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BLIGHT AND RELATED DECLINES 

Effect of Amorphous Plugs, Filamentous Plugs, 
and Depth into Trunk Xylem on the Water Flow 

in Declining and Healthy Citrus Treesz 

L. W. Timmer, R. H. Brlansky, J. H. Graham, 
J. P. Agostini, and R. F. Lee 

ABSTRACT. Water flow in the xylem of trees affected by citrus blight and other blightlike 
declines is restricted by xylem occlusions. Cores were collected from trunks of trees affected by blight 
in Florida and declinamiento in Argentina, from apparently healthy, low vigor trees in Argentina, 
from trees affected by Phytophthora foot rot and tristeza decline in Florida, and from healthy trees 
in Florida and Argentina. Water flow and the number of amorphous and filamentous plugs were 
determined in the 0 to 1, 1 to 2, 2 to 3, and 3 to 4 cm segments of the cores measuring from the .. 
cambium. There were significant negative linear correlations between water flow and the log of the 
numbers of amorphous (r = -0.55) and filamentous (r = -0.48) plugs and between the depth of the 
sample (r  = -0.39) and water flow. In stepwise multiple linear regression, the log of the numbers of 1 

amorphous plugs accounted for 26% of the variability in water flow and depth for 12%; whereas, the 4 

log of the number of filamentous plugs accounted for only 2% of the variability. The model-water 
flow (mllsec) = 0.55-0.135 log of the number of amorphous plugs -0.07 depth (cm) -0.07 log of the 
number of filamentous plugs accounted for 40% of the variability in water flow. Thus, amorphous 
and filamentous plugs and depth contribute to the reduction in water flow, but amorphous plugs are 
the most important factor reducing water flow in blighted citrus trees. 
Index words. xylem occlusions, blight, declinamiento. 

Cohen (5) first demonstrated that 
trees affected by citrus blight, a dis- 
ease of unknown etiology, had re- 
duced uptake of water into the trunk. 
Young and Garnsey (15) found that 
water movement was greatly re- 
stricted in the trunks of citrus trees 
with blight, less so in large limbs and 
roots, and only occasionally affected 
in small limbs and roots. Filamentous 
plugs were described in roots of bligh- 
ted trees by Childs and Carlysle (4), 
who considered them to be the pri- 
mary blockage structures and to be 
diagnostic of the disease. Nemec et al. 
(10) reported that gum (amorphous) 
plugs were the main resistance to 
water flow in the trunk, but also 
noted that filamentous plugs and nar- 
row vessels could contribute to re- 
stricted water movement. VanderMo- 
len et al. (13) indicated that amorph- 
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ous plugs were more responsible for 
blight symptoms than were filament- 
ous plugs. Cohen et al. (6) found that 
reduced water flow was more closely 
associated with amorphous than with 
filamentous plugs. Brlansky et al. (3)  
and Graham et al. (7) found filament- 
ous plugs in trees affected by many 
decline diseases but found true 
amorphous plugs only in trees af- 
fected by blight and similar decline 
diseases. The morphology of filament- 
ous and amorphous plugs have been 
described in detail (3, 10, 12), but 
their chemical nature is complex and 
poorly defined (10, 13). 

Since the development of the 
syringe injection technique (8), it has 
been possible to more precisely meas- 
ure water uptake into tree trunks. 
Thus, it was possible to demonstrate 
that as water uptake by this tech- 
nique decreases below 0.2 to 0.3 mll 
see, the tree begins to decline (2). As 
amorphous plugs in cross sections of 
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vessels increase to 8 to 10 amorphous 
plugs1200 vessels, water uptake is re- 
stricted (2). In regression analyses, 
the numbers of amorphous plugs ac- 
counted for 36% of the variation in 
water uptake and filamentous plugs 
accounted for 18%. Adding amorph- 
ous and filamentous plugs together, 
however, did not account for more of 
the variation than the amorphous 
plugs alone. Because the two plug 
types occur together in blighted cit- 
rus trees, it is difficult to separate the 
effects of each on water uptake. 

A device developed by Albrigo et 
al. (1) allows measurement of water 
flow through the segments of cores in 
which plug counts are actually made. 
The purpose of this paper was to ex- 
amine more critically the contribution 
of amorphous and filamentous plugs 
to the reduction in water flow in 
blighted citrus using this technique. 

MATERIALS AND METHODS 

To determine the effect of plug 
type and depth into trunk xylem on 
water flow, cores were collected from 
all of the trees listed in table 1. 

Wood samples for zinc analysis 
were collected, dried, and analyzed 
by atomic absorption spectroscopy as 
described by Wutscher et al. (14). 

The syringe injection method (8) 
was used to measure water uptake 
into the trunk. Horizontal core sam- 
ples, about 5 cm long, were taken 
from the scion trunk wood about 20 to 
30 cm above the budunion with a 5 
mm Haglof increment borer (For- 
estry Suppliers, Jackson, MS 39204) 
directly above the hole drilled for the 
syringe water injection test. Cores 
were fixed overnight in 3% glutaral- 
dehyde in 0.066 M Na-K phosphate 
buffer, pH 6.8. The glutaraldehyde 
solution was removed and the cores 
were stored in the phosphate buffer 
a t  4 C. 

Water flow through the cores was 
determined in four 1-cm segments 
measured from the cambium using a 
device described by Albrigo et al. (1). 
The apparatus consisted of metal tub- 

ing with an inside diameter of 7 mm 
with the ends of the tubes cut so that 
they could be clamped snugly around 
the curvature of the top and the bot- 
tom of the core. The 7 mm diameter 
opening was centered over the de- 
sired segment, the core oriented in 
the direction of normal water flow, 
and a vacuum of 625 k 35 mm Hg was 
applied. Water was drawn through 
the core for 30 sec and the average 
flow in mllsec calculated. 

After water flow determinations, 
transverse sections 30 to 40 pm thick 
were cut from the center one-third of 
each segment using an A 0  Spencer 
Model 860 sliding microtome. The 
number of filamentous and amorph- 
ous plugs in 200 vessels were counted 
in random microscope fields at 100X. 

Simple regression analyses were 
used to determine the effect of 
filamentous and amorphous plugs 
from all core segments on water flow, 
the effect of depth from the cambium 
to the center of the trunk of water 
flow, and the relationship between 
the number of amorphous and 
filamentous plugs. Subsequently, 
stepwise multiple linear regression 
analyses were used to determine the 
contribution each factor made to the 
reduction in water flow. 

RESULTS AND DISCUSSION 

In order to achieve a wide range 
of water flow, from 0 to 1.0 mllsec, 
cores from blighted, healthy, and low 
vigor trees were used as well as a few 
from trees affected by Phytophthora 
root rot and tristeza decline. Trees 
from Misiones, Argentina, which 
have been designated "low vigor" 
trees ( l l) ,  were particularly advan- 
tageous for this type of analysis since 
they had both plug types but usually 
had some water uptake (table 1). 
Thus, the majority of trees used in 
the study were of this type. If blight- 
ed trees alone were analyzed, water 
flow was near zero in all segments ex- 
cept the outermost; and it was impos- 
sible to distinguish the effects of 
amorphous and filamentous plugs on 



TABLE 1 
CHARACTERISTICS OF TREES SAMPLED TO DETERMINE THE RELATIONSHIP OF 

XYLEM PLUGGING AND WATER FLOW IN XYLEM CORE SAMPLES 

Avg. no. of 
plugs1200 vessels 

Water 
Tree Root- Year No. of uptake Zinc Amor- Fila- 

condition Scionz stockz sampled Location tree ( m V ~ e c ) ~  ( ~ g l g ) ~  phous mentous 

Healthy Val RL 1984 Auburndale, F L  6 0.68 1.7 0.3 1.8 
Val trif 1984 Montecarlo, Arg. 6 0.98 1.7 0.2 0.3 
Ham trif 1984 F t  Pierce, F L  6 0.81 4.8 1.5 4.6 
Val RL 1986 Barnum City, FL  10 0.70 0.4 1.3 

Blight Val RL 1984 Auburndale, F L  8 0.01 16.0 20.3 4.3 
Ham tri f 1984 Ft. Pierce, F L  6 0.00 9.4 21.9 10.8 
Val trif 1984 Eldorado, Arg. 6 0.00 4.1 20.2 11.2 

Low Val sweet 1984 Eldorado, Arg. 5 0.22 8.9 22.1 10.6 
vigorw Val cleo 1984 Eldorado, Arg. 6 0.07 - 11.9 15.0 

Val Rang 1984 Eldorado, Arg. 6 0.11 - 22.4 33.8 
Val RL 1984 Eldorado, Arg. 4 0.05 10.7 11.8 5.9 

Val sweet 1986 Eldorado, Arg. 6 0.40 - 28.8 23.3 
Val cleo 1986 Eldorado, Arg. 6 0.10 - 18.4 26.8 
Val Rang 1986 Eldorado, Arg. 6 0.07 - 17.4 36.6 
Val RL 1986 Eldorado, Arg. 6 0.11 - 16.1 8.0 

Root rotv Val sweet 1986 Highland City, FL  9 - - 0.6 3.0 

Tristeza Val sour 1986 Ft. Pierce, F L  6 0.61 - 1.3 1.8 
decline 2 

5 
3. 

"Val = Valencia sweet orange, RL = rough lemon, trif = trifoliate orange, Ham = Hamlin sweet orange, sweet = sweet orange, Cleo = cleopatra 3 
mandarin, Rang = Rangpur lime. Q 

W a t e r  uptake measured by the syringe injection test. d 

"Zinc content of trunk wood. 
"Trees with low vigor, but not declined, which have low water uptake. 3 
"Trees with root rot caused by Phytophthora sp. 2 g 



Blight and Related Declines 

water flow. However, some blighted 
trees were included in order to have 
sections with zero water flow. Heal- 
thy trees were used in order to have 
sections with high water flow with no 
plugging. The trees affected with 
Phytophthora root rot and tristeza 
decline had little plugging and, for 
purposes of this study, could be consi- 
dered with the healthy trees (table 1). 
Attempts to find trees with only 
filamentous or amorphous plugs in 
order to determine more directly the 
effect of each plug type on water flow 
were unsuccessful. 

In simple linear regression 
analyses of water flow, there was a 
significant negative correlation be- 
tween water flow and the numbers of 
amorphous, filamentous, or total 
plugs. As in previous studies (2, l l ) ,  
adding the two plug types together 
did not appreciably improve the cor- 
relation coefficient (table 2). Since the 
relationship of water flow and plug- 
ging appeared to fit a negative 
logarithmic function more closely 
than a linear function, regression 
analyses were carried out with the log 
of the number of plugs. This improved 
the correlation coefficients (table 2, 
fig. lA, B) but did not affect the com- 
parisons of the effects of the plug 
types. There was also a positive cor- 
relation between the number of 
amorphous and filamentous plugs 
which confounds interpretation of the 

TABLE 2 
SIMPLE CORRELATION COEFFICIENTS 
BETWEEN WATER FLOW, NUMBER OF 

AMORPHOUS AND FILAMENTOUS 
PLUGS, AND DEPTH INTO TRUNK OF 

XYLEM CORE SAMPLES 
- 

Factors r valuez 

Water flow vs. amorphous 
Water flow vs. filamentous 
Water flow vs. total plugs 
Water flow vs. log amorphous 
Water flow vs. log filamentous 
Water flow vs. log total plugs 
Amorphous vs. filamentous 
Water flow vs. depth (healthy) 
Water flow vs. depth (all) 

"All r values are significant at  P 5 0.01. 

effects of amorphous, filamentous, 
and total plugs on water flow. The 
depth of the sample, i.e., 1, 2, 3, or 4 
cm deep in the cores, also had a signif- 
icant effect on water flow when all 
trees were considered together (table 
2). Since there was a significant nega- 
tive correlation between water flow 
and depth in healthy trees (fig. 2), 
depth alone is a factor independent of 
the increase of plugging with depth. 

It would appear from this type of 
analysis that filamentous plugs might 
contribute substantially to reduced 
water flow. However, as observed 
previously, the correlation of water 
flow to total plugs is not really im- 
proved over those considering each 
plug type separately. 

The contribution of each factor to 
reduction in water flow was more 
clearly established by stepwise multi- 
ple linear regression of the log,, of the 
number of amorphous plugs, log,, of 
the number of filamentous plugs, and 
the depth in centimeters from the 
cambium that the sample was taken 
(table 3). Thus, amorphous plugs 
alone accounted for 26% of the vari- 
ability and depth for 12% of the vari- 
ability. Filamentous plugs made a sig- 
nificant contribution to reduction in 
water flow but accounted for only 2% 
of the variability. However, there is 
a low, positive correlation between 
the number of amorphous and fil- 
amentous plugs. Thus, if filamentous 
plugs are considered first in a step- 
wise analysis, they account for 19% of 
the variability and amorphous plugs 
account for only 9%. The analysis in 
table 3 may overestimate somewhat 
the contribution of the amorphous 
plugs in reducing water flow. 

Only 40% of the variability in 
water flow was accounted for by the 
factors included in this analysis. As 
indicated by previous workers (1, 9), 
vessel size and distribution probably 
have significant effects on water flow. 
Coating of vessel walls with plugging 
materials could also reduce water 
flow in the absence of countable 
plugs. 
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AMORPHOUS PLUGS (log,o) 

FILAMENTOUS PLUGS (log19 

Fig. 1. Relationship of the log of the number of amorphous plugs (A) and the log of the 
number of filamentous plugs (B) to the water flow through cores of xyleqtissue from blight-af- 
fected trees, low vigor, apparently healthy trees, Phytophthora and tristeza-affected trees, and 
from healthy citrus trees. 
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Fig. 2. Relationship of water flow to depth of the sample from the cambium in cores of xylem 
tissue from the trunks of healthy citrus trees. 

It has been apparent from previ- 
ous work (2,3,6,  11, 13) that amorph- 
ous plugs occur primarily, if not exc- 
lusively, in trees affected by blight 
and blight-like declines and that 
amorphous plugs substantially reduce 
water flow and water uptake. The 
contribution that filamentous plugs 
make to reduced water flow has not 
been clear. I t  appears from the cur- 
rent work that although filamentous 
plugs significantly affect water flow, 
their effect is probably less than that 
of amorphous plugs. 
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TABLE 3 
STEPWISE MULTIPLE LINEAR 
REGRESSION OF THE FACTORS 

AFFECTING WATER FLOW THROUGH 
XYLEM OF CITRUS TREES 

F Partial Model 
Factor value R2 R2 

Amorphous plugs 156.6" 0.26 0.26 
(log) 

Depth (cm) 89.1" 0.12 0.38 
Filamentous plugs 12.3" 0.02 0.40 

(log) 

Model: 
Water flow (mllsec) = 0.55 - 0.135 log 

amorphous plugs - 0.07 depth (cm) 
- 0.07 log filamentous plugs 

"Significant at P 5 0.01. 

analysis of the data is greatly ap- 
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