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Effects of abiotic stress on gene
transcription in European beech: ozone
affects ethylene biosynthesis in saplings of

Fagus sylvatica L.
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The influence of ozone (150-190 nl L'; 8h/d) on transcription levels of genes
involved in the biosynthesis of the stress hormone ethylene, and its precursor
1-aminocyclopropane-1-carboxylate (ACC), was analysed in leaves of European
beech saplings. Ozone-induced leaf lesions appeared 7 weeks after onset of
ozone exposure. Cell lesion formation was preceded by persistent increases in
ethylene emission, in the level of its malonylated precursor ACC, and in the
transcript levels of specific ACC synthase 1 (ACS7), ACS2, ACC oxidase 1
(ACO1), and ACO2. Our results demonstrate that mechanisms similar to those
operating in herbaceous plants may determine beech saplings responses to

ozone exposure.
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Introduction

European beech is the most abundant
broadleaf tree in Germany (Schiitt et al.
1992). It is also of major importance for the
European forest industry and was therefore
chosen as an experimental species for our
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studies, to obtain deeper molecular insights
into the potentially detrimental effects of
ozone on European broadleaf forest ecosy-
stems. Plants have long been known to ex-
hibit responses to ozone exposure resem-
bling the hypersensitive response following
pathogen attack. Ozone has been qualified as
an abiotic elicitor of plant defence reactions
(Sandermann et al. 1998). These responses
include phytoalexin production and synthesis
of pathogenesis-related (PR) proteins, ac-
companied by the formation of various aro-
matic metabolites like lignins and flavonoids
(Langebartels et al. 2002).

Another well-known plant response to
ozone exposure is the stimulation of ethylene
biosynthesis (Tuomainen et al. 1997, Rao et
al. 2002, Langebartels & Kangasjérvi 2004).
Activation of ethylene biosynthesis is one of
the fastest ozone-dependent biochemical re-
sponses so far observed in herbaceous plants,
occurring within 5 hours, or even more rap-
idly (Schlagnhaufer et al. 1997, Nakajima et
al. 2001, Moeder et al. 2002). This response
was similarly rapid in birch (Vahala et al.
2003) and in an ozone-sensitive poplar clone
(Diara et al. 2005). ACC synthase (ACS) and
ACC oxidase (ACO), the two enzymes of
ethylene biosynthesis, are encoded by gene
families in herbaceous plants; several ACS
and ACO isoforms have been reported to be
induced by ozone (Nakajima et al. 2001,
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Moeder et al. 2002). In ozone-sensitive as
well as ozone-tolerant birch clones, ozone-
induced accumulation of ACS and ACO tran-
scripts was found (Vahala et al. 2003). Si-
milarly, ozone fumigation of beech saplings
(180-200 nl L") showed enhanced transcript
levels of ACS2 and ACOI (Nunn et al.
2005a). We therefore extended our study by
reporting the cloning of ACS2 and ACO2,
and analysing over a period of 3 month an
ozone-induced expression of the ethylene
biosynthesis genes (ACSI, ACS2, ACOI,
ACO?2), the accumulation of the ethylene
precursor free ACC and conjugated ACC,
and the emission of the end product of this
pathway, ethylene, using beech saplings.

Materials and methods

Plant material and growth conditions
Three-year-old European beech saplings
(Fagus sylvatica L., provenance 81024;
Schlegel Baumschulen, Riedlingen, Ger-
many) were planted in 14-L pots filled with
natural forest soil (site Hoglwald, Bavaria,
Germany - Betz et al. 2009b). Saplings were
maintained during winter under a wooden
pergola. Before bud burst, the plants were
treated with Promanal® (Neudorff, Emmerth-
al, Germany), to prevent insect infestation.
In spring the 4-year-old saplings were trans-
ferred to climate-controlled cabinets (39 m?)
of a greenhouse covered with UV-permeable
glass sheets (http://www.helmholtz-muen
chen.de/eus/index.php - Olbrich et al. 2005,
Betz et al. 2009a). Each cabinet contained 8
tables (2 m* per table) and 12 saplings were
placed on a single table. The saplings were
cultivated until full leaf development and
were kept at a relative humidity of 70-80%
and temperatures of 22-25 °C during day
hours (6:00 to 20:00) and 17-20 °C during
the night (20:00 to 6:00). At the beginning of
June, saplings were exposed to ozone for 8
h/d (150 nl L") or pollutant-free air, and
after 13 d the ozone concentration was in-
creased to 190 nl L™ for a further 70 d (Betz
et al. 2009b). For pollutant treatments ozone
was added to conditioned air by mass flow
controllers and injected into the cabinet by a
fan (1180 m® h'). Additional 6 fans within
the cabinet provided an even distribution of
the pollutant. Ozone was generated by elec-
trical discharge in dry oxygen (Fischer Ozon
Generator 500, Neckenheim, Germany) and
continuously monitored in the middle of the
cabinet using a computer-controlled system
and an UV-type ozone analyser CSI 3100
(Columbia Scientific Industries, USA).
Ozone concentrations, temperature, humidity
and light intensities were continuously meas-
ured and adjusted automatically to the cli-
mate setpoints by external shading, water
nebulisation and aeration. Temperature and
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Tab. 1 - Sequences of primers (5°-3°) used for quantitative real-time RT-PCR.

Gene Acc. nr. Forward primer Reverse primer

ACSI AJ420188 GGTCTTCACTGAAGGTCTTG CTGCTCTTTGAGTAGGTGAC

ACS2 AY705445 TCCAAACCGCATAGTCATGG TGGTGAGGGCACAAGAAAAG

ACOI AJ420190 CTGGTGGGATCATCTTACTC CAATAGAATGGCGCATAGGG

ACO2 AMO062963 GAAGGAAGTGTGACATAGCT GAAAACCCTT CTTCTTGTAG
26S rRNA - CGGCTCTTCCTATCATTGTG AACCTGTCTCACGACGGTCT

humidity were as described above, and no
artificial light exposure was used. At sunny
days maximum light intensities were 30
kLux. To minimize changes of ozone con-
centrations aeration was only opened at a
temperature of 28 °C. In addition to the wa-
ter nebulisation two tables were flooded with
water up to 4 cm. Watering of saplings was
carried out with deionized water using an
automatically droplet watering system (250
ml/d/pot). No additional nutrient supply was
carried out. Pest control against beech scale
was carried out weekly by hand to spare be-
neficial insects like larvae of lacewings and
hover flies. Thrips were fought off with
predatory mites and predatory bugs (Sautter
& Stepper, Ammerbuch, Germany). Two to
three leaves were collected for RNA analysis
from four ozone-treated and four control
saplings at 15 different time points begin-
ning at the onset of the ozone treatment
(days: 0, 2, 6, 11, 16, 21, 27, 34, 41, 48, 55,
62, 69, 76, 83). The leaves were immediately
frozen in liquid N, and stored at -80 °C until
further analyses.

Isolation of RNA and c¢DNA transcrip-
tion

Total RNA, was isolated according to the
protocol described by Kiefer et al. 2000,
treated with RQ1 DNAse (Promega, Man-
nheim, Germany) and quantified photomet-
rically (NanoDrop system; Kisker, Steinfurt,
Germany). For ¢cDNA synthesis, 5 pg of
total RNA (14.5 pL), 1 pL of dNTP (10

mM) and 1 pL of oligo-dT s primer (5 pg
uL™") was used for first-strand ¢cDNA syn-
thesis. Reverse transcription was carried out
for 4 h at 42 °C using Superscript II reverse
transcriptase, according to the manufacturer-
’s instructions (Invitrogen, Karlsruhe, Ger-
many).

Cloning of homologous beech cDNA for
ACS2 and ACO2

To obtain the putative cDNA sequence
ACS?2 from beech, degenerated primers were
designed based on conserved coding regions
identified from a multiple sequence align-
ment from different plants using MULTAL-
IN (Corpet 1988). Eight identical PCR reac-
tions (25 pL) were prepared containing 2.5
pL reaction buffer (10x), 1 pL MgCl, (50
mM), 0.5 pL dNTP (10 mM), 0.5 pL (10
uM) of degenerate forward (5’-TCTTTCAR-
GAYTATCATGGMTTGCC-3’) and reverse
(5-GGGVTTCCCTGGMYTYAGRGTYG-
GC-3’) primer, 0.2 pL cDNA, and 0.1 pL
Taq Polymerase (Invitrogen). In the sub-
sequent PCR reaction (1 cycle at 94 °C for 3
min; 35 cycles at 94 °C for 30 s; 45-60 °C
for 50 s; 72 °C for 1 min), a temperature
gradient was applied to optimise primer an-
nealing. PCR products were cloned into
pGEM-T Easy (Promega) and sequenced us-
ing an ABI3100 sequencer (Applied Biosys-
tems, Darmstadt, Germany). The resulting
cDNA sequence was published under the
NCBI accession number AY705445. The
cloned ACO2 (Acc. Nr. AM062963) was de-
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rived from a recently published ozone-in-
duced cDNA library of beech leaves (Ol-
brich et al. 2005).

Quantitative real-time RT-PCR (qRT-
PCR)

qRT-PCR was performed in a volume of
12.5 uL of SYBR Green ROX kit (ABgene,
Hamburg, Germany), 0.5 pL gene-specific
forward primer (10 uM), 0.5 pL gene-specif-
ic reverse primer (10 uM - Tab. 1), 0.5 pL
c¢DNA and 11 pL H,O, using an ABIPrism
7700 Sequence Detector (Applied Biosys-
tems, Darmstadt, Germany). The PCR condi-
tions were as follows: 1 cycle at 50 °C for 2
min and at 95 °C for 10 min; 40 cycles at 95
°C for 15 sec and at 60 °C for 1 min (Betz et
al. 2009a). As an internal reference, 26S
rRNA was used, and the relative expression
ratio (R) was calculated according to the
“Delta-delta” method (eqn. 1):

2 ACT target (control — sample)

- 2ACT reference (control— sample)

Determination of ethylene emission and
concentrations of ACC

For ethylene determination, single fresh
leaves from 12 saplings were analysed dir-
ectly upon harvest (days: 1, 3, 6, 15, 20, 24,
29, 35, 42, 49, 65, 63, 70, 77, 84) as de-
scribed previously (Nunn et al. 2005a) and
determination of free and conjugated ACC
from leaf material of 9 pooled saplings
(days: 0, 2, 6, 11, 16, 21, 27, 34, 41, 48, 55,

Fig. 1 - Ozone-induced leaf lesions in leaves
of European beech saplings. Classification is
as in Tab. 2.

iForest (2009) 2: 114-118

115

© SISEF http://www.sisef.it/iforest/



Tab. 2 - Classification of ozone symptoms
in leaves of European beech saplings.

Level
L1
L2
L3

Symptoms

No visible lesions

Single punctual lesions

Many small lesions all over the
lamina

About 50% lesions of the lamina
About 70% lesions of the lamina
(leaves started to roll up)

More then 90% lesions of the lamina
(leaves were shed)

L4
L5

L6

62, 59, 76, 83) was performed according to
Tuomainen et al. (1997).

Results

Treatment of beech saplings with ozone
(150-190 nl L") led to visible leaf symptoms
that were classified into six symptom levels
(Fig. 1, Tab. 2). Lesions occurred on the up-
per leaf surface 42-49 d after the onset of
treatment (Fig. 2). At the end of the experi-
ment, ozone-treated saplings started to shed
the leaves. Nine out of the 12 treated sap-
lings developed severe symptoms, whereas
control saplings did not show any damage.
Ethylene emission is a frequent ozone re-
sponse in plants, and it correlates with leaf
injury and cell death (Moeder et al. 2002,
Nunn et al. 2005a). To analyse details of
ozone-induced ethylene biosynthesis in our
experiment, we started the analysis using
clones putatively assigned to ACS2 and
ACO?2. Pairwise comparison of 4CS2 with
nine ACS isoforms of tomato showed an
identity of only 70%. However,
CLUSTALW analysis with a homologous
region of 600 bp indicated 82% identity with
ACS2 from birch, but only 70% with ACS/

Effects of abiotic stress on gene transcription in European beech
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Fig. 2 - Percentage of
leaves with ozone-in-
duced lesions corres-
ponding to the classi-
fication in Tab. 2 (L1:
light green; L2: dark
green; L3: yellow; L4:
orange; L5: red; L6:
dark red).
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from the same species (Vahala et al. 2003).
The cloned ACO2 from beech showed about
97% identity to the 3’-open reading frame of
ACOI from beech (Calvo et al. 2004). ACO2
had a 73 bp insertion in the C-terminal co-
ding region compared to ACO1, which resul-
ted in a protein sequence extension of 12
amino acids. This allowed us to design a spe-
cific primer for ACO2 for qRT-PCR studies.
For the known ACOI of beech we did not
find such isoform specificity. Therefore, we
could not exclude the possibility that the ex-
pression data for ACOI may mirror the more
strongly expressed ACO2.

ACS]I expression increased with the onset
of ozone fumigation, then decreased, and in-
creased again with increasing ozone concen-
tration from 150 nL L' to 190 nL L (Fig.
3). ACS2 showed the highest expression
level of all the genes analysed in this study,
about 20 orders of magnitude higher then
ACS1 (Fig. 3 - please note the different
graduation for the relative gene expression
charts). ACO1 showed the lowest induction
rate of all the genes related to ethylene bio-
synthesis, and a second increase was ob-
served for ACO!I and ACO? after the ozone

concentration was increased (Fig. 3). The
time-dependence of the expression levels of
ACO2 and ACOI were comparable, although
the ACO2 levels were much higher (Fig. 3).
In contrast to what was observed with ACS
isoforms, levels of ACO isoform transcripts
did not increase when the macroscopic le-
sions appeared (Fig. 3).

Free and conjugated ACC, the precursor
molecules of ethylene, were regularly ana-
lysed at 15 time points throughout the 83 d
ozone fumigation period (Fig. 4a). Leaf ma-
terial of 9 ozone-treated and 9 control sap-
lings were pooled and analysed. As the small
saplings should not loss more then 1/10 of
their leaves, which might mimic pest attack
and no ozone effects, single sapling analyses
could not be carried out. Levels of both
metabolites increased in the course of fumig-
ation, although to different extents. The
highest concentration of free ACC was about
20 nmol g' fw, whereas conjugated ACC
reached 175 nmol g fw on day 62, and then
decreased. Control values of free and con-
jugated ACC were below 0.56 and 6.9 nmol
¢! fw, respectively, throughout the experi-
ment (Fig. 4a). Interestingly, conjugated
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Fig. 3 - Quantitative real-time RT-PCR analysis of 4ACS1, ACS2, ACOI and ACO2 gene transcripts in total RNA isolated from ozone-treated
leaves of European beech. 4-year-old European beech saplings were fumigated with ozone (150-190 nl L™, 8 h/d, 83 d); n: 4 saplings, +
SEM; (*): increasing the ozone concentration from 150 nl L' to 190 nl L™'; (**): first ozone-induced leaf lesions.
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Fig. 4 - (a) Accumulation of free and conjugated ACC in leaves of control and ozone-treated 4-year-old European beech saplings (150-190 nl
L', 8 h/d, 83 d); leaf material of 9 ozone-treated and 9 control saplings was pooled; | = first ozone-induced leaf lesions. (b) Boxplot diagram
of the mean ethylene emission of ozone-treated 4-year-old European beech saplings (150-190 nl L™, 8 h/d, 83 d). The upper, middle and
lower margins of the plot correspond to 75%, 50% and 25% percentiles of the monitoring; n: 12 saplings; (*): first ozone-induced leaf le-

sions.

ACC rapidly increased with the first appear-
ance of macroscopic lesions (Fig. 4a).

Ethylene emission was analysed from
freshly harvested leaves of 12 saplings. The
absolute amount of ethylene produced as
well as the time course of expression varied
greatly between different saplings. Neverthe-
less, a box blot analysis revealed an apparent
correlation between ozone fumigation and
ethylene emission (Fig. 4b).

Discussion

Young beech saplings are considered as re-
latively sensitive to the pollutant ozone, al-
though genetic variabilities are known
(Langebartels et al. 1997, Grams et al. 1999,
Nunn et al. 2005b, Betz et al. 2009a). The
ozone concentration used in this study resul-
ted in an AOT40 value of about 96 pul L' h™!,
which is comparable with previous studies
(Nunn et al. 2005a, Nunn et al. 2005b).
However it has to kept in mind that a newly
developed ozone flux model might be a bet-
ter risk assessment approach for European
forest trees (Matyssek et al. 2007, Paoletti et
al. 2008). There is some information indica-
ting that ozone-induced leaf damage in
beech saplings is linked to the formation of
ethylene (Langebartels et al. 1997, Nunn et
al. 2005a). In the present study, we showed
that the ozone-induced production of ethy-
lene differed widely from tree to tree, but
nevertheless could be correlated with the ex-
tent of leaf damage and the appearance of
ozone symptoms 42 d after onset of ozone
exposure (190 nl L' - Fig. 4b). Similar
strong variation in ethylene formation and
symptom development among individuals of
a plant species has been reported in herb-
aceous plants (Mehlhorn & Wellburn 1987,
Tamaoki et al. 2003). However, in contrast
to the rapid induction of ethylene production

iForest (2009) 2: 114-118

in herbaceous plants (Nakajima et al. 2001,
Moeder et al. 2002), production was remar-
kably delayed in beech and displayed a
markedly longer persistence (Fig. 4b). This
is consistent with findings recently published
by other investigators (Nunn et al. 2005a).

Previous studies with herbaceous plants
have shown that the levels of free and con-
jugated ACC increase upon ozone exposure
(Moeder et al. 2002). Moreover, in 60-year-
old beech trees exposed to two times the am-
bient ozone levels, conjugated ACC was in-
duced only in shade leaves, but not sun
leaves (Nunn et al. 2005a). In the present
greenhouse study with 4-year-old beech sap-
lings, the maximum levels of free and con-
jugated ACC, as well as maximal ethylene
production, occurred about 9 weeks after the
onset of ozone exposure (190 nl L'; 8 h/d -
Fig. 4). This delayed increase in ACC may
be explained by the fact that beech is better
equipped to detoxify ozone than the her-
baceous tomato plant (Tuomainen et al.
1997, Moeder et al. 2002). As the leaves of
young beech saplings more closely resemble
the sun leaves rather than the shade leaves of
a mature tree, this difference in response
may reflect an ontogenetic effect. There is
also increasing evidence that juvenile trees
may differ in physiology and, therefore, in
ozone responses compared to mature trees
(Matyssek & Sandermann 2003, Nunn et al.
2005Db).

Previous studies with herbaceous plants
have also shown that ozone-induced ethylene
emission is regulated by differential tran-
scription of the ACS and ACO genes (Tuo-
mainen et al. 1997, Moeder et al. 2002). We
have analysed the transcript levels of two
previously known genes (4CSI1, ACOI1), as
well as two genes (ACS2, ACO2) cloned
here for the first time. Up-regulation of
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ACS? transcription was delayed compared to
that of 4CS1. However, the relative gene ex-
pression was more than 1000-fold and was
the highest of all transcripts analysed in this
study (Fig. 3). A delayed up-regulation of
ACS2 compared to ACSI has also been
shown in tomato after a single ozone pulse
(Nakajima et al. 2001). Tomato ACSI,
however, was much more strongly induced
compared to ACS2 (Nakajima et al. 2001).
Interestingly, ACS2 was also up-regulated in
sun leaves of adult European beech in an
open-air fumigation site in the presence of
ozone at two times the ambient level (Jehnes
et al. 2007). In a previous study with beech
saplings, ACS2 was up-regulated by a factor
of only 150 when exposed to ozone at 200
nL L from September to October (Nunn et
al. 2005a). The reason for this difference in
induction factor is not obvious. As the
present study was carried out from June to
September, it may indicate the influence of
light conditions, including UV radiation,
which have not been considered so far. In 1-
year-old clonal birch plants, ACSI was in-
duced in all clones irrespective of ozone to-
lerance or sensitivity, whereas ACS2 was in-
duced exclusively in sensitive clones (Va-
hala et al. 2003). Thus, 4-year-old beech sap-
lings can be classified as ozone-sensitive.
This idea is further supported by the absence
of free SA in sensitive birch clones (Vahala
et al. 2003), as well as in beech saplings
(Betz et al. 2009b). ACO!I and ACO2 were
strongly induced at the onset of ozone treat-
ment (150-190 nL L"), but decreased upon
continuous exposure (Fig. 3). Ozone induc-
tion of ACOI and ACO? transcripts has also
been reported recently in leaves of 3-year-
old beech saplings (Olbrich et al. 2005,
Nunn et al. 2005a) and in moderately ozone-
tolerant aspen clones in a free-air ozone fu-
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migation study (Gupta et al. 2005). Interest-
ingly, ACOI and ACO2 were much more
strongly induced in ozone-sensitive than in
ozone-resistant birch clones, again favouring
the notion that beech saplings are ozone-
sensitive. As for leaf injury and ethylene
production, the relative gene expression
levels among individual saplings showed
pronounced variation.

Conclusion

The observed differential induction of ACS
and ACO isoforms, the accumulation of
ACC, and the production of ethylene
strongly support the idea that ethylene trig-
gers development of the leaf lesions related
to ozone-induced cell death. These findings
further support the recently postulated idea
that ethylene plays an important role in cell
death in leaves of both saplings (Vahala et
al. 2003) and adult trees (Nunn et al. 2005a).
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