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Abstract We have investigated the influence of mechanical

wounding of Arabidopsis rosette leaves on photochemical

activity of photosystem II, gas exchange, sugar content and

sucrose metabolism in wild-type plants and mutants

impaired in hormonal balance. The aos (jasmonate defi-

ciency), rcd1 (reduced sensitivity to ABA, ethylene, and

methyl-jasmonate), and ein4 (ethylene insensitivity)

mutants have been used. Generally, mechanical injury led to

dynamic changes in metabolism, especially in sugar and

carotenoid contents. Whereas all mutants showed lower

photosynthesis and respiration in comparison to the wild-

type plants, leaf wounding caused a decrease in respiration in

aos and ein4, and an increase in respiration in wild type. The

mechanical injury triggered an increase of the activities of

sucrose hydrolysing enzymes, such as sucrose synthase

(SuSy) and several types of invertases, which was most

evident in case of rcd1 and aos plants. This was correlated

with injury-related changes in soluble sugars in the mutants,

but not in wild-type plants where sugar content was not

significantly affected by wounding. The results confirm the

key role of stress hormones, such as jasmonate and ethylene,

in mediating stress responses after wounding. The outcome

of the experiments also underlines important roles of SuSy

and invertase in regeneration of injured tissues, most prob-

ably by providing precursors for cell wall biosynthesis and

by modulating sugar-signalling in plant cells.

Keywords Carbohydrates � Chlorophyll a fluorescence �
FT-Raman spectroscopy � Invertase � Jasmonate-deficient

mutant � Sucrose synthase

Abbreviations

Aos JA deficient mutant

CIN Neutral invertase

cwINV Cell wall associated invertase

ein4 Ethylene insensitive mutant

Fv/Fm Photochemical efficiency of PSII

JA Jasmonic acid

NPQ Nonphotochemical quenching

qP Quenching in steady-state

QY Steady-state quantum yield

rcd1-1 Radical-induced cell death 1 mutant with

reduced sensitivity to ABA, ethylene, and methyl

jasmonate

ROS Reactive oxygen species

SuSy Sucrose synthase

VIN Vacuolar invertase

W 2 2 h after wounding

W 24 24 h after wounding

Wt Wild type plants

Introduction

Wounding of plant tissues is a common result of an insect/

animal feeding, strong wind, rain, or human agricultural

activities. Several studies have shown that various plant
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hormones and signalling molecules are involved in

wounding response—jasmonic acid (JA), ethylene, and

abscisic acid (ABA) are major plant-specific hormones

which constitute natural defense mechanism to protect

against wounding (Reymond et al. 2000; León et al. 2001;

Maffei et al. 2007; Koo and Howe 2009; Łukaszuk and

Ciereszko 2012; Machado et al. 2015). The interaction and

balance between hormones and sugars (and sometimes

reactive oxygen species, ROS) forms a complex signalling

network affecting various aspects of resistance, including

local and systemic response. Wounding, as a stress factor,

leads to some dynamic changes including the modulation

of ion flux, ROS production, induction of MAP kinases. As

a result, the induction of genes involved in cellular repair

and pathogen-defense occurs, as well as changes in the

quality and content of phytochemicals (Reymond et al.

2000; Lafta and Fugate 2011; Savatin et al. 2014; Lulai

et al. 2016). All these responses, and the time of their

emergence, may differ depending on plant species or plant

organs. The great tool to study these responses are plant

mutants, including the Arabidopsis thaliana hormonal

mutants which are commonly used genetic tools

(Meyerowitz 2001; Ahlfors et al. 2004; Ciereszko and

Kleczkowski 2006; Koo and Howe 2009; Ljung et al.

2015). Several mutants defective in jasmonate biosynthesis

and signalling have been isolated and used in the case of

recent studies which have analyzed plant responses to

insects or pathogen attack (Berger 2002; Machado et al.

2015).

Sugars are involved in plant development, metabolism,

and responses to various stress conditions, e.g., phosphate

deficit, water stress, anoxia (Ciereszko and Kleczkowski

2005; Couée et al. 2006; Polit and Ciereszko 2012; Tauzin

and Giardina 2014). Sucrose as an end product of photo-

synthesis is the major translocated form of carbon in plants.

Sucrose is metabolized by invertases (EC 3.2.1.26) and

sucrose synthase (SuSy, EC 2.4.1.13) into hexoses (Rosa

et al. 2009). These processes are important for the woun-

ded/infected plants, because carbon skeletons are required

in the damaged area for the synthesis of new molecules and

as an energy source in biosynthetic reactions (Quilliam

et al. 2006; Lafta and Fugate 2011; Tauzin and Giardina

2014). Additionally, sugars as signal molecules may reg-

ulate gene expression and a variety of metabolic processes

through hexokinase-dependent and independent pathways

(Couée et al. 2006; Lastdrager et al. 2014; Kunz et al.

2014, 2015). Several reports have indicated that stress

conditions affect sugar metabolism, e.g., cadmium stress

led to decrease in invertases and SuSy activity in pea (Devi

et al. 2007). Wounding has been evidenced to reduce

sucrose content in sugar beet and sugar cane (Rosenkranz

et al. 2001; Chandra et al. 2012), while phosphate defi-

ciency increased glucose and starch content in bean or A.

thaliana leaves (Ciereszko and Barbachowska 2000;

Ciereszko and Kleczkowski 2005). On the other hand, cold

stress has resulted in accumulation of glucose, fructose,

sucrose and starch (Strand et al. 1997). It has been estab-

lished that mechanical wounding induces expression and

the activity of cell wall and vacuolar invertases in the sugar

beet tap-root (Rosenkranz et al. 2001). Photosynthesis and

respiration intensities are often affected by stress, as well

(Quilliam et al. 2006; Lafta and Fugate 2011). Chlorophyll

a fluorescence during photosynthesis is low; however,

disturbances in this process provoked by stress usually

intensify the fluorescence emission (Baker and Rosenqvist

2004). Moreover, co-regulation of photosynthesis and

carbohydrate metabolism may influence enzyme activity

and whole plant metabolism (Berger et al. 2007).

Sugars can activate specific hormone-crosstalk trans-

duction pathways, resulting in modifications of various

gene expression and enzyme activity (León and Sheen

2003; Lastdrager et al. 2014; Ljung et al. 2015). Sugar

production, transport, and metabolism are modified by

hormones. Thus, crosstalk between hormones and sugar

occurs through the regulation of hormone synthesis (e.g.,

ABA and gibberellins) by sugar, while hormones (e.g.,

ABA, cytokinins) modify sugar metabolism (León and

Sheen 2003; Ljung et al. 2015). It has been found that

glucose stimulates ABA synthesis and limits the sensitivity

to ethylene (León and Sheen 2003). On the other hand,

jasmonate-dependent depletion of soluble sugars has been

observed (Machado et al. 2015). What is more, the role of

jasmonates in the regulation of plant primary metabolism is

also unclear. The plant responses to wounding resulting in

modification of sugar content and metabolism are still

poorly understood.

The goal of the present study was to contribute to better

understanding of the effect of mechanical wounding on

sucrose metabolism and photosynthesis. Additionally, we

wanted to test whether a deficit, or insensitivity, to the

stress hormones had an influence on sugar metabolism, and

plants responses to wounding thus the A. thaliana mutants:

aos, ein4, and rcd1 were used, in which carbohydrate

metabolism has not been studied. Photochemical efficiency

of PSII and gas exchange estimations allowed us to gain an

insight into the condition of photosynthetic apparatus and

the ability of mutants, the ones with low sensitivity to

crucial plant hormones, to respond to wounding stress.

Materials and methods

Plant material

Seeds of Arabidopsis thaliana (L.) Heynh. ecotype

Columbia wild-type plants (wt) and hormonal mutants
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(ein4—ethylene insensitive, rcd1-1—reduced sensitivity to

ABA, ethylene, and methyl jasmonate, aos—JA-deficient)

were obtained from the European Arabidopsis Stock Centre

(NASC). Mutants were described by Roman et al. (1995),

Overmyer et al. (2000), Park et al. (2002) and Ahlfors et al.

(2004). Seeds were stratified in the dark for 72 h at 4 �C,

then soil-grown for 6 weeks in a growth chamber with a

photoperiod of 10 h light/14 h dark, PAR

100 lmol m-2 s-1, 23 �C/20 �C temperature and 65%

humidity. After 6 weeks, half of the leaf (with bundle

sheath) was cut with scissors, wounding was repeated in

half of all leaves in the rosette (Fig. 1). All experiments

were performed 2 and 24 h after wounding with intact

plants as controls. Leaves from wild-type plants and

mutants were harvested to measurements after 4–5 h of

light period. Despite the injury of leaves, plants were able

to grow and flower (especially wt). All experiments were

carried out in 3–5 replicates and 3–5 independent series of

experiments.

Fourier transform Raman spectroscopy

measurements

FT-Raman spectroscopy is now a common technique for

the qualitative identification of metabolites, applied to

carotenoids, sugars, lipids, flavonoids or polyphenols

measurements in plants (Baranska et al. 2013; Skoc-

zowski and Troć 2013). FT-Raman spectra were recorded

with a Nicolet NXR 9650 spectrometer fitted with a liquid

nitrogen-cooled germanium detector. The leaf of

A. thaliana was illuminated with a Nd:YAG laser, emit-

ting at 1064 nm. All spectra were recorded in the range

from 100 to 4000 cm-1 with a spectral resolution of

4 cm-1, average of 64 scans, using Omnic/Thermo Sci-

entific Software. Ten spectra were collected for each

control and wounded plant, then spectra were classified

according to the main biochemical components using

hierarchical cluster analysis. The Ward’s algorithm was

used to obtain dendrograms to compare the chemical

composition. The analysis was performed based on the

normalized FT-Raman spectra of A. thaliana genotypes in

the range of 700–1800 cm-1 by STATISTICA software

(StatSoft, Inc. 2011).

Measurement of chlorophylls and carotenoids

content

Pigments (chlorophyll a, b, and carotenoids) from the

rosette leaves (control and injured) of wild-type and

mutants were extracted with 80% acetone and measured

spectrophotometrically according to Wellburn (1994).

Chlorophyll a fluorescence measurements

Chlorophyll fluorescence images were captured with a

FluorCAM imaging system (PSI, Brno, Czech Republic)

and analyzed with FluorCam6 software package (ver. 1.8,

Photon System Instruments). Chlorophyll fluorescence was

measured in the same plant: before wounding, and 2 and

24 h after wounding. Plants were dark-adapted for 20 min

Fig. 1 Arabidopsis thaliana wild-type (wt) and mutants rcd1, aos, ein4 rosettes morphology after 6 week growth (a), wounding treatment of

rosette leaves (b)
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and the dark level fluorescence yield (F0) was recorded at a

very low light intensity (less than 1 lmol photon m-2 s-1).

The maximum fluorescence yield (Fm) was measured at

the saturating flash of about 2500 lmol photons m-2 s-1

for 1 s to reduce plastoquinone pool. Afterwards, the plants

were light-adapted under red–orange actinic light

(180 lmol photon m-2 s-1). The following chlorophyll

fluorescence coefficients: photochemical quenching (qP),

non-photochemical quenching in light (NPQ) and PSII

quantum yield in light (QY) were measured at steady-state

photosynthesis according to the procedure described by

Gabara et al. (2012).

Photosynthesis and respiration measurements

The rate of net photosynthetic O2 evolution and respiration

in the leaves of wild-type and mutants was measured using

a Clark-type oxygen electrode (Hansatech Instruments

Ltd., England) under the photon flux density of

500 lmol m-2 s-1 at 25 �C, as described by Akhkha et al.

(2001). CO2 in the reaction chamber (LD1/2, Hansatech,

King’s Linn, Great Britain) was generated by 15 mM

sodium bicarbonate; Hansatech LS2 lamp served as a light

source.

Soluble sugars content determinations

Plant material was collected 2 and 24 h after wounding

(same for the control plants) and frozen in liquid nitro-

gen. Sugars were extracted with 80% ethanol; ethanol

extracts were concentrated by evaporation under vacuum.

Glucose and sucrose content was quantified enzymati-

cally using glucose oxidase and peroxidase as described

by Ciereszko and Barbachowska (2000). Soluble (re-

ducing) sugars content was estimated with the

arsenomolybdate reagent according to the method of

Somogyi-Nelson (Nelson 1944) and the absorbance was

measured at 540 nm.

Sucrose hydrolysing enzymes extraction and activity

Cell wall invertase (cwINV) and vacuolar invertase (VIN)

were extracted from plant tissues with 100 mM Na/acetate

buffer (pH 4.5) and activity was measured as described by

Ciereszko and Barbachowska (2000). Soluble invertases

were analyzed in the supernatants, whereas the insoluble

form was measured in the pellet. To determine invertases

activity, the reaction mixtures were measured after

10–20 min incubation at 37 �C of the enzymatic extract

with 100 mM Na/acetate buffer (pH 4.5) and 100 mM

sucrose.

Neutral invertase (CIN) and SuSy were extracted in

reaction buffer (50 mM MOPS-NaOH pH 7.0, 5 mM

MgCl2, 1 mM EDTA, 2.5 mM DTT, 0.05% Triton X, 2%

PVP), as described by Ciereszko and Barbachowska

(2000). The activity of CIN was detected after 30 min

incubation at 37 �C in a reaction mixture containing

50 mM MOPS-NaOH, pH 7.0, 100 mM sucrose, water and

the extract. The sugars produced in the reaction were

determined as above.

To determine SuSy activity, reaction mixtures contain-

ing 50 mM MOPS-NaOH (pH 7.5), 5 mM MgCl2, 10 mM

UDPG, 50 mM fructose and the extract were incubated at

37 �C for 20 min then terminated with 0.5 mL 1 N NaOH

and placed in boiling water. Subsequently 0.1% (v/v)

resorcinol in 95% ethanol and 30% HCL were added, and

the tubes were incubated at 80 �C for 10 min. The tubes

were allowed to cool down and the absorbance was mea-

sured at 540 nm.

Measurement of soluble proteins content

The soluble proteins content was determined by the pro-

cedure of Bradford (1976). The absorbance at 595 nm was

measured in enzymatic extract after 15 min incubation at

room temperature with the Bradford reagent (Sigma) and

compared to a standard BSA curve.

Statistical analysis

Data were analyzed statistically using analysis of variance

and tested for significant differences (p B 0.05) using one-

way ANOVA, Duncan test of STATISTICA software

(StatSoft, Inc. 2011).

Results

Mechanical wounding of A. thaliana rosette leaves of wild-

type and mutants did not significantly affect the growth

parameters and morphology of plants (Table 1; Fig. 1).

Hormonal imbalance generally affected the morphology of

intact plant leaves-the rcd1 mutant was smaller compared

to wild-type, with a lower fresh weight, shorter rosette

diameter and leaves with large amount of trichomes, aos

was more similar to control plants, but the rosette diameter

of ein4 was larger than wild type (Fig. 1). Chlorophyll and

carotenoids concentrations in general were not affected

after wounding, except aos and ein4, where chlorophyll

and carotenoids content increased (Table 1). Wounding of

rosette leaves did not have a significant effect on the sol-

uble proteins content (Table 1).
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Changes in the chemical composition of mutants

leaves after injury (FT-Raman spectra)

Raman spectroscopy is a rapid technique that does not need

any earlier sample preparation; each sample is irradiated by

monochromatic light deriving from a laser source (Schulz

et al. 2005; Skoczowski and Troć 2013). It allows for

determination of chemical composition of various tissues

on the basis of changes in the vibrational modes of mole-

cules; moreover, computer system (Fourier transform, FT)

allows fast and sensitive measuring of weak signals

(Baranska et al. 2013).

In the analyzed A. thaliana wild-type plants, as well as

in mutants, three bands have been identified for carotenoids

(Fig. 2). The most intensive bands at 1526 and 1158 cm-1

could be assigned to C=C and C–C stretching vibration of

the polyene chain, whereas the band at 1002 cm-1 was

related to rocking modes of methyl groups attached to the

C–C bonds of the main chain (Schulz et al. 2005; Withnall

et al. 2003). The main carotenoid pigments presented in the

leaves are 9-conjugated C=C carotenoid compounds, such

as b-carotene (also a-carotene, usually in a much lower

concentration), lutein, zeaxanthin or antheraxanthin, simi-

lar to the results obtained by Schulz et al. (2005). In

addition to carotenoid signals, other bands mainly in the

800–1500 cm-1 regions were detected (Fig. 2). These

bands could be attributed mostly to monosaccharides,

disaccharides and polysaccharides and for this reason the

region is called the fingerprint of carbohydrates. Bands at

854 cm-1 could be assigned to C–O–C skeletal modes of

sugars (mainly glucose and sucrose). Bands at 866 cm-1

were related to the vibration of C–H, while the peaks at

915 cm-1 were associated with both C–H and COH

vibrations. The peaks around 1260–1280 cm-1 represented

the C–OH vibration modes, whereas the peaks at

1443 cm-1 could be interpreted as the C–OH stretching

vibrations. The peaks at 1070–1080 cm-1 could be corre-

lated with C–H and COH vibrations in carbohydrates

(Fig. 2).

The cluster analysis (Fig. 3) carried out in the

700–1800 cm-1 region based on the FT-Raman spectra

(Fig. 2) showed the differences in the content of metabo-

lites (mainly sugars and carotenoids) in the leaves of A.

thaliana after wounding. The most visible changes in the

chemical composition of the leaves were observed 24 h

after wounding for wild-type and rcd1 (Fig. 3b). Metabolic

changes in the aos mutant were very similar both at 2 and

24 h after damage as compared to control (Fig. 3c).

Metabolic changes in response to stress in the ein4 mutant

were rapid (within 2 h) but short-termed, as no significant

spectroscopic changes in the tested region were detected

after 24 h (Fig. 3d).

T
a

b
le

1
F

re
sh

m
as

s
o

f
ro

se
tt

e
le

av
es

,
ch

lo
ro

p
h

y
ll

,
ca

ro
te

n
o

id
s

an
d

so
lu

b
le

p
ro

te
in

s
co

n
te

n
ts

in
in

ta
ct

le
av

es
(C

,
co

n
tr

o
l)

an
d

in
le

av
es

af
te

r
2

an
d

2
4

h
o

f
w

o
u
n

d
in

g
(W

2
,

W
2

4
)

o
f

6
-w

ee
k

-o
ld

A
ra
b
id
o
p
si
s
th
a
li
a
n
a

,
w

il
d

-t
y

p
e

p
la

n
ts

,
rc
d
1

,
a
o
s,
ei
n
4

m
u

ta
n

ts
;

m
ea

n
s
±

S
D

v
al

u
es

ar
e

in
d

ic
at

ed

P
ar

am
et

er
G

en
o

ty
p

e

W
il

d
ty

p
e

rc
d
1

a
o
s

ei
n
4

C
W

2
W

2
4

C
W

2
W

2
4

C
W

2
W

2
4

C
W

2
W

2
4

F
re

sh
m

as
s

(g
)

0
.4

3
±

0
.0

9
0
.3

9
±

0
.1

1
0
.3

4
±

0
.0

8
0
.1

3
±

0
.0

2
0
.1

3
±

0
.0

1
0
.1

6
±

0
.0

4
0
.3

8
±

0
.0

4
0
.3

5
±

0
.0

2
0
.3

5
±

0
.0

7
0
.3

3
±

0
.0

2
0
.2

9
±

0
.0

6
0
.2

9
±

0
.0

5

C
h
lo

ro
p
h
y
ll

(a
?

b
)

(m
g

g
-

1

F
W

)

1
.4

1
±

0
.1

1
.4

8
±

0
.0

4
1
.1

4
*
±

0
.0

2
1
.4

5
±

0
.0

7
1
.4

2
±

0
.0

8
1
.5

0
±

0
.0

8
1
.3

8
±

0
.0

6
1
.5

5
*
±

0
.1

1
1
.4

9
*
±

0
.0

2
1
.2

7
±

0
.0

5
1
.4

7
*
±

0
.0

5
1
.3

1
±

0
.0

8

C
ar

o
te

n
o
id

s
(m

g
g
-

1
F

W
)

0
.4

6
±

0
.0

4
0
.4

6
±

0
.0

4
0
.3

8
*
±

0
.0

2
0
.4

5
±

0
.0

2
0
.4

5
±

0
.0

3
0
.4

5
±

0
.0

4
0
.4

3
±

0
.0

3
0
.4

9
±

0
.0

3
0
.4

7
±

0
.0

2
0
.4

0
±

0
.0

1
0
.4

8
*
±

0
.0

2
0
.4

3
±

0
.0

2

S
o
lu

b
le

p
ro

te
in

s
(m

g
g
-

1
F

W
)

2
.1

±
0
.0

4
2
.1

6
±

0
.0

6
2
.1

3
±

0
.0

6
2
.1

8
±

0
.0

8
2
.1

9
±

0
.0

7
2
.1

9
±

0
.0

7
2
.1

7
±

0
.0

8
2
.1

6
±

0
.0

4
2
.1

3
±

0
.0

3
2
.1

5
±

0
.0

4
2
.1

3
±

0
.0

5
2
.0

8
±

0
.0

4

T
h

e
re

su
lt

s
la

b
el

le
d

b
y

as
te

ri
sk

s
ar

e
si

g
n

ifi
ca

n
tl

y
d

if
fe

re
n

t
(p

B
0

.0
5

)

Acta Physiol Plant (2017) 39:17 Page 5 of 12 17

123



Photosynthesis and respiration after wounding

of rosette leaves

The influence of wounding on PSII condition has been

investigated by chlorophyll a fluorescence. Chlorophyll a

fluorescence is a non-invasive tool to examine changes in

photosynthetic apparatus. The reduction of maximum

efficiency of PSII (Fv/Fm) was observed 2 h after

wounding in aos and ein4, whereas the reduction of this

parameter in rcd1 was not significant (Fig. 4a). Other flu-

orescence quenching coefficients indicated that among all

tested plants the rcd1 mutant differed the most (Fig. 4).

The decrease in non-photochemical quenching (NPQ)

parameter and photochemical quenching coefficient in

steady-state (qP) was observed in rcd1 both 2 and 24 h

after wounding (Fig. 4b, c). Therefore, the reduction of qP

in aos has also been recorded (Fig. 4c), due to decrease in

open PSII reaction centers after stress treatment. The

reduction in steady-state PSII quantum yield (QY) in rcd1

has been detected (Fig. 4d). Chlorophyll fluorescence

parameters in the ein4 mutant appeared similar to the wild

type (Fig. 4a–d).

Within a short time after the injury (2 h), photosyn-

thetic oxygen evolution decreased in wild-type leaves

(Fig. 5a). However, 24 h after wounding, the photosyn-

thesis increased to the control level. Among tested stress

conditions mechanical wounding did not affect signifi-

cantly the photosynthetic oxygen evolution in A. thaliana

mutants. Surprisingly, all of the tested mutants had lower

photosynthetic activity than the wild-type plants

(Fig. 5a).

Respiration rate in the wild-type plants decreased 2 h

after wounding. On the other hand, 24 h after injury res-

piration rate increased and was approximately twice as

Fig. 2 FT-Raman spectra of Arabidopsis thaliana leaves: a wt, b rcd1, c aos, and d ein4 mutants. Spectra were recorded for the control leaves

(c), after wounding 2 h (W 2) and 24 h (W 24)
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high as compared to control (Fig. 5b). Mutants generally

had lower respiration rate compared to wild type. Enhanced

respiration was observed two hours after injury in rdc1.

Mutants insensitive to ethylene (ein4) and with deficiency

of JA (aos) indicated the highest reduction in the respira-

tion rate—24 h after wounding stress (Fig. 5b).

Sugar content after leaf injury

Soluble sugars content in mutants generally increased after

24 h of wounding stress (Fig. 6a), while in rcd1 some

accumulation was observed after 2 h. However, sugar

content was not affected by injury in wild type. Glucose

content increased significantly in ein4, 2 h and 24 h after

injury of rosette leaves (Fig. 6b), whereas rcd1 mutants had

higher glucose content compared to wild type. The analy-

ses of sucrose content revealed that rcd1 had lower content

of this sugar compared to other plants. What is more, leaf

wounding increased sucrose content only in this mutant

(Fig. 6c). However, starch content was lower in rcd1 than

in wild-type leaves (data not shown) indicating different

distribution of assimilated carbon.

Sugar hydrolysing enzyme activities after wounding

Wounding affected invertases activity both in wild-type

plants and mutants (Fig. 7a–c). The activity of vacuolar

invertase increased 2 h and 24 h after wounding the rosette

leaves in aos and rcd1 (Fig. 7a). The activity of cell wall

invertase was also elevated after injury in those mutants

Fig. 3 Dendrograms of a

cluster analysis of the FT-

Raman spectra of Arabidopsis

thaliana leaves for the control

leaves (c), after 2 h (W 2) and

24 h (W 24) after wounding.

a wt, b rcd1, c aos, and d ein4

mutants. Cluster analysis was

performed on the basis on

normalized FT-Raman spectra

at the range of 700–1800 cm-1

with the use of Ward’s

algorithm
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and in the wild-type plants (Fig. 7b). In contrast, wounding

stress did not affect VIN and cwINV activity in ein4. The

most significant changes in enzyme activity after wounding

were recorded for neutral invertase, both in wild-type and

mutants, especially in rcd1 and aos (Fig. 7c). Wounding

enhanced the activity of other cytosolic enzyme, SuSy,

Fig. 4 Chlorophyll

fluorescence parameters of the

6-week-old rosette leaves in

wild-type (wt), rcd1, aos and

ein4 Arabidopsis thaliana

mutants at 2 h (W 2) and 24 h

(W 24) after wounding, and in

not wounded leaves (c). a Fv/

Fm, b NPQ, c qP and d QY.

Values of parameters are shown

along with SD. The results

labelled by asterisks are

significantly different

(p B 0.05)

Fig. 5 Photosynthesis and respiration rate in rosette leaves of in

wild-type (wt) and rcd1, aos, ein4 Arabidopsis thaliana mutants at

2 h (W 2) and 24 h (W 24) after wounding and in control, not

wounded leaves (c). a photosynthetic oxygen evolution at photosyn-

thetic active radiation 550 lmol m-2 s-1; b respiration rate. Mean

values along with SD. The results labelled by asterisks are

significantly different (p B 0.05)

Fig. 6 Carbohydrate content after wounding of the rosette leaves of

6-week-old Arabidopsis thaliana plants at 2 h (W 2) and 24 h (W 24)

after stress, and in unwounded leaves (c). Leaves from wild-type (wt)

plants, rcd1, aos and ein4 mutants were harvested in the middle of

photoperiod (after 4–5 h of light period). Contents of soluble sugars

(a), glucose (b) and sucrose (c) are indicated, along with SD. The

results labelled by asterisks are significantly different (p B 0.05)
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24 h after injury of rosette leaves in the rcd1 and aos

mutants (Fig. 7d); in contrast, the lowest activity of SuSy

were detected in wild type. The highest enzyme activity

was found in JA-deficient mutant, aos, about fivefold

higher than in wild-type, especially 24 h after wounding

(Fig. 7d).

Discussion

In this study, the relationship between the wounding stress

and hormonal imbalance/sensitivity has been determined.

In carried out experiments we have analyzed photosyn-

thesis, respiration, carbohydrate content and activity of key

enzymes of sucrose metabolism in A. thaliana aos, rcd1,

and ein4 mutants. It has been observed that in leaves of

mutants chemical composition, as well as sugar production

and metabolism were generally different than in wild-type

plants (Figs. 2, 3, 6, 7).

Chlorophyll a fluorescence measurement, as a non-in-

vasive technique, is commonly used to monitor the effects

of environmental stress on PSII photochemical activity

in vivo (Baker and Rosenqvist 2004; Ritchie 2006). In our

experiments, we found that wounding of rosette leaves in

wild-type did not affect fluorescence parameters. On the

contrary, in rcd1 mutant the values of fluorescence

parameters were reduced as a result of wounding (Fig. 4),

which could be a result of different leaves morphology of

rcd1 mutant. Maximum quantum efficiency of PSII (Fv/

Fm) decreased 2 h after wounding in aos and ein4

(Fig. 4a). Wounding of rosette leaves in rcd1 caused a

decrease of NPQ, qP and QY, however, Fv/Fm change only

slightly (Fig. 4). In general, our observations have shown

that the injury of wild-type plants did not affect PSII

significantly. On the other hand, Chang et al. (2004)

showed that wounding of A. thaliana leaves caused a

decrease of QY after 0.5 h and an increase of QY 6 h after

stress treatment; however, the injury was much more sev-

ere and studied in different growth conditions than in our

research. Partial exposure to excess light caused a reduc-

tion in Fv/Fm and NPQ in transgenic A. thaliana (Sze-

chyńska-Hebda et al. 2010). Kim and Portis (2005)

indicated that heat stress was the cause of reduction of QY

(the proportion of absorbed energy used in photochemistry)

and net photosynthesis. A decrease in the proportion of

absorbed light (used for photosynthetic electron transport

through PSII) in the near area from the wound margin in A.

thaliana leaves were detected already one hour after injury

(Quilliam et al. 2006). In our experiments, a reduction of

the qP parameter after leaf wounding in the rcd1 and aos

mutants has been observed (Fig. 4c), this result indicates

that reaction centers in PSII are closing. In contrast, other

stress condition, heat, caused an increase of qP in A.

thaliana leaves (Kim and Portis 2005).

Our results indicate that hormonal imbalance in mutants,

or lower sensitivity, has affected photosynthesis and res-

piration metabolism in plants: rcd1, aos and ein4 mutants

had lower activity of these processes than wild type plants.

Gas exchange depends on various factors, e.g., on leaf

morphology/anatomy or sensitivity to light conditions,

which could be different in mutants than wild type.

Wounding caused a decrease of photosynthesis and respi-

ration rate 2 h after leaves injury, mainly in wild-type

plants (but also in ein4) (Fig. 5). Microarray data indicate

that several photosynthetic genes are repressed by

wounding in A. thaliana, probably via ethylene/ethylene-

responsive pathways (Delessert et al. 2004). Respiration

significantly increased 24 h after wounding stress in wild-

Fig. 7 Activity of enzymes

connected with sucrose

metabolism after wounding of

6-week-old rosette leaves of

Arabidopsis thaliana plants,

wild-type (wt) plants, rcd1, aos

and ein4 mutants, at 2 h (W 2)

and 24 h (W 24) after

wounding, and in control,

unwounded leaves (c). Activity

of invertases: vacuolar (a), cell-

wall associated (b), neutral

(c) and sucrose synthase (d) are

indicated, along with SD. The

results labelled by asterisks are

significantly different

(p B 0.05)
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type or after 2 h in rcd1; in contrast, a reduction of respi-

ration rate was observed in all mutants 24 h after leaves

wounding (Fig. 5b). Several other studies regarding the

impact of wounding on plant metabolism have indicated

that plant injury increases respiration rate and induces

demand for respiration substrates-energy is necessary to

drive biosynthetic reactions during the repair processes

(Quilliam et al. 2006; Lafta and Fugate 2011). It was

suggested that in wounded sugar beet roots the activities of

early glycolytic enzymes like fructokinase, phosphofruc-

tokinase, phosphoglucose isomerase or phosphoglucomu-

tase were limiting for carbon flow through glycolysis

(Lafta and Fugate 2011). However, also activity of some

sucrose-metabolizing enzymes could funnel carbon skele-

tons into synthesis of new molecules, after tissue damage,

independently of oxygen respiration.

In our study, wounding stress caused stimulation of

enzymes associated with sucrose metabolism, particularly

invertases. Invertase activity was only partially correlated

with changes in sugar content in damage tissues in our

experimental conditions (Figs. 6, 7), thus other carbohy-

drate metabolism-associated enzymes should be checked in

the further studies. The activity of acid invertases was

reported to be inversely correlated with sucrose content

(Rosa et al. 2009; Verma et al. 2011). VIN activity posi-

tively correlated with the accumulation of hexoses in sugar

storage sinks, such as potato tubers or during fruit ripening

in tomato or grape berry (Ruan et al. 2010). In our

experiment, in wild-type leaves, we did not observe that

higher cwINV or CIN activities result in higher sugar

content. We found that the wound stress-stimulated CIN,

VIN and cwINV activities resulted in a slightly higher

soluble sugars concentration in aos and rcd1 (Figs. 6, 7).

The activity of invertases was substantially higher than that

of SuSy both in damaged and intact leaves. Although SuSy

activity in the aos plants was fivefold higher than in wild-

type, the glucose and sucrose content in aos was almost at

the same level as in wild type (Figs. 6, 7). Product of SuSy

activity, UDP-glucose, can be utilized for synthesis of new

cell wall polysaccharides or used to support other wound-

healing processes, independently of respiratory metabo-

lism. Our preliminary study with aniline blue for staining

of callose indicated deposition of callose already 2 h after

stress treatment and fast repairing of injured leaves (data

not shown). The most significant changes after wounding

were recorded in the JA-deficient mutant, aos, and in

rcd1—mutant with modulated abscisic acid, ethylene, and

methyl jasmonate responses to stress (Ahlfors et al. 2004).

It was observed that invertases activity (cytosolic, vacuolar

and cell wall-connected) increased after stress treatment.

The analyses of biochemical data and FT-Raman cluster

analysis confirmed that after wounding the reaction of rcd1

and aos mutants differed the most compared to wild type

(Fig. 2c). The measurements of various hormone contents,

and reactive oxygen species, in leaves of those mutants in

further studies could be helpful to elucidate the observed

results. The recent studies by Machado et al. (2015) indi-

cated that jasmonates might be an important regulator of

leaf carbohydrate accumulation (in Nicotiana plants);

diurnal, jasmonate-dependent inhibition of invertase

activity as possible control mechanism was suggested. In

our study aos mutant of Arabidopsis exhibited generally

lower activity of invertases (thus higher sucrose content)

and higher SuSy activity than other mutants. However, our

study indicates that complexity of interactions of hormonal

imbalance (in mutants) and enzymes involved in sugar

metabolism during wounding stress requires further

investigation.

In conclusion, our results demonstrate that the modifi-

cation of stress hormones content/sensitivity in rcd1, aos

and ein4 mutants of A. thaliana affects sugar production/

metabolism in plants. So far, carbohydrate metabolism has

not been studied in those mutants, and to our knowledge,

the role of jasmonates in the regulation of sugar metabo-

lism was also unknown. Mutants reactions related to basic

metabolic processes-photosynthesis and respiration-dif-

fered significantly from those observed in wild-type plants.

In the study described, wound responses of the mutants

with reduced sensitivity to MeJA, ABA and ethylene (rcd1,

Ahlfors et al. 2004), and JA-deficient (aos) were usually

different than those of the wild-type plants. The activity of

cytosolic enzymes (CIN, SuSy) involved in sucrose meta-

bolism was also high in the rcd1 and aos mutants; the high

activity of sugar metabolism enzymes after injury of leaves

only partially correlated with measured sugars content.

Therefore, we conclude that sugars are likely to be

involved in stress signalling in response to injury. Given

that the signalling action of distinct sugars may occur via

different signal transduction pathways (Kunz et al. 2014),

the roles of SuSy and invertases (which regulate the rela-

tive contents of sucrose, glucose and fructose) appear

particularly important in wounding stress responses.
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