phencmena similar
to those listed sbove for other trees. Western redcedar was selected for
investigation because a great deal of work has been done on the chemistry of
its heartwood extractives, certain of which have very high in vitro fungitox-
icities, It has already been shown that these toxic compounds do not noma_u.y _
occur in the bark or sapwood (Gardner, 1962), and a technique is ava:u.ab.l.e
for the detection ofk some of thgse ‘extractives in mimute quantities (Maciean &
Gardrier, 1956). - | |

A demonstratlon of induced chem.ca.L resn.stance in the bark or sapwood
‘of western redcedar would mdicate t‘hat such reactions occur in gymnosperms
outside the Pineaceae.‘ A demonstraned sbsence of such a mechanism would

1ndicate_ that»these-ti_ssues _nesist disease by some other means.



LITERATURE REVIEW

A. ihduced Disease Resistance in Herbaceous Plants

1. Hypersenéitive Reaction - B \

Inter>ac.tions between host and pathogen are either suscepfible or
résista.nt. A suséepiible interact.ion leads to disease, while a resistant
interaction does not. Physical barriers or unfavorable conditions for
pathogen survival lead to resistant interactions. In many cases unfavorable
- conditions a.re'g.enerated by the host after a pathogen becomes established. |
These changes result in pathogen localization. This type of response is
dynamic and is a ‘hypersensitive reactioh'. It is extremely widespread and
éa.n be initiatedin most, if not all, higher plants (Goodman et ;ag._., 1967).

The Kypersensitive reaction, according to Miller (19L49), "... encompasses
all morphdlogical and histological changes that, when produced by an
infectious agent, elicit the premature‘ dying of.f"orv hecrosis 61‘ fhe infected
tissue as well as inactivation and localization of fhe :infesctious agent."

Once the reaction is 1n1‘c.1ated, localized lesn.ons develop wh ich progressively
darken. The reaction is elicited by mechanlcal st:mml:. as, well as by invasion.
Both types of stimuli are somewhat s1m11ar in a mcroscop:.c level s:.nce
individual cells are damaged by mecham.cal woundlng and hyphal intrusion.

In either case, the reaction 1s a dn.sease resistance mechanlsm, since wounding
results in exposure of living tissue. Exposure leads. to 1noculat10n by
ubiquitous fungal gpores.

| Since the hypersensitive response is widespread, susceptibility to
disease depends upon how quicicly host metabolismi alters after invasion.
Alteration of normal systems is apparently irrevérsible, since the affected

host cells ultimately die.
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Rahe et al. (1969) have shown that elicitation of a hypersensitive

response by inoculation with non-pathogenic i‘ungi'bf Phaseolus vulia:‘is L.

confers resistance to subsequent infections of bean anthracnose. This result’
indicates that infection success by this pathogen depénﬁé upoh its ability
to avoid or delgy elicitation of the hypersensitivé feacti.on.

| Phenoiic compound oxidation is implicated in vther hypersensitive reac-
tion since the activity of polyphenoloxidase correlé.tea fw'ith intensity of
réaction (Rubin et al., 1959). Also it has been shown that oxidized phenolic
cmnpounds accumlate in ai‘fected: tissﬁ‘es of plants undergoing hypersensitive
responses (Goodman et al., 1967). Oxidized phe-nolic compounds, such as the ‘
aglycones phloretin and lwdroquinoné, are moi'e toxic in vitro than their re-
duced forms, the glycosides phloridzin and arbutin (Kué, 1967). However, even
when present in oxidized forms in affected cells, the concentrations of such
compounds are only 1-10 percel;xt‘ of that required to produce an in m fungi-
static effect (Tomiyama et al., 1967). This observation implies one of three
possibilities: ‘1) additional factors céntribufe to localization; 2) the
in vivo toxicities of the compounds are not the same as those in vitro; 6r
" 3) additional amounts of toxic compounds are t:_'ansported from neighboring cells
after # certain period of time. Tomiyama et al. (1967) has calculated that
transport of 30. percent of the phenolic compounds from édjacent cells into af-
fected cells would result in a five-fold increase in phenolics. He further
calculated that transport from two cell layers bordering the affecﬁed cells
| would yield a twenty-fold increase, which would explain fungistatic results.
Although not necessarily vé.lidating Tomiyama's theory, the following studies
suggest that a transport system exists: 1) Sydow and Durbin (1962) héve shown
that lbc from labeled phenolic compounds was transferred and 'accunmla‘oe'd-at

the site of infection in rust-infected leaves of susceptible wheat plants.
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2) Benda (1959) has observed nuclear movement and protoplasmié streaming to
infected cells. |

Many phenolic cmﬁpounds'are involved in‘hypersensitive_ reactions. Much
of the work demonstrates that amounts of preexisting phenolic substances in-
crease after the reaction has taken place. Examples of such compounds are caf-
feic acid, chlorogenic acid, and the coumarins umbelliferone and _scopoletin.
All of these increase in concentration after in;;ury or inoculation of sweet '.

potato leaves (Kué, 196l).

2. Phytoalexin Response

Phy'toalexins are compounds conferrlng disease res:.stance which are Syn-
‘thesized de novo after injury or moculation (sometimes only af’oer inoculatlon)
and are not present (within limits of detection) in healthy plants (Cruick-
shank, 1963). Although differences between phﬁbalexins and compounds involved
in hypersensitive reactions are present by definition, in pfacti‘ce it is some-
times impossible to clearly distinguish these -two-‘cate;gorfi‘.es of compounds ’
(Tomiyama et gl., 1967). In some cases, necrosgis of host tissue may not occur
after phytoalexin produc'gion' (Crui¢kshank, -1963), whereas the developmenfq of
necrotic lesions is an invariable symptonm of a hypersens:rt.lve reaction.

The compounds pisatin fram peas, trifollrhlzin from red clover, and
phaseollin from beans are phytoalexins. All of these compounds are isoflavones.
Cruickshank recognizes three other compouﬁds as phytoalexins: orchinol, which
is apparently a stilbene and is produced in orchid leaves; isocouina.rin, vhich
is apparently derived from acetate and is produced in carrot tissue; and ipo-
meamarone, which is syhthesized by sweet potato roots and is probably a sesqui-
terpene. Ipomeamarone is appa.réntly the only terpénoid shown to have a role

in disease resistance in herbaceous plants.
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Contention exists over the relative contribution of induced toxic sub-
stances to disease resistance., This contention arises in part from poorly
designed eicperimenta.l work which does not justify the conclusidn drawn. For
instance, the presence of greater amounts of phenolic campoﬁnds, or abnormal
co@wﬁds, in diseased plants does not necessarily demonstrate that these
compounds are involved in vivo in disease resistance. Goodman et al. (1967)
has suggested that this difficulty can be eliminated by testing plants with
v.i:uhnt .and avirulent strains oi‘ the same pathogen. Host interaction with
| the avirulent strain initiates the factors wﬁich imb_art host resistance, while
infection by the avi::;ulent strain,doés not. A comparison of the two cases | |
'should discdose the nature of the resistance. The rediprocal situé.tion is
also useful. Isogenic lines (isolines) of a given plant differing only in a
si.rigle gene for resiétéaﬁce are inoculated with a pathogen and infection re-
sults in one case but.;"nét_ in '_che other (Mace & Veech, 1971). In this case.
also, the naturewof the resistance should be diéclosed by a comparison of the

two interac tions.

B. Disease and Decay Resistance of Trees

The mechz;}xi'sm‘s of disease resistance found in herbaceous plants are
also operative in trees. However, because of the growth habit of trees, tis-
sue disintegration "(-decagy) of wood is an i@ortant ‘parjt. of disease, whereas
int herbace_ous plants; tissp.e disintagration is usually a secondary factor,
not cansed by thé primary éathogen. Thus, it has been important for forest
pathologists to determine the facfors vhich impart decay resistance t,o' Wéod.
Such investigations have been made for living trees whére decay causes disease
and‘..f.'or wood used as lumber where decay causes failure in servics.

Due to Aeéonomic factors, relative du.rébi]ities of woods have long been



-7-

recognized and taken into consideration when determining their uses. Since
durability in use is approximately synomymous with decé,y resistance, much in-
.formatlon has been amassed ra.ting relative decay resistances. Scheffer and
Cowling (1966) rate trees as non-res:.stant to highly decay resistant. waever,
it is imprtant to note that this scale is mislea.d:.ng if applied to all pla.nt
tissues. Actually non-resistant wood is considerably more resistant to decay
than oj:her types of non-woody plaﬁt tissues because of the chemical structure

- of wood. Wood alwaysA cbnsists of cell walls camposed of a lignin-cellulose
complex, This complex is comparatively resistant to decay because few organ-
isms possess enzymes which enable them to degrade lignin. '

The composition of wood is subdivided into three art:.f:.cial categories
based upon chemical propertles. A certain amount of material is removed from
wood treated mth polar selvents, additional material is removed by treatment
w:.th strong acids leaving an unaltered remdue. Although the correspondence
is not_ perfect, _the followin_g generalizations are made: 4The residue remaining
after both treatments is lignin. The fractlon removed by strong acids is cel-
Iulose. The ma.’oerlal removed by polar solvents comprises near]:y everything
else i‘ound‘ in wood a.n:} is deflned as 'extractable substances' (Brown et _ia_J;. s
1909). | o k |
o Although all woods have the same basic lignin-cellulosic structure, de-
cay resistances of'wqods are variable. Thus, | an additional fac;bor(s)smst be
invql%e‘d. Schefférvla_n,d Cowling (1966) 'state‘ that "... toxic ex’qraétable sub-
stancés déposi‘ced during the fonnation' cf heartwood are the principle source
of degay resistance in wood." This conc;usion is based upon three observations:
1) Extracts from he_artwood' then posséss .an in y_:l.__tr_g fungal toxieity, whereas
sapwopd extracts from the same trees do not. ’2) Decay resistance of durable

heartwood can be greatly reduced or destroyed by extraction with polar solvents.
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3) The in vitro toxicity of heartwood extractives of various species corre-
lates roughly with the known durability in service of these species. These
generalizations apply to both angiosperms and gymnosperms.

' Specific heartwood extractive substances with recognized fungitoxic
propex;ties are nearly all aromatic. Most of these substances are phenolic
compounds synthesized via the shikimic acid pathway; however, a certain num-
ber are terpenoid in nature. Some of thé c_émpounds arising via thé shikimic
é.cid éathway are dihydroquercetin or taxifolin (a flavonoid occurring in Doug=-
las—fir), pinosylvin and pinosylvinmonomethyl ether (stilbenes occurring in.
pine).l Many mono- and sesquiterpenes occurring throughout the Cupressaceae
and certain other gyinnosperm taxa have high in vitro fungitoxic properties.

. Heartwood extractives are synthesized by living parenchymatous cells
at the sapwood-heartwood transformation (Hillis, 1962). One school of thought
is that carbohydrates already present provide the materials for this synthe-
, sié. :But the amount of extant carbohydrates in seme trees is not sufficient
- to account for the observed amounts of deposited extractives (Hillis, 1962).
Therefore, additional carbohydrates may be transported to the sapwood-heart-
wood transition gone.

The contributions of specific .yhea.rtwood extractives to decay resistance -
have i‘)een"‘part"ially determined by in vitro toxicity tests. The conclusions
drawn from such’ tests are probably more valid than those drawn frem in vitro
toxicity tests of compounds iinked to induced disease resistance in living

plants, since hegrtwé@d is not a true in vivo situation. Thus, these testé
| more nearly apprdxim’at'e cogditions in heartwood than in living tissue. -
' The type of toxicity test employed has been shown to affect results in

the ifolJ,owing case: ' The heartwood of Pseudotsuga menziesii (Mi:fb.) Franco:

(Douglas-fir) is rated as mode‘fa"oely resistant to decay (Scheffer & Cowling,
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196‘6).‘ Kennedy (1955) concluded that taxifolin is primarily responsible for
this dlecay‘resis’oance on the basis of two types of toxiciy tests: 1) coinpa.r-
ison of rates of growth of decay fungi on agar to which various different |
i‘ractiions of heartwood extréctions had been added; and ‘2) comparison of weight
lqsses of inoculated heartwood blocks from which different compounds had been
removed by extraction with various solvents. 'Kfen'nedy observed death of his
test fungi at levels varying from 0.4-0.6 percent taxifolin in agar. Rudman
(1962) also tested the toxicity of taxifolin by permeating non-decay resistant
" wood meal with varying. conéentrations-of pure taxifolin, inoéixlati.ng this wood
meal with decaqr f'u.ngi and then comparing weight losses. He éoncludes that
taxifolin is only slightly toxic -since 1.0 percent concentration in the meal,
or that co'ricentr'ati:on vhich roughly équa)ls the concentration in heartwood,
producéd only slightly inhibitory effects upon decgy. Rudman concludes that
taxifolin is not responsible for decay resistance of Douglas-fir heartwood and
that Kennedy's conc}usi:ons_ are wrong due to & misinterpretation of his evi-
_dence.' Rudman surmises that the poisoned agar test gives misleading results
and thét seleqtive extraction bf heartwood blocks increases water permeability,
thereby enhar;ciﬁg dgcgy.:. Altf;o;zgh the poisoned agar test used by Kennedy
gives a va:lid appro;dmation of toxicity (Cruickshank & Perrin, 196l), Rudman's
toxicity test may provide a more valid result in this case since his test more
closelfy approid.mates actual heartwood conditions. However,v the conflict be-
tween the two sets of results is unresolvable since ‘both tests are contrived
situations. It is also impossible to determine the validity of either Kenne-
dy's or Rudman's conclusions, since vone cannot distinguish the effects of water
permeability from the toxicity of individual compounds. In addition, other
extractives non-toxic to decay organisms in vitro may cont;ibute a synergistic

. ; o
effect in the heartwood. Therefore, one may conclude that taxifolin is toxic
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to decay organisms under some conditions and imparts some decay resistance
to heartwood. Whether taxifolin is the principle source of decay resistance

is an open question.

C. Induced Disease Resistance in Trees

Studies of disease resistance in trees usually have a different emphasis
than gimilar studies of resistance in herbaceous plants. Thus, studies on non=
lethal foliage diseases of trees have produced largely de scriptive reports
which .do not app_lyvhypersensitlve and phytoalexin concepts. It is clear that
la.rge numbers of angiospem trees ‘produce 'hypers_ensitive reactions in their
fohaée, since large numbers of 'shothole'! diseases are listed for these trees
(chcej‘, 1961). Te. cause of these symptoms becomes clear only when the concept
of the hypersenéitive reaction is applied. It is probable that pa.railel exam- :
ples cf inﬁuced disease resistance are characteristic in the foliage of some
gymno‘spems, but have escaped detection due te lack of investigation.

Research on foliar dlsease resistance has been done on a few intensely!
cultivated species. Chlorogem.c acid has been implicated in disease res:Lstance

in certain appl"efand pear varieties, particularly in the fruit (Kué, 196l).

Also, the interaction between apple trees and Venturia inaequalis (Cooke) IWint..
(apple scab) has been carefully investigated by Williams and Kué (1969).- _
is known Athat resistant #arieties of Malus spp. isola‘oe the apple scab pathogen
within small. lesiocs. .These lesions contain increased concentrations of tvhe‘
~ u.v. florescent campound phloretin, which is fungitoxic in vitro. Apparently
the iccreaeed concentiation@éfphloretin explains the isolation. Fhloretin is

a degradation product of phloridzln, the most common glycoside found in apple

foliage and fru:rb. Whereas all apple vmeta.es contain phloridzin, only the
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registant vai'ieties release phloretin upon infection localizing V. inaequalis
to le#ions. |

A nunber of investigatiogs have focused attention on disease resistance
in the sapwood of trees. ‘meré are two types of Sapwood resistance. In the
first type mne sapwood is added by growth after infection has occurred.
Shigo (1966) has shown by dissections of many forest-type hardwoods that, al- -
though injuries may lead to infection and extensive decay, sapwood laid on -
after :the time of wounding in some way resists i‘urther'épread' of infection.
Therefore same barrier (physical and/or chemical) is produoéd by the immune
sapwoéd. _

k The second type of sépwood fésiéiaxme is a mechanism which alters extant
sapwood go that the conditior;s for péthogeneéis become- unfavorable, and death
or loéalization of the pathogen occurs. This type of resistance is a dynamic
response which ig induéed 1n affected zones of sapwood. Extreme abnormal
metabc}lic changes occur, including premature death of parenchymatous cells,
and the synthesis of metabolites which are not normally present in the sapwood.

:‘ It_ has been shown for the genus Prumus that induced host synthesis of
to:d,né in the saiwgbod leads to diséase'.feé,istaﬁce. Artificial infections of

'_P_. persica (L.) Batsch (Braun &:Hel-bon, 1971) and P. domestica L. (Helton &

Braun, 1971) by Cy’oosgqra cincta Fr. led to resistance to subsequent infections
‘by »thé same pathogen. Iﬁ thehcase of P. domestica the.resistance does not .
appeaif to localized but is induced up to at least 120 cm from the site of the
origizéai infection. 'Lhis 'result may indicatedthat sapwood metabolism is changed
throughout much, if not all, of the tree. '

‘ Hart and Johnson (1970) found that injuries of the sapwood of Quercus

alba L., Robinia pseudoacacia L., and Maclura pomifera (Raf.) Schn. lead -to

the production of abnormal zones of sapwood. These zones contain extractives
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which }are fungitoxic in vitro to decay organisms. However, extracts from ‘oheée
zZones are not as toxic as control extracts from normal heartwood of the same
trees. Whether this can be explained by quality or quantity of toxic extrac-
tives :has not been established. |

. It has been shown conclusively that the sapwood of Pimus spp. responds
to injtur‘y or inoculation with the production of toxins normally found only
in the heartwood. Jorgensen (1961) determined that an abnormal zone of sap-
wood in P. resinosa Sol. (Norway pine) exists in advance of mycelial penetra-

tion by Fomes annosus (Fr.) Cooke. He found both pinosylvin and pinosylvin-

monomethyl ether present in this zone, neither of which is detectable in normal
sapwood. Shain (1967), in a study similar to Jorgensen's, demonsfrated that
pinosylvin and its monomethyl ether are produced in the sapwood of P. taeda L.
(loblolly pine) in response to infection by F. annosus. Lyr"(l967) showed
that pinosylvins are produced by the sapwood of P. sylvestris L. (Scotch pine)
in response to caz_nbial injury. a | o

" The above three studies on ;thr'eg species of pine demonstrate that the
abnormal synthesis of ﬁinosyivins is a dynamic response to inoculation and
inaury. In e‘aéh c‘;asé a time' ‘interv'al is required before the pinosylvins é.p-
pear, although trees in the field require a longer interval than living sapwood
placed in controlled cond1t10ns. Jorgensen found that trees wounded artific-
ially required L to 9 weeks ‘to produce the response. Iyr foﬁnd pinosylvins
preserit after 3 weéks, bﬁt»they were present in much greater quantities after

6 waéks. In controlled labor»atory‘ st_udies, Jorgensen foﬁnd that sapwood could

| produce pinosylvins ‘in as little as three days.

Differences among spec:l.es in their pattern of formation of pinosylvn.ns
are present in the studies of Jorgensen and Lyr. With respect to season of

year, Jorgensen found that trees respond only in the latter part of the growing
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' seasod and the dormant season, while Lyr found that treeé do not respond in
the dqrmant. season. Interestingly, both authors explain these phenomena by
surmising that pitch flow controls exposure of the injured sapwood to air,

and tﬁus determines ‘Ehe rate of desiccation and subseéuent deaﬂi of affected
cells.‘: Jorgensen féels that pinosylvins are not produced in the early grow-
ing season due to copious pitch flow whiph prevents desiccation. Reciprocally,
Lyr feels thét pinosylvins are not produced in the dormant.season since little
resin flow occurs, resulting in rapid desiccation and cell death before sin-
thesis of pinosylvins is initiated. These conclusions do not necessarily con-
flict. They may suggest that extremes of desiccation of e:cposed.sapwood. lead
to death rates which are either too fast or too slow; synthesis éf pinosylvins
will not occur in eitherlcase.

Shain (1971) has observed the fbrmation.ofbreaction zones in the sap-
wood of Picea gbies Ka.rst. (Norway spruce). These zones are formed in advance
of penetratlon by F. annosus and are similar to those formed in pines. ‘He
detected heartwood extractlv_'es in the spruce reaction zone not normally found
in the sapwood; these extracfives have a demonstrated in vitro toxicity
(Shain & Hil]is; 1971), which leads Shain to conclude that the reaction zone
in the sapwood contrn.butes to the resistance of Norway spruce in vivo.

As for the cases of induced disease resistance in herbaceous plants and
decay ,resista.‘nqe of heartwood, a strong implication exists that specific iso-
lated'substanées with known in vitro toxicities, arising from direct host-path-
ogen interac’qigns s mak,e:'conditions untenable for the pathogen. At the present
tinme ,v‘no:{'available téchnique s such as the infection of isolines of cultivated
pla.nts, can prove this‘implication. One piece of evidence suggests that con-
clusions bé.sed on in vitro toxicity tests of extracts of reaction zones can

be misleading., Shain (1967) made extractions fram portions of sapwood infected



~14-

with F. annosus which contained no pinosylvins. When tested by bioassay,
these extracts proved as foxic to his test organism as extracts from unin-
fected reaction zones with piﬁosylvins i)resent. Apparently in this case his
test is not a vaiid'indicator of what happens in vivo. However, the absence
of pi’nosyl'vins in the infected zone ‘supports the theory that these campounds
contribute to disease resistance, ‘since it is probable that pathogenesis de-

pends upon théir degradation or absence.

D. Comparison of Sapwood Reaction Zones with Heartwood

~ There .are similarities between the formation of abnormal reaction zones
in sapwood and the formation of heartwoed in trees. The normal. transformation
of sapwood to hea.ftwood involves a.iteration of metabolism of parenchymatous
cells, synthesis of heartwood extractives, death of the parenchymatous cells,
and release of the extréctives, same of which are deposited-in surrounding
trachéid cells. Metabolic activity decreases ‘along a gradient from the cambium
to the heartwood transformation zone (Frey-Wyssling & Bosshard, 1959; Dietrichs,
196kL; Higuchi & Fukazawa, 1966; Higuchi,et al., 1967). The amounts of carb-
ohydrates present in the sapwood of certain tree spé.cies are represented Sy a
similar gradient. It is known that once the heartwood zone is reached, the
parenéhymatou; cells are dead, cérbohydrates are generally no longer preé'ent,
and 'hea.rtwdo}i extractives are present (Chattaway, 1952).

Shain (1967) and Jorgensen (1962) have concluded that protection wood
whanfmimamd in the sapwood of pine is produced by a sequence of events par-
allel to thoée ,wh;ch.frbauce ripnnal heartwood; altered metabolism arising from
some intern‘aln stim}us'~leads to the synfhesis’ of heartwood extractives in situ

from local starch reserves by slowly dying parenchymatous cells.
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The differences between sapwood reaction zones and normal heartwood
are in site of synthesis, in circumstances of initiation, and in chemical
compos;ition. Although comparatively few compounds have been looked at in the
sapwoéd reaction zones, differences in proportion of fungitoxic extractives

.hawa»ﬁeen observed in both pine and spruce. Shain (1967) observed that the
propor.tion of pinosylvin to pinosylvinmonomethyl ether is greater in reacted
 sapwood than in normal heartwood, Since pinosylvin has a greater in vitro
toxicity than its monomethyl ether, this possibly represenf.s- an -adaptation
to enhance diseaée resistance. Shain and Hillis (1971) observed a parallel
situation for Norway spruce. Among the compounds detected and measured, one
lignan with a high in vitro toxicity was found in proportionally greater

quantities in reacted sapwood than in characteristic heartwoed.

E. Comparison of Reacted Sapwdod with Mechanisms of Induced Disease Resistance

| The formation of 'sapwood reaction zones in trees is a response to ex-
ternaJ:. stimli and imparts disease ;fesistant qualities similar to those imparted
to hérbaceous plapts by a pﬁytoalexin or hypersensitive response. Reaction
zone formation parti‘.ally-mlfills the criteria which charaqterize either of
the latter responses. It is similar to‘ a phytoalexin response since it con-
sists;of induoed: de _f_xgjr._g‘ synthesis of fungitoxic metabolites. It also resem~
bles a hyparsensitive__response, since both involve death of affected cells
and subsequent lOCﬂiZaﬁqn of the pathogen. Certain authors have established
the pzl“e'éedent‘ of ..claSSiiying }Sapwood reaction zone formation as a phytoalexin
response (Shain, 1967; 19715 Smith, 1970).

It is not essential to equate sapwbod readtion zone formation with either

a hypersensitive or phytoalexin response. The formation of reaction zones



-16-

represents a special case of induced disease resistance in livihg wood tiss@e.
This formation is strikingly pa.rallel to mechanisms éf induced disease resist-
ance in herbaceous plant ’cn.ssues.‘

~ Since decay fungi are ubiqultous, and the proba.bllity is high that in-
juries exposing living sgpwood will occur in a forest hab:.‘bat over the long
life of individual trees, it is likely that all trees possess some mechanism
of diseage resistance in the sapwood sich as the formation of reaction zones.
Since ; it is known that various pines. aridv Norﬁay spruce possess this mechanism,
it is probable that many other gymnosperms, and esiaecially other taxa in the
‘Pinales, possess this capability. |

| To the best of this author's knowledge no other investigations have
been x_;tade to determine whether other genera of gymnbspa;rms besides Pinus and
' Pi__g___ea': form abnomal.reaction zones in the sapwood. Therefore, due to f.he large
numbaf of gymnosperms with toxic extractives occurring in the heartwood, and
the necess:.ty of disease resistance, it is probable that the production of reac-
tlon zénes in sapwood 1s a widespread phencmenon smeng many genera.

. The gymmosperm taxa in which sapwood reaction zones are formed are all
members of the Pinaceae. Members of the Cupressaceae belong to the same order,
and many, such as western redcedar, have been shown to contain highly fungis
toxic :heartwood extractives. Therefore it is probable that western redcedar
and perhaps other members of the Cupressaceae form sapwood reaction zones
following the pattern of pine and spruce. This study is designed to investi-
gate whether initiation of reaction zones in ﬂlle sapwood and bark of western
redcedar is induced“by injury, and, if so, whether the fungitoxic substances

produced are nomailyA occurriﬁg' heartwood compounds.
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F. Summary of Investigations Made on Western Redcedar

Thuja plicata Dom. (#estern redcedar) is found from southern Alaska

to northern California -and commercially is the most important of the North
American cedars. Western redcedar is used extensively for shingles, siding, |
poles, azid fenceposts because of the large amounts of clear wood é.vailabie |
and the high durability of the heartwood ariging from its high decay resistance.
It has been recc;gnized fior many years that the high decay resistance. |
of western redcedar wood is caused by fhe presence of heartwood extractives.
The first .recorded demonstration of this phenomenon was provided by Sowder
‘(19 29), who showed that hot water extraction of western redcedar wood flour
removes durability and that the water extracts are toxic to fungi in vitro.
Anderson and Sherrard.(l§33) isolated two isomers of an acidic compound which
they separated from the steam volatile oil of western redcedar heartwood.
These compounds proved ten times more toxic than creosote to. F. annosus cmc!

and lenzites trabea (Pers.) Fr. They found that amounts of 0.006 percent by

weight of either compound were fungicidal to both fungi. The indentification
of these compounds as, - and y-thujaplicins and the demonstration of their
fungicidal properties have been verified by various authors including Anderson
and Gripenberg (191;8‘),‘;Erdman and Gripenberg. (1948), and Rennerfelt (1948).
In addition, an_nwfelt} showed thai: a ».third isomer of thujaplicin (<), also
contained in western redcedar heartwood, possesses the same. order of toxicity
as the other two isomers. - The observed high toxicities of the thujaplicins
generated considerable interest in western redcedar extractives. At least
partly for this reason, a large number of investigations have been”directed

at discovering theif chemical and compositional properties.

- Although western redcedar heartwood has a relétively low density, it
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contains relativeiy large amounts of extractives. According to Gardner

and Barton (1958) the heartwood may contain amounts of extractives in excess
of twenty pereent. of the heertwood‘dxfy’weight. Extraction with acetone or

' hot’ waterv of the butt eeartwood Sriel.dsb a2 mixture of phenolic substances,

. arabinose, a sterol, and a complex volatile oil.

The compogition oi’ the volatile oil hesv proven interesting both
because of the aforementioned toxicity of the componsnts and their novel
chemical nature. Contained in the oil are thujic acid, methyl thujate,
various trepolones (ihcluding the thujaplicins) and a single tropone. All
of these comf»ounds contain ten carbon atoms possessing an unsaturated seven
.manberedi ring with quasiaromatic properties. Although the mode of biosynthesis
of these compounds is no?c. proven, they are proba.bly derived. ﬁom two moledules
of mevalonic acid. Ioomis (1967) describes the thujeplicins as unproven
Arregular monoterpenes. Methyl thujate is the methyl ester of thmjic acid
and contributes much of the odor associated with the heartwood. The tropo-
lones comprise a family of compounds first recognized by Dewar (19L5) as
derivatives of 2;£ydro:qy';2,h,6-cycloheptatriene-l-one. - Five of the simplest
naturally occurring tropolones are present in western redcedar heartwood.

The tree thujaplicins, v(-”, ,0-; and y~, are isomers of isopropyl tropolone .

‘with the aryl group attached at the 3, 4, and 5 positions respectively.
p:ﬂmjaplicinol is similar to @-thujaplicin in structure differing by the ad-
dition of a hydroxyl group at the seven position. ﬁ-délabfin is also similar
to p-thujaplicin differing by its reduction state so t};afc the three carbon
aryl groﬁp is isepropenyl. The one tropone present in the heartwood is nezukone
(h-isopropylee,h,6-cycloheptatriene-l-one). This compound was first discove
ered in‘ the hee:rtwood of T. standishii Carr. by Hirose et al. (1966); its

pmsence was later confirmed in western redcedar (Hirose & Nakatsuka, {(1967).
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_Table I lists the compositioﬁ of the volatile oil of western redcedar heart-
wood., | | | .
The tropdloneé have several interesting chemical propeftie's due to the

presence of adjacent carbonyl and hydroxyl groups at the 1 and 2 positions
of the ring. This association makes them substantially more acidic than nor-~ -
nal phenols and also causes them to be steam volatile. In addition, they form
chelate complexeé with heavy metals. ‘mese coniplexes ‘ab.sor'b_‘ visible light,
enabling detection and vquantiﬁ.ca:hion of extremely low conée_ntrations .of
mtal;thujaplicﬁ:n qomplex by densitometric techniques (MaclLean & Gardner, 1956).
| Besides ﬁme toxicity tests of the three thujaplicins, addiﬁonal tests
have beén performed .on other redcedar extracﬁives showing that many of these
‘are alsé toxic. Roff and Whittaker (1959) tested the toxicify of p~thujapli-
c:Lnol on varlous brown and white rot types of decay fungi. They found that
p-thugaphcmol is approximately as toxic as the ﬂm,]aphcins to the brown rot
fungi tested, but much less tojd.c t o the vhite rot fungi tested. The. -same
study showed slight differences in toxicity of X-ﬂmjaplicln to the two types
of decsay i‘ungl.
. Roff gnd At_kinson (195h) médé a toxicity test on the phenoﬁc Afrac~tion
of water extract.é of western redcedar heartwood. They describe this fraction
as 'thujaplicin free', which probablj means .tropelonebfree. -They found that
- concentrations of this 'fractionV 'greater than 1.0 percent in mait agar are fungi-
étatic,’ but concentrations as high as 8.0 percent are not f\mgicida‘l.‘ They |
conclude that although the to:d.city of the phefxolic fraction is not high, it
still plays an important role in providing decay resistance since this fraction
represents h to S percent of the ‘oven-dry weight of the heartwood.

 Since nezukone occurs in. ralatively large quantities.in western red-

cedar heartwood (Jiang, 1968), it may also contribute to decay resistance.
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TABIE I

Composition of the Voiatile

0il of Western Redcedar

Component Reference I -~ Reference II
Wethyl thujate 0.17 2" -
(other neutrals)
Thujic acid ' 0.08 -
Tropolones ' 0.56
g-thujaplicin 0.30 0.03 g
« ~thujapliein 0.01 -
¥=-thujaplicin 0.20 , 0.30
@=-dolabrin 0.0003 -
g-thujaplicinol 0.07 0.15
Nezoukone ' - ' 0.22

#%--percent by weight of oven-dry heartwopd

After: I, - Gardner & Barton (1958a)
II. Jiang (196 8)
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The extent of this contribution, if any, is uﬁknown. However, it is possible
that nezukone may have contributed to extract toxicity;_or at least have been
present, in some of the studies already mentioned. |

Raa and Goksfyr (1965;1966) have tried to determine the mechanism of

toxicity of ﬁ-thujaplicin to Saccharomyces cerevisiae Meyen ex Hansen.

Although they found that p-thujapliciﬂ injibits formation of acetyl coenzyme A,
they wefe unable to delineate a mechanism of toxici:cy. Raa and Goksg{yr did
.show that the stable soluble copper chelate complex of thu,j.'aplicin, formed
from an excess of cupric sulfate added to a solution of B-thujeplicin, is
approximately two orders of magnitude more toxic to baker's yeast in liquid
culture than plain thujaplicin., They showed that ferric complexes do not pro-b
duce this ampliﬁed‘" e_fi%e.ct.; Although copper is a well known fungicide, the
enhancement ofi"toxic,:;i.ty .:c'a_vf thﬁjaplicin by formation of the' copper chelate is
suprising. Bgfore the importance of this discovery can be- evaluated, .further
tests are necessary to determine ';he‘ toxic effects on decay fungi within

cedar heartwood. =

. . ¢ : :
Whereas decay resistance of western redcedar heartwood depends. upon

the amount of normal e‘xtractives present, various studies have shown that these
extractivés vax:j in,é%ﬁbunts. between trees and within treés. Gardner'(l962;
Maclean & Gardner, 1956a) found thuj aplicins in .éxﬁountsﬁ,isgcreasing radially
outward from the pi;c,h until they cease to appea:é at the sapwood-ﬁeartwood |
tranéitioﬁ ' iéne; In ad&ition the se léompoﬁnx;ls occur in decreasing amounts from
butt to apex., Jiang (1968) has verified this pattern for thujaplicins and has
shown that it holds for the distribution of nézukone and various lignans.
In no cases have thujaplicins been shown to be present in the sapwood or bark.
Although the sbove pattern of distributién of heartwood extractives is

physiologically normal in western redcedar, microbial invasion of the heartwood
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also affects the obsefifed pattern of distribution. In some trees with butt-
rot present, clearly defined concentric color zones exist which represent |
zones of microbial succession (van der Kamp, 1971). These zones move radially
outward over time, apparently dependent upon the speed at which a piorieer
organism is capable of degrading thujaplicins.  This degradatio}changes the
envirohment such that other orgahdéms: can invade, resulting ultimately in |
wood decay. It is possible that the absence of thujaplicins in the pith of
undecayed trees allows the pioneer organism to get a foothold at this position.
Such a succession is not known to occur in the opposite direction -- decay .

starting at the periphery of a tree and progressing in toward the pith.
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MATERIALS AND METHODS

In: the summer of 1970 an attempt was made to develop a thin layer
chromatography (TLC) system;using silica-gel as the adserbent, which would
resolve extracts of western redcedar heartwood into components. |

In late summer and early fall of 1970, portions of living bark were
exposed, inoculated, collected after a time interval, and extracted with hot
water. These extracts were tested for the presence of neartwood extrs,ctives. |
In the summer of 1»9»71’, portions of 'living bark and sanv_wood of western redcedar
were exposed, collected at various time intervals, and extracted with various
solvents. These extracts were tested for the presence of thnjaplicins and |
in vitro fungitoxicity by several bicassay techniques. The extracied bark
‘and sepwood collected after the longest interval was tested for any unextracted
toxic factors by a weight-loss test. ‘ |

Table IT is a complete list of all the samples of bark and sapwood

o]lected from August, 1970 to August, 1971. It summarizes the type of
treatment each sample underwent, the date of _the beginning ef laberatofy ‘
processing, the numbers and ages of trees. from which ’each"s.ampﬂle' was taken,
and 1:heE treatment time interval. for each sample,

Figure X ‘is a generalized flow chart of the methods ntilized in- field
treatment and‘ld)oretery processing of sexnple‘s. | No —individuél sample was
processed with all. the techniques listed, although all samples in each
collectlon block were trea’oed in precisely the same manner.

Samples of living bark which had been exposed and 1noculated were
collected from trees 2 and 3 in August and Octeber, 1970 respectively
(Collectlon blocks 1 and 2). These trees were located southeast of Thunder- |

bird Stadium, U.B. c. Endoument Lands, Vancouver, B.C. Two squares, 10 em on



TABLE II

Surmary of Sapwood and Bark Collections

Collection Sample Tree Approx. | Treatment Treatment }Date Begin*
Block Number Numbexr Age Description Interval] Process:
1 101 2 50 yrs. Control bark 0 Aug. 24

' 102 2 - Inoculéated bark 3 days Aug. 27
" 703 3 TO yrs4 Control bark O ——{0ct. 15
20k 3 | Inoculated bark 3 days . [Oct. 19
301 5 250 yrs. Excised bark 1 wk. June 22
302 5 Excised sapwood 1 wk. "
3 303 L 250 yrs.| Exposed bark - 1 wk.. .
304 L ‘Control bark = O "
305 5 Exposed sapwood 1 wk. "
306 s Control sapwood O n
b Lo7 5 Excised sapwood 3 wk. July 5
508 7 250 yrs.| Exposed bark = * L wks July 20
509 7 Bark under 508 L wk. "
5 510 7 Control bark - O "
511 6 250 yrs.| Excised bark - - L wk. "
512 g Exposed sapwood 4 wk. "
613 I Control bark 0 Aug. k-
6 614 L Control sapwood O ° . "
615 L Exposed bark -6 wke “
616 6 6 wk. "

| Exposed sapwood

# -= GCollection b.locks 1 & 2 processed in *19701'; collection blocks 3-6 processed -
in 1971.
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FIGURE 1

Methods Used to Detect Formation of Reaction Zones

TREATMENT:

EXTRACTION:

DETECTION:

e

Exposure--Bark & Sapwood ~ Excision--Bark & Sapwood

Time Interval | Time Interval

\(

Collection Control Collection Collection

‘Solvent Extractions--~water,
acetone & chloroform

Extractive Tests - = " Chemical Tests
‘1. Spore germination l. Chromatography
2. Mycelial growth ‘ 2. Thujaplicin
' rate - - IR test

3. Extract addition

Decajr Test of }_‘.xtrac‘cad Chips
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a side, were laid out on each tree. The dead bark was removed from these
squares exposing two 'windows' of living bark. One of these windéws was
painted with a dense sporé suspension of Trichoderma sp., while the outer
layerrof the other was cut away with a stainlegs steel knife to serve as
a control. The control strips, 2-h.m‘m thick; éére chepped into 'chips about
6-10 mm square and extracted with sbout 10 times ’rheir’living- weight of -
90..95°c water for L hours. Three days later the inocijated bark was collected
and extracted in the same manner as the control ba_ﬁ:. |

Each hot water ‘extract was simply distilled; L 'aiiguots (tree 2-~
4O ml; tree 3;;50 ml) were collected of extrat:t'“distii'latibns. These samples
were extracted with chleoroform (tree 2 samples with 20 ml chloroform; tree 3
samples fifst with 20 ’ml and consolidatéd.with a subsedﬁent. 10 ml) Disﬁllation
residues were also extracted, first with 30 in_l hexane and consolidated with
a subsequent 20 ml hexane. In each case 'th-el' aqueous phase was discarded, .
and the organic phases were evaporated, leaviné crude oily residues. Each
of these residues was 'diSsolved in 1 ml chloroform and tested for the presence
of known heartwood extractives by three techniques: 1) the émalytical method
for thujaplicins described by MacLean and Gardriér (1956); 2) TIC chromaiéograﬂns :
using'silica;gel as an adsorbent developed with 10:1 mixture of chloroform
to t-butanol (v/v); and 3) paper chromatogréms prepared and developed after
the méthod of Zavarin and Anderson (1956). |

In the summer of 1971.inveétigation designed to detect induced formation
of reaction zones was contimgédih an éxpa.nded form. Sapwood was included in
addition to bark, and time intervals after treatment were extended. Instead
of inoculation with Trichoderma sp., living bark and sapwood é;;posed by
| treatment were left exposed to natural 'szrces of inoculum. Various solvents

were used for extraction in place of, or in addition to hot water. And samples



of living bark and sapﬁood were excised from f.:'ees'and‘ placed for various
inbeﬁcals in an incubating oven at room fempera‘tm‘e, in the dark, at nearly
100 percent humidity.

The depth of reaction zone formation, if it exists in western redoedar,
is not known. Thus, all samples, including collection bolcks 1 and 2, were
removed in strips as thin as practicable, since this procedure assures that
any vabnormal metabolites will be minimally diluted with unreacted portions -
of tissue. | |

Various bicassays, as well as chemical tests used to detect tropolones,
were used to indicate any formation of reaction zones in the -sampleé comprising
collection blocks 3-6. ALl the bioassay tests were in vitro. F. amnosus
(U.B.C. Forest Pathology Culture #25) was chosen as the test organism 'sinée
;chis fungus is widely used in parallel studies and is adapiable to the ‘i-‘o*]:-ilsow—
~ing four types of bioassay used in this inves}tigations 1) Myceiial growth
rate;a plug of actively growing mycélimn,..‘téken with.a #h-ﬁ cork borér; is de-
posited on a standard medium of 2 percent mslt extract and 2 percent agar to
which a specified amoﬁht of test substance 'di'ssdi‘ved-_:l.zn ethanol has been added,
and the growth rate is observed. 2) Extract add:’gtidhgg-ﬁhe same as 1 except
that the test subst’aane'.is added in the form of a crudely extracted thick
oil to a spot on the niedium, and it is noted- whéther -theﬁ mycelial front will
grow over the extract. 3) Spore germination--spore produc:.ng colom.es of test
fungus are inverted over plates contalm.ng standard medium to which test sub-
stances have been added, and the effects on spore gemination are cbserved.,

Li) Decay test of extracted chips--extrac‘oed ch:.ps are mcubat.ed on actively
growing cultures of decay fungus for a time 1nterval, and weight losses are
calculated. -

- Samples camprising collection blocks 3-6 were taken from four trees (L-T7)
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located north of Blanej Lake, U.B.C. Réseamh Forest, Maple Ridge, B.C.
Treatments were. of three types: 1) Exposure by stripping away the dead bark
or all of the bark followed byya time interval. ?2) Maintainence of sapwood
or bark tissue excised from the tree and kept in the dark at about 25°C at
nearly 100 perceﬁt hﬁnidity for a time interval. 3) Collection of controls
in the same manner used for the other samples without a time interval.
- Samples in collection blocks 3-6 were rectangles 17.5 by 35.d cm.

The outer 2=l mm of exposed bark were cut away with a knife. The sapwood
samples were collected thicker than the bark samples (3_-6mm) since they were
removed with a chisel neccessitating a coarser cut.. Excised bark samples
mainiai.ned under artificial conditions were collected thicker than other bark
samples to facilitate removal of samples 1n one piece. In this case all of
the living bark was removed resulting in cambial exposure. Before e_xtraction
all sémpleé were cut into small ciaips“lO-ZS m- on a,side;

~‘Samplés‘ in collection block 3 consisted of bark and sapwood exposed
for l:week, éicised bark and sé.pwood which had been incubated for 1 week, and
bark and sapw'ood éor;frols'. The following procedure was followed for each of
the 6 samples: Each was extracted with sbout 3 bimes its weight of 90-95°
water for | hcmrs.20 gbiagar and 2.0 g malt extract were added to a 100 ml
aliquot of_ each extract before cooling, while the excess was frozen. Each ali-
quot was éoﬂred iﬁto 5 sterile petrie plates so each contained 20 ml of med-
fum. After cooling, 2 of the 5 plates were tested with the spore germ:.natlon
test, and the remaining three plates were tested with the mycelial growth
rate test. _

Collection block 4 consisted of one sample of excised sapwood kept
under artificial conditions for 3 weeks. It was extracted in a Soxhlet. extrac- .

tion apparatus for L hours with about 10 times its weight of chloroform.



“29-

Alom aiiquot of the chloroform solution was tested for the prééénce of
thujaplicins by the methéd of MacLean and Gardner (1956). The remainder of
the chloroform was flash-evaporated at about 3000 to dryness; the residue,
dissolved in 1 ml ethanol, was added to 15 ml of standard growfh medium,
Three control plates without test substance containing the same percentage
ethanol were also made. These four plates were tested by the_mwcelial growth
rate test. 5

Samples comprising collection block 5 consisted of bark and sapwood
exposed for L weeks, -excised bark maipta.‘gned for i weeks, and control ba.r;k.
Each of these samples was air-;di‘ied for 3 days and then extracted with 10
times its air-:dried' weight of chloroform for 2 days. 10 ml aliquots of chlor-

oform extracté ’from' each sample were tested for the presexice of thujaplicins.

The remainder of these extracts were filtered, flash-evaporated at about 30°C,
and the residue wights determined. About 50 mg of each residuss were tested
by extract addition tests. The bulk of each residue, dissolved in 1 ml ethan-
" ol, was added to 30 ml standard growth media and tested by mycelial growth
rate and spore germination tests. Control plates without test substance
containing equal s_xnouhts of e‘bhanol were also tested. |

Samples comprising collection block 6 consisted of bark and sapwood
exposed for 6 weeks and control bark and sapwood. Each sample was air-dried
for»é days and then extracted for 2 days with 10 volumes (w/v) of acetone.
After filtration each sample was flash-evaporated at about 30°C ‘to dryness
leaving oily residues. After weighing these residues were dissolved in 1 ml
ethanol, added to 30 ml standard medium, and tested by mycelial growth rate
énd-spore gefmina$ion tests. ‘In‘this case it was not possible to dissolve
all the residue with eéthanol, so portions of undissolved residue were tested

by extract addition tests. The acetone extracted chips, after drying in a
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fume hood for 3 déys, were further extracted with 10 volumes (w/v) of 90-95°C
water for 4 hours. These extracts were flash-evaporated at about 60°C to
sbout 1 ml, added to 30 ml of standard medium, and tested by mycelial growth
rate and spore germination tests. Since previous experience had shown that
it was undesirable to evaporate the watgr extracts to dryness, residue weights
were calcﬁlated indirectly by'campérison of air-dried chip weighfs before and
after the water extraction. A

After water extraction, the‘samples of collection block 6 were air-
dried and then oven-dried for 3 days at sbéut 95-100°C. Seven groups of
10 chips, randomly splectéd from each sample, were weighed and deposited on
cultures of F. ahnos@s gr§wingA6n standard mediuﬁ. Four groups from each san-
ple were piééedﬁon 1ifﬁéek'old cultures of F. annosus, while the ramaining
three groups were placed on 3 weequld cultures. Each of these plates was
incubated at room temperature in the dark at nearly 100 percent humidity for
8 weeks. Aftef xjemgva)l the chips were oven-dried for 3 days and their weights
defermined. Tﬁéiﬁefcentage wéight losses for each of the 28 groups of chips

were calculated, and various t-tests were performed on this data.
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RESULTS

When living bark of western redcedar is exposed to air by stripping
of the dead outer bark, or by excision from the tree, it rapidly darkens in
color from a pale cream to a deep brown. This color change takes place within
a few minutes after exposure. After this rapid chenge, the color contimes
to darken at a much slower rate for a day or so. Sapwood exposed to air alson
darkens although much more slowly and with a less noticeable color change--
from cream to yellow, This change takes place over several days. The appear-
ance of collectiens taken at L weeks did not differ visibly from collections
taken after 3 days or 1 week. However, collections of bark and saspwood ex-
posed for 6 weeks exhibited certain differences from samples collected after
shorter exposure intervals. Both the bark and sapwood had exuded resins which
made the samples sticky, a characteristic not noted fer earlier collec.tions.
In addition, the Presence of blue staining was mecroscopically noticeable on
the sapwood surface. Microscopic examination shewed that hyphae were present,
indicating that the staining was of fungal origin. This blue~-staining ﬁmgus
was not observed on any bark samples.

Table IIT lists sample weights (Column III), extracted residue weights
(Column IV),~and material extracted expressed as percentages of sample welghts
(Column V) and as percentages of the test medium (Column ¥Y). A cmrtpafison,
of the values in Column V indieetes ﬁotable difi‘erences only between percent-
ages of material extrected with acetone from control samples and samples exposed

for 6 weeks, A comparison between the values in Column V and VI 1nd1ca’res

that the concentratlons at which the extracted residues were tested,: Were' By
the:same ‘order: asthe concentratlons naturally present in air-dried samples.

Attempts bto resol_ve heartwood extracts by TLCwwere unsuccessful. -



Sample Weights, Extract Weights and P_erdentages of Extractives

III . Sm-

TABLE III

V. Extracted Residue; VI. Extracted Residue

I. Sam=| II. Treatment IV. Extracted Residue
ple # Descrip. ple wt. ‘Weight. as % sample wt.- as % test medium
. : chlfm.| acetone; H,0 chlfm. H,0 acetone
101 | Control bark | 20.0 g w* ND
102 Inoc. bark 15.6 ND ND
203 | Control bark | 5L.5 N ND
20l | Inoc. bark_ 24.0 ND ND
301 | Exéised bark | 1204 D i ND
302 Excised sapwd.| 191.8 ND ND ND
303 Exposed bark g6.4 WND ‘ND ND
304 | Control bark Lé.L - ND . ND ND
305 | Exposed sapwd.| 67.2 C ND ‘ND ND
306 Control sapwd.| 109.3. . ND .y ND ND
407 | Bxcised sepwd.| 63.0 | 0.i7g | o.7se |
508 | Exposed bark | 25.03 0.09 0.36 |
509 | Bk. under 508 | 39.69 0.13 0.33
510 | Control bark 50,73 0.17 0.3k
511 | Excised bark. | 39.34 ~ | ‘0.11 0.28 :
512 | Exposed sapwd.| 52.83 0.11 0.19 -
613 | Control bark 56.50 0.536¢ 3.2Ug 5.74% 0.56%
61l Control sapwd.|[ L5.6L 0.134 { 2.75 6.03 0.32
615 Exposed bark 31.46 1.896 [1.75° 2 5.57 2.23
616 | Exposed sapwd.| L0.92 0.212 {0.30 0.73 0.31

#ND--Not Determined

26~




-33-
Preliminary attempts indicated that several heartwood compounds were separ-
ated on ﬂhca—gel developed with a solvent of chlorofom:t-butanol (10: l~
v/v). However, this system did not separate tropolones, all of which streaked.
| For this reason, the system was ébandoned. | |

All tests made to detect the presence of tllujap]iéins' in barkland sap=-
wood samples; after the method of MacLean é.nd Gardner (1956), prodﬁced negative

.results. 'Ihis test easily detects 100ug of tropolone present in a 10 ml

~ solution of n—hexane. At this range of sensitivity, assuming thujaplicins
were efficiently extracted, this test would have detected the presence of
thu j apli(_:ins in sampies at 0.01 percent by weight.

Bioassays of extracted tesf substances were of three t}rpes--mycelial
growth rate, spore gemination, af;d extract additions. In all cases no dif-
ferenceé in effects were observed between treated«or control sample extracts,
eithér for sapwood or bark. No toxic effects were observed in any instance,
ah’d water;extracted compounds from both th_ev sapwood and bark enhanced mycelial.
growth rate over that on unamended medimn_. | |

Table IV lists the results of the controlled decay test performéd on
éapwood' and bark sampleés exposed for 6 weeks and their 'cont"roié, all previous-
ly extracted mth acét,one and hqt. water. Thése results are expressed as

- actual weight losses and as__percentagés of weight lost from each group.
Table V lists the relevant statlst:.cal parameters descrlbing the percentages
of weights 1ost from these samples. The calculated means, variances, and

~ number of observatlons are llsted for each of the blocks of the four samples
1ncubated on 11 week old cult;ures of F. _annosus, for samples incubated-on 3.
week old cultures, and for the combined data. ‘Table V also lists calculated
t values which compare the mean weight losses of control bark and sapwood

with exposed bar}é and-,.Sap‘woogl for each of the three blocks of cbservations.



Weight Losses after Decay of 6 Week Samples

CALCULATION | SAMPLE--- o s oo
#613 #615 #61L por6  [CULTURE AGE
Contyrdl bark|6-week bark|Control spwd.|6-wk. spwd.
& Triall | 1.5829 g | 0.6657 g- 1,052 ¢ | 1,160 g
= 2 1.5949 0.8415 0.88)42 1.0162 11 weeks
& 3 1.4696 .} 0.7469 0.8717 . - 1.1342
m _ L 1.6289 0.6533 1.0045 0.9360
_ g+ 1.7012 | 0.7553 1,0875 0.9207
m 6 1 1.3227 0.73L7 0.8692 1.1875 3 weeks
7 1.46hh . 0,660h 1.0280 0.9579 .
Triall o.mmwm g | o‘.ommw - o.omqm 2 o.oSm 2 N
2 | 0.2189 0.0765 |  0.0L436 - 0.009
m ... 3.| 0.2118 0.0715 |  0.0371 0.000 | 1t weeks
C oon.b ) 0.2607 | 0.0672 0.0435 | = 0.0266
= sl o.2759 ] o0.0773 | 0.0324 0.0545
g2 6 0.1926 | '0.0737 0.0L478 0.0678 3 weeks
7 0.2272 | 0.0618 0.046k 0.0406
P Triall | . 16.12% | .9.37 % m.uﬁm. 1.60 %
2 13.72 | 9.09 93 0.92
m L 16,00 - | 10.27 -}  L.33 2.8l
= 5 | 16.21 10.23 | 2.97 5.91
»e 6 14.56 - 10.03 5.49 5.70 3 weeks
7 15.51 9.35 4.51 4.23
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Comparison of Weight Losses after Decay

CULTURE |STATISTIC {SAMPLE~=~-

BLOCK #613 #615 #61h #616
Control bark 6-week bark | Control spwd. 6-wk. spwd.
HY L L h Lo
% 15.06 4 9.58 % b72 8 1.78 @
11 week 2 1.41 0.25 0.29 0.63
t (6 af) ' 8.51%%. . 6,13
n 3 3 3 3
% | 15.h2 & 9.87 % - Le32 8 5.8 &
dweek 1 &2 | 0.6 0.21 162 . 0.8k
t(Lan) 12,70 1.33
4 : n 7 - 7 7 7
A1l x | 1.aag - 9.70¢ L.55 % 28
118 3wy %, . . = 3.28 %
combined | s 0.97 0.22 0.73 L.08
t (22 aff 13.37° 1.5k

##- Significant at 0.0l probability level.

. Teblulated Values of t

df  +(0.01) t(o.oS)

6  3.707  2.Lk7
12 3.055 2.179

y
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These values n.iridicat'e that the;e is less than a one percent chance that the

observed differences arose due to chance in four of the six comparisons.
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DISCUSSION

This invesﬁigation tested whether the synthesis of fungitoxic com-
pounds is initiated upon injury and inoculation of sapwood or bark of west-
erri redcedar and, if so, whether these toxic compounds are heartwood extracs:
-tives,hqrmally not present-in the sapwood or bark. The experimental results
indicate four conclusions which provide the basis for an evaluation of this
hypothesis. This evaluation in turn provides certain implications concerning
a mechanism of disease resistance in western redcedar.

I. Physiological changes were observed in exposed samples which are anal-
ogous in some respects to those accompanying reaétion zone fomatién in the
sapwood of pine. The physical appearances of the 6 week samples of bark and
sapwood iﬁdicate the initiation of changes. Along with dérkening of color,

a pronounced increase’in resin exudation was noted over the exposed surfaces.
This observation may explain the results of Table III which showé that great-
er amounts of acetone extractable substances were recovered for samples ex-
posed for 6 weeks than for controls.

- The presence of resins on exposed surfaces is unusual, since western
redcedar dees.not contain resin canals ner is it capable of forming traumatic
resin canals (Brown et al., 19L49). -The absénce of traumatic resin canals in
exposed sapwood sampléskcollected'in thie investigation was verified by micro-
scopic¢ ‘examination, - | | '

‘Since a network of resin canals is present in pine (Brown et al., 19L9),
resinosis accompanying réaction zone formétion can occur within hours. Al-
though the increased amounts of resins detected on samples in this study arise
after a much greater interval-and'from a difféient'mrénspo:t system, a basic

similarity in macroscopic changes acéampénwing injury exists bétween pine



and cedar.

The presence of the blue-stain fungus on the surface of the sapwood
seems to be inconsistent with the formation of a reaction zone. However, it
is possible that thisgorganism became established before initiati;on of the
reaction., It is also possible that the increased resin flow and' other
changes associated with reaction zone formation in the sapwoocd were stim-
lated by the presence of the blue-stain fungus, alth‘ough this is unlikély
since parallel changes occurred in the bark where no blue stain fungus was
present. A third possibility regarding the .-significé.nce of the presence of
the blue stain :t‘ungﬁs is discussed under II.

I1. Toxic compounds which are unextractable by either hot water or -acetone
are formed within 6 weeks both in the living bark. and sapwood exposed on a
tree as a result of injury. The results of Table V indicate that bark ex~
posed for 6 weeks is significantly more resistant to decay by F. annosus re-
gardless of culture age, while sapwood exposed for 6 weeks is significantly
more resistant to decay by 11 week old cultures of F. annosus than the control
but not resistant to decay by 3 week old cultures of F. annosus. Since both.
controls and exposed samples were extracted first with acétone and then with
90—9506 water, it is probable that a large percentage of the normal extractable
substances were removed by ~’cihis: .trefa-unerllt. Theréfore percent‘might losses .
probably represent a close aspproximation of percentage decay of lignin and
cellulose and do not represent metabolism of carbohydrates in.a.ny of the samples.
Since it is ext;'gmely v_unlikely that increases in decay resistance arose due

to host-mediated vst:_'ﬁct.ural alterations of tissues formed before wounding, a
toxic factor(s) was fofmed’and deposi'bed'in the bark and sapwood which cafused'
the observed differences iri decay resistance between exposed samples éﬁd )

controls. Any physical changes' ofvéanxples that might arise from the extraction
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proceduzfe; such as perméability changes, migh‘c quite possibly alter suscept-
ibility to decay, but could not account fdr the observed differences in decla:y
resistance between samples and controls (See Tables IV & V).

Bark samples exposed for 6 weeks resisted decay regardless of colony
ége of fhe decay ﬁmgus, whilé sapwood samples exposed for 6 weeks resisted
.decay by 11 'week old colonies, but were less able to resist decay by 3 week
old colonies. fﬂlu"s, colony age of F. annosus is a significant factor in
determining ﬁeight losses in the sapwood samples, but not in the bark samples.
A possible explanation for this unexpected result. is that the concentration
of toxic factor in the sapwood’ samples was at the threshold level neéded to
produce 1.nh1b:xt;o,n }_r_x_ vitro, so that the younger, more vigorous colonies of
F. annosus were able to overcome the toxic effects more quickly than the |
older, less vigorous colonies of the same pathogen. Apparently the toxin
concentration in the ba;-k samples was greater than in the sapwood samples,
since colorny age does not gignificantly affect decay in the bark. Since
reaction gzone férmation mey be limited to only a few cell layers below the
exposed surface, »samples were cut‘ away in thin strips to minimize dilution
with unaffected portions of sapwood and bark. Since it was possiﬁlé to col-
lect thinner layers of bark than sapwood due to the cutting characteristics
of each, ithis dilution factor may be directiy responsible for the lesser tox-
icity exhibited by the sapwo.od sample, . An alternate explanation of the 1essér :
toxicity is that the toxic factor was present in vivo at a lower concentra-
tion in the sapwood than in the bark. The presence of blue-stain fungus on
the sapwood but not bark samples exposed for 6 weeks tends to support this
alternate explanation if gr;n}th of the fungus was not inhibited after initi-
ation of the,re’acfién. zone in the sapwood.

III. No toxic compounds extractable by hot water, chloroform, or acetone
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were formed after any of the experimental treatments. This conclusion is
based onl the demonstrated complete lack of toxic effects exhibited by all
extracts for all three types of bioassay on amended standard medium. This
conclusion follows from these results provided the following four conditions
are valid: 1) that the extraction procedure used wou]_.d remove signiﬁcant
amounts of normal extractable substances. This condition is nearly a
definition and needs no further comment. 2) That F. annosus is a good
test organism and would have responded to any toxic effects had they been j:
present. This condition is probably justified since F. annosus is not a
comon:pathogen of western redcedaf, even though the distributions of the

two species overiép. ' Theréfore, redcedm‘_‘ may possess some means of resist-

| ance to this widesbre'ad trge pathogen. In addition the differenbes in weéight
| losses within coilection block 6 after decay by F. annosus indicate that
| F.. .annosus was sensitivé_'vtb‘.'fhe--toxic vfaétor present and wouid probablyvhafre
responded to any -e_x‘prfcjt.able*tdxi.c effects, if they had been present.
3) That a high prppért':i.on ofv the exposed samples of bark -and sapﬁood under-
went plqysiéiogical_.chai;nges aésé'ciatgd‘tdth formation of.reaction zones.
.This condition-is.prcb'ably justified since the sampling ’oéchnique was designed
to minimize dilutioh of éaﬁples with .um“eacted tissues. The weight ioss
results indicate that this condition was met for the bark and the sapwood
also, although berhapéf'-td"é Ilesser degree in the sapwood for. the reasons dis-
cussed under II. L) T};at the amount of extractable materials added to the
standard medium .reﬁreéented a'lérge enough percentage such that if any toxic
factor wa,s-gxt:acted_', it wau'ld“ have.‘b'ee‘fl present in the media at concentrations
roughly the same as those at which ilt occurs in the reacted tissues. Pro- |
viding that the former three conditions are true, this condition is justified

+ for any materials readily soluble in the extracting solvents, since the
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values listed for collection blocks h;é in Table III indicﬁxe‘that the per-
centages bysweight of extracted materials present in the test media were
either greater or of thé same order of magnitude és the corresponding pércent-
sges in all of the samples from these blocks. -

Iv. None of the normal extractable substances commonly recognized as con-
tributors to heértwood decay resistance are formed in response to exposure

in either fhe bark or the sapwood, In the case of tropolones, this conclﬁ-‘
sion is very definite because the analytiéal technique 6f Maclean and Gardner
(1956) is highly sensitive, and the extraction procedures used would have
removed a large percentage of any tropolones present that had been deposited
 in samples parallei to the manner of deposition in heartwood. If any heart-
wood compounds were formed and extracted from samples, these compounds were
not fungitoxic in vitro.

Providing that the sbove four conclusions are justified, the following
overall conclusion may be drawn: there is a mechanism of disease resisﬁance
in western redcedar bark and sapwood which is initiated in response to exposure -
resulting from injury. This mechanism involves the formation of reaction
zones in the bark and sapwood containing a toxic substance which is neither a
normal heartﬁood compound nor extractable by polar éolvents. To the best of
this author's knowledge this observation has not been made before for western
redcedar, and no eiactly parallel observations have been made for any other
treef |

‘ The presence iﬁ reéc%ioﬁ zones:§f toxins in sufficient concentrations
to produce fungal iphibition,“autamatically confers a certain amount of dis-
ease resistance to the host, However, the formation of toxins as demonstrated
in this investigation'abéétnot provide'the basis for a quantitative assessment

of the contribdtipn_of'ﬁhis component to the overall disease resistance of
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western redcedar. The weight losses observed after decay of sémples from

| collection block 6 indicate the presence of a factor which reduced decay.
Nevertheless, any inference drawn from these results can only be applied tent-
atively to natural host-pathogen interactions, since the results are derived
from a contrived situation.

Although only further work will reveal the chemical nature of the tox-
ic factor and the reason it is unextractable, experience in pulpaandspsper
research has shown that some extractives are difficult to extract from pulp.
Hillis et al. (1966) reports that a stilbene (3,3'-dimethoxy-h,k'-dihydroxy-
stilbene), cansing reddening of pine pulp, is strongly»adsqrbedlso that its
removal requires special extraction procedures. Since other stilbenes are
mll-;known fungitoxins, this c#se is particularly interesting in light» of
phenomena observed for western redcedar. It is possible that a parallel
exists between these two situations.

Determination of the significance of-this mechanism of induced disease
resistance in the sapwood and bark is dependent upon further knowledge of
a variety of factors.  Is this the only mechanism of resistance or are there
additional systems suﬁeri.uxposed-;either chemical or physical? How important
are host and envirommental conditions in determining the.,ﬂoccurrence"-or.-.ampliw«
tude of this reaction? What factors or interagﬁonéfr»occur@fmaazﬁﬁﬁ:cmécgﬁic
and biochemical scale which control initiation? What is the nature of the
toxic factor? Only carefully planned and éice(:utgd experimentation can answer
these questions.

Although unreported to this time, it is probable that phenomena similar
to those observed in western redcedér occur in other members of _th_e Cupress=-

aceae and possibly in other gymnosperms as well.
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