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The state of our knowledge of plant pathology is reflected by the terms we
use (120). Consider some of the terms used to describe wood altered by pro-
cesses associated with aging and injury of living trees: heartwood, wound
heartwood, pathological heartwood, traumatic heartwood, false heartwood,
precocious heartwood, blackheart, brownheart, red heart, blue butt, mineral
streak, mineral stain, woundwood, discolored wood, wound-initiated discol-
ored wood, wetwood, ripewood, reaction zone, protection wood, and even
true wood. Indeed, there is confusion!

The main visible change observed in wood of trees is change of color. This
can be the result of processes associated with aging (heartwood), injury (dis-
colored wood), or both. However there are more important characteristics
than color for the sapwood altered by these processes. The factors that ini-
tiate the formation of heartwood, discolored wood, and extractives (which
are largely responsible for color) are different.

This is the major reason for the confusion in understanding a situation
when color alone is the basis for distinguishing the type of tissue under study.
When injury-altered tissues are considered as age-altered tissues, and the role
of microorganisms in the processes are not considered, it is impossible to in-
terpret the situation accurately The confusion is further compounded when
the injury processes occur in tissues already altered by aging. Clanﬁcatxon of
these processes obv:ously is needed.

We will discuss in this review those processes in living trees that are associ-
ated with colored wood, in the hope of clarifying them so that future re-
search will be more accurately oriented and the opportunity to bring these
changes under our control will be improved. We will consider and contrast

two types of wood, which we will refer to as “heartwood” and“discolored
wood.”
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remain viable for many years. In Tamarix aphylla sapwood, however, the
fibers retain their living protoplasts for the same period as the parenchyma
and ray cells (36). The shape of the nuclei of living ray parenchyma cells in
the sapwood of several species of Gymnosperms and Angiosperms changes
and they eventually disintegrate (45, 64). They lose organelles (36), their
vitality (115), nitrogen-containing compounds (106), starch (69), and their
ability to consume oxygen (65) as their distance from the cambial region
increases. The amount of sugars and biotin and pyridoxine can” decrease
abruptly at the heartwood boundary (27, 181).

The sapwood vessels in Angiosperms occasionally contain tyloses; but as
heartwood and discolored wood form, they usually appear in much greater
numbers in many species, so that movement of liquids and perhaps microor-
ganisms is blocked. Aspiration of the pits in conifer tracheids as heartwood
forms has a similar effect on liquid movement.

“To meet different-physiological needs throughout the year, primary metab-
olites are stored in the sapwood in the form of starch or fats, according to the
type of tree (68). The amounts vary according to prior needs and current
demands, and are not uniform across the sapwood. The distribution of photo-
synthates within a tree can be considered a system of competing metabolic
sinks, which are constantly changing in size according to the needs of a par-
ticular zone at a particular time. There is little information about the dy-
namic translocation of carbohydrate through the rays of the sapwood.

Formation of Heartwood

The sapwood of the trunk, branches, and roots of many—but not all—unin-
jured trees changes abruptly in appearance and function after a certain age.
This interior core is “heartwood,” of which one definition is: “The inner lay-
ers of wood which, in the growing tree, have ceased to contain living cells
and in which the reserve materials (e. g- starch) have been removed or con-
verted into heartwood substances. It is generally darker in color than sap-
wood, though not always clearly differentiated” (84).

The proportion, and even the existence, of heartwood in a mature tree var-
ies within the family, genus, and even species (25, 76). Within a species,
under normal circumstances, the amount and rate of heartwood formation
varies to a lesser extent with tree age (66), growth rate, environment, and
silviculture practice (154). In some genera (such as Eucalyptus) and in
some species, the age of the sapwood transformed to heartwood is remark-
ably constant (25), and possibly is mainly genetically determined. It has been
observed with some species that heartwood formation commences at some
distance above ground level (25, 166) and that the proportion of heartwood
in some species remains greatest at this level. Sometimes, however, heart-
wood may never form, as in Alstonia scholaris (19). Living cells_115 years
old have been found in 4cer saccharum (50).
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shown an increase in vitality in the parenchymous cells (80), and in respira-
tion (180) at the heartwood periphery. Extractives are formed mainly in the
radial parenchyma, but the longitudinal parenchyma can also form them.
Peroxidase activity increased markedly at the periphery of the heartwood
(27, 95, 172), as did the activities of amylase (78), phenol oxidases, malate
dehydrogenase, etc. (182). Recent studies showed that tyloses form before
extractives in Eucalyptus and Nothofagus species (V. Nelesany, unpub-
lished), and that calcium oxalate crystals are not found in the cells contain-
ing polyphenols (G. Scurfield, unpublished). The chemical reactivity of cel-
lulose in Douglas-fir trees, as shown by the accessibility of hydroxyl groups,
revealed a marked maximum at the sapwood-heartwood boundary. The car-
bonyl index, moisture content, and extractives content also showed maxima
at the same point, indicating increased biochemical activity in this region
(20).

“The transformation of sapwood to heartwood is accompanied by necrosis
of the xylem parenchyma, although some enzymic activity may be found in
the heartwood. Phenol-oxidizing enzymes have been reported in the heart-
wood of Pinus lambertiana (159), and the two found in P. radiata heartwood
were probably of host origin (137). Other major differences from sapwood can
include aspiration of the pits in Gymnosperms (53), formation of tyloses in
Angiosperms, or gum when the pit aperture is less than 10x (18). Although
starch is absent from heartwood, small amounts of free sugar may be found
(74). The nitrogen content is lower (106), and the pH higher than in sap-
wood (74). Fatty and resinous materials that are stored in sapwood of some
trees instead of starch, are changed in composition as heartwood forms (62,
109). The most noticeable change is the formation of nonstructural material,
(extractives), sometimes in amounts exceeding 30% of the total wood, which
increases the density, color, durability, and many other properties of the
wood (68, 74, 76).

Extractives accumulate in the lumen, or occlude or encrust pits and walls
(7, 38, 91, 92). In some species, phenolic substances can diffuse from the ray
parenchyma cells into the cell walls and into fiber lumens (38). The capil-
laries of the cell wall are wide enough to accommodate the molecules of
some extractives (75). There is a good deal of indirect evidence for the pres-
ence of extractives in cell walls of the heartwood of different species (162, 170)
(W. E. Hillis, unpublished data). New techniques, such as the use of gas-lig-
uid chromatography and microspectrophotometry, make it possible for very
small amounts of most extractives to be estimated or detected in small parts
of tissues. These and other techniques will enable the relative amounts of
extractives in the cell wall and lumen to be determined (10, 92). Toxic com-
ponents probably convey greater durability if present in the cell wall than in
the lumen. o

The amounts of polyphenols formed in cultures of Juniperus eommunis
(23), rose (26), and tea (40) were dependent on the sugar concentration.
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point the narrow transition zone (when present) or the heartwood periphery
as dynamic zones in the living tree. Chattaway (19) suggested that heart-
wood formation must be preceded by a period of increased metabolic activ-
ity. Other workers suggested that both the Krebs cycle and pentose shunt
enzymes were affected (66, 70, 72, 74, 182).

Although some direct evidence of increased metabolic activity has been
found at the heartwood periphery (95, 105, 180), most studies have been
unsuccessful in this regard. Hirai (77) produced evidence that heartwood
formation takes place mainly when cambial growth ceases, so that the fre-

-quently reported lack of evidence of activity at the heartwood periphery

could be due to collection of samples at inappropriate periods. The recent
work of L. Shain & J. F. G. Mackay (unpublished data) has shown that in-
creases in respiration and the activity of malate and glucose-6-phosphate de-
hydrogenases in the transition zone of P. radiata are seasonal, maximum
amounts occurring in the dormant period of tree growth. The factor that ini-
tiates these increases in activity requires consideration.

Many studies have shown that ethylene acts as a regulatory hormone (14,
119) in a variety of physiological changes occurring at many stages in the
ontogeny of plants. It can play an important role in the regulation of cellular
metabolism, which is related not only to morphological changes, but also to
basic cell processes. Very small amounts (1-5 ppm and smaller) of ethylene
effectively trigger a wide range of events according to the tissue involved (12,
14, 119). Because of the ready production of ethylene on injury of many
tissues and their sensitivity to it, experimental work in this area is fraught
with difficulties (119). The considerable data collected on ethylene in studies
of vegetative tissues point to a probable pattern of events that lead to heart-
wood and extractives formation.

Ethylene is produced by the transition zone surrounding the heartwood of
Pinus radiata (the peak of production taking place in the dormant period)
and in larger amounts than the adjacent sapwood (L. Shain & W. E. Hillis,
unpublished data). In P. radiata, the transition zone contains very small
amounts of polyphenols and a lower moisture content than the heartwood.
The transition zone of Eucalyptus tereticornis also produces more ethylene
than the sapwood, but in this species the transition zone contains more poly-
phenols than the sapwood, and has a moisture content similar to that of sap-
wood and heartwood (W. E. Hillis, unpublished data). Cell suspension or
callus cultures of different plants, including sycamore, also release ethylene;
and a very sharp peak of production occurs in the latter after 10-14 days of
culture (113) or toward the end of the growing phase of cell cultures (96).

The factor initiating ethylene production by injured, diseased, or senescing
plant tissues has not been established (119). There is an absolute need for
oxygen (102) and, at low oxygen concentration, sensitivity of the tissue to
ethylene is decreased. Once the threshold value is exceeded, the system can
produce ethylene autocatalytically. However, the system does not seem to be
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overall effect of auxin in heartwood formation requires further study. A very
high concentration of carbon dioxide has also been reported to be conducive
to the formation of heartwood polyphenols in Acacia mearnsii (15).

Although the most detailed studies on ethylene were concerned with the
production of polyphenols, it is well established that ethylene promotes an
increased production of rubber in Hevea braziliensis (2) and carbohydrate
gum in Prunus spp. (W. E. Hillis, unpublished data). ~

In summary, evidence indicates that ethylene plays a key role in the forma-
tion of extractives, which are largely responsible for the color of heartwood.
Whether the initiation of ethylene formation is triggered by water stress,
which has been suggested as a key factor in heartwood formation (129,
183), remains to be determined. Heartwood extractives are formed at the
heartwood periphery or in the transition zone during the dormant season,
from translocated or stored carbohydrate. Peroxidase, whose act1v1ty in-
creases at the heartwood periphery (95, 172), and the phenol oxidases in the
heartwood (27, 89), can cause darkening of the tissues after exposure to air.

The role played by ethylene in the formation of discolored wood requires
determination. It is notable that different trees of P. radiata respond differ-
ently to Sirex-Amylostereum damage in the formation of ethylene, polyphe-
nols, and discolored wood. The ethylene appears to result from host-parasite
interaction. It is known that some fungi produce ethylene; and whether these
produce discolored wood-—in contrast to those that do not form ethylene—
requires further study. It should be noted, however, that discolored wood can
have a different composition from that of heartwood in the same tree.

Formation of Discolored Wood

The major conditions in heartwood formation—cell death, depletion of nutri-
ents, deposits in cells with darkening of tissues—also occur in formation of
discolored wood, but there are other processes too.

Though discoloration is a condition of the wood, the color is a poor indica-
tor of the changes that have occurred (144). Attention should be focussed on
the events that follow wounding, rather than on one minor condition—discol-
oration—of these important events. Although this minor condition has served
as the focus for so many studies, it will be treated here within the broad con-
text of the events that follow wounding.

The many events that occur from wounding to total decomposition of tis-
sues are continuous over time, and actually it is not possible to separate them.
But, for the sake of clarifying the events that follow wounding and putting
discoloration and decay in proper perspective, the sequence of events in a
model system are separated into three major stages (143) (See Table 1).

Stage I includes all processes associated with host response to wounding, in
which both the tree and the environment are considered. Slight discoloration
may occur in the xylem as a result of chemical processes, including those
mvolvmg formation of phenols and other components, and ox1dat10n result-
ing from exposure to air (37, 47, 90, 98, 160) ’
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¢lose
similar tissues. Most branch woupds heat and prevent exposure of the trunk

to air and microorganisms, but wéfng may be complete only after some of
the trunk tissues have been altered. One of the minor conditions of the al-
tered tissues in Stage I is discoloration. More discoloration is associated with
branch wounds than with any other type of wound, and it is usually in the
center of the tree.

The severity of the wound and the vigor of the host affect the rate and
effectiveness of the tree’s response to the wound (116, 161). Wounds that
break the bark, but injure the cambium and xylem only slightly, usually heal clese
rapidly (21, 143), although it has been found that the “wound heartwood” of
Pinus sylvestris forms with the beginning of cambial activity and terminates
in winter (100). The processes can stop in Stage I, and some discoloration
may be associated with the wound.

. It is noteworthy that when the sapwood is deeply penetrated by a wound, a
pale-colored transition zone (similar to that around heartwood) surrounds
the discolored wood in a number of species (133, 144). A similar zone has
been observed around the discolored wood of lesions resulting from attack on
P. radiata by the Sirex-Amylostereum complex (136), and on Picea abies by
Fomes annosus (134). Thus, with some species at least, there is a visual
similarity between the formation of discolored wood and heartwood, and fur-

ther examination may show the existence of the transition zone to be more
widespread.

HOST RESPONSE TO WOUNDING The response to wounding in herbaceous
and woody plants is similar in principle: a chemical protective response oc-
curs, and tissues darken (127). Most woody plants survive after wounding
because the protective response is effective most of the time. However, in
some cases, the tree may be so low in vigor, or the conditions for invasion by
microorganisms may be so favorable because of inoculum quantity, environ-
mental conditions, and severity of wound, that invasion occurs rapidly. Be-
tween the extremes of no invasion and rapid invasion are all degrees of effec-
tiveness of host protection and aggressiveness of microorganisms. Also, be-
tween the extremes there are all degrees and gradations of color changes in
the wood. .

In general, the living sapwood cells show a dynamic response, and discol-
ored wood containing extractives is formed in a zone several millimeters wide
around the area containing microorganisms (133). Heartwood shows a pas-
sive response. When the protection processes in Stage I function effectively,
the xylem altered by host response to wounding is indeed a protective wood
that resists invasion by microorganisms, and “protection wood” (43, 63 87)"
is an accurate term for these tissues.

The extractives formed in “protection wood” or “reaction zone,” as in the
lesions from Fomes annosus (133, 135), Sirex noctilio-A mylostereum areola-
tum (73), etc., can be different from those of the heartwood and even those
of lesions in different trees of the same species. The extractives can play a
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that have a colored core of age-altered wood, the columns of discoloration
and decay advance most rapidly above and below the wound along the sap-
wood-heartwood boundary that was present at the time of wounding (146).
When severe wounds occur, however, the entire column of wood present at
the time of wounding may discolor and decay (64).

SUCCESSION OF MICROORGANISMS Microorganisms that inhabit wood in liv-
ing trees have the greatest survival advantage when they attack wounds in a
sequential manner. Each invading microorganism exerts its specific force
against the dynamlc protective barriers formed by the wounded tree. The pio-
neer microorganisms first alter the substrate to their advantage and then di-
gest the cell contents. As the pioneers advance, the substrate is altered further
to the advantage of other organisms that follow—a succession (5, 6, 31, 34,
51,97, 101, 107, 140, 163).

A good account of microorganisms associated with heartwood in Thuja
plicata was given by Eades & Alexander (28) and by Findlay & Pettifor
(39). Dark and light heartwood occur in this species; the dark heartwood
contained nondecay fungi, but no organisms were found in the light heart-
wood. Findlay & Pettifor concluded that the fungi were responsible for the
dark heartwood and its reduced strength and specific gravity. The toxicity of
dark heartwood is also low (48). Consequently it would be more correctly
defined as discolored wood. The hyphae they observed in the cells was shown
by Roff (126) to be due to nonhymenomycetous fungi, and thus the conclu-
sion of Findlay & Pettifor was supported that the fungus in the “dark heart-
wood” probably was not a decay fungus.

Findlay & Pettifor also reported (39) results from laboratory tests showing
that test blocks of dark heartwood were susceptible to attack by certain hy-
menomycetous fungi such as Coniophora cerebella, whereas it was with great
difficulty that fungi could be induced to grow at all over the light-colored
heartwood. The results indicated that the pioneer nonhymenomycetous fungi
altered the wood to the advantage of C. cerebella. Similar results with Acer
saccharum suggested that the pioneer microorganisms attack wood altered as
a result of host response to injury, and the alterations are to the advantage of
hymenomycetes (142). Tissues in Stage I may have evolved as effective de-
terents to invasion by hymenomycetes. The bacteria and nonhymenomycetous
fungi then probably adapted to the new substrate.

COMPARTMENTALIZATION  As resistant as the tissues may be in Stage I, un-
der certain conditions some microorganisms are able to surmount the chemi-
cal protective barriers and invade. At this time the tree forms a second line of
defense and restricts the path of the invaders. :

One of the first mechanical barriers to form in tissues after wounding is
plugged vessels (124, 138). In those species capable of doing so, tyloses are
formed; and in the other species the vessels are plugged with a gummy mate-

“rial (138, 160). These plugs begin to form in Acer rubrum a few days after
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cesses, growth of microorganisms (112, 147, 171), etc. Shakes are associated
with wounds, but not all wounds form shakes (147).

If part of the cambium of eucalypts and some other trees containing heart-
wood is killed, the region between that part and the heartwood remains as
“included sapwood” when the adjacent sapwood is converted to heartwood
during subsequent growth of the tree (68). These areas can subsequently dis-
color and decay. Included sapwood is frequently seen in trees that have been
scarred by fire (146).

Differences Between Heartwood and Discolored Wood,

- and Means of Recognition

When living sapwood cells encounter different stimuli, they usually respond
differently when forming colored wood. The latter can be heartwood when
the oldest tissues are affected first, or different types of discolored wood when
often the youngest tissues are affected first. The differences between sapwood-
heartwood and sapwood-discolored wood are mainly in the amount and dis-
tribution of inorganic elements, the pH, the amount and composition of ex-
tractives, and moisture content.

EXTRACTIVES Normal heartwood has a similar color throughout the cross-
section of a log, and a chemical composition that is in almost all cases constant
for a particular species. In injured and discolored wood, the amount of extrac-
tives is higher than in the sapwood, amorphous deposits of melanistic sub-
stances are more abundant than in heartwood (55), and the extractable ma-
terials in these tissues frequently differ qualitatively from each other (74, 76,
135). Discolored woods of the same species, and apparently resulting from the
same cause, can contain different ratios of components (73).

Components in discolored wood can be different from those found in
heartwood, as in Prunus species affected by Trametes versicolor (60) and
Stereum purpureum (67). The cellular inclusions in histological examina-
tions have been defined as tannins, deposits, etc.—in most cases without con-
sideration of their variable composition, which can be different even a few
cells apart (92). Aside from the confusion caused by the theories regarding
their biogenesis, such loose terminology overlooks their difference in proper- -
ties to invading organisms, either by presenting physical barriers such as |
gums or by forming toxic components. Certain types of wounds in certamt
species show a stimulation of the synthes;s and accumulation of materials
inhibitory to decay fungi; in other species the discolored wood surroundmg"
the wounds is no more decay-resistant than the sapwood of that particular
species (57). The age of the sapwood that has given rise to discolored wood
may also influence the ability of the latter to resist decay fungi. It should be
noted, however, that the ability of the sapwood to form discolored wood con-
taining toxic components may be linked with an ability to produce heartwood
resistant to decay fungi (57).



HEARTWOOD AND MICROORGANISMS 213

in the surrounding tissue. Discolored wood of sugar maple had 6 times more
ash than normal sapwood; however, there was a 9-fold increase in calcium
but a 56% reduction in potassium (E. L. Ellis, unpublished data). There can

- also be an increase in manganese with this species.(148). The differences in
these three aspects in shagbark hickory are much greater (29).

The situation can be more complex. Hart (55) found in the discolored
wood of Robinia pseudoacacia a 136% increase in ash as compared with
normal sapwood, when potassium increased 61%, calcium 100%, and mag-
nesium 168%, but phosphorus decreased 35%. A similar pattern was ob-

.~ . sewved with Maclura pomifera. The minerals.in the stained wood of Acer
===~ saccharum are not removed-by water; and-this-behavior may be due to com-
bination with the polyphenols (N. Levitin, unpublished). It is interesting
that, whereas the accumulation of calcium salts in aging cells of plants is well
documented (167), the increase observed in discolored wood has not so far

~-=-- - been observed in heartwood.

The discolored woods of Quercus alba, Maclura pomifera, Robinia pseu-
doacacia, Juglans nigra, and Acer saccharum had higher pH, moisture, and
ash contents than uninjured sapwood (56). The deeper the stain of discol-
ored wood of A. saccharum, the higher the pH and mineral content (50; N.
Levitin, unpublished). As the wound that resulted in the surrounding discol-
ored wood of sugar maple is approached, there is a general increase in mois-
ture (144), pH, and ash (144, 163, 164). The pH of the discolored wood of
Picea abies (134) and Quercus rubra (130, 142, 171) is also higher near the
wound. The pH of discolored wood of many species is above 6, even as high
as 9 (50, 144), whereas that of sapwood and, in particular, heartwood in the
same stem is below the pH of discolored wood, usually below pH 5.5.

Valuable use has recently been made of the content of inorganic materials
and of developments in electrical techniques to detect discoloration and de-
cay in living trees. The technique enables a quantitative and objective assess-
ment of discolored wood and heartwood.

The changes in concentration of ions in wood are in direct relation to resis-
tance to a pulsed electric current (153, 165). As tissues die, discolor, and

PR NRNCE decay, the resistance to a pulsed electric current decreases, as long as the

.......

moisture content of the wood being measured remains above the fiber satura-
tion point (165). The decrease in resistance is related to the increase in mo-
bile ions (such as potassium) in dying tissues, leading to discolored wood
(165). Resistance to a pulsed electric current throughout unaltered and unin-
fected heartwood in Quercus spp. is higher than that of sapwood (165). The
electrical apparatus indicates the differences between age-altered high-resis-
tance (12-60 thousand ohms) tissues and injury-altered low-resistance (1-20
thousand ohms) tissues. The measurements indicate accurately the degree of
degradation of injury-altered tissues (153, 165) in living trees. With this

- method, numbers can be put on the model system to show that, as the tissues
go from Stages I to II to III, the resistance to a pulsed electric current de-
creases steadily.
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