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ABSTRACT

The stem wood of loblolly pine infected with
Cronartium fusiforme was compared with that of
noninfected loblolly pine. Gall wood was found to
have its greatest sp gr near the point where the
diam of the gall is largest (the site where the infec-
tion probably originated). This increase in sp gr is
caused by an accumulation of substances extractable
in neutral solvents. Holocellulose and alpha-, beta-,
and gamma-cellulose (cell wall constituents) are

reduced in gall wood, but lignin content is higher.
Gall wood resembles conifer summerwood in lignin
content and in the monosaccharide composition of
holocellulose. These and other modifications caused
by C. fusiforme infection of pine stems are dis-
cussed, along with their possible relation to gall for-
mation, Phytopathology 60:1216-1220.

Additional key words: Pinus taeda, physiology of
disease.

Although southern fusiform rust caused by Cronar-
tium fusiforme Hedge. & Hunt ex Cumm. is the most
serious disease of slash (Pinus elliottii Engelm. var.
elliottii) and loblolly (P. taeda L.) pines, the physio-
logical basis of gall formation and disease development
has not been studied. Several thousand papers have
been published on the mechanism of gall formation in
plants, but the majority have attempted to identify
specific growth-regulating compounds within the af-
fected tissue which may have stimulated the over-
growth, Although such compounds may be present in
hypertrophied tissue, their presence does not prove
that they have stimulated the overgrowth. Normal and
abnormal growth and development result from the
interaction and interrelation of many factors, and not
from the activity of growth stimulants alone (13). An
understanding of the changes induced by the pathogen
is prerequisite to understanding the mechanism of gall
formation.

This study was made for the purpose of identifying
some of the modifications induced in stem tissue by
the pathogen and which may be related to gall forma-
tion. The specific objective was to compare ash and
dry matter content, sp gr, cellulose, lignin, and ex-
traneous wood constituents of infected and noninfected
stem tissue of loblolly pine.

MATERIALS AND METHODS.—Determination of ash
and dry matter content and sp gr—Samples were col-
lected from 5- and 8-year-old loblolly pines near
Macon, Georgia. The trees selected were relatively free
of insect damage, approximately equal in vigor, and
either free of rust or infected with girdling stem galls
approximately 1 m above the ground line. Ash and dry
matter content were determined on gall wood and non-
infected wood from the infected trees, noninfected
wood from the rust-free trees, and mature, current-
year needles from the infected and the rust-free trees.

Duplicate 10-g samples (fresh wt, nearest 0.01g)
were collected from each of 10 infected and 10 rust-
free trees. Wood samples representative of the stem
cross section were cut into l-cm cubes; the needle
samples were cut into sections 1cm long. All samples
were placed in tared crucibles and dried to constant
wt in a forced-draft oven at 65 C. Immediately after

the samples were removed from the oven, the dry wt
were recorded to the nearest 0.01 g. The dried samples
were placed under vacuum over anhydrous magnesium
perchlorate [Mg(ClO,),], allowed to reach constant
wt, and weighed to the nearest 0.01 mg. They were
then placed in a muffle furnace for 12 hr at 550 C.
After removal from the furnace, the samples were again
placed under vacuum over Mg(ClOy), until they
reached constant wt. The ash weights were then re-
corded to the nearest 0.01 mg.

Ash and dry matter content were also determined on
a series of samples collected below, within, and above
the gall tissue of 10 infected trees. Bolts which included
areas below and above the gall were removed from
each tree, and consecutive discs approximately 1 cm
thick were sawed from each bolt. Duplicate 50-g sam-
ples representative of the stem cross section were cut
from each consecutive disc. After removal of the rough
outer bark, the wood samples, including phlcem, were
processed as previously described.

Specific gr measurements were made on consecutive
discs, 1 em thick, sawed from bolts removed from each
of nine 8-vear-old loblolly pines with girdling stem
galls. The bolts included areas below and above the
gall. After removal of the rough outer bark, the dry-
volume sp gr of each disc was calculated as the ratio
of the wt of the oven-dry disc to the wt of a volume
of water equivalent to the over-all volume of the disc.

Analyses of cellulose, lignin, and extraneous con-
stituents —Samples of stem wood were collected from
10 rust-free and 10 stem-infected 9-year-old loblolly
pines near Macon, Georgia. The gall tissue was re-
moved from trees partially girdled (< 759%) by stem
galls. All wood samples were collected from areas about
1 m above the ground line. Three-g, bark-free samples
from each tree were cut and ground in a laboratory
pulverizing mill to pass a 40-mesh standard sieve. The
wood meal from the infected trees was combined into
a composite sample, as was the wood meal from the
noninfected trees. From each composite, duplicate 5-g
samples were set aside for determination of the per-
centage of dry matter, and four 2-g samples were taken
for chemical analysis. The remaining wood meal was
used in determining the size distribution of particles.
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The procedures used in preparing samples of wood
meal are similar to those outlined in the TAPPI Stan-
dard T 11m-59 (22) and modified by Cowling (2).
Within a 20-min span, wood samples were collected,
ground, separated into subsamples, and placed in a
freezer at —20 C. In each subsample, the particle sizes
were determined by weighing the meal that was retained
by standard sieves with meshes of 40, 50, 60, 80, 100,
and 200. The stacked sieves were agitated by hand
until complete separation was obtained. The distribu-
tion of particle sizes was expressed in terms of percen-
tages by wt of the total subsample.

Extraneous constituents were separated from cell-
wall material by subjecting the samples of wood meal
to successive extractions with ethanol:benzene (1:2,
v/Vv), 959% ethanol, and hot water (21). The wt of the
total extractives was obtained by determining the dif-
ference between the wt of the original and that of the
extracted, moisture-free sample. This difference was
expressed as a percentage of the original wt.

The amount of soluble carbohydrate in the extrac-
tives was determined by the anthrone method (11)
and expressed in glucose equivalents as a percentage
of the original wt of the moisture-free sample. The
extractive liquids were combined and concd in a flash
evaporator at 50 C. The aqueous residue was then
slurried at 50 C with analytical Celite and filtered. The
filtrate was deionized by passage through 10-em resin
columns (14). The neutral fraction containing the
sugars was collected after the filtrate had passed
through the columns and was then brought to volume
with distilled-deionized water. The neutral fraction
was analyzed for carbohydrate content. The results
were compared to a glucose standard curve, and calcu-
lations were made on the basis of the average reading
of five subsamples from each duplicate extract. This
neutral fraction is referred to as the soluble carbohy-
drate fraction to distinguish it from the insoluble holo-
cellulose fraction.

Holocellulose was prepared from the extractive-free
samples (2, 19), and the lignin content obtained by
determining the difference between the moisture-free
wt of the holocellulose and of the extractive-free wood.
This difference was expressed as a percentage of the
original moisture-free wt (20). Two holocellulose
samples were subsequently fractionated into alpha-,
beta-, and gamma-cellulose, and two samples were
hydrolyzed into constituent monosaccharides (2, 19,
20). The monosaccharides were resolved by descending
paper chromatography after the hydrolysates had been
passed through a column of Amberlite TR-45 resin to
remove the acid (15). An aliquot was applied to What-
man No. 1 paper and allowed to equilibrate 4 hr; the
chromatogram was then run for 48 hr in #-butanol:
acetic acid:water (4:1:5, v/v). From each chromato-
gram, three strips located at the two margins and the
center were used cochromatographically to mark the
zones of individual sugars in the extract. The three
strips were cut from the chromatogram and treated
with P-anisidine hydrochloride reagent (17), and the
chromatogram was reassembled. Areas of the chro-
matograms corresponding to the zones of the sugars
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galactose, glucose, mannose, arabinose, and xylose were
cut from the paper, and each sugar was eluted into
warm, distilled-deionized water. The amount of sugar
was then estimated by the anthrone method: standard
curves of each sugar were used for the calculations.
The actual amounts present in the samples were calcu-
lated from the relative proportions in the hydrolyzate;
the holocellulose content served as a basis of calcula-
tion. The results are expressed as the percentage of the
wt of the original moisture-free sample.

ResuLts.—Gall wood contains more dry matter than
does noninfected wood removed from either infected or
rust-free trees (Table 1). Foliage of either infected or
noninfected trees did not differ in dry matter or ash
content. There were no significant differences in ash
content among any of the wood samples (Table 1).

Among the nine trees sampled, the average sp gr of
gall wood (0.52) did not differ from that of noninfected
wood above (0.46) or below the galls (0.48). But sp gr
apparently increased directly as the amount of infected
tissue in each consecutive stem section increased, and
was significantly greater near the point where the diam
of the gall was largest than in noninfected tissue above
or below the gall (Fig. 1). Noninfected tissue is visibly
distinguishable from infected tissue, because hyphae of
the parasite are always contiguous to abnormal host
tissue (7). The point of maximum sp gr corresponded
to the approximate point where the diam of the gall
was largest and to the approximate locus of the original
infection.

More particles of wood meal from noninfected trees
than from infected trees were retained by the 200-mesh
sieve (Table 2). This greater percentage of fine par-
ticles probably resulted from the fact that a greater

TagrLe 1. Average 9% ash and dry matter in stems and
foliage collected from Cronartium fusiforme-infected and
noninfected loblolly pines

Avg 9%,
dry Avg %

Type of tissue mattert ash?
Gall wood 67.30 0.64000 ]
Noninfected wood

from infected trees 53.5 0.5149
Wood from non-

infected trees 42.7 04879 |
Feliage from infected T

trees 41.2b 1.5234b
Foliage from non-

infected trees 414 13355 |
Gall wood 70.6¢ 0.5775¢
Wood above gall 57.6 ] 0.4396
Wood below gall 57.06 0.4345

& Figures not enclosed by the same bracket are sig-
nificantly different at the 1% level (Duncan’s multiple range
test).

U Duplicate 10-g samples were collected from each of 10
infected and 10 noninfected trees.

¢ Duplicate 50-g samples representative of the stem cross
section were collected from each consccutive em of stem
wood above, within, and below the galls on cach of 10
infected trees.
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65 TaBLE 3. Chemical composition of Cronartium fusi-
forme-infected and noninfected wood from loblolly pine
stems?
Chemical Infected Noninfected
o 60— — composition wood wood
E %o %o %o %o
% Total extractives 329 32.6 9 0%k B7H*
© 55— | Soluble
E ! carbohydrates 5.1 5.1 44 44
o7 Holocellulose 449 454 69.3%% 69,7%*
= Total carbohydrates 500 505 73.7%* 74.1%%
B} | Alpha-cellulose 25.8 40.7%*
: Hemi-cellulose 19.1 28.6%%
Beta-cellulose 5.6 84
Gamma-cellulose 13.5 20.2%%
Glucan 35.7 54 .8%*
45 | | [ (SN [ [ | | Galactan 15 23
Mannan 5.6 7.9%*
14— — Arabinan 0.5 0.9
| NONINFECTED NONINFECTED __|
l:;—- TISSUE BELOW TISSUE ABOVE | Xylan 2.1 38
gl— GALL \GALL =] Lignin 22.2 220 21.7 21.6
= :
§ ﬁ = ] 2 The data represent the average of duplicate samples and
© - are expressed as percentages of the wt of the moisture-free
>
3 o samples,
S 2 b 4% — significant differences between the infected and
T = the noninfected samples at the 1% confidence level (LSD).
W Bf—
L
81— . oy i
== a percentage of extractive-free wood, indicates a sig-
12— nificant reduction of cell-wall synthesis in infected
14 tissue. The lack of a significant difference between the

20 25 30 35 45 50

STEM LENGTH (CM)

40

Fig. 1. The relationship of gall morphology to sp gr of
consecutive cross sections of an infected loblolly pine stem.
A sp gr greater than .55 is significantly different (1%
level) from that in noninfected wood.

proportion of the noninfected wood required regrind-
ing. During the grinding of infected wood, particles
which would pass a 40-mesh screen were produced at
a relatively rapid speed.

The increase of dry matter and sp gr in gall tissue
results from a threefold increase in substances extracted
with neutral solvents (Table 3). These extraneous
constituents include waxes, fats, essential oils, tannins,
resins, soluble saccharides (gums), soluble sugars,
phenols, and proteinaceous materials (24). There was
no significant difference between the content of soluble
carbohydrates in galls and that in noninfected wood
(Table 3). The amount of holocellulose in gall wood
was considerably less than that in noninfected wood.
This decrease, which did not change when expressed as

lignin content of galls and normal wood is misleading
(Table 3). When expressed as the percentage of ex-
tractive-free wood, the lignin content of gall wood was
significantly higher than that of noninfected wood
(33.19, versus 23.89%).

Glucans and mannans, the principal constituents of
the holocellulose fractions, were reduced in gall wood
(Table 3). Infected and noninfected wood did not
differ significantly in glucan content or in galactan
content when these were expressed as percentages of
the holocellulose fraction. However, when so expressed,
mannan content was higher in gall wood than in non-
infected wood (12.39, versus 11.3%), whereas arabinan
(1.19, versus 1.39%) and xylan (4.7% versus 5.5%)
contents were lower in gall wood than in noninfected
wood.

Discussion.—Southern fusiform rust galls on pine
stems arise from hypertrophy and hyperplasia of the
cortex, phloem, and xylem (6, 7). The reduction in
the length of tracheid cells (hypotrophy) in gall tis-
sue (6, 7) suggests that galls also arise from either

TasLe 2. Distribution of particle sizes in wood meal from 10 Cronartium fusiforme-infected and 10 noninfected loblolly

pinest
i Probability
Mesh size of particles of a larger

- value of

Wood sample 0-40 40-50 50-60 60-80 80-100 100-200 2004 Chi-square

%
Noninfected 0.00 6.24 1.97 55.97 13.50 21.99 0.35
Infected 0.00 4.22 0.17 67.91 22.70 4,59 041 <001

_R-Thc data represent the average of triplicate 4-g samples and are expressed as percentages of the wt of each wood
sample.
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hyper- or hypo-plasia of the xylem. The annual growth
of hyphae only into the cambial regions and the pres-
ence of intra-cellular haustoria in parenchyma cells of
the rays, cortex, and phloem, where food is normally
most abundant (7), suggest that fungus activity is
related to host food reserves. The presence of materials
that stain darker than normal in phloem, cortex, and
ray cells of galls may indicate an increase of food
reserves (6, 7) or an accumulation of waste products.
An accumulation of dry matter has been reported in
a number of diseases as a result of the transport of
substrates to infection sites from surrounding tissue
(16). Such an accumulation of dry matter occurs in
fusiform rust galls. It appears to be directly related
to fungus activity, because the sp gr of galls is highest
in the area of largest gall diam (where the infection
probably originated). The fact that wood collected
above or below the gall did not differ significantly in
dry matter content or sp gr indicates that the accumu-
lation in gall tissue does not cause a significant reduc-
tion in dry matter in surrounding, noninfected tissue
relatively distant from the gall. But a slight reduction
of wood sp gr at points above and below the gall
occurs, and this reduction may indicate a migration
of substrates to the infection site from tissue nearest
the gall. The accumulation of dry matter apparently
is not related to an increase of dry matter in foliage.
It may, however, be related to an increase in the
amount of crown foliage, because infected trees often
have more foliage.

The increase of dry matter and sp gr in gall wood
is caused by an accumulation of substances extractable
in neutral solvents, and is not caused by an increase in
cell wall material. Reduced cell wall synthesis in in-
fected tissue causes a reduction of alpha-, beta-, gam-
ma-, and holocellulose as well as a reduction in the
ratio of dry matter per unit wt of extractive-free wood.
This reduction of cell wall synthesis should cause an
increase of soluble carbohydrates if the sugars are not
utilized in other metabolic pathways. The amount of
soluble carbohydrates in infected tissue, however, does
not differ significantly from that in noninfected tissue;
soluble carbohydrates apparently are utilized in the
synthesis of other substances and may be utilized by
the fungus (16). Fungal hyphae contribute to the wt
of dry matter, but the higher number of resin ducts
in gall wood (7) suggests that the resin content of gall
wood is higher and that it adds significantly to the wt
of dry matter accumulated in gall tissue.

The growth of the fungus, particularly during pycnial
and aecial sporulation, and the hypertrophy and hy-
perplasia in gall tissue suggest that the fungus and the
host have an increased requirement, and competition,
for food materials. The utilization of host carbohy-
drates by rusts and other fungi reduces host reserves
concurrent with the formation of fruiting structures
by the pathogens (3, 16). Harper (5) reported that
the cell walls of summerwood fail to thicken normally
if starvation is induced by repeated or late-season
defoliation. Similar failures have been obtained by
experimental defoliation (10), and after defoliation by
insects and other agents (8, 9, 18).
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Gall wood resembles summerwood in that each has
a high lignin content and a similar monosaccharide
composition of holocellulose. Meier (12) reported that
in Pinus sylvestris, summerwood contains more man-
nan and less arabinan and xylan than does springwood.
The lack of alteration of galactan content in infected
wood indicates that gall wood also differs from com-
pression wood, which contains considerably more
galactan than does normal wood (12). The reported
reduction of summerwood in fusiform rust galls (6) is
not substantiated by these results, but the competition
for food within galls may cause a depletion of host
reserves and a failure of normal thickening of the cell
walls in summerwood. The internal competition for
food between fungus and host may also cause the re-
duction in the size of tracheid cells (1). The length and
volume of tracheids of normal pine stems are correlated
with the length and volume of tracheid initials (4), and
the reduction in length of gall tracheids might indicate
a reduction in length of the tracheid initials or a failure
of the growth of gall tracheids to equal that of the
tracheids in noninfected wood. Wood tracheids make
up as much as 909 of the wood volume in pine (24),
and their reduction in length in fusiform rust galls is
probably correlated to the observed reduction of holo-
cellulose.

Hypertrophy and hyperplasia in fusiform rust may
be caused by the synthesis of certain growth-stimu-
lating compounds. However, the utilization of food by
host and fungus may result in the hypertrophy of host
cells if the increased (dual) utilization reduces trans-
port of nutrients away from infected cells and in-
creases the nutrients supplied to these cells (1, 4, 23).
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