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Abstract: The induction and course of autumn leaf senescence in early, intermediate and late phenological
forms of beech (Fagus sylvatica L.) was studied by analysing the contents of chlorophyll a and b, chlorophyll
degradation products and the activities of chlorophyllase and Mg-dechelatase. Studies were conducted in
two beech stands differing in the date of senescence onset. Leaf samples were collected from July to October
in 2007 and 2009. The main trigger of leaf senescence in beech was a temperature drop occurring in paral-
lel with the appropriate photoperiod. The early phenological form was the most sensitive to temperature.
Chlorophyll degradation in senescing leaves of this form occurred in three stages, which strongly coincided
with the dates of sudden temperature drops. These stages were less visible in the intermediate form, where-
as chlorophyll degradation in the late form was the most stable and occurred in two stages. The fraction of
chlorophyllides and phaeophytin in relation to chlorophylls in the early phenological form was significantly
higher than that in the late form. Biochemical analyses indicate that pigment dephytylation associated with
an increase in chlorophyllase activity is an early reaction of chlorophyll degradation, whereas the Mg-de-
chelating reaction was much less important. The correlation coefficients between the proportion of chloro-
phyllides and chlorophyll content for the early, intermediate and late phenological forms were -0.90, -0.87
and —0.72, respectively, providing evidence of chlorophyllase activity in vivo. The activity of chlorophyllase
depended significantly on the phenological form. All chlorophyll degradation parameters were highly cor-
related with temperature changes during senescence. The early phenological form was characterised by the
highest correlation coefficients.
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Introduction traits (Dolnicki and Kraj 2001; Kraj and Sztorc 2009).

On the basis of these traits, different ecotypes, geo-

European beech (Fagus sylvatica L.) is one of the
most widespread and important deciduous trees in
Europe. This species displays a large degree of varia-
bility in its morphological, physiological and genetic

graphical races and, in particular, phenological forms
have been described (Dolnicki and Kraj 2001; Hejt-
mdnek 1956). Bud flushing and autumn leaf senes-
cence differ in their onset and course both among
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populations and among individuals within particular
populations. It is believed that the occurrence of ear-
ly and late phenological forms whose growing sea-
sons differ in their beginning and end dates is one of
this species’ defence strategies against the unfavour-
able impact of environmental conditions, especially
spring and autumn frosts (Dolnicki and Kraj 2001;
Kraj and Sztorc 2009). The timing of leaf senescence
and the variability of this trait are manifested in pop-
ulations with a frequency that depends on the inter-
action of genotypes and environmental conditions
(Schieber 2006).

Senescence is the final phase of leaf develop-
ment, which culminates in the death and shedding
of leaves. This process comprises a highly regulat-
ed series of biochemical events, during which orga-
nelles, membranes and macromolecules are broken
down and nutrients such as amino acids, sugars and
minerals are reclaimed for export out of the senesc-
ing leaves to be stored as reserves in the stem, bark
or roots for new leaf growth in the spring (Coleman
et al. 1993; Srivastava 2002). Chlorophyll and chlo-
roplast proteins are degraded relatively early during
autumn senescence in trees, i.e., in the absence of
pathogens, insects and extreme changes in tempera-
ture, light and abnormal precipitation (Hortenstein-
er 2006). In deciduous trees, the timing of leaf senes-
cence defines leaf lifespan and determines the timing
of carbon assimilation, the tree growth rate and the
productivity of ecosystems (Delpierre et al. 2009;
Kraj 2014). Trees growing in same site in a specified
region generally exhibit low year-to-year variabili-
ty in the timing of leaf senescence (Morecroft et al.
2003). Some of the environmental, biochemical and
molecular factors affecting the onset of leaf senes-
cence have been identified, but understanding their
interactions remains a challenge (Lim et al. 2007).
The environmental factors that trigger leaf senes-
cence have been the subject of several studies in de-
ciduous tree species, including Fagus sylvatica, Quercus
petraea, Quercus robur and Populus tremula (Delpierre
et al. 2009; Fracheboud et al. 2009; Schuster et al.
2014; Skvareninové and Snopkova 2011). The main
factors defining the onset of leaf senescence in beech
are decreasing temperature and photoperiod (Men-
zel 2003; Schuster et al. 2014). However, the critical
day length for the onset of leaf colouring is large-
ly unknown, except for the findings based on the
phenological, rather than biochemical, observations
reported by Schuster et al. (2014). The relative con-
tributions of decreasing temperature and photoper-
iod to the induction of leaf senescence are not well
defined (Delpierre et al. 2009).

The natural breakdown of chlorophyll occurs dur-
ing specific plant development stages, such as leaf se-
nescence (Matile et al. 1996; Takamiya et al. 2000).
However, the degradation of chlorophyll in the au-

tumn-senescing leaves of woody plants has received
little attention compared to biochemical research on
chlorophyll catabolism in annual plants, and the reg-
ulation of this process during different physiological
and developmental stages of leaf life, including au-
tumn senescence, is still not well understood. Dur-
ing senescence, chlorophyll-protein complexes are
disassembled and the pigments are liberated. Free
chlorophylls are highly photoactive compounds that
can generate free radicals, causing damage to cell
membranes and increasing the rate of leaf senes-
cence. Therefore, chlorophyll breakdown pathways
must be tightly regulated to avoid the accumulation
of photodynamic chlorophyll intermediate metabolic
products (Hortensteiner 2006; Matile et al. 1996).

The pathways of chlorophyll breakdown comprise
several enzymatic reactions, which are localised in
chloroplasts and vacuoles. There are two types of ini-
tial reactions in chlorophyll degradation: the removal
of phytol by chlorophyllase to produce chlorophyl-
lides (Hortensteiner 2006) and the elimination of
Mg?** from chlorophylls or chlorophyllides by Mg-de-
chelatase or metal-chelating substances to produce
phaeophytin or phaeophorbide, respectively (Hort-
ensteiner 2006; Tang et al. 2000).

The objective of this work was to characterise the
influence of phenological form on the course of chlo-
rophyll degradation and autumn leaf senescence in
beech trees. Studies were carried out on two beech
stands over two growing seasons, which enabled the
determination of the effects of climatic conditions on
the course of natural leaf senescence. The changes
in the chlorophyll content and the products of the
early stages of chlorophyll degradation, i.e., chloro-
phyllides and phaeophytin, were determined. The
activities of chlorophyllase and Mg-dechelatase in
autumn leaf senescence were also measured. These
experiments demonstrated the relative contributions
of these enzymes to chlorophyll degradation and the
appearance of senescence symptoms.

Materials and Methods

Plant material

Plant material was collected in two young stands
of beech (Fagus sylvatica L.) trees (15 years old) in
2007 and 2009. The beech stands differed in the
presence of autumn phenological phases. The study
sites were located in the Krzeszowice Forest District
near Cracow, Poland. The sites were designated as
Mlynka (near Mlynka village) (lat. 50°06’28”’N, long.
19°40’53”’E, alt. 294 m) and Kopce (from Kopce In-
spectorate) (lat. 50°06’13”N, long. 19°39°48”E, alt.
316 m). Between 2004 and 2008, in each stand, ap-
proximately 200 trees were visually scored for au-
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Fig. 1. Weather conditions during the 2007 (A) and 2009 (B) sampling periods. The grey bars represent the daily precip-
itation in millimetres. The lines correspond to the maximum, minimum and average temperatures (°C). The arrows
indicate the sampling dates, and the numbers below the arrows indicate the next day of the month

tumn senescence. Individuals of early, intermediate
and late phenological forms, differing in the date of
leaf senescence onset, were selected on the basis of
a modified scale of autumnal phenological stages de-
scribed by Stachak (1965) and marked at the begin-
ning of October. Individuals of phenological forms
showed 50%, 20% and 5-10% discoloured leaves
during marking. Fifteen individuals were randomly
chosen from each group. From these trees, leaves
were collected from neighbouring one-year-old sun-
lit shoots growing under uniform sun exposure on
the south side of the crown. In both years, the sam-
ples were collected on 10 occasions from the end of
July to the end of October between approximately 9
and 11 am. The sampling dates are given in Fig. 1A
and 1B. The leaves were frozen with liquid nitrogen
and then ground into powder. For dry weight meas-
urements, 100 mg of leaf powder was dried for 72 h
at 70°C until a constant weight was reached.

Analytical methods

Chlorophyll and chlorophyll degradation
products

Chlorophyll a and chlorophyll b were extracted in
ice-cold 80% (v/v) acetone from 50 mg of leaf pow-
der. The absorbance of the leaf extracts was meas-
ured on a UV-VIS spectrophotometer (Thermo Fish-
er Scientific, Waltham, MA, USA) at 646 and 663
nm. The chlorophyll concentrations were calculated
using the Lichtenthaler and Wellburn (1983) formu-
lae and were expressed in mg g™ dry weight.

To analyse the in vivo activity of chlorophyll-de-
grading enzymes (chlorophyllase and Mg-deche-
latase), the chlorophyllide a, chlorophyllide b and
total phaeophytin contents in senescing leaves were
measured in 2007 in both beech stands. Analyses of
chlorophyllides were performed as follows: an equal
volume of hexane was added to the chlorophyll ex-

tract to remove pigments. The mixture was shaken
vigorously, and the absorbance of the lower phase
was measured at 667 and 651 nm. Chlorophyllide
a and chlorophyllide b levels were calculated using
the extinction coefficients 76.79 mM-'cm™ (A, )
and 47.04 mM” cm™ (A, ), respectively (Porra
et al. 1989), and expressed as the proportion of the
chlorophyll a + chlorophyllide a and chlorophyll b +
chlorophyllide b content.

To determine the total phaeophytin content in
leaves, all of the chlorophyll present in the extracts
was converted to phaeophytin by adding 25% HCI
to the supernatant, and the absorbance was read at
666 and 655 nm. The phaeophytin concentration was
calculated using the Vernon formulae (Vernon 1960).
The content of phaeophytin in leaves was determined
by subtracting the levels of chlorophylls in the origi-
nal solution from the total phaeophytin obtained af-
ter adding HCI and expressed as the proportion of
the total chlorophyll content.

Chlorophyllase and Mg-dechelatase
activity determination

Preparation of acetone powder

A total of 200 mg of leaf powder was homoge-
nised with 4 ml of pre-chilled acetone (-20°C) and
then centrifuged at 5500 x g for 15 min at 4°C, and
the precipitate was collected. The cold-acetone ex-
traction was repeated several times to completely
remove chlorophylls and carotenoids. Subsequently,
0.5 ml of diethyl ether was added to remove the ace-
tone. The acetone powder was dried in a vacuum and
stored at —20°C until use.

Enzyme extraction

The acetone powder (50 mg) was homogenised in
ice-cold 0.1 M potassium phosphate buffer, pH 7.8,
containing 0.5% (v/v) Triton X-100, 5% polyvinylpo-
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lypyrrolidone (PVPP), 2 mM EDTA and 1 mM DTT.
The mixture was stirred for 1 h at 4°C and centri-
fuged. The protein solution was used to determine
the chlorophyllase and Mg-dechelatase activity.

Preparation of enzyme substrates

Chlorophyll a was prepared from spinach leaves
according to Janave (1997). Spinach leaves were
ground in liquid nitrogen and homogenised in cold
acetone (-20°C). The extract was centrifuged at 5500
x g for 15 min at 4°C to remove insoluble materials.
The supernatant was precipitated with a dioxane/
acetone mixture (Iriyama et al. 1974; Janave 1997).
Distilled water was added dropwise until a chloro-
phyll precipitate was formed. The precipitate was
kept on ice for 1 h in the dark, centrifuged at 14700
x g for 15 min at 4°C and resuspended in acetone.
The acetone solution of chlorophyll was treated with
dioxane and distilled water again, kept on ice and re-
suspended in a small amount of acetone. The chlo-
rophyll concentration was determined spectrophoto-
metrically at 646 and 663 nm using the Lichtenthaler
and Wellburn formulae. The chlorophyll was stored
at —20°C until the individual pigments were separat-
ed using sugar column chromatography (Perkins and
Roberts 1962), resuspended in 100% acetone and
used as the substrate for the chlorophyllase activity
assay.

Chlorophyllin was prepared from chlorophyll ac-
cording to Vicentini et al. (1995). Petroleum ether
was added to chlorophyll solution in 80% acetone
(1:1, v/v) and mixed vigorously, and the ether phase
was collected. The petroleum phase was washed
twice with distilled water and mixed with 30% (m/v)
KOH in methanol. The precipitated chlorophyllin
was centrifuged at 5500 X g for 15 min at 4°C and
dissolved in distilled water. The chlorophyllin solu-
tion was adjusted to pH 9 with tricine. The chloro-
phyllin was stored in ~20°C and used as the substrate
for the Mg-dechelatase assay.

Chlorophyllase activity

For the chlorophyllase assay, the following re-
action mixture was used: 50 mM potassium phos-
phate buffer, pH 7.8, 0.15% (v/v) Triton X-100, 1
uM chlorophyll a, 16% (v/v) acetone and 200 ul of
enzyme solution in a total volume of 2 ml. The reac-
tion mixture was incubated in a water bath at 37°C.
After 15 min, the reaction was stopped by adding 7.5
ml of cold hexane/acetone (7:3). The mixture was
vigorously stirred and centrifuged at 5500 X g for
5 min at 4°C for phase separation. The upper phase
contained the remaining chlorophyll, and the lower
phase contained chlorophyllide a. Chlorophyllase
activity was determined spectrophotometrically by
measuring chlorophyllide formation at 667 nm using
the absorption coefficient 76.79 mM-cm™. One unit

of chlorophyllase was defined as the amount of en-
zyme necessary to catalyse the production of 1 umole
of chlorophyllide per minute.

Mg-dechelatase activity

Mg-dechelation activity was assayed spectropho-
tometrically using the chlorophyllin solution. The
following reaction mixture was used: 50 mM Tris-tri-
cine buffer, pH 8.8, chlorophyllin to yield a final con-
centration of 98 nM (A, =0.2) and 200 ul enzyme
extract in a total volume of 1.5 ml. The control treat-
ment did not contain enzyme extract. The mixture
was incubated at 37°C, and Mg-dechelation activity
was assayed by measuring the increase in absorbance
at 686 nm for 15 min. One unit of enzymatic activity
was defined as the amount of enzyme required to in-
crease the OD,,, by one unit per minute.

Data analysis

All data are expressed as the mean + SE (standard
error). Significant differences in the photosynthetic
pigment content, the proportion of chlorophyll deg-
radation products and enzyme activity were evaluat-
ed. Changes in the measured biochemical parameters
between phenological forms, experimental areas and
the years 2007 and 2009 were analysed. Before anal-
ysis, the data were checked for normal distribution
(Kolmogorov-Smirnov test) and homogeneity of vari-
ance (Bartlett’s test) (Sokal and Rohlf 1995). Repeat-
ed measures ANOVA (RM-ANOVA), with the Tukey
test for multiple range analysis as a post hoc test, was
used when the data satisfied the requirements of the
analysis. In the event of heteroscedasticity and when
variables were not normally distributed, the analyses
were performed using non-parametric Kruskal-Wallis
or U Mann-Whitney tests. Differences were consid-
ered significant at P<0.05. Pearson’s coefficient of
linear correlation or the non-parametric Spearman’s
coefficient of rank correlation were calculated be-
tween the chlorophyll content, the proportion of its
degradation products, enzyme activity and tempera-
ture. All measurements were tested using Statistica
software version 10.0 (StatSoft Inc., Tulsa, OK, USA).

Results

There were significant differences between beech
stands and phenological forms over the course of
leaf discoloration during autumn senescence. The
two stands differed by approximately 7-10 d in the
date of occurrence of the autumn phenological phas-
es and the proportion of discoloured leaves in the
tree crowns. During both growing seasons, the first
symptoms of leaf discoloration (5-10% discoloured
leaves) occurred earlier in the Mlynka stand (Sep-
tember 8) than in the Kopce stand (September 16).
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Weather conditions

The weather conditions in 2007 and 2009 are pre-
sented in Fig. 1A and 1B. During the sampling peri-

ods, the minimum, average and maximum tempera-
tures were 9.2, 14.8 and 20.2°C in 2007, respectively,
and 10.5, 15.6 and 21.0°C in 2009, respectively. The
total precipitation in 2007 and 2009 for the period

Table 1. Average monthly temperatures and total precipitation during the sampling periods in 2007 and 2009

Year of leaf collection

Month 2007 2009
on
Temperature [°C] Total precipitation Temperature [°C] Total precipitation
Min. Ave. Max. [mm] Min. Ave. Max. [mm]
July 12.8 19.1 25.3 78.3 13.8 19.6 25.8 83.5
August 12.9 18.8 24.6 77.4 12.7 18.6 24.8 53.7
September 7.2 12.6 18.0 182.9 9.6 15.2 21.0 35.5
October 2.9 7.5 12.0 48.4 4.2 7.4 10.9 83.1
Sampling period 9.2 14.8 20.2 387.0 10.5 15.6 21.0 255.8
Min. - minimum temperature, Ave. — average temperature, Max. — maximum temperature.
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Fig. 2. Changes in chlorophyll a content in autumn leaves from different phenological forms of beech trees (Fagus sylvatica
L.). Analyses were performed for two beech stands — Mlynka (A and B) and Kopce (C and D) - in 2007 and 2009. Each
point is the mean of 15 measurements (+SE). Means denoted by different letters are significantly different at P<0.05
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Fig. 3. Changes in chlorophyll b content in autumn leaves from different phenological forms of beech trees (Fagus sylvatica
L.). Analyses were performed for two beech stands — Mlynka (A and B) and Kopce (C and D) —in 2007 and 2009. Each
point is the mean of 15 measurements (+SE). Means denoted by different letters are significantly different at P<0.05.

of July to October was 387 and 256 mm, respectively
(Table 1). The minimum temperature conditions in
2007 were primarily above 10°C from the beginning
of the sampling period through August 23, at which
point the minimum temperature began to drop be-
low 10-11°C and the maximum temperature fell be-
low 15°C (Fig. 1A). After this date, the minimum and
maximum temperatures remained at a lower level
and averaged approximately 7 and 18°C, respectively,
until October 2 (Fig. 1A). In this month, the mini-
mum and maximum temperature course varied from
-2 to 10°C and 5 to 18°C, respectively. The tempera-
ture course during the sampling period in 2009 was
characterised by higher minimum, average and max-
imum temperatures (Table 1), a lower and shorter
temperature decrease at the beginning of September

(Fig. 1B) and a milder temperature decrease from the
beginning to the end of September. However, a sharp
drop in temperature occurred at the beginning of
October (Fig. 1B). Significant differences (approxi-
mately 50%) in the total precipitation, as well as the
monthly fluctuations between 2007 and 2009, were
also detected (Table 1).

Changes in chlorophyll content
in autumn-senescing leaves

In the majority of the leaf collections prior to
mid-August, the leaves of the late phenological form
contained significantly more chlorophyll a and chlo-
rophyll b than the early form in both sites and grow-
ing seasons (P<0.05) (Figs. 2 and 3). Differences be-
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tween the phenological forms ranged from 12 to 20%
for chlorophyll a and 10 to 13% for chlorophyll b.
Almost in all dates of leaves collection the chlo-
rophyll a and chlorophyll b contents differed signifi-
cantly among phenological forms, year of sample col-
lection and in the final stage of senescence between
studied sites (P<0.01). The chlorophyll content was
significantly greater in 2007 than in 2009. During the
period between the end of July and the second half of
August in the Mlynka site, chlorophyll a was slowly
degraded at a similar rate in all phenological forms.
In the Kopce site, the end of this stage of chlorophyll
degradation was delayed until the beginning of Sep-
tember (Fig. 2A-2D). This phase of leaf development
was designated as the pre-senescence stage. The ac-
celeration of chlorophyll degradation (senescence
onset) occurred at the end of August or beginning of
September (Fig. 2). The exact timing and dynamics
of this process depended on the site (Mlynka, Kopce)
and phenological form of the beech individuals (Fig.
2A-2D) as well as on the weather conditions during
the particular growing season (Fig. 1A and 1B). In
the early phenological form, chlorophyll degradation
in senescing leaves occurred in three stages. Two
stages of rapid chlorophyll degradation were separat-
ed by a stage of slow decrease in pigment content.
The dates on which these stages began were close to
the dates of temperature drops (Fig. 1A-1B, 2A-2D).
These stages were less visible in the intermediate
form. In the late form, two stages of chlorophyll deg-
radation were identified: a gradual decrease in Sep-
tember and a sharp decrease in October. This form
did not exhibit a middle stage of slow chlorophyll de-
crease. In both growing seasons, the first stage of leaf
senescence was associated with a drop in the average
temperature below 15°C. During this stage, the early
form was characterized by a higher chlorophyll deg-
radation rate during the temperature drop in both
beech stands: the Mlynka site started to senesce at
the end of August and first ten days of September
(Fig. 2A and 2B), whereas the Kopce site started in
the first half of September (Fig. 2C and 2D). Conse-
quently, the phenological forms showed the greatest
and most significant differences (P<0.01) in chloro-
phyll a content at the end of this stage. In the inter-
mediate and late phenological forms, stage 1 of leaf
senescence was delayed in time and exhibited a slow-
er chlorophyll a decrease (Fig. 2). After September
8-10 in the Mlynka site and September 14-16 in the
Kopce site, chlorophyll a degradation slowed down in
the early form and a period of stabilised chlorophyll
a content occurred until the end of September (this
period was designated as stage 2 of senescence in the
early form). In the other phenological forms, chloro-
phyll a was degraded more quickly during the second
half of September (Fig. 2). The final stage of leaf se-
nescence started between October 1 and October 9

in 2007 or September 23 and September 30 in 2009,
depending on the beech site and phenological form
(Fig. 2), and was related to a sharp and permanent
drop in temperature below 10°C. During final stage
of senescence, chlorophyll a content decreased to an
average of 8.7% in 2007 and 38.3% in 2009, relative
to the beginning of the stage.

The chlorophyll b degradation profile during leaf
senescence was similar to that of chlorophyll a. The
main difference was the earlier onset of chlorophyll
b degradation in particular stages of leaf senescence
compared with chlorophyll a (Fig. 3A-3D). The re-
sult of this phenomenon was a slight increase in the
chlorophyll a/b ratio until the beginning of October;
however, beech stands and phenological forms did
not differ significantly in terms of this feature (data
not shown). At the end of the senescence period, the
chlorophyll a/b ratio decreased. The differences be-
tween the chlorophyll a and chlorophyll b contents in
particular phenological forms in both years were sig-
nificant in a majority of the analysed dates of sample
collection, particularly in the periods with tempera-
ture decreases (P<0.001) (Fig. 2A-2D, Fig. 3A-3D).
The studied beech stands were characterised by dif-
ferent timing in the beginning of phenological and
chlorophyll degradation phases during leaf senes-
cence, which caused significantly different courses in
the levels of photosynthetic pigments (P<0.01).

Changes in the levels of chlorophyll
degradation products

In both stands and in all phenological forms, the
fractions of chlorophyllide a in relation to chloro-
phyll a amounted to approximately 3% until Octo-
ber 1 (Mlynka stand) or October 9 (Kopce stand),
i.e., until the beginning of the final stage of leaf
senescence, and then increased to 9-10% (Fig. 4).
The chlorophyllide b fraction was significantly high-
er than that of chlorophyllide a, amounting to ap-
proximately 8-9% of the chlorophyll b content, and
increased to 23-26% (depending on phenological
form) at the end of October (Fig. 5). The phenologi-
cal forms differed significantly in their chlorophyllide
a and chlorophyllide b content during the period of
intense chlorophyll degradation spurred by the sud-
den temperature drop at the end of the first half of
September and during the final stage of leaf senes-
cence in October (Fig. 4, Fig. 5). The largest increase
in chlorophyllide content during the temperature
drops occurred in the early phenological form (Fig. 4
and Fig. 5). The late form showed fluctuations in the
levels of chlorophyllides only in the final phase of leaf
senescence. The percentage of chlorophyllide a rela-
tive to the chlorophyll a content was approximately
three times lower than the percentage of chlorophyl-
lide b in relation to chlorophyll b; however, due to the
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Fig. 4. Chlorophyllide a fraction of chlorophyll a content in senescing leaves of phenological forms of beech trees (Fagus
sylvatica L.). Analyses were performed for two beech stands — Mlynka (A) and Kopce (B) - in 2007. Each point is the
mean of 15 measurements (+SE). Means denoted by different letters are significantly different at P<0.05

much higher chlorophyll a content, the differences
between the amounts of degradation products were
smaller, though the phenological forms still differed
significantly (P=0.021). Total phaeophytin produc-
tion was much lower than the total chlorophyllide
levels (almost 2-3% of chlorophyll a and b content
depending on beech sites). In both stands, the phae-
ophytin content decreased until the beginning of
October with a short period of increase during the
temperature decrease in the first half of September.
Phaeophytin content increased slightly in the final
stage of senescence, when the temperature dropped
below 10°C and the rate of chlorophyll degradation
was at its highest. Similar to chlorophyllide produc-
tion, the largest increase in phaeophytin content in
September and October was found in the early phe-
nological form (Fig. 4, Fig. 5, Fig. 6).
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The proportion of chlorophyll degradation prod-
ucts with respect to the total chlorophyll content
reflected the rate of production of chlorophyllide a,
chlorophyllide b and total phaeophytin (Table 2).
Analyses revealed that the proportion of chlorophyll
degradation products started to increase earlier in
Mlynka than in the Kopce stand (by approximately
1 week), which confirmed the earlier date of senes-
cence onset in the Mlynka stand (Table 2). A sudden
increase in the proportion of chlorophyll degradation
products occurred in the second decade of Septem-
ber (September 10 and September 14) and in the fi-
nal stage (October 15 to October 23-29, depending
on phenological form) of leaf senescence. On these
dates, the levels of the degradation products differed
significantly between phenological forms (P<0.0001)
and was highest in the early form (Table 2).
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Fig. 5. Chlorophyllide b fraction of chlorophyll b content in senescing leaves of phenological forms of beech trees (Fagus
sylvatica L.). Analyses were performed for two beech stands — Mlynka (A) and Kopce (B) - in 2007. Each point is the
mean of 15 measurements (+SE). Means denoted by different letters are significantly different at P<0.05.
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sylvatica L.). Analyses were performed for two beech stands — Mlynka (A) and Kopce (B) - in 2007. Each point is the
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Table 2. Proportions (%) of chlorophyll degradation products (sum of chlorophyllide a and b and total phaeophytin) in
total green pigments (chlorophyll a and chlorophyll b) in senescing leaves of phenological forms of beech in 2007 in

the Mlynka and Kopce sites

Proportion of chlorophyll degradation products in total green pigments [%+SE]

Date Mlynka site Kopce site
Early form Intermediate form Late form Early form Intermediate form Late form
2007-07-27 5.71+0.172 6.17+0.24* 6.01+0.25° 7.00+0.28* 7.50+0.30% 7.31+0.34°
2007-08-17 5.55+0.122 5.82+0.222 6.25+0.14* 6.65+0.26* 6.91+0.27%® 7.12+0.28°
2007-09-10 7.82+0.332 6.67+0.34° 5.76+0.39° 6.68+0.21* 6.41+0.34¢ 6.26+0.28?
2007-09-14 7.95+0.342 6.79+0.31° 5.70+0.32° 8.12+0.282 7.16%0.27® 6.14+0.23°
2007-09-24 6.57+0.17% 6.13+0.11¢ 5.41+0.09? 7.57%0.26* 6.98+0.25° 6.20+0.20*
2007-10-01 6.03%0.15* 5.60%0.15* 5.19+0.08? 6.74=0.29° 6.39+0.29° 5.82+0.29?
2007-10-09 6.81x0.16* 6.09+0.25% 5.22+0.30° 7.53%0.31% 6.71+0.28° 5.90+0.28?
2007-10-15 8.09+0.31¢ 7.04x0.26° 6.21x0.16° 8.64%0.35° 7.62%0.29* 6.64=0.28°
2007-10-23 16.17+0.342 11.16%0.57° 9.68+0.50° 17.42+0.63* 12.20+0.62° 10.53+0.59°
2007-10-29 8.18+0.58° 11.43+0.50° 13.32+0.37¢ 9.53+0.67¢ 12.24+0.46° 13.46+0.51°

Different letters indicate significant differences (P<0.01) by Tukey’s Multiple Range test.

Chlorophyllase and Mg-dechelatase
activity

Phenological forms and beech stands differed
significantly in chlorophyllase activity (P<0.0001).
During the pre-senescence phase, the late phenolog-
ical form showed the highest and the fastest decline
of enzyme activity (Fig. 7). A critical date was the
sudden temperature decline at the beginning of Sep-
tember, which induced a significant increase in chlo-
rophyllase activity, which was highest in the early
phenological form. Similar to the dynamics of chlo-
rophyll and chlorophyllides contents, chlorophyl-
lase activity changed during the stages associated
with the temperature pattern. The late form showed
a slower and more stable increase of chlorophyllase
activity (Fig. 7). A correlation analysis showed that
chlorophyllase activity depended on a 7-day average
of minimum and maximum temperatures (Table 4).
The highest correlation coefficient was found in the

early phenological form, wherein the correlation co-
efficient for minimum temperature was higher than
that for maximum temperature.

The proportion of total chlorophyllides was large-
ly correlated with the decrease in the chlorophyll
a and chlorophyll b contents in both beech stands.
The values of the Pearson correlation coefficients
for the chlorophyll content and proportion of chlo-
rophyllides depended on early, intermediate and late
phenological forms and for the two studied periods,
amounted on average to similar values for the chlo-
rophyll a and b: -0.90, —0.87 and -0.75, respectively
(P<0.05).

Mg-dechelatase activity was low during leaf se-
nescence. The only period of higher Mg-dechelatase
activity was the beginning of September, after the
temperature decrease (during initial stage of senes-
cence); however, phenological forms did not differ
significantly in terms of Mg-dechelatase activity.
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Fig. 7. Chlorophyllase activity in senescing leaves of phenological forms of beech trees (Fagus sylvatica L.). Analyses were
performed for two beech stands — Mlynka (A) and Kopce (B) — in 2007. Each point is the mean of 15 measurements
(+SE). Means denoted by different letters are significantly different at P<0.05

Temperature effect on chlorophyll
content, degradation product levels and
chlorophyll-degrading enzyme activities

To evaluate the influence of the level and the
fluctuations of temperature on the course of photo-
synthetic pigment degradation (and thus leaf senes-
cence), Pearson or Spearman correlation coefficients
were calculated. A correlation analysis of the chloro-
phyll content and the minimum, maximum and av-
erage temperature was performed on the two beech
sides during two vegetation periods, whereas temper-
ature effects on the level of chlorophyll degradation
products and activity of chlorophyllase were analysed
in the two beech sides during one vegetation period.
The results showed a significant effect of temperature
on the chlorophyll a and chlorophyll b contents (Table
3). In most cases, the correlation coefficients tend-

ed to be higher for the maximum temperature than
for the minimum temperature. In both studied sites
and vegetation periods, the early phenological form
had the highest correlation coefficients. In the later
phenological forms, the correlation coefficients were
smaller. The effect of temperature on chlorophyll con-
tent was confirmed by the correlation coefficients be-
tween temperature and the chlorophyll degradation
products (Table 4). As in the case of photosynthetic
pigments, the correlation coefficients for the degra-
dation products were highest for the early phenolog-
ical form in both beech stands. The coefficients were
also higher for the maximum temperature than for
the minimum temperature. The differences between
the coefficients were greater in the later phenological
form (Table 4). Due to the low activity of Mg-deche-
latase during leaf senescence, this measure was omit-
ted from the correlation analysis.

Table 3. Spearman rank correlation coefficients between 7-day average temperatures and chlorophyll a and chlorophyll b
content in the leaves of three phenological forms of beech. Correlation analysis was performed for the years 2007 and

2009
Beech site
Mlynka Kopce
Phenological form
Early Intermediate Late Early Intermediate Late
Chlorophyll a
i 0.52** 0.49* 0.44* 0.52** 0.49* 0.45*
o 0.62** 0.58** 0.55** 0.58** 0.54* 0.51*
wverage 0.58** 0.53** 0.49** 0.56* 0.53* 0.50*
Chlorophyll b
o, 0.63** 0.60** 0.57* 0.65** 0.60* 0.59*
to. 0.61** 0.62** 0.55* 0.61** 0.62** 0.72**
0.60** 0.61** 0.54* 0.62** 0.61** 0.60**

average

*-P<0.05,** - P<0.01.
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Table 4. Pearson rank correlation coefficients between 7-day average temperatures and chlorophyllide a, chlorophyllide b,
total phaeophytin and chlorophyllase activity in the leaves of three phenological forms of beech. Correlation analysis
was performed for the year 2007

Beech site
Mlynka Kopce
Phenological form
Early Intermediate Late Early Intermediate Late
Chlorophyllide a
in -0.52 -0.45 -0.37 -0.59 -0.52 -0.37
o -0.69* -0.64* -0.60 -0.67* -0.65* -0.57
werage -0.62* -0.61* -0.52 -0.66* -0.62* -0.51
Chlorophyllide b
in -0.60 -0.45 -0.37 -0.55 -0.45 -0.34
o -0.67* -0.66* -0.59 -0.59* -0.65* -0.61
U ernge -0.67 -0.59* -0.52 -0.60* -0.60* -0.59
Phaeophytin
i, -0.47 -0.44 -0.35 -0.62 -0.43 0.00
- -0.80** -0.77* -0.66* -0.74* -0.52 -0.20
Cperage -0.69* -0.65 -0.55 -0.72* -0.51 -0.12
Chlorophyllase
in, -0.89*** -0.83** -0.27 -0.90*** -0.83** -0.27
€ -0.68* -0.50 -0.09 -0.69* -0.49 -0.10
-0.80** -0.68* -0.17 -0.82* -0.67* -0.18

average

* - P<0.05,** - P<0.01, *** - P<0.001.

Discussion

The main symptoms of leaf senescence are the
decreases in chlorophyll and protein levels. Chang-
es in the total chlorophyll, protein and amino acid
contents in leaves are negatively correlated with se-
nescing intensity and are widely used as a metabolic
indicator to determine the timing and phases of leaf
senescence (Diaz et al. 2005; Hortensteiner 2006;
Kraj 2014). It is well known that autumn senescence
in most deciduous trees is regulated by photoperiod
and temperature, which are the most important abi-
otic drivers of this process (Keskitalo et al. 2005).
These factors play an important role in triggering
beech leaf senescence (Delpierre et al. 2009; Estrella
and Menzel 2006; Vitasse et al. 2011), and it is some-
what difficult to separate the effects of these factors
on the timing and course of leaf senescence.

In the present study, we demonstrated the effect of
phenological forms on the profile of chlorophyll deg-
radation during natural leaf senescence. Leaf sam-
ples were collected in two beech stands for two years
to characterise the effects of climatic conditions on
chlorophyll degradation. This approach made it pos-
sible to date the beginning and the course of senes-
cence for the phenological forms of beech. Because
the chlorophyll level in leaves varies depending pri-
marily on light intensity, the samples were collected
from areas of the tree crowns uniformly exposed to
the sun. The chosen method of leaf collection pro-

duced representative samples for each particular
phenological form.

The greater quantity of chlorophyll during the
pre-senescence stage in the late form than in the ear-
ly form confirmed the results of previous research
conducted at the Mlynka site in 2005 and 2008 (Kraj
2014). Even with the reduced chlorophyll content in
2009 relative to 2007, the late form had greater pig-
ment content. These properties of beech phenological
forms, based on four years of observations and two
populations (the present results), suggest that these
differences are genetically determined. This finding
should be confirmed in larger numbers of beech pop-
ulations. The differences between 2007 and 2009 in
the levels of chlorophyll appear to be the result of
both the temperature trends and the amount and
distribution of rainfall during the sampling periods.
Beech trees are very sensitive to drought and require
a large quantity of evenly distributed precipitation.
We would like to emphasize that the lower amount
of total precipitation during the sampling period in
2009 could have a direct effect on both the chloro-
phyll level and the yellowing rate of leaves, which
is negatively correlated with September precipita-
tion (Cufar et al. 2008; Skvareninova and Snopkova
2011).

The respective contributions of photoperiod
and temperature in triggering leaf senescence, and
thus chlorophyll degradation, differ in different tree
species (Fracheboud et al. 2009; Skvareninova and



54 Wojciech Kraj

Snopkovd 2011). For example, the main factor de-
termining the date of senescence onset in aspen is
photoperiod (Fracheboud et al. 2009; Keskitalo et
al. 2005), whereas in oak, photoperiod is of second-
ary importance (Delpierre et al. 2009). In the pres-
ent study the profiles of chlorophyll content and its
degradation products support the conclusion that
the main factor determining the beginning of the se-
nescence stages was temperature change. Tempera-
ture induces leaf senescence, but only in conjunction
with the appropriate day length; it cannot be the sole
triggering factor in senescence. The factor associat-
ed with temperature that triggers leaf senescence
may also be radiation. Garcia-Plazaola and Bacerril
(2001) showed that natural leaf senescence in beech
occurred first in leaves with greater exposure to the
sun. Entry into each senescence stage was caused
by a sudden drop in temperature. In the pre-senes-
cence stage, a significant temperature drop did not
cause a considerable decrease in chlorophyll. Howev-
er, a sudden drop in temperature in late August and
early September, when the appropriate photoperiod
occurred, caused entry into the first stage of leaf se-
nescence. A second temperature drop from the end
of September to the beginning of October caused
entry into the final stage of leaf senescence. Similar
behaviours in all phenological forms in terms of chlo-
rophyll degradation were also observed in 2005 and
2008 in the same experimental plot in the Mlynka
stand (Kraj 2014).

The highest correlation coefficients and the high-
est rate of chlorophyll decrease during the temper-
ature drops in the early phenological form indicate
that this form is more sensitive to temperature drops
than the late form, resulting in chlorophyll degra-
dation immediately after temperatures drop. These
differences between phenological forms of beech de-
termined the dates of the beginning of the leaf senes-
cence stages as well as their lengths. The resulting
data suggest that temperature changes occurring in
tandem with the appropriate photoperiod induce and
then regulate the leaf senescence process, wherein
the effect is much greater in the early than in the late
phenological form. The critical photoperiod revealed
in the present study occurred in late August and early
September (approximately 13 h) and caused the on-
set of the first stage of leaf senescence. This finding
is in agreement with those of Schuster et al. (2014),
who showed that the critical photoperiod for senes-
cence in German beech populations is between 11
and 13.7 h, depending on the population location.
Presumably, the impact of photoperiod and tempera-
ture in the first stage, most visible in early form, was
reversible in September. A temperature increase or
stabilisation after the sudden drop during initial stage
caused chlorophyll degradation (leaf senescence) to
slow down, particularly in the early form, despite the

further reduction in day length. In the final stage of
senescence, chlorophyll degradation was rapid and
irreversible, regardless of temperature fluctuations.
The differential effect of temperature on the behav-
iour of the phenological forms was much smaller at
this stage compared with the earlier stages. It seems
that beech leaves passed a second photoperiod
threshold at the beginning of October. An important
aspect of senescence is that leaves must be compe-
tent to respond to and be regulated by the photoper-
iod. The competency of leaves to the senescence pro-
cess and the role of leaf competence in determining
the progression of senescence in trees are still not
well understood. Leaf senescence in European aspen
is initiated by photoperiod, but this process is not
initiated until the leaves are competent to senesce,
a process that is related to carbohydrate status and
is influenced by growth arrest and dormancy. As long
as photoassimilates are transferred to other parts of
the tree from the leaves, it will be highly adaptive
for a tree to maintain photosynthetic activity in the
leaves; however, when the sink strength decreases,
the leaves reach a state in which senescence may be-
gin once the critical photoperiod has been perceived
(Fracheboud et al. 2009). In the present study, this
role may be played by the second critical photoperiod
occurring at the beginning of October.

According to our results, the rate of the loss of
green colour during leaf senescence in beech was as-
sociated with the rate of chlorophyllide and phaeo-
phytin production. To our knowledge, there are no
published studies referring to the activities of chloro-
phyllase and Mg-dechelatase responsible for the ini-
tial steps of chlorophyll breakdown during the natural
senescence of beech leaves (http://www.brenda-en-
zymes.org). The chlorophyllase and Mg-dechelatase
activities during leaf senescence reflects various types
of leaf senescence. In barley (Sabater and Rodriguez
1978) and in species of cherries (Sytykiewicz et al.
2013), chlorophyllase activity increased, whereas in
wheat (Ben-Yaakov et al. 2006) and ginkgo (Tang et
al. 2000), the activity of this enzyme decreased. The
Mg-dechelation activity was found to increase with
the progress of leaf senescence in ginkgo (Tang et al.
2000), whereas its activity decreased in oilseed rape
cotyledons (Vicentini et al. 1995); however, to date,
this enzyme has only been characterised to a small
degree. The present data revealed both an increase in
the production of chlorophyllides, providing evidence
for chlorophyllase activity in vivo, and an increase in
enzyme activity in in vitro assays. Both biochemical
analyses showed significant differences in the phe-
nological forms of beech, wherein the early form was
characterised by higher levels of chlorophyll degra-
dation products and chlorophyllase activity. General-
ly, chlorophyllase plays a central role in chlorophyll
catabolism, and its up-regulation should be expected
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during leaf senescence (Gepstein et al. 2003). Chlo-
rophyllase, which is a chloroplastic enzyme, may
function throughout all phases of leaf development,
including senescence. This enzyme resides in the in-
ner envelope of the chloroplast (Matile et al. 1997),
but in most leaf senescence systems, it behaves sim-
ilarly to thylakoid proteins. The degradation and re-
mobilisation of chloroplast proteins do not cause de-
creases in the amount and activity of this enzyme in
senescing leaves (Hirschfeld and Goldschmidt 1983)
because the degradation of thylakoid proteins occurs
only in the final phase of senescence. This finding
was confirmed in the present study, which showed
a decrease in the activity of chlorophyllase at the end
of the final phase of leaf senescence.

Low Mg-dechelatase activity was detected, though
the phaeophytin content was higher than that ob-
served by Garcia-Plazaola and Becerril (2001), who
reported that phaeophytin in beech leaves reached
approximately 1% of chlorophyll content. The mech-
anism of the Mg-dechelation of chlorophyll is rather
poorly understood, and two types of activity have been
identified in plants: Mg-dechelation may be catalysed
by Mg-dechelatase, or it may be associated with met-
al-chelating substances (Hortensteiner 2006). Some
findings suggest that Mg-dechelatase should be re-
garded as a heat-stable polypeptidic catalyst with
a low molecular weight rather than as a typical en-
zyme (Costa et al. 2002). The fact that phaeophytin
reached levels of 2-3% supports the possibility of Mg
release by metal-chelating substances.

In conclusion, we found that the main factor that
induces autumn senescence in beech is temperature
drop accompanied by the appropriate photoperiod.
Leaf senescence occurred in two or three stages, de-
pending of phenological form, which started in late
August and early September after the occurrence of
the critical day length of approximately 13 h. Phe-
nological form senescence was differentially induced
and regulated by temperature. The early phenological
form of beech exhibited higher temperature sensitiv-
ity than the late form. The first stage of leaf senes-
cence in this form could be slowed down in Septem-
ber if the tree was exposed to a higher temperature,
whereas the final stage of senescence in October was
irreversible. It was also found that chlorophyll deg-
radation during senescence in beech was associated
with an increase in chlorophyllase activity, whereas
Mg-dechelating processes were very low. Further ex-
amination of the temperature and photoperiod regu-
lation of beech senescence onset, the partitioning of
leaf competency in this process and the biochemical
and molecular regulation of chlorophyllase activity is
necessary to understand the mechanisms involved in
regulating leaf senescence.
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