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Processing tomatoes (Lycopersicon esculentum Mill.) grown in field plots with soil infested with or free of

Phytophthora parasitic Dastur. were furrow-irrigated for 4 to 8 hours every 14 days (norma irrigation), for 4 to 8
hours every 28 days (less frequent irrigation), or for 4 to 8 and 24 hours on alternate irrigations every 14 days
(prolonged irrigation). Disease developed more rapidly and symptom severity was greater in inoculated plants that
received prolonged irrigation, whereas disease onset was delayed in inoculated plants that were irrigated less fre-
guently. Water extraction by tomato roots from well-irrigated and noninfested soil was usually greatest at shalow
depths and decreased with depth. When disease was increasing and soil moisture was high, diseased plants extracted
less total water from all depths and significantly less water at shallow depths. Plants in the drier soil profiles extracted
the greatest amounts of water at depths below 90 cm, and diseased plants irrigated less frequently showed reductions
in water extraction at shalow depths later in the season. Tomato root systems appeared to compensate for moderate
levels of root disease at shalow depths by extracting more water from deeper in the profile.

Phytophthora parasitic commonly causes a root rot of
processing tomatoes in California (Satour and Butler, 1967).
Phytophthora root rot of tomato can become severe under sat-
urated soil conditions associated with irrigation, as has been
demonstrated for other phytophthora diseases (Duniway, 1983).
Field experiments described previously (Ristaino et al., 1988)
showed that variations in frequency and duration of furrow ir-
rigation had large effects on the rate at which phytophthora root
rot developed and caused yield loss in processing tomatoes.
Prolonged irrigation accelerated disease development, while less
frequent irrigations delayed disease onset and minimized yield
loss. The time course of disease development also had major
effects on plant phenology and above-ground dry matter accu-
mulation (Ristaino et al., 1989).

Root rots caused by Phytophthora spp. induce severe water
stress in infected host plants (Dawson and Weste, 1984; Dun-
iway, 1977; Kittle and Gray, 1980; Sterne et al., 1978; Whiley
et al., 1986). For example, severe root rot depressed leaf water
potential, the accumulation of dry matter, and subsequent fruit
yield in processing tomato (Ristaino et al., 1988, 1989). Phy-
tophthora root rots may affect plant water status by either re-
ducing root density in the soil or, more directly, by increasing
resistance to water uptake within the plant (Dawson and Weste,
1984; Duniway, 1977; Kittle and Gray, 1980). However, root
distribution in soil may also be affected by disease. Safflower
plants grown in partitioned columns of soil compensated for
disease in a compartment infested with P. cryptogea by growing
additiona roots in an adjacent noninfested compartment of soil
where greater water uptake occurred (Liddell and Duniway, 1987).

Root growth is recognized as an important factor in the rate
a which soilborne pathogens incite disease (Huisman, 1982).
However, little is known about the effects of soilborne patho-
gens on root length density and distribution in soil (Kotcon et
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a., 1984). While it is difficult to adequately measure root length
and distribution in field soils, the neutron probe offers a quick,
nondestructive method to determine water extraction patternsin
soil (Greaten, 1981). The amount of water extracted from a
given layer of soil depends largely on the root length density
and soil water content in that layer (Brown and Scott, 1984;
Reicosky et a., 1972; Taylor and Klepper, 1974). Therefore,
soil water extraction patterns measured with a neutron probe
can be used as indicators of rooting depth and distribution under
field conditions (Taylor and Klepper, 1973).

Although root rots are known to induce water stress in their
hosts, no studies have measured effects of disease on the rates
a which plants extract water from soils in the field. The objec-
tive of this research was to study the influence of phytophthora
root rot on water extraction by tomato roots at various soil
depths in the field. Differential irrigation regimes were imposed
that caused disease to increase at various rates; the effects of
subsequent disease on water extraction were determined with a
neutron probe. A preliminary report of this work has been pub-
lished (Beagle-Ristaino and Duniway, 1987).

Materials and M ethods

The measurements reported here were made in the Dept. of
Plant Pathology’s field, Univ. of California, Davis, in 1986 as
part of an experiment described previously (Ristaino et a., 1988,
1989). ‘Ferry Morse 6203 tomato was planted on single-row
beds. One-half of the plots were infested with inoculum of P.
parasitic when plants were 6 weeks old, as described by Ris-
taino et a. (1989). Furrows were irrigated uniformly for 4 h, 1
to 2 days after soil infestation. Subsequent irrigations, begun 2
weeks later, were applied differentially among treatments ar-
ranged in a split-plot design with inoculum vs. no inoculum as
the main plots and three furrow irrigation regimes as subplots.
In one treatment, irrigations were applied to the furrows for 4
to 8 h every 14 days (normal irrigation). In a second treatment,
irrigations were done on the same days, but alternate irrigations
were extended to maintain water in the furrows for 24 h to
saturate the beds (prolonged irrigation). In the third treatment,
aternate irrigations were withheld and water was applied to
furrows for 4 to 8 h every 28 days (less frequent irrigation).
Each treatment was replicated four times, and beds within ex-

603



perimental units were 13.7 m long and contained an average of
65 plants. The incidence and severity of disease symptoms on
tomato shoots were assessed visually every 2 weeks through the
growing season, as described previously, and plants in nonin-
oculated plots remained disease-free (Ristaino et al., 1988).

Volumetric soil water content was measured in each experi-
mental unit using a neutron probe (Hydroprobe Model No. 503,
Campbell Nuclear Pacific, Pacheco, Calif.). Aluminum access
tubes were cut into 183-cm lengths and installed vertically in
the soil in the center of each bed by use of a hydraulic soil
sampler. Neutron probe measurements were begun 62 days after
planting (DAP) and taken weekly at 30-cm increments to a depth
of 150 cm.

The neutron probe was calibrated in the field at the end of
the season. Irrigations in the plots used for calibration were
either applied at several times during the season or were with-
held to allow soil around three access tubes to dry to a range
of moisture contents. Count ratios used for calibration were
determined at 30-cm increments to 150 cm and included the
entire range of count ratios measured during the growing season.
Undisturbed soil cores and bulk samples were excavated from
around the access tubes, and bulk density and gravimetric water
contents were used to calculate volumetric water content (cm’
water/cm’soil) (Graecen, 1981; Hillel, 1980). A highly signif-
icant and linear relationship (y = 0.25x — 0.053, r = 0.99)
was found between count ratios (x) and volumetric water content
of soil (y).

Rates of water extraction from soil were calculated for four
[-week periods during the growing season. To minimize effects
of drainage and unsaturated water flow in soil, each measure-
ment period was initiated at least 6 days after irrigation and
terminated the day before the next irrigation (Fig. 1). Changes
in soil water content during the periods of measurement were
assumed to be due largely to water extraction from soil by roots,
and the results are expressed as the change in volumetric water
content of soil per week. Total extraction for a given period
was estimated by assuming that each measured change in water
content represented that for a 30-cm increment in depth. The
water extraction data were subjected to analysis of variance
using SAS statistical packages, and treatment sums of sguares
were partitioned using orthogonal contrasts. Least significant
differences were also calculated to separate subplot means across
main plots.

Soil at the field site was mapped as a Yolo loam over fine
sand or fine sandy loam. A more detailed sampling and standard
textural analysis (Hillel, 1980) showed that soil texture in the
field was heterogeneous. Soils in the top 30 cm were either
loams or clay loams and had clay contents ranging from 22%
to 30%. Soils at 60- and 120-cm depths had higher sand contents
and were loams and sandy loams, while soils at 90-cm depths
were loams and silt loams. Soil bulk densities ranged from 1.31
to 1.5 g-cm®.

Results

The first differentia irrigations, applied 63 DAP, wetted the
soil profile to various depths. Measurements of soil water con-
tent 1 day before (62 DAP) and 6 days after (69 DAP) irrigation
showed that the prolonged (24 h) irrigation increased soil water
content to depths of at least 150 cm (Fig. 2A), while the normal
4- to 8-h irrigation increased soil water content to a depth of
only 60 cm (Fig. 2B). The less frequently irrigated plots were
not irrigated at 63 DAP, and soil water content was depleted
between 62 and 69 DAP at all depths (Fig. 2C). The soil water
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Fig. 1. Severity of phytophthora root rot plotted as a function of time
after planting for processing tomatoes (redrawn from Fig. ID, Ris-
taino et al., 1988). Severity of symptoms on shoots was rated on a
relative scale of O to 4. Treatments were 4- to 8-h irrigations every
14 (triangles) or 28 days (circles), or aternating 4- to 8-h and 24-h
irrigations every 14 days (squares). Heavy arrows beneath the graph
indicate times of 24-h irrigation and light arrows indicate the times
of 4- to 8-h irrigations. The four periods used for measuring water
extraction from soil are shown below the time axis: period 1 = 69-
76 DAP; period 2 = 83-90 DAP; period 3 = 97-104 DAP; and
period 4 = 111-118 DAP.
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Fig. 2. Water contents measured at five depthsin the sail profile 62
(open symbols) and 69 (closed symbols) DAP of tomatoes. Data are
shown for representative phytophthora-infested plots that were irri-
gated for 24 (A), or 4to 8 h (B), or that were not irrigated (C) 63
DAP. Standard deviations of the means ranged from 0.009 to 0.05,
0.006 to 0.04, and 0.02 to 0.07 for A, B, and C, respectively.

contents measured 69 DAP illustrate the conditions under which
first measurements of water extraction by roots were initiated.

Disease had large effects on water extraction by roots from
soil. Disease symptoms developed rapidly on shoots between
62 and 76 DAP in inoculated plants irrigated 63 DAP, as re-
ported by Ristaino et a. (1988), while noninoculated plants
showed no above-ground symptoms of disease. During the first
measurement period when disease symptoms were increasing in
plots given the prolonged or normal irrigation (Fig. 1), total
water extraction was significantly reduced (Fig. 3). Further-
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Fig. 3. Total water extraction from the soil profile measured during
four I-week periods in plots of processing tomatoes either nonin-
oculated (open bars) or inoculated (closed bars) with Phytophthora
parasitic: A, prolonged 24-h irrigation; B, normal 4- to 8-h irri-
gation; and C, less frequent irrigation. LSD,, = 1.03, 1.12, 0.88,
and 1.17 for comparisons of means during periods 1, 2, 3, and 4,
respectively.
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Fig. 4. Water extraction measured at various depths in soil between
69 and 76 DAP in plots of processing tomatoes either noninoculated
(open symbols) or inoculated (closed symbols ) with Phyt aPhthxa
parasitica (A) prolonged 24-h |rr|gat|on (squares), (B) normal 4- to
8-h irrigation (triangles), and (C) less frequent irrigation (circles).
For comparison of means between moculai and noninoculated pl ots
LSD,.=1.79, 1.76, 1.42, 1.51, and 1.38 at depths of 30 to 150
cm, respectlvely

more, during the first extraction period, 69-76 DAP (Fig. 1),
extraction by noninoculated plants that wereirrigated at 63 DAP
was greatest at 30-cm depths and decreased with depth (Fig. 4
A and B). Plants severely affected by P. parasitic following
a prolonged irrigation extracted significantly less water at 30-,
60-, and 90-cm depths than noninoculated plants (Fig. 4A),
even though inoculated and noninoculated plots had similar soil
water contents at the beginning of the extraction period.
During this same period, inoculated plants given the normal
irrigation showed a more gradua increase in disease severity
than plants given prolonged irrigation (Fig. 1) and also extracted
less water than noninoculated control plants at al depths ex-
amined, although water extraction was significantly reduced by
disease only at 60 and 90 cm (Fig. 4B). In comparison to the
other irrigation treatments, healthy plants irrigated less fre-
guently extracted significantly less total water from all depths
during period 1 (Fig. 3), but both inoculated and noninoculated
plants extracted significantly more water from greater depths in
the profile (Fig. 4C). Rates of water extraction were similar for
inoculated and noninoculated plantsirrigated less frequently during
period 1 (Fig. 3), and inoculated plants did not exhibit above-
ground symptoms of disease until after an irrigation was applied
77 DAP (Fig. 1). In al the irrigation treatments, water extrac-
tion during period 1 at 60-, 90-, and 120-cm depths was neg-

J. Amer. Soc. Hort. Sci. 116(4):603-608. 1991.

Water Extraction (cm® water /100 cm? soil / week) in Feriod 2

0 2 4 0 2 4 0 2 4
. 4 4 4 , 2 . 4
30 4 » - 1
A B C

90 4

Depth (cm)

120

150 1 1

Fig. 5. Water extraction measured at various depths in soil between
83 and 90 DAP in plots of processing tomatoes either noninoculated
(open symbols) or inoculated (closed symbols) with Phytophthora
parasitica: (A) prolonged 24-h irrigation (squares), (B) normal 4- to.
8-hirrigation (triangles), and (C) less frequent irrigation (circles).
For comparison of means between inoculated and noninoculated plots,
LSD,,=1.28, 1.76, 2.21, 1.46, and 1.75 at depths of 30 to 150
cm, respectively.

atively correlated with severity of above-ground symptoms of
disease (r = — 0.45, — 0.64, and — 0.48 for the three depths,
respectively).

During the second extraction period, 83 to 90 DAP (Fig. 1),
patterns of water extraction in the profile irrigated less fre-
guently shifted in response to the irrigation applied 77 DAP,
which increased the initial water content at 30 cm to 0.32 (v/
v). Plants irrigated less frequently subsequently extracted the
most water at the 30-cm depth, and extraction decreased with
depth (Fig. 5C). During this same period, when disease severity
was near its maximum in inoculated plants given the prolonged
or normal irrigations (Fig. 1), water extraction by inoculated
plants from individual depth increments was not significantly
reduced relative to noninoculated plants (Fig. 5 A and B). Dis-
ease reduced total extraction from the profile in al irrigation
treatments (Fig. 3); however, the reduction was significant only
with prolonged irrigation.

During the third extraction period, 97 to 104 DAP (Fig. 1),
patterns of water extraction by noninoculated plants given pro-
longed or normal irrigations were similar to those observed dur-
ing the first interva, i.e., extraction decreased with depth (Fig.
6 A and B). Inoculated plants extracted significantly less water
than noninoculated plants at the 30-cm depth in both the pro-
longed (Fig. 6A) and norma (Fig. 6B) irrigation treatments,
but they extracted significantly more water at 120- and 150-cm
depths in the prolonged irrigation treatment (Fig. 6A). With
normal irrigation, while extraction by inoculated plants also ex-
ceeded that by noninoculated plants at depths of 60 to 120 cm,
differences at depths of 60 cm or deeper were not significant
(Fig. 6B). Furthermore, in treatments irrigated between periods
2 and 3, disease did not significantly decrease total extraction
during period 3 (Fig. 3). Since less frequently irrigated plots
were not irrigated for 20 days before the third extraction period
(Fig. 1), the upper profile was relatively dry (0.24 viv water
content), and extraction rates by both inoculated and noninoc-
ulated plants were low at the 30-cm depth (Fig. 6C). Extraction
a depths >60 cm by inoculated plants irrigated less frequently
was decreased, but the difference at specific depths was signif-
icant at only 150 cm (Fig. 6C). Total water extraction by in-
oculated plants irrigated less frequently was less than that by
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Fig. 6. Water extraction measured at various depthsin soil between

97 and 104 DAP in plots of processing tomatoes either noninocul ated

(open symbols) or inoculated (closed symbols) with Phytophthora
parasitica: (A) prolonged 24-h irrigation (squares), (B) normal 4-to
8-hirrigation (triangles), and (C) less frequent irrigation (circles).
For comparison of means between inoculated and noninoculated plots,
LsD,= 1.59, 1.40, 1.32, 1.25, and 0.82 at depths of 30 to 150
cm, respectively.
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Fig. 7. Water extraction measured at various depths in soil between
111 and 118 DAP in plots of processing tomatoes either noninocu-
lated (open symboals) or inoculated (closed symbols) with Phytoph-
thora parasitica: (A) prolonged 24-h irrigation (squares), (B) normal
4- to 8-h irrigation (triangles), and (C) less frequent irrigation (cir-
cles). For comparison of means between inoculated and noninocu-
lated plots, Lsp,,, =2.42, 1.3, 1.27, 1.05, and 3.14 at depths of
30 to 150 cm, respectively.

noninoculated plants, although the difference was not significant
(Fig. 3).

All irrigation treatments were applied 105 DAP, and during
the fourth extraction period, 111-118 DAP (Fig. 1), extraction
by al plants was greatest at the 30- and 60-cm depths and there
was little extraction below 90 cm (Fig. 7). Disease severity was
still increasing in inoculated plants irrigated less frequently (Fig.
1), and root rot significantly reduced extraction at the 30-cm
depth (Fig. 7C). Total water extraction in this treatment was
also reduced (Fig. 3), athough the difference between inocu-
lated and noninoculated plants was not significant. Despite the
advanced stage of disease development, differences in extrac-
tion between inoculated and noninoculated plants were not sig-
nificant at any depth in the other irrigation treatments (Figs. 3
and 7 A and B).
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Discussion

Healthy tomato plants in recently irrigated soil preferentially
extracted-water from the upper 90 cm of the profile. This pattern
of decreased water extraction with depth in relatively moist pro-
files, as well as the rates of total extraction reported here for
healthy plants, are within the range of results reported previ-
ously for tomatoes grown under very similar field conditions
(Kamgar Haghighi, 1980). Since water extraction from a well-
irrigated profile is usualy related directly to rooting density
(Taylor and Klepper, 1973, 1978), it can be assumed that root
densities were higher at shallow depths above 90 cm than at
greater depths with norma and prolonged irrigation. Tomato
roots can extend to a depth of 200 cm in soil, but the highest
concentrations of roots are usually at depths above 45 cm (De
Jong and Otinkorang, 1969; Hernandez-Suarez, 1988; Rudich
and Luchinsky, 1986; Spencer, 1951; Widders and Lorenz, 1979).
Others have demonstrated that tomato root growth is responsive
to changes in soil water regime, with greatest root lengths lo-
cated at shallow depths in wet treatments or concentrated in wet
areas around drip emitters (Bar Yosef et al., 1980; Salter, 1954).
Phytophthora root rot decreased total water extraction from the
soil profile during periods when the severity of symptoms in-
creased (Figs. 1 and 3). Root rot tended to reduce water ex-
traction at shallow depths whenever moisture was available at
those depths and disease symptoms were progressing. Since
inoculum was placed at depths above 30 cm in the profile, the
probability of root-pathogen contact was great in well-irrigated
plots and disease increased. Soil matric potentials in these plots
were conducive for zoospore release and infection after irriga-
tion in this and previous studies (Ristaino et a., 1988). In ad-
dition, higher densities of roots in the top of the moist profiles
may have increased the probability of root—pathogen contacts.

Inoculated plants in plots irrigated less frequently did not
exhibit reduced water extraction when above-ground symptoms
of disease were not apparent (Figs. 1 and 3). These plants ex-
tracted the most water at depths >90 cm during period 1 (Fig.
4C). Shifts in water extraction and rooting to greater depths in
soil during drying cycles have been observed in cotton and to-
mato (Klepper et a., 1973; Salter, 1954). As soil water content
is reduced under drying conditions, the mechanical impedence
of soil increases and, subsequently, root growth is reduced
(Hamblin, 1985). Evidently, a decrease in soil water content at
shallow depths during a 21-day drying cycle in the less fre-
quently irrigated plots encouraged greater growth and water ex-
traction by tomato roots deep in the profile during period 1.

Later in the season, after symptom severity stopped increas-
ing, diseased plants given prolonged or normal irrigations began
to compensate for reductions in water extraction at shallow depths
by extracting more water at depths >60 or 90 cm (Fig. 6 A and
B). An increase in water extraction by diseased plants at greater
depths may have been due to increased root growth and/or in-
creased water uptake per unit length of root. Tomato plants
grown in soil compartments containing differentially salinized
soil compensate for salinity stress in parts of the soil by pro-
ducing more roots and extracting more water where salinity is
low (Papadopoulous et a., 1985). At the time diseased plants
extracted more water than healthy plants deep in the profile,
advanced symptoms of disease were till apparent above ground.
However, in our other studies, renewed vegetative growth was
observed in plants in these plots late in the season (Ristaino et
al., 1989), growth that could have been preceded by root growth
and the subsequent increase in extraction deep in the profile.
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Disease effects on water extraction from soil by plants with
less frequent irrigation differed from those described for plants
irrigated every 14 days. After the onset of disease symptoms,
and in those measurement periods initiated 1 week after irri-
gations (Fig. 1), disease reduced extraction from shallow depths
where extraction by healthy plants was greatest (Figs. 5C and
7C); when measurements were initiated 3 weeks after irrigation,
disease reduced extraction at greater depths (Fig. 6C). In ad-
dition, symptom severity continued to increase and total extrac-
tion by diseased plants was reduced during measurement periods
2-4, although these differences were not significant (Figs. 1
and 3). A comparison of the results obtained for less frequently
and more frequently irrigated plants confirms that the negative
impacts of disease on water extraction are manifested more dur-
ing rather than after periods of symptom development.

No significant differences were found in extraction between
inoculated and noninoculated plants given prolonged or normal
irrigations late in the season. Resumed root growth may have
increased water extraction by diseased plants at shallow depths,
but senescence probably also decreased extraction by healthy
plants (Hemandez-Suarez, 1988). Pan evaporation rates mea-
sured at a nearby weather station were 71, 80, 64, and 69 mm
for measurement periods 1-4, respectively. A comparison of
total extraction in periods 1 and 4 (Fig. 3), therefore, suggests
that canopy and/or root senescence was effectively reducing
transpiration and extraction by healthy plants in period 4. A
previous study found the majority of the functional roots re-
mained above 30 cm in the profile as tomato plants matured
(De Jong and Otinkorang, 1969). The lack of change in water
content at several of the greater depths late in the season (Fig.
7) also suggests that drainage did not cause significant soil water
depletion during the measurement periods.

Severa possible mechanisms may explain reduced water up-
take by diseased roots. Phytophthora root rots cause significant
increases in root resistance to water upteke, and as a conse-
guence, they have been shown to cause reductions in leaf water
potential in eucalyptus, safflower, avocado, and tomato (Daw-
son and Weste, 1984; Duniway, 1977; Ristaino et al., 1988;
Sterne et al., 1978). Phytophthora species aso cause reductions
in size of root systems, but the loss of root length appears to
be responsible for only a fraction of the total increase in root
system resistance to water uptake caused by phytophthora root
rots (Dawson and Weste, 1984). Fungus-mediated changes in
plant hormones, xylem plugging, or fungal toxins may be in-
volved in impairment of water uptake in diseased plants (Daw-
son and Weste, 1984; Duniway, 1977). The location of severe
infections on roots may also be important in determining the
overall effect of disease on water uptake by roots and plant water
potential. Phytophthora-infected plants may be able to compen-
sate for severe disease on a portion of the root system by ex-
tracting greater amounts of water through noninfected regions
of the root system. However, if severe lesions are present on
the major tap roots or the stem, water uptake will be reduced
greatly and plant water status will suffer, regardless of other
compensating effects on water uptake by roots (Duniway, 1977).
In addition, disease effects on stomatal resistance and canopy
structure may cause water extraction from soil to be reduced.

Irrigation frequency and duration had significant effects on
the progress of phytophthora root rot and subsequent variations
in disease had large impacts on water extraction by tomato roots
in field soil. Clearly, the early phases of disease development
reduced water extraction from the upper portion of the profile
by plants irrigated on the 14-day schedule. Later in the season,
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disease also reduced water extraction by roots of plants given
less frequent irrigations, i.e., every 28 days. To some extent,
tomato root systems compensated for severe disease early in the
season by extracting more water at greater depths in the profile.
Further research to quantify pathogen impacts relative to root
length densities and numbers and locations of infection sites on
roots in the field would lead to a better understanding of the
impacts of soilborne pathogens on root function.
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