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Adaptation of Amorpha fruticosa to different habitats is enabled
by photosynthetic apparatus plasticity
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Abstract

The rapid growth and spreading of invasive plant species could be related to their efficient photosynthesis performance.
We analysed and compared photosynthetic efficiency of invasive indigo bush (Amorpha fruticosa L.) and noninvasive
native Quercus robur L., Alnus glutinosa L., Populus alba L., and Cornus sanguinea L. with the overlapping
distribution. The study was performed at two lowland areas at the beginning of the vegetation season (May) and
during the flowering period (July). At both study sites, indigo bush showed better photosynthetic performance than
native plants. Negative L- and K-bands in indigo bush indicated faster electron transport and better connectivity within
the PSII units. Additionally, the highest performance and structure—function indexes suggested efficient utilization
of absorbed light energy in indigo bush. Our results suggested that remarkable plasticity of photosynthetic reactions
in indigo bush enabled them more efficient capture and utilization of light energy what might be important factors
contributing to the invasiveness of this alien species.
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Abbreviations: ABS — absorption flux; ABS/RC — absorption flux per active RC; ChlF — chlorophyll @ fluorescence; DFgs — total driving
force; DI/RC — dissipation flux per active RC; ET/RC — electron transport flux per active RC; Fy — minimal fluorescence intensity; F3p —
fluorescence intensity at 300 ps; F; — fluorescence intensity at 2 ms; F; — fluorescence intensity at 30 ms; F,, — maximal fluorescence
intensity; F, — maximal variable fluorescence; F./F,, — maximum quantum yield for primary photochemistry; LSD — Fisher's least
significant difference test; My, — approximated initial slope of relative variable fluorescence F.; OEC — oxygen-evolving complex;
PB — Pokupsko basin; Pl,gs — performance index on absorption basis; PQ — plastoquinone; RC — reactive centre; RE(/RC — electron
flux reducing end electron acceptors at the PSI acceptor side, per RC; TR(/RC — trapping flux per active RC; V; — relative variable
fluorescence at 30 ms (I-step); V, —relative variable fluorescence at 2 ms (J-step); Vk —relative variable fluorescence at 300 ps (K-step);
V. —relative variable fluorescence at 150 ps (L-step); V. — relative variable fluorescence at time t; ZU — Zupanja area; ADF,ps — relative
changes in the difference of driving forces; AWop — difference kinetics between O- and P-steps; AWq; — difference kinetics between
O- and J-steps; AWox — difference kinetics between O- and K-steps; dro — efficiency/probability with which an electron from the
intersystem electron carriers moves to reduce end electron acceptors at the PSI acceptor side; g — quantum yield of electron transport
from Q™ to PQ; ¢po — maximum quantum yield of PSII; @ro — quantum yield of electron transport from Qa~ to final PSI acceptors;
o — efficiency that trapped electron is transferred from QA to PQ.

Acknowledgments: The authors are grateful to Tamara Jakovljevi¢ (Croatian Forest Research Institute, Croatia) for soil analysis and to
prof. Vera Cesar for the laboratory equipment. We also wish to thank to Matej Sag and Nikolina Bek for field and laboratory assistance.
Conflict of interest: The authors declare that they have no conflict of interest.

137


mailto:tzuna@biologija.unios.hr
https://orcid.org/0000-0002-1884-8953

S. MLINARIC e al.

Introduction

In the recent decades, a number of invasive non-native
plant taxa have been spread worldwide (Genovesi ef al.
2010), severely influencing ecosystem services (Vila ef al.
2010), economy (Keller et al. 2011), and biodiversity
(Hejda et al. 2009, Dogra et al. 2010). Although the
mechanisms of plant invasiveness are still not thoroughly
understood, it is considered that in a new environment,
non-native taxa liberated from natural enemies, may grow
and reproduce rapidly, becoming superior competitors for
essential resources than native plants (Keane and Crawley
2002, Levine et al. 2003, Dudeque Zenni et al. 2016). They
have a high potential for acclimation that enables them to
become abundant in a wide range of habitat types (Shi and
Ma 2006, Mayer et al. 2017, Luo et al. 2019).

The higher photosynthetic rate was recognized as one of
the most important mechanisms allowing invasive plants to
achieve a success in a variety of environmental conditions
(Bajwa et al. 2016, Le et al. 2019). The estimation of
plant physiological status under natural conditions is an
important aspect of monitoring and detection of plant
responses and its survival under stressful conditions. Over
the last few decades, the chlorophyll (Chl) a fluorescence
has been widely used as a noninvasive, very sensitive, and
fast method for estimation of photosynthetic performance
under such conditions that can provide a reliable source
of information on plant condition (Goltsev et al. 2016,
Bussotti and Pollastrini 2017, Mlinari¢ et al. 2017,
Pollastrini et al. 2017, Kalaji et al. 2018, Zuna Pfeiffer
et al. 2018).

The photosynthetic performance can be determined
using the JIP-test, based on the fast rise of Chl fluorescence
after exposure of the sample to photosynthetic active
light (Strasser et al. 2000, Govindjee 2004, Papageorgiou
2004, Schansker et al. 2014, Kalaji et al. 2018). In the
dark conditions, all photosynthetic reaction centres (RCs)
as well as the electron transport chain between PSII and
PSI are open (O), meaning that plastoquinone A (Qa),
plastoquinone B (Qg), and the pool of free plastoquinones
(PQ) behind the PSII RCs are completely oxidised, and the
fluorescence intensity of the system is minimal (Fo). After
illumination of the sample, electrons migrate via Qa and
Qs to the PQ pool, increasing the fluorescence emission
intensity represented as sigmoidal shaped OJIP curve that
reflects the redox state of Qa and Qg. The reduction of all
Qa molecules represents the J-step, while the reduction of
all Qp represents the I-step. Two additional time-bands,
L- and K-band reflect the energetic connectivity between
PSII units and the state of oxygen-evolving complex
(OEC), respectively (Yusuf et al. 2010). The peak of
fluorescence intensity (P) is reached when the PQ pool
is completely reduced (Strasser et al. 2004, Kiipper et al.
2019). Previously, the most used parameter was F./F,, that
served for the estimation of the maximum quantum yield of
primary photochemistry (Zhou et al. 2015, Begovic et al.
2016, Mlinari¢ et al. 2016, 2017; Zhao et al. 2017).
However, several other parameters derived from F, and
F.. but also from fluorescence levels at J-, I-, K-, and
L-steps, provide information on the structure and function
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of PSII (Stirbet et al. 2018). Performance index (Plags)
is one of the most widely used parameters that describes
the effectiveness of electron transport to the PQ pool.
Driving forces (DF) estimate the global driving strength of
processes evaluated by the corresponding Plags, while the
structure—function index (SFlags) characterizes structural
and functional characteristics of PSII (Strasser et al. 2004,
Stirbet et al. 2018).

Indigo bush (Amorpha fruticosa L.), deciduous shrub
from the Fabaceae family, is one of the widely distributed
invasive species (Sarateanu 2010, Gudzinskas and
Zalneravi¢ius 2015, Petrovi¢ et al. 2016, Vinceti¢ et al.
2017). The plant is native to the North America where
it occupies a variety of habitats including wet woods,
moist ground near streams and ponds, rocky banks, and
ravines (DeHaan et al. 2006). Indigo bush has a high
tolerance to various habitat conditions promoting its
aggressive invasive behaviour outside of its native range.
It is successful in colonising abandoned agricultural and
disturbed wetland habitats as well as creating effective
vegetative cover at ash lagoons of thermoelectric plants
due to its ecophysiological characteristics and high
photosynthetic efficiency (Mitrovi¢ et al. 2012). At
invaded sites, indigo bush affects microclimate, vegetation
structure, composition, and abundance of soil invertebrates
(Brigi¢ et al. 2014). Due to the allelopathic potential, it
reduces the germination and seedling growth (Csiszar et al.
2013) and represents an important limiting factor for forest
regeneration (Jakovljevi¢ ef al. 2015, Horvat and Franji¢
2016).

The study aimed to analyse and compare the photo-
synthetic performance of indigo bush and native woody
species growing in the same habitat conditions. It has
been found that some invasive plants may have a higher
maximum photosynthetic rate (McDowell 2002, Feng et al.
2007), increased thermostability of their photosynthetic
apparatus, and more efficient regulating mechanism in
energy partitioning of PSII than the noninvasive species
belonging to the same genus (Song et al. 2010). Based on
that, we assumed that indigo bush, an invasive species,
performs better and that it could adapt its photosynthetic
response according to the specific site conditions. Our
investigation results could contribute to a better under-
standing of mechanisms that play a role in the success of
this invasive species and additionally, for the development
of appropriate control strategies.

Materials and methods

Study sites and plant species: The study was conducted
at the two locations: in a lowland oak forest, a part of the
Pokupsko basin (PB) forest complex (45°36'N, 15°41'E;
the central part of Croatia, located approximately 35 km
SW of Zagreb) and in the lowland area of East Croatia in
the vicinity of the town Zupanja (ZU; 45°07'N, 18°70'E).
At every location, three study sites were chosen due to the
high occurrence of indigo bush (Table 1).

In both locations, the climate has a characteristic
moderate continental climate with hot summers and cold
winters. Meteorological data for both study sites were



Table 1. Study sites characteristics.

PHOTOSYNTHETIC PERFORMANCE OF INDIGO BUSH

Study site Pokupsko basin Zupanja area
PB1 PB2 PB3 ZU1 ZU2 ZU3

Coordinates N 45°54'11.18" 45°52'28.56" 45°53'22.48" 45°05'33.02" 45°03'36.04" 45°05'25.67"

E 15°73'31.08" 15°71'76.24" 15°62'30.81" 18°41'13.24" 18°42'51.45" 18°42'33.63"
Habitat type forest edge meadow edge the shore of  embankment along the agricultural areas

the pond
Investigated species Amorpha fruticosa
Quercus robur Populus alba Cornus
Alnus glutinosa sanguinea

Precipitation [mm] Annual 97.35 64.75

May 110.61 86.59

July 87.46 64.24
Temperature [°C] Annual 11.24 12.36

May 16.28 17.74

July 22.03 23.43
Soil composition
pH H,O 7.51 6.18 7.67 7.54 7.72 6.45

I1MKCl 6.9 4.53 7.19 7.00 7.32 5.12
P,0s [mg 100 g '(soil)] 6.71 0.94 1.23 23.53 26.40 1.63
K,0 [mg 100 g'(soil)] 10.59 8.90 10.95 34.32 33.44 14.26
N [%] 0.41 0.41 0.14 0.38 0.14 0.34
Humus [%] 5.24 5.31 2.53 5.45 1.61 4.62
C [%] 3.05 3.09 1.47 3.17 0.94 2.69
C/N [%] 7.44 7.54 10.5 8.34 6.71 7.91
CaCO; [%] 4.13 0 23.95 9.27 13.91 0
Sand (0.63-2 mm) [%] 5.27 4.67 23.54 6.82 27.93 1.87
Dust (0.002—0.063 mm) [%)] 39.2 41.65 34.65 50.58 40.96 39.92
Clay (< 0.002 mm) [%] 55.53 53.68 41.81 42.60 31.11 58.21
Soil texture clay powdery clay clay powdery clay clay loam clay

soil soil

provided by the Meteorological and Hydrological Service
of Croatia for the 15-year period (2001-2016). The
dominant tree species in the Pokupsko basin is common
oak (Quercus robur L.) with a significant share of other
species including common hornbeam (Carpinus betulus
L.), black alder (A/nus glutinosa (L.) Geartn.), narrow-
leafed ash (Fraxinus angustifolia Vahl.), common hazel
(Corylus avellana L.), and hawthorn (Crateagus monogyna
Jacq.). The Zupanja area consists of a very complex land-
scape with agricultural fields, forest vegetation, shrubs,
abandoned agricultural lands, and melioration channels
alternated to roads, settlements, and industrial sites. The
forests of common oak with great green weed (Genisto
elatae—Quercetum roboris) as well as the forests of
common oak and common hornbeam (Carpino betuli—
Quercetum roboris) are widespread in this lowland area
(Pokos and Turk 2012).

In both PB and ZU, the three different habitat types
(Table 1), characterized by dense stands of indigo bush
shrubs were chosen. At least five one-year-old indigo bush
shrubs of the same size were chosen per the investigated

area. To compare the photosynthetic performance of
invasive indigo bush to those of native species, we studied
woody plants that commonly co-occur with indigo bush
at each site — common oak (Quercus robur) and black
alder (Alnus glutinosa) in Pokupsko basin, as well as
white poplar (Populus alba L.) and common dogwood
(Crataegus sanguinea L.) in the area of Zupanja (Table 1).
All co-occurring species were approximately of the same
size as indigo bush shrubs.

Field sampling and measurement: Soil sampling at each
location was carried out at the beginning of the investiga-
tion in May 2017. Three soil subsamples were collected
randomly using a quadrat size (5 X 5 m) at a depth of
30 cm in the upper layer of the pedosphere. Basic chemical
properties of the composed sample, such as soil pH (ISO
10390), soil organic matter (ISO 14235), and plant-
available N, P, and K (Table 1) were analysed (Egnér et al.
1960).

The Chl a fluorescence (ChlF) transient measurement
(JIP-test) was performed in situ using a Handy PEA
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(Hansatech Instruments Ltd., Norfolk, UK). ChIF was
measured in fully expanded leaves of each plant species at
the beginning of vegetation season in May and during the
flowering period in July 2017. At least five plants of each
species were used for measurements. Randomly selected
leaves (n = 25) from each studied plant species were dark-
adapted for at least 30 min before measurements. All
measured leaves were selected from the shaded part of the
canopy to avoid possible photoinhibition. ChlF transients
were induced by applying the pulse of saturating red light
[peak at 650 nm; 3,000 pmol(photon) m2 s™'] and the data
were recorded from 20 ps to 1 s. Recorded ChlF transients
were analysed using the JIP-test (Strasser et al. 2000,
2004; Yusuf et al. 2010). Calculations and descriptions of
used parameters are shown in Appendix.

Statistical analyses: Statistical differences between fluo-
rescence measurements in the invasive indigo bush and
native species measured in May and July were analysed
using the factorial analysis of variance (ANOVA) followed
by post-hoc Fisher's least significant difference (LSD)
test. Differences were considered significant at p<0.05.
For fluorescence measurements, each data point represents
the mean =+ standard deviation of 25 replicates (n = 25).
Calculated fluorescence parameters (except for Plags)
were normalised to measurements in May to compare
differences between species at each investigated area.

Results

The amount of precipitations and the soil composition
at the investigated sites indicated differences in habitat
conditions (Table 1). The highest precipitation amount
was recorded in the Pokupsko basin (PB). According to
texture, the soil of the forest habitats in PB was classified
as clay and was characterised by relatively low content
of nutrients [e.g., 0.94-6.71 mg(P,Os) 100 g'(soil); 8.9—
10.95 mg(K,0) 100 g '(soil)]. In the area of Zupanja (ZU)
soil texture varied and the soil was classified as powdery
clay soil, clay loam, and clay. At the ZU1 and ZU?2 sites the
content of P,Os (ZU1: 23.53 mg 100 g''; ZU2: 26.40 mg
100 g, as well as the content of K,O (ZU1: 34.32 mg

3.5

100 g'; ZU2: 33.44 mg 100 g'), was higher than that in
ZU3 and in PB. Despite some differences, the habitat condi-
tions at both study sites were favourable for the growth of
indigo bush and its accompanying native species.

The Plags (Fig. 14) was significantly lower in indigo
bush than that in common oak and black alder at all three
sites at PB in May. In July, a significant increase of Plsps in
almost all investigated species was observed, except black
alder at PB2 site. At ZU (Fig. 1B), indigo bush showed
significantly lower Pl gs compared to white poplar and
common dogwood in May. In July, a significant increase
of PlAgs was observed only in indigo bush.

At both locations (PB and ZU), considerable increase
of ADFaps in indigo bush compared to accompanying
species was observed. The increase of Plags in indigo bush
at all sites (Fig. 2) in July, came from the increase of two
partial DFs: log weo/(1 — yro) and log yre/(1 —yre). Negative
values of ADF,gs observed in black alder at PB2 and white
poplar at ZU2 came from the decrease of log Yrc/(1 — Yre)
and log @ro/(1 — @po), While in common dogwood log o/
(1 —ygo) decreased at ZU3. The increase of Plags in
common oak at all three sites (Fig. 24) at PB as well as
the increase of Plags in black alder at PB2 (Fig. 24) were
mainly due to the increase of log weo/(1 — yg).

Parameters SFIABS’ @ro, QPro, Pro, VEo, and 8]{0 as Well as
specific photosynthetic fluxes per Qa~ reducing PSII RC
(Fig. 3) were derived by the JIP-test, normalised to their
respective controls (measurements in May for each species),
and represented as spider plots for each investigated site.
The increase of SFlsps parameter in July was observed
in indigo bush at all sites in both PB and ZU. Unlike the
ZU (Fig. 3D—F), where the SFlsgs did not changed in
accompanying species in July, SFlsps values increased
in black alder at PB3, and common oak (Fig. 34-C)
at all sites compared to May measurements.

In July, the values of @po, @ro, and @go increased
significantly in indigo bush at all six sites compared
to measurements in May (Fig. 3). At ZU, a significant
increase was observed also in accompanying species but
in a lower manner than that in indigo bush. In particular,
at site ZU1, ¢ro and @go increased in white poplar and at
ZU3, @p increased in common dogwood. At PB1, @po, @,
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Fig. 1. Performance index (Plass) of indigo bush and accompanying species at Pokupsko basin (4) and Zupanja area (B) measured in
May and July. Represented values are the mean + SD of 25 replicates; different letters represent significant difference at p<0.05 (ANOVA

LSD).
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Fig. 2. Relative changes in the difference of driving forces (ADF)
of indigo bush and accompanying species at Pokupsko basin (4)
and Zupanja area (B). Each DFygs is calculated by summing up
their partial driving forces: logyrc/(1 — Yre), logere/(1 — @ro), and
logwro/(1 —yro). Represented values are the mean of 25 replicates.
The difference was calculated as ADFags = DF iy — DFyay.-

and @go increased in common oak. At PB2, ¢g and ¢ro
increased, and @po decreased in black alder, while @go and
@ro increased in common oak without a change in @po. At
PB3, ¢ro and @go increased in black alder, and all three
parameters increased in common oak.

The value of yg increased in indigo bush at all six
sites in July (Fig. 3). Accompanying species also showed
an increase in this parameter in July at ZU1, PB1, PB2,
and PB3 sites, while at ZU3, it decreased compared
to measurements in May. The values of dro (Fig. 3)
decreased in indigo bush at ZU2 and ZU3 sites in July,
while accompanying species showed various trends.
Values increased at ZU2 and decreased at ZU1 and ZU3
compared to May measurements. At PB, all accompanying
species showed a significant decrease of this parameter in
July compared to May measurements, except for common
oak at PB1 and PB2 that showed no changes.

Indigo bush showed a decrease of certain specific
energy fluxes per O,~ reducing PSII RC (Fig. 3), namely
ABS/RC, TR¢/RC, and DIy/RC at all three sites at ZU in
July compared to May measurements. Parameter ET,/RC
increased in indigo bush at ZU2 and ZU3, while RE,/RC
decreased in ZU1 and ZU3 in July. Accompanying species
at ZU showed various responses in July compared to
May measurements: white poplar showed an increase in
ABS/RC, DIy/RC, TRy/RC, and ET¢/RC at ZU1 and a
decrease only in the RE(/RC parameter at ZU2. Contrary
to that, common dogwood at ZU3 revealed a decrease
of all specific energy fluxes. At PB, specific energy

PHOTOSYNTHETIC PERFORMANCE OF INDIGO BUSH

fluxes considerably varied in all species compared to the
measurements in May. At PB1, the decrease of DIy/RC
with a parallel increase in TRy/RC, ET¢/RC, and RE/RC
in indigo bush, as well as increase in ET/RC and RE/RC
in common oak, were observed. At PB2, the decrease of
ABS/RC, DIy/RC, and RE(/RC and increase in TR¢/RC,
and ET¢/RC in indigo bush can be seen. In common oak,
parameters ET,/RC and RE¢/RC increased, while in black
alder, ABS/RC, DI/RC, TRy/RC, and ET¢/RC increased.
AtPB3, ABS/RC, DI//RC, TRo/RC, and REy/RC decreased
in indigo bush and common oak. Parameter ET,/RC
increased in indigo bush, while in black alder parameters
ABS/RC, TRy/RC, and ET¢/RC increased.

Differences in average variable fast fluorescence tran-
sients (Fig. 4) were created by subtracting the normalised
fluorescence values between O- and P-steps measured in
May (control plants) from those measured in July (AW, =
Wiauy) — Wivay)) to compare major changes occurring in
the O-J and O-I phases in indigo bush and accompanying
native species. At PB (Fig. 44), negative peaks at J-step
can be seen in all species except black alder at PB2.
Positive amplitudes at I-step were observed in all species
except black alder at PB3. At ZU (Fig. 4D), indigo bush
plants showed negative peaks at J-step and positive peaks
at [-step. All three accompanying species revealed positive
peaks around I-step.

The O-J and O-K normalised curves revealed K-
(Fig. 4B,E) and L-bands (Fig. 4C.F), respectively. At
PB, negative K-band (Fig. 4B) was observed in indigo
bush at PB2 and in indigo bush and common oak at PB3.
Indigo bush at PB1 showed negative K-band with the least
expressed amplitudes followed by the positive inflexion
afterwards. Black alder showed the positive K-band at
both PB2 and PB3. At ZU (Fig. 4F), indigo bush plants
revealed negative K-bands at all three sites. The negative
K-band was also observed at common dogwood at ZU3,
while white poplar at ZU1 and ZU2 showed the positive
K-bands. The most pronounced negative L-bands at PB
(Fig. 4C) were seen in indigo bush at all three sites as well
as in common oak at PB3. The most pronounced positive
amplitude was observed in black alder at PB2. At ZU (Fig.
4F), indigo bush revealed the most pronounced negative
L-bands while accompanying species revealed only minor
inflexions.

Discussion

Comparison between the native and non-native species
represents the most important approach to determine the
mechanisms associated with the alien success (Ordonez
et al. 2010). Some previous studies showed that plant
invasiveness may be achieved by their effective photo-
synthesis (Balezentien¢ 2019). For example, the invasive
Rubus discolour and R. laciniatus showed significantly
higher photosynthetic capacity and maintained net
photosynthesis over a longer period of the year than that of
the noninvasive R. ursinus and R. leucodermis (McDowell
2002). Also, the superior invasiveness of Impatiens
glandulifera in comparison with noninvasive 1. parviflora
could be related to its better photosynthetic characteristics
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such as light harvesting and carbon fixation (Ugoletti
etal 2011).

The results of our study showed the intra- and inter-
specific differences in photosynthetic performance of the
investigated plants — the invasive indigo bush and the
native accompanying shrubs and trees originating from
different families but sharing the same ecological niche.
Generally, the variability in photosynthetic performance
could be connected to plants genetic features but also may
depend on the different environmental conditions (e.g., soil
characteristics, precipitation) occurring in their habitats.
The soil properties as well as the content of nitrogen
and phosphorus in the soil may control photosynthesis
through the accumulation of minerals in leaves (Maire
et al. 2015, Shi et al. 2017). The low nutrient supply may
reduce photosynthesis in some plant species (e.g., Quercus
petraea) (Kazda et al. 2004). Precipitation also has an
important role. The well-watered conditions positively
affect plant photosynthetic rates and consequently
influence their growth (Ramirez-Valiente et al. 2017). It
has been found that the net photosynthetic rate of indigo
bush seedlings declined in the conditions of inadequate

142

Fig. 3. Spider plots of normalised values of
selected chlorophyll a fluorescence parameters
characterising PSII functioning in indigo bush
and accompanying species at Pokupsko basin
(4-C) and Zupanja area (D—F). All values are
shown as difference for each species, compared
to the measurements in May (May = 1; black
line). Each curve represents average kinetics of
25 replicates per species. Asterisks (*) represent
significant difference at p<0.05 (ANOVA
LSD) for each species (different colour) in
comparison to measurements in May. SFIxgs) —
structure—function index on absorption basis;
¢@pro — maximum quantum yield of primary
photochemistry; g, — probability of electron
transport further than Qa; @ro — quantum yield
of electron transfer further than Q- Sro —
probability for an electron from the intersystem
carriers reduces terminal electron acceptors at
the PSI acceptor side; @ro — quantum yield for
the reduction of terminal electron acceptors at
the PSI acceptor side; ABS/RC — absorption
flux per active RC; DI/RC — dissipation flux
per active RC; TRy/RC — trapping flux per
active RC; ET(/RC — electron transport flux per
active RC; RE(/RC — electron flux reducing end
terminal electron acceptors at the PSI acceptor
side, per RC.

water supply (Zhang et al. 2013). However, in natural
conditions, it is difficult to distinguish the influence and
importance of individual factors on plant development.
Fully developed indigo bush plants at both study
sites, forest habitats in PB as well as in lowland areas
of ZU, had more efficient photosynthetic performance
(a higher increase of Plsps and DFaps) in July compared to
accompanying species. Plaps increased due to the increase
in all of the three partial driving forces but especially
in indigo bush ability to convert excitation energy to
electron transport chain beyond primary acceptor [log yeo/
(1 — weo)]. This indicates that indigo bush may increase
its ability of energy conservation in summer (Yusuf
et al. 2010, Dabrowski er al. 2019). Additionally, this
invasive plant had the negative L-band which could be
associated with better energetic connectivity between the
PSII and its RCs (Chen and Cheng 2009) while negative
inflexion of K-band indicated substantial speeding of
electron flow between OEC and acceptor side of the RC
(Oukarroum et al. 2007, Yusuf et al. 2010). Indigo bush
utilisation of absorbed light energy was highly efficient.
It was evident in an increase of specific energy fluxes per



Qa reducing PSII RC, especially electron transport (ETo/
RC), and trapping (TR,/RC), while simultaneously, energy
dissipation decreased (DIy/RC). Although the indigo bush
plants enhanced photosynthetic efficacy at both PB and
ZU in July, some differences were observed. At all three
sites in PB — maximum quantum efficiency of the primary
photochemistry (gpo), the quantum yield for electron
transport (gro), and the reduction of terminal electron
acceptor at PSI acceptor side (¢ro) as well as the efficiency
of electron transport further than Qa~ (o) substantially
increased. At the same time, at all three sites in ZU, indigo
bush decreased absorption, trapping and dissipation per
RC but increased quantum yields and efficiencies. Such
results suggested improved electron flow from Q4™ all the
way to the acceptors at PSI (Kriiger e al. 2014). It was
reported recently that invasive Acacia species exhibited
higher @po values than that of native species (Le ef al. 2019)
suggesting better light harvesting and greater plasticity of
PSII. In this way, invasive Acacia species were able to
adjust photosynthetic apparatus better to broad temperature
range than native forest tree species. Such results suggested
the greater plasticity of indigo bush in our investigation.
Indigo bush had very high values of the structure—function
index (SFIaps), a combination of functional and structural
criteria that describes PSII (Goltsev ef al. 2016, Mathur
et al. 2016, Stirbet et al. 2018). High values indicated
the strong influence of the internal factors that promote
efficient reactions within PSII. The increase of SFlags
in July confirmed efficient use of absorbed light energy
within active PSII RCs. It was argued that utilizing more
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Fig. 4. Changes in the shape of the
chlorophyll a fluorescence transient curves
for indigo bush and accompanying species
at Pokupsko basin (4—C) and Zupanja
area (D-F). Each curve represents ave-
rage kinetics of 25 replicates. Average
fluorescence data were normalised to
compare specific events in the O-P
(4,D), O-J (K-band) (B,E), and O-K
(L-band) (C,F) phases in the recorded
OJIP transients. The difference (AWop,
AWy, and AWk) in the relative variable
fluorescence was calculated as AW, =
W guy) — Wiavay) for each species.

energy for photochemistry could help invasive plants to
avoid possible photodamage or to protect photosynthetic
apparatus more efficiently than native species (Feng et al.
2007). Such results indicated that investigated invasive
species could protect their photosynthetic apparatus
mainly through use of absorbed light energy rather than by
thermal dissipation.

The common oak had higher photosynthetic perfor-
mance in May but in July, a higher increase of Plags
values was observed in indigo bush. Earlier measurements
of maximum efficiency of PSII (F,/F.) indicated a slow
development of maximum photosynthetic capacity in
common oak plants (Morecroft et al. 2003). This could
be related to a variety of processes in this plant species,
including the formation of ring-porous trees what may
reduce the availability of resources necessary for leaf
development. Additionally, it corresponds to the synthesis
of a high amount of phenolic compounds that may divert
some resources away from complete development of
photosynthetic performance. Although lesser than in
indigo bush, the photosynthetic performance of common
oak plants continuously increased especially in terms of
quantum yields (¢ro, o, and @ro) and efficiency (yeo) as
well as partial DF log yeo/(1 — yro) which was the main
reason for the increase of DFaps in investigated plants.
Positive inflexions of L- and K-bands in common oak
at PB1 and PB2 were not considered significant, but
noticeably negative L- and K-bands at PB3 suggested that
common oak plants could maintain thriving photosynthetic
efficiency from May to July. Our results showed that both

143



S. MLINARIC e al.

species maintained efficient photosynthesis due to efficient
electron transport. This implied that somewhat different
strategies were needed to maintain efficient photosynthesis
in indigo bush and common oak. Recent investigation on
native Robinia pseudoacacia and invasive A. fruticosa
showed that both species had similar F./F,, values.
This suggested that both species were able to stabilize
photosynthetic performance under stressful conditions
(Guo et al. 2018). However, R. pseudoacacia showed
constant of energy dissipation with the increase of stress
level while in A. fruticosa dissipation increased. Such
results implied that both investigated species had certain
resistance to stressful conditions but developed different
strategies to maintain efficient photosynthesis.

The photosynthetic performance of black alder grown
at different habitats showed significant variability and
was not as successful in maintaining the photosynthetic
performance as indigo bush and common oak. At PB2,
black alder Plags remained at the same level in July
as in May. The maximum quantum yield for primary
photochemistry (¢po) decreased, what was followed by
the increase of absorption, trapping, and dissipation per
active RC, indicating that particular part of RCs undergo
structural transformation and became non-Qa-reducing or
‘silent’ ones (Gongalves et al. 2007, Yusuf et al. 2010).
Additionally, positive L- and K-bands observed could
be related to low system connectivity and inactivation of
the OEC (Yusuf et al. 2010, Dabrowski et al. 2016). This
indicates that less energy has been exchanged between
PSII units as well as the poor ability of black alder for using
absorbed light energy for reducing Qa. It was suggested
recently that invasive species Rhus thypina showed
increased light acquisition and higher photosynthesis in
comparison to native Vitex negundo which contributed
to the higher plant growth of invasive species (Tan et al.
2018).

The white poplar had the higher maximum quantum
efficiency for primary photochemistry and overall perfor-
mance index in May than that of indigo bush. However,
while performance significantly increased in indigo bush in
July, white poplar maintained its performance throughout
the investigation. Nevertheless, small deviations in other
parameters were observed in white poplar. Namely,
electron transport per active RCs, @ro and g as well as
the o, increased in July at ZU1 but to a lesser extent
compared to the response of indigo bush. Similarly, two
invasive Rubus species showed higher electron transport
rate compared to native ones. Invasive species maintained
photosynthetic capacity throughout the year what enabled
them to allocate greater amount of carbon. Consequently, a
higher capacity for photosynthesis of invasive Rubus lead
to their higher growth rates compared to native species
(McDowell 2002). Such results correspond to ours since
both species at ZU1l showed the increase of electron
transport but with the greater increase in indigo bush.
Additionally, at ZU2, all named parameters measured in
white poplar remained at the same level. White poplar
decreased the RC density and primary photochemistry in
July at both Zupanja sites, which can be seen as negative
partial DF for log yrc/(1 — yre) and log @po/(1 — @po) when
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compared to the response of indigo bush in July.

Common dogwood showed an increase in RC density
and primary photochemistry parameters in July but a
significant decrease in log yro/(1 — Wio) values, suggesting
that contribution of efficient redox reaction between PSII
and PSI was considerably reduced (Tsimilli-Michael and
Strasser 2008, Kriiger et al. 2014). Additionally, common
dogwood revealed a decrease of all specific energy fluxes
per reducing Qa~ RCs as well as efficiencies for electron
transport between Q™ and Qg and further (ygo and Jro),
while @po increased what could be the result of lower
quantity of active PSII RCs (Chen and Cheng 2009).
Nonsignificant changes of L- and K-bands indicate a rather
stabile reaction, as it was also found in white poplar. On
the other side, both bands in indigo bush revealed negative
inflexions at all three Zupanija sites suggesting significant
improvement of the system connectivity, faster electron
transport (Pollastrini ef al. 2017), and the ability to utilize
efficiently absorbed energy (Oukarroum et al. 2007, Yusuf
et al. 2010) compared to May measurements, as well as
compared to white poplar and common dogwood. Recent
investigation on R. pseudoacacia and A. fruticosa, native
and invasive species, showed that 4. fruticosa had more
efficient electron transport compared to R. pseudoacacia
what enabled 4. fruticosa to gain higher biomass (Guo
et al. 2018).

Conclusions: By monitoring changes and differences in
photosynthetic ~ parameters that characterize the
functioning of plants at the canopy level, we gained insight
into adjustments of photosynthetic apparatus in indigo
bush and dominant native species from the beginning of
the vegetation period in May until the flowering period
in July. Our results suggested that indigo bush was able
to use absorbed light energy for electron transport more
efficiently than accompanying native species. Negative L-
and K-bands implied a good connectivity within the PSII
units as well as a faster electron transport. An increase of
parameters Qro, Pro, Pro, Veo, and ETo/RC followed by lower
DIy/RC in indigo bush in July at all six sites additionally
confirmed enhanced electron transport from PSII forward
to PSI. Moreover, the increase of Plxps and SFlaps in
indigo bush in July suggested the efficient utilisation of
absorbed light energy. Such results imply that indigo bush
could protect its photosynthetic apparatus mainly through
efficient utilising absorbed light energy rather than through
thermal dissipation. Even though chosen accompanying
species followed pace with indigo bush plants in most
discussed parameters to some extent, indigo bush revealed
a remarkable plasticity of photosynthetic reactions. More
effective capture and utilisation of light resources may
be important factors that contribute to the successful
adaptation of this invasive species. To our knowledge,
this is the first comparative study of photosynthetic
performance of indigo bush and its accompanying native
species in the field. Thus, further investigations are
necessary to get an elaborate insight into the functioning
and acclimatization of their photosynthetic apparatus to
natural environmental conditions that lead to increase of
biomass and faster growth. These results could contribute



to a better understanding of photosynthetic mechanisms
that play a role in the success of this invasive species and
additionally, for the development of appropriate control
strategies.
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Appendix. Calculations and descriptions of parameters used by JIP-test.

Recorded data, technical and calculated parameters

Description

F,

Fo= FZOps

Fn=Fp

F.=F.—-Fo

V= (Fi— Fo)/(Fm — Fo)
Wop = (Fi = Fo)/(F — Fo)
Wo; = (Fi — Fo)/(F; — Fo)

WOK = (Fl — Fo)/(FK — Fo)

M, = (dV/dt),
Qpo = TRU/ABS = Fv/Fm = TR(}/ABS
Qpo = ET()/ABS = FV/Fm (1 — VJ)

Qro = REo/ABS = [1 — (Fo — Fm)]\VEOSRO

WYEo = ET()/TR{) =1 —VJ
8]{0 = RE()/ETO = (1 - V])/(l - VJ)

RC/CS, = (ABS/CS)/(ABS/RC)

ABS/RC = My(1/V)[1/(F,/Fu)] = (TR/RC)/(TRy/ABS)
TRy/RC = M(1/Vy)

ET/RC = My(1/Vy)(1 = V;) = (TRy/RC)(ETo/TRy)
DI/RC = (ABS/RC) — (TR(/RC)

RE/RC = My(1/V)Weodro

Yrc = Cthc/Chlmtal = RC/(ABS + RC)
RC/ABS = ’ch/(l — 'YRc) = (Ppo(VJ/Mo)
Plass = [yre/(1 = Yr)][@ro/(1 — @ro)][Weo/(1 — Wro)]

DFABS = 10g PIABS = [log 'YRC/(I — ’YRC)] + [log (Ppo/(l — (ppo)] +

+ [log wio/(1 — Wro)]
SFIxps = (RC/ABS)(TRy/ABS)/(ETo/TRo)

Fluorescence at any time ¢ after the onset of actinic illumination
Minimal fluorescence

Maximal fluorescence

Variable fluorescence at any time ¢

Normalized variable fluorescence at any time ¢

Relative variable fluorescence normalised to the amplitude at any time ¢

Relative variable fluorescence normalised to the amplitude of the O-J
phase (K-band)

Relative variable fluorescence normalised to the amplitude of the O-K
phase (L-band)

Approximated initial slope of relative variable fluorescence

Maximum quantum yield of primary photochemistry
Quantum yield of electron transfer further than Qa~

Quantum yield for the reduction of terminal electron acceptors at the PSI
acceptor side

Probability of electron transport further than Qa~

Probability for an electron from the intersystem carriers reduces terminal
electron acceptors at the PSI acceptor side

Density of active RC per excited cross section

Absorption flux per active RC

Trapping flux per active RC

Electron transport flux per active RC

Dissipation flux per active RC

Electron flux reducing end terminal electron acceptors at the PSI acceptor
side, per RC

Probability that a PSII Chl molecule functions as RC
Density of RC on chlorophyll a basis

Performance index on absorption basis

Driving forces in PSII on absorption basis

Structure—function index on absorption basis
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