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ABSTRACT

Cao, T., Sayler, R. J., DeJong, T. M., Kirkpatrick, B. C., Bostock, R. M.,
and Shackel, K. A. 1999. Influence of stem diameter, water content, and
freezing-thawing on bacterial canker development in excised stems of
dormant stone fruit. Phytopathology 89:962-966.

tissue susceptibility to infection by P. syringae pv. syringae, as larger
diameter stems had larger lesions and lower water content than did smaller
diameter stems. After freezing at —5°C for 12 to 24 h, inoculations
made during the thawing process produced significantly larger lesions
than did inoculations performed before freezing or after thawing. These
results support the hypothesis that the increased susceptibility to bacterial
canker that is associated with noninjuriousefring is a result of the
increased passive spread of bacteria through water redistribution when
inoculation is performed during the thawing process. Plant tissue water
relationship characteristics that can influence water movement during
freezing and thawing may be an important ponment of bacterial canker

In excised dormant stems of peach (Prunus persica), prune (Prunus
domestica), and almond (Prunus dulcis), stem diameter, stem hydration,
and freezing-thawing influenced the extent of infection caused by Pseu-
domonas syringae pv. syringae. Bacterial lesion length increased with
increasing stem diameter, demonstrating the need to account for the
effects of stem diameter when lesion length data are analyzed. Lesion

length increased or decreased with stem hydration or dehydration, re-
spectively. However, tissue water content was not a good indicator of

development in stone fruit trees.

Bacterial canker (BC) in California is caused by Pseudomonas
syringae pv. syringae and results in serious losses to stone fruit
trees due to branch dieback and tree mortality. Research has shown
that many factors including soil texture, low soil pH, soil depth, tree
nutrition, tree age, nematode parasitism, rootstock selection, cultural
practices such as early fdl pruning, and environmental factors such
as freezing temperatures and rain can influence disease develop-
ment (3,4,9). Although plant moisture stetus is generally not re-
garded as a significant factor for canker development, peach trees
growing in light, sandy soils developed significantly more BC when
given an autumn irrigation compared with trees not receiving this
irrigation (3). Vigouroux and Bussi (15) reported that soil texture
could influence tree susceptibility by influencing the water con-
tent of stems during the winter. The winter water content of peach
stems was about 1.5% higher in peach trees grown on coarse-tex-
tured soils favorable to BC development compared with stems
from trees grown on fine-textured soils. The water content in the
stem tissue of some stone fruit trees has been reported to have a
marked effect on the potential for bacteria to spread during a frost
period and on the extent of the resulting cankers (14). Moreover, a
correlation between frost events and infection by P. syringae pv.
syringae has been reported (7,11,16). One hypothesis proposed to
explain the disease development suggests that multiplication of the
pathogen prior to freezing utilizes the sugars in the phloem tissue
and resultsin areduction in sugar levels. As a consequence of the
lowered sugar content, the infected phloem and cambium become
more sensitive to frost injury and, following frost injury, are more
susceptible to the pathogen (8). The ability of P. syringae pv. syrin-
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gaeto nucleate ice is aso believed to play an important rolein BC
disease of peach (8,17). Vigouroux (13,14) observed that noninju-
rious freezing caused water-soaking in peach stems and hypothe-
sized that this freezing-induced water-soaking was important in
promoting the ingress and spread of P. syringae pv. persicae in
fruit tree stems. The term water-soaking referred to the translucent
appearance of the tissue during thawing, indicating that an increase
in the apoplastic water content had occurred as a result of ice accu-
mulation in this zone during freezing. Water movement from the
symplast into the apoplast would be expected if ice nucleation oc-
curred in the apoplast and reduced the free energy of water in this
compartment relative to the symplast (1). Vigouroux (14) found
that both bacteria and marker dyes were passively spread when this
apopl astic water was reabsorbed by the cells after thawing and hy-
pothesized that this process, and not the increased apoplastic water
content per se, was responsible for the increased levels of P. syringae
pv. persicae infection under freezing-thawing conditions. Vigouroux
(14) aso hypothesized that a higher overall stem water con-
tent would lead to more apoplastic water movement during
freezing-thawing and that soil and other site-specific environ-
mental conditions may lead to differences in BC susceptibility
through their effect on stem water content. In this study, we tested
the hypothesis that stem water content and noninjurious freezing
affects the size of lesions caused by P. syringae pv. syringae
in peach, prune, and amond stems and evaluated the usefulness of
stem water content as an indicator of susceptibility to P. syringae
pv. syringae infection among these different species and some
of their cultivars.

MATERIALSAND METHODS

Plant materials, bacterial strain, inoculation, stem treatments,
and disease evaluation. All experiments were conducted on 1-year-
old excised dormant stems, approximately 30 cm long, of peach



(Prunus persica (L.) Batsch, cvs. Monaco, Angedlus, and Fantasia), The water content of stems was assessed by oven-drying at 80°C
prune (Prunus domestica L., cv. French), and amond (Prunusdulcis ~ for 72 h and measuring the change in weight due to water loss.
(Mill.) D.A. Wehb) trees growing in the field at the University of The percent water content was calculated as the change in weight
California, Davis. The bacteria strain used in al experimentswas ~ due to water loss divided by the initial fresh weight of the stem.
P. syringae pv. syringae strain B3A (2). Prior to inoculation, P. sy- For one experiment, the variation in water content of stems of dif-
ringae pv. syringae was grown in King’s medium B (6) for 2 days ferent diameter in ‘Angelus’, ‘Fantasia’, and ‘Monaco’ peach was
at 28°C with shaking at 180 rpm. Bacteria were harvested bseasured by harvesting 1-year-old shoot systems, some of which
centrifugation at 3,000 g for 7 min at 4°C. The bacterial pellet were very long (2 m), and dividing all shoots into 13- to 15-cm-long
was suspended in sterile distilled water, and the bacterial concesections. The diameter in the middle part of each section was mea-
tration was adjusted to approximately? TFU/ml as estimated by sured in addition to its fresh and dry weight.
measuring the optical density at 600 nm. Inoculation was accom- Data were analyzed for statistical significance using the general
plished by puncturing the bark of the stems to the cambium with lanear model (GLM) procedure (Statistical Analysis System; SAS
needle. Immediately following puncture, drops of bacterial susperinstitute, Cary, NC). In all cases, least-square (LS) means were used
sion were applied to the wound and one to three drops (about 1tmcompare treatments. When appropriate, a power transformation
3 ul) was absorbed within 5 s, depending on the stem type aiffl) was applied to the data before subjecting it to statistical anal-
cultivar. Three to six inoculations were performed on each stenysis. Following the recommendation of Fernandez (5), both the
and after inoculation, the stems were placed in plastic bags thpbwer-transformed means and their back-transformed equivalents
were then sealed and put in an incubator at 12°C for disease @ge presented.
velopment. The extent of canker development was evaluated by cut-Tissue hydration and freezing-thawing effects on water con-
ting the stem tangentially with a razor after 7 to 10 days of incubaent and lesion size in ‘Angelus’ peachror hydration and dehy-
tion and measuring the length and width of the lesion with a calipedration treatments, the stems were harvested on 3 March 1998,
The stem diameter at each inoculation point on each stem was alsih fresh stems harvested the following day. A total of 93 stems
measured. with diameters of 6 to 25 mm were used for inoculations, and an
Three levels of tissue hydration with and without exposure tadditional 9 to 12 stems representative of this range of diameters
freezing-thawing were used to influence the extent of infection byere used for water content determination as described above for
P. syringae pv. syringae. The three levels of stem hydration were each treatment. Immediately after the hydration and dehydration
obtained by allowing the stems to air-dry for 8 to 10 h at roontreatments, about half of the stems were inoculated with P. syrin-
temperature (21 to 23°C, dehydration treatment), soaking the stergae pv. syringae at room temperature (21 to 23°C), and the re-
in distilled water for 8 to 10 h at 5 to 8°C (hydration treatment), omainder were placed at —5°C for 12 h and then inoculated during
harvesting additional stems from the field (fresh treatment) aftathe thawing process with the same bacterial suspension. The bac-
the 8- to 10-h period used for hydration or dehydration was conterial suspension was kept at 2°C during the 12 h of tissue freez-
plete. For the freezing-thawing treatment, stems were exposed torgy; later experiments showed no evidence that the concentration
freezing environment of —5°C for 12 to 24 h before inoculationor virulence of the bacterial suspension changed over this period
For the nonfrozen treatment, a parallel set of stems was inoculatefitime (data not shown). Visually, the frozen stems required about
directly after hydration, dehydration, or collection from the field,5 to 6 min to completely thaw. Small groups of stems were removed
respectively. from the -5°C freezer and were inoculated between 1 and 2 min
after removal. The stem diameter at each inoculation point and the
lesion length and width were measured after 7 days of incubation

at 12°C.
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Fig. 1. The relationship between lesion length and stem diameter for selected 06 08 10 12 14 16 18 20
hydration and temperature treatments in ‘Angelus’ peach stems. For clarity, each Log (treatment mean) (LTM)
point is the mean lesion length and stem diameter for a single stem, each stem
having three to six replicate inoculations. Also shown are the linear regressiof$y. 2. The relationship between the means and standard deviations of lesion
between lesion length (L) and stem diameter (D) for the following treatmentdengths for all treatments, species, and cultivars used in this study. Each point
hydrated/thawing, L = 25.99 + 4.46 x B = 0.71; dehydrated/thawing, L = represents the log of the treatment mean (LTM) and the log of the corre-
—-5.81 + 1.60 x DR? = 0.77; hydrated/no thawing, L = 6.82 + 0.94 xR = sponding treatment standard deviation (LSDTM), with the linear regression
0.64; and dehydrated/no freezing, L = -3.37 + 1.01 R?3; 0.87. also shown (LSDTM = -0.16 + 0.86 x LTN\&? = 0.83).
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Effect of inoculation at different stages of the freezing- formal statistical analysis. By pooling the data obtained from all
thawing treatment in almond. Stems of amond having a narrow cultivars and treatments, it was clear that the variability in lesion
range of diameters (5 to 7 mm) and having been in cold storage length increased as mean lesion length increased (Fig. 2), and fol-
(4°C) were obtained from the Foundation Plant Materials Servicewing Fernandez (5), the slope of the regression for the log of the
at the University of California, Davis. Ten stems each were inocureatment standard deviation with the log of the treatment mean
lated before freezing, after thawing, or during the thawing processvas used to determine the appropriate transformation power. For
Three groups of six additional stems, representative of those usalll cultivars, this pooled estimate represented an exponent of 0.14,
in the inoculation treatments, were used for water content detewhich was used to transform all lesion length data.
mination as described above. The stem diameter at each inoculation
point and the lesion length and width were measured after 7 days

of incubation at 12°C. 54

Freezing-thawing inoculations and symptom development in ® Hydrated
peach and prune cultivars. Stems of ‘Angelus’, ‘Monaco’, and ° B Fresh
‘Fantasia’ peach, and ‘French’ prune were harvested on 25 Feb- 5 | A Dehydrated

ruary 1998 using the same protocol for hydration, dehydration, and
preparation of fresh samples as described above for ‘Angelus’
peach. Four to fourteen stems for each of the treatments were user 5 |

for inoculation in peach, and 18 to 28 stems were used for inocu- &
lation in prune. Three additional stems for each treatment were +
used for fresh and dry weight determination. All stems were ex- £ 48
posed to —5°C for 24 h and were inoculated during thawing. Stem §
diameter and bacterial lesion length and width at each inoculation £
point were measured after incubation at 12°C for 10 days. = 46
RESULTS
44

An analysis of the lesion length data for ‘Angelus’ peach indi-
cated that, for each treatment, there was a clear increase in lesiot
length as stem diameter increased (Fig. 1). This analysis also showet 1 : . : : — :
that lesion length was greater for hydrated than for dehydrated 4 8 8 10 12 14 16 18 20 22
samples and that lesion length was greater when the inoculation
was performed during thawing than when it was performed with- Stem diameter (mm)

out freezing-thawing (Fig. 1). In all cases, the lesion length for thEig. 3. Water content in ‘Angelus’ peach stems of different diameters har-

fresh pretreatment (data not shown) was close to that of the dehyssteq directly from the field (fresh) oxmosed to air (dehydrated) or water

drated pretreatment, but it was between the corresponding hydi@ydrated) for 8 to 10 h. Points shown are meafisstandard erron(= 3) for
tion and dehydration pretreatments. The variation in lesion lengtéach stem diameter class (error bars smaller than the symbol are hidden), with
was not uniform across treatments, however, suggesting that a powrt]zo “niaf regression IbetV_Veen mva(;er C%nts\?tc(wg% asqd Stg%dggetgf ég) drawn
H H i ugn all inaiviaual pOII’]tS. Yy rated, = . = 0. = 0.09;
transformation may be necessary before subjecting the data tc#resh, WC = 51.18 — 0.20 x ¥ = 0.76; and dehydrated, WC = 48.18 —
0.20 x D,R? = 0.30.

TABLE 1. Analysis of variance and covariance for power-transformed lesion

length in ‘Angelus’ peach sterhs 65

Source Degrees of freedom Mean square ® Angelus peach
Stem diametér 1 2.0397 60 n B Fantasia peach
Error A 362 0.002 ] 4 Monaco peach
Thawing (T) 1 2.983

Hydration (H) 2 2.702

TxH 2 0.718 55

Stem within T x H (error B) 87 0.007

* Testing for the effects of stem diameter, inoculation during freezing-thawing
treatments, level of stem hydration, and the interaction between thawing
and stem hydration.

Y Type | sum of square for stem diameter as a covariate.

2 F ratio significant aP < 0.001.

50 -

45 |

Stem water content (%)

TABLE 2. Effect of tissue hydration and various freezing-thawing inoculation

treatments on lesion length in ‘Angelus’ peach stems 40 ®
No. of lesions Lesion
Treatment measured LS medn  lengttf (mm)
Hydrated/thawing 62 1.86a 82.6& 3.61 35 T T T T T
Fresh/thawing 62 1.62b 31.441.56 0 5 10 15 20 25 30
Hydrated/no freezing 101 151c 1912D.80 Stem diameter (mm)
Fresh/no freezing 75 149¢c 17.18.82
Bg%g:gggﬁ:gggmg 7829 114357de l‘;i‘g;g Fig. 4. Variation in the water content (WC) of freshly harvested 1-year-old
’ ’ dormant stems of different diameters (D) for three varieties of peach. Each
Y LS mean: least-square mean (power-transformed). Means followed by tipoint represents an individual stem, with a polynomial regression fitted to all
same letter are not differentRi 0.05 according to pairwideests. points (WC = 77.69 — 7.88 x D + 7.32E~1 ¥-D2.91E-2 x B+ 4.10E-4 x
Z Back-transformed LS meanestimate of 1 standard error. D4 R?=0.71).
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For ‘Angelus’ peach, the formal statistical analysis of the transgressively greater effect of freezing-thawing as the level of hydra-
formed lesion length data showed that stem diameter was a highign increased (Table 2).
significant covariate (Table 1). The appropriate error for this term Stem water content was increased by hydration and decreased
was based on individual measurements, because stem diameter Wwasdehydration, but stem water content was also related to stem
measured separately at each inoculation point. None of the intattameter, with larger diameter stems having lower water contents
action terms between stem diameter and the other sources of vatiaan did smaller diameter stems. In ‘Angelus’ peach, the decrease
tion were significant (data not shown), indicating that the effect ofn water content between hydrated and dehydrated treatments was
stem diameter was consistent for all treatment combinations (thes@milar in magnitude to the decrease in water content from the
was no heterogeneity of slope), with lesion length increasing asmallest to the largest diameter stems (Fig. 3). Freshly harvested
stem diameter increased (Fig. 1). Equivalent results were also oktems of all peach cultivars studied also showed a nonlinear but
tained when using lesion area (length x width). The main effectsverall negative relationship of stem water content to stem di-
of the hydration and freezing-thawing treatments on lesion lengiimeter, with water contents ranging between 60 and 45% for stems
were also highly significant, as was their interaction (Table 1). Sincef 4 to 25 mm in diameter, respectively (Fig. 4).
individual inoculations on a single stem represented subsamples,In almond stems having a narrow range of diameters (5 to 7 mm),
the appropriate error for testing these effects was the variability dhere was no significant diameter effect on lesion length (data not
stems within each treatment combination. Treatment effects weshown), but there was a highly significant effect of inoculation
compared by using LS means of lesion length, which were adiming, with the largest lesion length produced when the stems were
justed for the effects of stem diameter. Also, to interpret the signifinoculated during thawing compared with inoculation befoeeZr
cant hydration x freezing-thawing interaction (Table 1), LS meangg or after thawing (Table 3).
for the individual treatment combinations were compared. For these For all cultivars, the formal statistical analysis of transformed
means, the combination of hydration with freezing-thawing prolesion length data indicated that stem diameter, tissue hydration,
duced the largest lesions, whereas dehydration of nonfrozen samptestivar, and hydration x cultivar effects were all highly significant
produced the smallest (Table 2). For any given hydration treatmerffable 4). As for the data presented in Table 1, the stem diameter
lesions were larger for frozen-thawed stems than for nonfrozeeffect was consistent (there was no heterogeneity of slope) across
stems, and for any given temperature treatment, lesions were largaBtcultivars and treatments, with lesion length increasing as stem
for hydrated, intermediate for fresh, and least for dehydrated sterdgameter increased (data not shown). Also, similar to the data pre-
(Table 2). Separation of these LS means was based on pdirwiseented in Table 2, the significant interaction between hydration
tests, using the stem within treatment combination error term (Tablnd cultivar was due to a larger effect of hydration on lesion length
1), but identical separation patterns were also obtained using non-some cultivars than in others (data not shown). Across all culti-
mal means and Duncan’s test (data not shown). Also, to aid wars, lesion length significantly increased with increasing hydration
interpreting the magnitude of these effects, the reverse-transformgthble 5). For these cultivars, ‘Fantasia’ peach generally exhibited
LS means and an estimate of their standard errors are also ptiee largest lesion length and ‘Monaco’ peach the least (Table 6).
sented (Table 2). These standard errors were obtained by rever&wen though tissue hydration had a clear impact on lesion length
transforming each LS mean plus or minus its standard error ard all cases studied (Tables 2 and 5), there was no relationship be-
dividing the difference between these two values by 2. The intetween the water content of tissue and the extent of lesion develop-
action between hydration and freezing-thawing treatments was sigient between species or cultivars, with ‘Fantasia’ and ‘Monaco’
nificant (Table 1), because the magnitude of the freezing-thawingeach exhibiting the most contrasting lesion lengths but similar
effect was different for different levels of hydration, with a pro-water contents (Table 6). In all cases, equivalent results were ob-

TABLE 3. Effect of different freezing-thawing inoculation treatments on lesion TABLE 5. Effect of hydration treatments acrossRalinus species and cultivars
length development in excised almond stems (Angelus, Fantasia, and Monaco peach, and French prune) on lesion length
for stems inoculated during thawing

No. of LS mean Lesion Stem water
Time of lesions of lesion lengthY content? No. of lesions Lesion Stem water
inoculation measured length* (mm) (%) Treatment measured LS me&n lengtly (mm)  content (%)
During thawing 40 145a 1415+143 4551+0.71 Hydrated 242 1.66 a 37.882.53 52.71+ 0.94
After thawing 40 129b 6.21+0.70 4532+0.21 Fresh 231 156 b 24.191.69 49.54+ 1.04
Before freezing 40 125b 482+057 4528+0.47 Dehydrated 186 147c 15.521.24 46.85t+ 0.78
* LS mean: least-square mean (power-transformed). Means followed by the * LS mean: least-square mean (power-transformed). Means followed by the
same letter are not different at P < 0.05 according to pairwise t tests. same letter are not differentRi 0.05 according to pairwigddests.
¥ Back-transformed LS mean + estimate of 1 standard error. ¥ Back-transformed LS meanestimate of 1 standard error.
ZMean + 1 standard error (n = 6). Stem water content was determined as ZMeant 1 standard errom(= 12). Stem water content was determined as
percent change in weight after oven-drying at 80°C for 72 h. percent change in weight after oven-drying at 80°C for 72 h.

TABLE 4. Analysis of variance and covariance for power-transformed lesiofiTABLE 6. Effect of species and cultivar across all levels of hydration (hydrated,
length in ‘Angelus’, ‘Fantasia’, and ‘Monaco’ peach, and ‘French’ prunefresh, and dehydrated) on lesion length and water content of stems inoculated

inoculated during thawirig during thawing
Source Degrees of freedom Mean square No. of lesions LS Lesion Stem water
i 0,

Stem diameter 1 25607 Cultivar measured meart lengtl (mm)  content (%)
Error A 507 0.006 Fantasia peach 144 1.62a 3144.94 51.01+ 0.89
Cultivar (C) 3 0.200 Angelus peach 82 156ab 2441.20 50.40t 1.47
Hydration (H) 2 1.324 Monaco peach 100 151b 19.28.19 51.21+ 1.41
CxH 6 0.19% French prune 333 156b 24.12.07 46.19 0.74
Stem within C x H (error B) 128 0.024 * LS mean: least-square mean (power-transformed). Means followed by the
* Testing for the effects of stem diameter, cultivar, level of stem hydration, same letter are not differentRt 0.05 according to pairwigdests.

and the interaction between cultivar and stem hydration treatments. ¥ Back-transformed LS meanestimate of 1 standard error.
Y Type | sum of square for stem diameter as a covariate. ZMeant 1 standard errom(= 9). Stem water content was determined as
2 F ratio significant aP < 0.001. percent change in weight after oven-drying at 80°C for 72 h.
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tained using lesion length alone or lesion area (length x widthlecommend that statistical analyses of such lesion length data should
(data not shown). probably be based on a power transformation (Fig. 2), with stem
diameter as covariate (Table 1).
DISCUSSION Our results are consistent with the hypothesis of Vigouroux
(14), that BC development involves the interactive effects of bac-
The availability of water in the intercellular spaces of plant tisterial presence, tissue freezing, and tissue hydration levels. We
sue is thought to play an important role in BC development (18¥urther suggest that tissue water content may not be an adequate
Field experiments have shown that trees irrigated late in the fatheasure of the degree to which symplast/apoplast water movement
were more susceptible to BC causedfbgyringae pv. syringae  will occur during freezing and thawing and that additional research
than were trees not experiencing a late-fall irrigation (4). Togethento this aspect of disease development is warranted.
with freezing-thawing, slight differences in stem water content

have been associated with large differences (often as much as ACKNOWLEDGMENTS
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