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Abstract. Yellow vine symptoms are often observed in cranberry bogs. To explore the
mechanisms of the formation of yellow vine syndrome in cranberry leaves, the shade
effect on the chlorophyll (Chl) content and photosynthetic activities in cranberry bogs
were investigated by spectrometric, high-performance liquid chromatography (HPLC),
and in vivo Chl fluorescence kinetics. Spectrometric and HPLC analyses revealed that
the yellow vine leaves were associated with a 11% ± 5% and 14% ± 5% increase in Chl a/
Chl b ratio after shading, respectively. The Chl a/Chl b ratio was the same in both types of
leaves, suggesting the photosystem (PS) II organization remains invariant. The rise in
chlorophyll content suggested that the number of reaction sites on PS II is increased in
the shaded yellow vine leaves. The results of in vivo chlorophyll fluorescence analysis also
indicated that the electron transport chain in the PS II is enhanced and that the size of
the quinone pool is increased. In addition, the overall photosynthesis index is drastically
improved by shading. These three lines of evidence imply that the shading of cranberry
plants appeared to reduce the syndrome by improving the photosynthetic activity and
increasing the chlorophyll content. The techniques presented here may be valuable for
characterizing variations of plants by stress or disease.

The American cranberry (Vaccinium mac-
rocapron Ait.) contains abundant antioxidants
(Vinson et al., 2008) and is an important and
nutritious food and beverage source. It also has
noteworthy health benefit in fighting human
cardiovascular and cancer diseases (Deyhim
et al., 2007; Lipson et al., 2007; Neto, 2007;
Neto et al., 2008). The production and quality
of cranberries may be affected by long-term or
short-term environmental stress such as water
(De Moranville et al., 2009), nutrient (Torio

and Eck, 1969), temperature (Forsyth and Hall,
1967), herbicides (Demoranville and Devlin,
1976; Sandler and DeMoranville, 1999), pH
values (Allan et al., 1994; Davenport et al.,
2003; Finn et al., 1990), salinity (Blodgett
et al., 2002), and relative humidity (Forney
et al., 2009).

Yellow vine symptoms are often observed
in cranberry bogs under natural sunlight con-
ditions, which produces yellow color along
the leaf margins, whereas the area along the
vein remains green. Symptoms of the disease
normally appear 10 to 15 d before fruit ma-
turity. At the beginning, the leaves change
from green to lime–yellow and then to bright
yellow. Affected plants gradually decline and
exhibit a blighted appearance within 7 to 10 d.
In some cases, immature plants may not turn
yellow but wilt and collapse in 1 d. Fruit and
flowers on affected plants are not distorted.

The distinguishing characteristic of yellow
vine-affected plants is that the phloem, which
normally has a clear translucent appearance,
becomes honey-colored, particularly in the
crown area. The yellow vine phenotype cran-
berry cultivar, Stevens, is widely planted in Mas-
sachusetts. The yellow vine syndrome might
affect the production and quality of cranberry
in Massachusetts.

Although foliar symptoms of yellow vine
are similar to vine decline symptoms caused
by soilborne pathogens, root degeneration
occurs only in the later stages of yellow vine
development. It has been reported that plant
nutrition may be related to the yellow vine
syndrome in cranberry leaves in Massachu-
setts (Demoranville, 2006). Additionally, the
yellow vine syndrome often worsens in bogs
with drainage problems, indicating that water
stress may be another factor in the formation
of yellow vine in cranberries (Demoranville,
2006). Whether the yellow vine symptom
affects the production and quality of cran-
berry is still not clear. The mechanism for
developing the yellow vine syndrome in cran-
berry is poorly understood and needs to be
elucidated.

One important feature of the yellow vine
cranberry leaves is the color change from
green to yellow, which is probably the result
of the decrease of chlorophyll (Chl) content.
As is well known, chlorophyll is a part of the
photosynthetic reaction centers in green plants
that function as light-harvesting antenna. The
decrease of Chl may be a signal of photo-
damage of the photosystem (PS) II in leaves
as a result of excessive exposure to light. To
probe the mechanisms of the formation of
yellow vine syndrome in cranberry leaves,
the shade effect on the Chl content and photo-
synthetic activity in cranberry were investi-
gated by spectrometric, high-performance liquid
chromatography (HPLC), and in vivo Chl
fluorescence kinetics.

Materials and Methods

Cranberry sample treatment. Leaves of
cranberry cultivar Stevens growing in 1)
shaded areas and 2) outside shaded areas were
collected from State Bog in East Wareham,
MA. Four sets of shade structures were
placed in the bog. Three sets of samples were
harvested under each site and quantified im-
mediately or stored at –80 �C for later use. To
extract the pigments from the cranberry
leaves, �5 g of leaves was shredded com-
pletely at 4 �C in a blender. The resulting leave
paste mixtures were extracted by 50 mL of
methanol (analytical grade, purchased from
Sigma, St. Louis, MO) for 1 h. The methanol
extract solution was immediately analyzed by
spectrometric and HPLC methods or stored in
the dark at –80 �C for later use.

Chlorophyll determination by ultraviolet-
visible absorption spectrometry. The metha-
nol extract of cranberry leaves was diluted
with methanol to proper concentration be-
fore spectrometric measurement. Typically,
100-mL extractions were diluted 1000 times
with the extract solvent. The ultraviolet-visible
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absorption spectra were recorded with Hew-
lett Packard 8452A diode array spectropho-
tometer (Agilent Inc., Santa Clara, CA) with
a 1-cm light path cuvette. The concentration
of Chl a and Chl b was calculated according to
the published procedures (Porra et al., 1989).

High-performance liquid chromatography
analysis of chlorophyll contents in cranberry
leaves. A reverse-phase HPLC column (2500 ·
4.6 mm, Grace Prevail C18 5 u; Fisher Scien-
tific, Waltham, MA) with a diode array detector
(DAD) (HP 1200 series LC systems; Agilent
Inc., Santa Clara, CA) was used for HPLC
analysis according to the procedures published
(De las Rivas et al., 1989). The column was
equilibrated with acetonitrile: methanol (7:1 by
v/v, mobile phase A). After the sample was
injected, the mobile phase A was pumped at
the flow rate of 1 mL�min–1 for 2 min. A
mixture of acetonitrile:methanol:water:ethyl
acetate (7:0.96:0.04:2, mobile phase B) was
then pumped for 1 min. Finally, acetonitrile:-
methanol:water:ethyl acetate (7:0.96:0.04:8,
mobile phase C) was pumped until all the
components were eluted. The detection wave-
length was 450 nm. The standard solution of
Chl a (1.00 ppm in methanol) was prepared
using Chl a purchased from Sigma and used
for HPLC analysis. The quantitative analysis
of Chl b was conducted using the response
factor of Chl a. The chromatographic peaks
were identified by four different ways: the
internal standard, absorption spectra obtained
by a DAD, liquid chromatography–mass spec-
troscopy, and published HPLC data (De las
Rivas et al., 1989).

In vivo chlorophyll fluorescence analysis
of cranberry leaves in bog. The Chl fluores-
cence parameters of cranberry leaves in bogs
were determined with Pocket PEA Chloro-
phyll Fluorimeters (Hansatech Instruments
Ltd., Norfolk, U.K.). Shaded and unshaded
yellow vine leaves were collected randomly
and used for Chl fluorescence measurements
immediately. The in vivo Chl fluorescence
parameters were determined after a 10-min
dark period in the bog. The measurements
were collected using attached leaves. The
comparison of detached and attached leaves
was conducted with agreeable parameters
with the considerable relative error of 10%
to 15%. The field experiments were carried
out once a week for 4 weeks in Oct. 2008. To
obtain the reliable Chl fluorescence data, an
average of five individual repeated measure-
ments were used to calculate the photosyn-
thetic parameters.

Results and Discussion

Chlorophyll content by spectrometric and
high-performance liquid chromatography
analysis. The yellow vine syndrome on cran-
berry leaves appears as yellowing along leaf
margins. The Chl content is expected to be
lower than the normal cranberry leaves. The
shading of the yellow vine plants seemed to
passively affect Chl concentrations and may
not have any effect on nutrient concentrations
(Sicuranza et al., 2009). The Chl contents of
the yellow vine samples in the absence and

presence of shade were determined by spectro-
metric analysis (Table 1). Shading increased
Chl a and Chl b content by 11.1% and 13.9%,
respectively. At the 90% confidence level, both
the changes of Chl a and Chl b in concentration
after shading are considered to be significant
statistically. HPLC analysis of shaded and un-
shaded yellow vine leaves using a C18 column
with a photodiode array detector following the
published procedures was conducted and con-
firmed the spectrometric data.

This observation may be explained by the
increase in the rate of Chl biosynthesis in
yellow vine cranberry leaves. For example,
the shading may activate the photoreceptor
and turn on the genes involved in the Chl bio-
synthesis pathway (Ito et al., 2008; Masuda,
2008; Tanaka and Tanaka, 2007). Alterna-
tively, the partial recovering of Chl may be
the result of the slow photodegradation and
photodamage of Chls. It has been demon-
strated that Chl is photosensitive to the damage
from the excess light and degraded rapidly
(Hou et al., 1996; Melis, 1999; Nedbal et al.,
1992; Telfer and Barber, 1989; Tracewell
et al., 2001). The photodamage and photo-
degradation of Chl is associated with highly
active singlet oxygen species formed by triplet
Chls (Hou et al., 1998; Telfer et al., 1994;
Tracewell et al., 2001).

Table 1 also showed that the Chl a/Chl b
ratio in the unshaded yellow vine samples
was 1.36, whereas the Chl a/Chl b ratio was
1.34 in the shaded leaves. The photosynthetic

reaction centers of PS I and PS II in higher
plants contain the Chl a without Chl b. In con-
trast, the light-harvesting system contains
both Chl a and Chl b. The comparable Chl
a/Chl b ratio in both samples suggested that
the ratio of the reaction center to the light-
harvesting system in cranberry leaves is un-
changed. We proposed that the organization
of photosynthetic machinery in yellow vine
cranberry plants may not be affected by the
shading. The increase in Chl content would
imply the increase in the number of reaction
centers in both PS II and the light-harvesting
complex.

Chlorophyll fluorescence analysis. The
Chl fluorescence is a unique tool to study pho-
tosynthetic reaction in cyanobacteria, algae,
and higher plants in vivo and is widely used
to monitor plant response to the environmen-
tal stress, including photoinhibition, chilling,
salinity, and water (Adams and Demmig-
Adams, 2004; Baker, 2008; Pospisil and Dau,
2000; Vredenberg, 2008). The typical Chl
fluorescence transients, O-J-I-P curves (Strasser
et al., 2004), exhibited on illumination of a
dark-adapted cranberry sample in the ab-
sence and presence of shade by saturating
light, are shown in Figure 1. The transient
revealed three steps: 1) O/J (on the 10 ms to
1-ms scale) is associated with the electron
transfer from P680* to QA and Mn-cluster to
P680

+; 2) J/I (on the 1 ms to 100 ms) is
related to the electron transfer from QA to QB;
and 3) I/P (100 ms to 1 s) is the result of the

Table 1. Spectrometric analytical results of chlorophyll (Chl) a, Chl b, and the Chl a/Chl b ratio in the
methanol extracts of yellow vine samples in the absence and presence of shade.z

Unshaded yellow vine leaves Shaded yellow vine leaves Change (%)

Chl a (mg�g–1) 0.99 ± 0.05 1.10 ± 0.06 +11.1
Chl b (mg�g–1) 0.72 ± 0.04 0.82 ± 0.04 +13.9
Chl a/ Chl b 1.37 ± 0.06 1.34 ± 0.06 –0.02
zThe average of three measurements was used to calculate the SDs.

Fig. 1. Chlorophyll fluorescence transients of the yellow vine cranberry samples in the absence (open
symbols) and presence (filled symbols) of shade. Each single curve represents the average of five
independent chlorophyll fluorescence measurements.
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double reduction of QB and the electron
transfer from QB to PS I.

Figure 1 showed that shading increased
the fluorescence levels significantly on the
three steps (O/P, P/I, and I/J), indicat-
ing the shade may improve the photosyn-
thetic efficiency. The derivation of formulas
for the interpretation of data in O-J-I-P tran-
sient to structural and functional parameter
quantifying PS II behavior includes initial
fluorescence (Fo), variable fluorescence (Fv),
maximum fluorescence (Fm), total lifetime
constant, which is the time to reach the
maximum fluorescence), and PS II maximum
quantum yield (Fv/Fm) (Strasser et al., 2004).
The size of the PS II quinone pool may be
expressed as ‘‘area,’’ which is the measurement
of fluorescence area above the transient
(Strasser et al., 2004). The photosynthesis in-
dex is defined as a driving force of the primary
photosynthetic reaction (Srivastava et al.,
1999). The spider plots of Chl fluorescence
data provide an overall picture of photosyn-
thetic efficiency in plants in vivo (Strasser
et al., 2004). A spider plot of Chl fluorescence
for cranberry samples revealed that five of the
six parameters of shaded yellow vine leaves
were increased dramatically than those of un-
shaded samples (Fig. 2). The dark line stands
for the parameters for the unshaded yellow vine
samples. The discontinuous line represents the
measurements of yellow vine under shade. The
total lifetime constant is almost unchanged,

suggesting the electron transfer kinetic in PS
II remains the same. This observation agrees
with the notion that PS II organization is
unaffected by the shade. The yellow vine
leaves increased their Fo and this may be the
result of the partial dissociation of Chl in PS
II. In the spider plot, the Fv and Fm was in-
creased by a factor of 2 to 3 under shade.
Overall, the Fv/Fm ratio was increased by
�20%. The rise in Fv/Fm indicated the
enhancement of PS II electron transfer activ-
ity, which supports our hypothesis that the
number of PS II is increased based on Chl
analysis. Similar behavior was observed in
camellia leaves with development of an energy
pipeline model of the photosynthetic apparatus
(Kruger et al., 1997; Strasser, 1987). In addi-
tion, the ‘‘area’’ above the fluorescence tran-
sient for the shaded sample is also increased
drastically, indicating the presence of a larger
quinone pool (Toth et al., 2007).

We noticed that shading on the yellow
vine leaves showed a considerable positive
effect on improving PS II efficiency as in
Figure 2. For example, the Fm, Fv, and ‘‘area’’
were increased by a factor of greater than 2.
This is somewhat inconsistent with the Chl
data (�10% to 15% increase) by spectromet-
ric and HPLC analysis. We conducted a
monthly Chl fluorescence experiment to clar-
ify the discrepancy between the Chl fluores-
cence assay and Chl determination by the
spectrometric and HPLC method. The three
Chl fluorescence parameters, including Fv/
Fm, ‘‘area,’’ and photosynthesis index factor,
were averaged over the 4 weeks and listed in
Table 2. We found 1) the Chl fluorescence
parameters of unshaded yellow vine samples
varied with the time appreciably (see the
measured error in Table 2). Yellow vine
leaves may be more sensitive to the environ-
mental stress. This may be the result of the
variation of several factors such as tempera-
ture, weather, water, and use of herbicides in
bogs over a month. The other possible reason
could be variation resulting from sampling;
and 2) shaded yellow vine sample showed a
relative steady and constant value over time.
The SDs of shaded yellow vine syndrome
leaves were decreased by a factor of 2 to 10
(Table 2). This may indicate the partial
recovery of yellow vine syndrome under
shade and enhanced the capability to respond
the stress conditions.

To further examine the effect of shade on
yellow vine cranberry leaves, a complete data
set on the non-yellow vine controls (healthy
green cranberry) was collected. These mea-
surements were conducted under the identi-
cal shading experiments following the same

procedures. The data gave a similar increase
of 10% to 15% in Chl, Fv/Fm, ‘‘area,’’ and
photosynthesis index factor. In addition, the
Chl a/Chl b ratio was unaffected by shading.
This phenomenon suggests that the increase
of Chl by shading is not specific to yellow
vine disease and may be general to plant
leaves. We cannot exclude the contribution
of yellow vine syndrome and other shading
effects. It also suggested that photodamage
of photosynthetic systems occurs under nor-
mal sunlight condition. The sunlight intensity
in the cranberry bog is likely too much for
photosynthesis in cranberry plants and high
enough to cause perceptible photodamage.

Conclusions

Spectrometric and HPLC analysis re-
vealed that the leaves of yellow vine cran-
berry under shade increase their content of
chlorophylls by 11% to 14% than the ones
unshaded. However, the Chl a/Chl b ratio
was unaffected by the shade. The Chl fluo-
rescence kinetics indicated that the PS II
quantum efficiency, quionone pool, and over-
all photosynthesis performance enhanced by
10% to 15%. The shade effect on normal
cranberry leave generates similar improve-
ment in these parameters. Our results suggest
that the shade effect will increase the number
of PS II, including reaction center and light-
harvesting complex in cells of the yellow
vine cranberry leaves. Because the PS II is
the main target of photoinhibition, we spec-
ulate a possible role of photoinhibition asso-
ciated with the yellow vine syndrome in
cranberry plants. However, we cannot rule
out the involvement of other outcomes of
shading. We believe that the approach pre-
sented in this work may be useful for char-
acterizing variations of plants that have been
affected by stress or disease.
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