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Abstract

Geranium plants were cultivated in a growth chamber with different light quality and microorganism inoculation
conditions. The long-term effect of irradiance quality (LED and fluorescent) as well as two types of microorganism treatments
on photosynthetic activity parameters was examined. The maximum reached values of net photosynthesis rate (Py), stomatal
conductance (g;), transpiration rate (E) and intercellular CO, concentration (Ci) were afterwards measured in plants
cultivated under six colours of light — white, white-blue, blue, red, red-blue and green — emitted by two types of lamp: LED and
fluorescent. Two types of microorganism treatments were used: BAF; created in the Department of General and
Environmental Microbiology and the commonly used Effective Microorganisms (EM) biopreparation. A highest level of Py
were found in plants after cultivation under white-blue light (both - fluorescent and LED) and treated by BAF:. The positive
effect of EM was only noted in the case of plants cultivated under blue-red fluorescent light. Considering plants without
microbial inoculation the highest levels were recorded in plants under red and blue light. The comparison of the effect of light
quality revealed that in all colours a higher or similar level of net photosynthetic rate was noted in plants under LEDs. Mostly
the higher photosynthetic activity was connected with higher stomatal opening as well as with higher transpiration rate, which

is especially true for plants cultivated under red and blue LED light.
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Introduction

Pelargonivm zonale for years has taken a leading position in the
rankings of popularity among balcony plants. In recent years there is
a marked shift in the retail outlets where these plants are typically
bought. They are purchased not only at flower shops and garden
centres, but also in supermarkets and discount hypermarkets. These
retail outlets provide inferior lighting and temperature conditions, far
from those considered optimal for this species. Inappropriate storage
conditions result in the deterioration of quality and health condition
of plants, leading as a consequence to limited interest of consumers
and thus poor sales. As shown in the study by Jerzy ez 4/. (2011), the
post-harvest life of Chrysanthemum x grandiflorum may be
extended when plants are kept under lamps emitting different light
colours. Fluorescent lamps are used in laboratories to provide lighting
for plants. However, due to their high energy costs, cheaper sources,
which at the same time emit light more advantageous for plants, are
sought. In recent years light emitting diodes (LED) have become
increasingly popular and they are considered the lighting of the
future (Morrow, 2008; Reinders, 2008). Thanks to their special

design, heat is carried away by radiators; as a resul, the lamps do not
become hot and may be placed directly over plants.

Many investigations have studied the various effects of light
quality on photosynthesis. Sebe ez 4. (1995) found that red light
enhanced starch accumulation during photosynthesis. There is also
information about light quality and chlorophyll content, especially
and effect of red colour light (Tanaka ez 4/, 1998). However, blue
light can also influence photosynthesis duetoitseffecton chloroplast
dcvclopmcnt and stomata opening (Senger, 1982). There is also a
suggestion that the plant response to blue light is stronger due to the
presence of blue-light receptors — phototropins (W, 2008). Some
investigators have revealed that a stronger effect of blue light on
stomatal opening is connected with another receptor, zeaxanthin
(Zeiger et al, 2002). Light mediates the stomatal opening through
regulation of plasma membrane (PM) H'-ATPase activity. The
enzyme phosphatase 1 has been found to play an important role in
the case of blue light-induced signalling in guard cells (Wu, 2008). It
is known that red and blue light are the most important in
photomorphogenesis ~ (Voskresenskaya,  1987).  Moreover,
investigations conducted by Kim ¢z 4/. (2004a) and Matsuda ez .
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(2008) revealed that additional blue and red light promote net
photosynthetic rate (Px) and subsequently plant growth. Red and
blue light affects stomatal conductance due to the presence of
chloroplasts in guard cells in many plant species. Also a regulatory
role of green light has been found (Golovatskaya, 2005).

Investigations also revealed a strong connection between light
quality and photosynthetic activity as well as stomatal conductance
of many horticultural plant species. A higher photosynthetic activity
level was found for Euphorbia pulcherrima, Plectvanthus
scutellarioides and Lactuca sativa in plants cultivated under LEDs in
comparison to plants cultivated under high pressure sodium (HPS)
lamps (Domurath e 4/, 2012). Moreover, the effect of lamp colour
was also examined, and a higher net photosynthetic rate was noted in
cherry tomato seedlings cultivated under LEDs with red-blue and
red-blue-green light (Liu e# 4/, 2011, Xiaoying e af, 2012) or blue
and red-green-blue in the case of orchids (Lee e 4/, 2011).
Monochromatic light has been found to decrease photosynthesis in
comparison to combination of red-blue one in many plant species
(Goinsetal, 1997; Sabzalian ez al, 2014).

The application of microbiological preparations in plant
cultivation may bring various benegs. As reported by Stielow
(2003), the introduction of the Effective Microorganisms (EM)
inoculation to the culture medium may, among other things, reduce
putrefaction  processes, enhance drought resistance, inhibit
development of plant pathogens, and cause more abundant
flowering The above factors are essential during plant storage
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Fig. 1. Spectral characteristic of the fluorescent lamps

without access to natural light. Moreover in presented study two
types of microbial inoculation were compared. The first one is
commonly known EM, while the second is unique combination of
bacteria, actinomycetes and fungj, here called BAF:. The content of
BAF1 includes not only rhyzospheric microorganisms, but also
endophytes occurring on plant root surface. Hence the plant
response, such as nutrient uptake, growth and photosynthetic
activity can be different than to EM (Wolna-Maruwka ez 4/, 2014,
2015).

Microorganisms can also secrete substances (antibiotics,
siderophores) which are toxic against to plant pathogens improvi
the condition and health of plailgtzl&arschner, 20070%e e

Microorganisms contribute to nitrogen and phosphorus uptake
(Borkowska, 2002; Martin ez a/, 2001; Nowak, 2004; Smith and
Read, 2008). Higher levels of nutrient sorption are connected with
increased enzyme activity (eg nitrate reductase, phosphatase,
glutamate dehydrogenase, glutamine synthetase). This also leads to
increased photosynthesis levels and maintenance of the physiological
balance, resulting in elevated plant biomass growth (Martin and
Botton, 1993; Smith and Read, 2008).

Simultaneous plant cultivation with certain light quality
conditions and microorganism inoculation can result in favourable
photosynthesis levels for certain growth stages. Hence a presented
work would have two types of aims, one practical - to allow a good
photosynthesis level when plants are kept under suboptimal
conditions during storage - shops, supermarkets, and maybe indicate
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which lamp and microorganisms allow to prolong storage without
negative effects on future photosynthesis of plants and in a
consequence to flowering. While the scientific aim would focused on
effect of several week exposure to various light and microorganisms
conditions to photosynthesis system adaptation. The detailed aims
of the present study were as follows: (i) to determine the effect of
different light quality of exposed plants for several weeks on
photosynthesis level; (i) to examine whether microbiological
inoculation influences this process; (i) to find the proper
combination of investigated factors.

Materials and Methods

The experiment was established in 2012-2013 in a growth
chamber at artificial light and under controlled climate conditions.
Rooted cuttings of Pelargonium zonale ‘Tamara’ were planted in
pots of 12 cm diameter into a peat substrate of 5.5-6.0 pH and
supplemented with a slowly released multi-component fertiliser
Osmocote 5-6 M (3 gdm”).

The plants were inoculated with the BAF, and EM
biopreparations, which were applied onto leaves and into the soil
The preparation was diluted in tap water with the concentration
1:100. EM is a microbiological inoculum composed mainly of
lactic acid and photosynthetic bacteria, yeasts and actinomycetes
(Higa, 1991). The microbiological inoculum BAF; (Bacteria-
Actinomycetes-Fungi) used in the study was designed at the
Department of General and Environmental Microbiology. The
biopreparation consisted of 15 strains of bacteria, 5 of
actinomycetes isolated from mature compost prepared from plant
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residues and sewage sludge as well as 4 strains of Trichoderma
harzianum fungus derived from the collection of the Institute of
Plant Genetics in Poznani. These strains were examined from the
point of view of their proteolytic and cellulolytic activities. One
millilicre of the employed biopreparation contained 1.55-10°
(colony forming units) cfu of bacteria, 199:10° cfu of
actinomycetes and 0.98-10” cfu of fungi.

The experiment was started at the stage of microscopic
development of inflorescence buds, on the day when the buds were
still green and dlosed, but they were ready to change colour and to
continue their further development. The height of plants was 30
cm. Pots with plants were placed on shelves in the growth chamber
(carlier, the plants had been grown in a greenhouse). Four
replicates were conducted according to each microorganisms
combinations under each lamp type. The experiment was
performed using two types of lamps: fluorescent (PHILIPS TLD)
and LED Tube (LEUCHTEK) emitting white, green, red, blue,
red-blue and white-blue colours of light. Quantum irradiance
(PPFD) was 35 pmolm?s™ and was measured by means of Optel
phytophotometer FR-10 (Sonopan, Poland) at the top of the
plants by changing the distance from each light source. Air
temperature in the growth chamber was maintained at a constant
level of 20 +1 °C and air humidity was 65-70%. Day length lasted
12 hours. Spectral characteristics of the two of lamps
determined with a spectroradiometer (USB 4000) are shown in
Figures 1-2.

The handheld photosynthesis system Ci 340aa (CID
BIOSCIENCE Inc, Camas, USA) was used to evaluate net
photosynthetic rate (Px), stomatal conductance (g;), transpiration
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rate (E) and intercellular CO, concentration (C). For these
purposes, constant conditions of measurements in the leaf
chamber were maintained: CO inflow concentration (350 pmol
(CO2)mol"), photosynthetic photon flux density (PPFD) 1000
umol (photon) m?s’, chamber temperature 23 °C, relative
humidity 40+3%.

The experiment was established in two culture cycles. Results
of measurement given as mean from two years of research. The
data were analysed with the statistical software STATISTICA 9.1.
Results were analysed with a factorial ANOVA with “lamp type”,
“colour of light” and “type of microbiological inoculation” fixed
factors. Tukey’s test was employed to analyse differences between
measured parameters. A graphical presentation of Tukey’s test
results is provided in the present study as well as table data with
statistical error values.
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microorganisms). Letters denote significant differences between
means at p<0.05
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Results

Two-way analysis of variance revealed no effect of lamp
type on net photosynthetic rate and intercellular CO;
concentration in the case of white-blue light colour. There was
also no effect of microbial inoculation on the latter parameter.
However, both factors had a significant effect on both stomatal
conductance and transpiration rate (Table 1). There was no
significant difference between net photosynthetic rate of plants
cultivated under fluorescent and LED lamps. However, we can
observe Py increment tendencies in plants grown with
microbial inoculation. Moreover, higher Px levels were noted
for plants treated with BAF) microorganisms. The increase of
Py was connected with stomatal opening in the case of LEDs.
This was not observed in the case of fluorescent lamps, where
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Fig. 4. Means *SE of net photosynthesis rate (PN), stomatal
conductance (gs), intercellular CO2 concentration (Ci) and
transpiration rate (E) of plants cultivated in white (W) light
colour conditions and treated by different microbiological
inoculum (BAF1 - Bacteria-Actinomycetes-Fungi; EM -
effective Letters  denote

microorganisms). significant
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similar levels of g were noted in both inoculation treatments as
well as in control plants. Stomatal opening was also connected
with transpiration rate; hence we can note higher values for
plants cultivated under LEDs, for all three treatments.
Although there are not (statistically significant) differences in
the case of G, higher levels were noted in the case of LEDs for
both microbial treatments, while opposite results were note for
plants under fluorescent lamp (Fig. 3).

There was no effect of lamp or inoculation type on net
photosynthetic rate in the case of white light. However, a
statistically significant influence of both factors was observed for
stomatal conductance, intercellular CQO, concentration and
transpiration rate (Table 1). There were no statistically significant
differences between net photosynthetic rate of plants treated with
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Letters denote significant differences between means at p<0.05
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microorganisms or different lamp types. On the other hand higher
stomatal conductance and transpiration rates under LEDs white
light were observed, especially for BAF, treatment. High g and E
were connected with low C; (Fig. 4).

Red light statistically significantly influenced the net
photosynrhetic rate, stomatal conductance and transpiration rate
(Table 1). er photosynthetic activity was noted in plants
cultlvated under LEDs for all three treatments, although not
always statistically significant. Similar tendencies were noted for
stomatal conductance, intercellular CQO, concentration and
transpiration rate, although statistically significant differences
between lamp types were recorded only for EM (Fig, 5).

No lamp type effect was found for blue-red light on net

photosynthetic rate, or for microbial treatment on stomatal
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conductance (Table 1). However, lower values of gas exchange
parameters were noted in plants cultivated under LEDs and
treated by microorganisms. While a positive effect of EM
inoculation on g, G and E was found only for plants cultivated
under fluorescent lamps (Fig 6).

Two-way ANOVA of the blue light effect revealed a
statistically significant influence of lamp type and microbiologjcal
inoculation for all measured parameters, excluding the effect of
microbial treatment factor on net photosynthetic rate (Table 1).
Higher net photosynthetic rates were noted for plants
cultivated under LED:s in all microbial treatments. Statistically
significantly (p<0.05) higher levels of stomatal conductance
were observed in all treatments and especially in control plants.
Similar observations were recorded for transpiration rate.
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Fig. 8. Means +SE of net photosynthesis rate (PN), stomatal
conductance (gs), intercellular CO2  concentration (Ci) and
transpiration rate (E) of plants cultivated in green (G) light colour
conditions and treated by different microbiological inoculum (BAF1 -
Bacteria-Actinomycetes-Fungi; EM - effective microorganisms).
Letters denote significant differences between means at p<0.05

However, the effects on intercellular CO; concentrations were
not as clear as the other parameters, considering that C; was
il;creased only in BAF, inoculation under blue LED light (Fig,
7).

Lamp type with green light influenced statistically
significantly all measured parameters, while there was no such
effect of microbial treatment (Table 1). Higher levels of all
measured physiological parameters were observed for all plant
treatments (control or inoculated) s grown under LED green
light (Fig 8). We can also observe a decrease of all measured
physiological parameters in inoculated plants compared with
the control ones under fluorescent green light.

The comparison of light quality was made based on control

conditions without microbial treatment. The two-way
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ANOVA revealed no statistically significant effect of lamp type
or colour of light on net photosynthetic rate or intercellular
CO: concentration. A highly significant effect (p<0.001) was
noted for stomatal conductance and transpiration rate (Table
2). The net photosynthetic rate was higher or at similar level
(white-blue) in plants cultivated under LED. However, only
for red and blue light the differences were statistically
significant (p<0.05). Higher photosynthesis activity was related
to higher stomatal opening and transpiration rate (especially in

the cases of blue and blue-red light) under LED lamps (Fig, 9).

Discussion

The artificial light plays an important role in plant
production. The proper light quality can prolong good quality of
plants, including longer and proper time of t%owering. The
proper balance of light conditions, medium properties and

31
Table 1. Two-way analysis of variance resules (F-statistics and

significance levels) of net photosynthetic rate (PN), stomatal
conductance (gs), intercellular CO2  concentration (Ci) and
transpiration rate (E) of plants cultivated under different light colour
conditions with both different lamp and microorganism types

treatment impact factors

Colour Lamp Microorganisms .
e Parameter - - Interaction
Px 0.3™ 3.9* 0.1™
(Xic & 32,9 667 26"
G 0.2™ 0.8™ 2.7
blue) :
E 36.1* 5.0** 2.1™
Pn 0.1™ 1.8™ 3.3*
W & 15.4** 16.1%* 1.9™
(white) G 60.9*** 15.6** 11.6**
E 17.6** 22.9*** 0.8™
Px 32.9"* 4.4* 9.8***
R g 15.9* 4.5* 7.8+
(red) C; 1.7™ 1.7 1.6™
E 15.6** 7.3 8.8
Px 3.2 3.3* 2.4™
(]:Z @ 195 03" 12.9%
G 5.2* 7.5 13.9***
blue)
E 34.0%* 3.2% 18.7%
Px 8.1 0.1™ 0.9™
B & 100.9*** 5.5** 7.3
(blue) G 6.8** 10.0%** 4.3*
E 369+ 3.1* 6.1
Px 314 1.9™ 1.4™
G I 150.2%* 2.6™ 0.1™
(green) G 8.4 0.5™ 2.2
E 208.1** 3.5* 0.4™

**2<0,001; *2:<0,01; *2.<0,05; ns — not significant

Table 2. Two-way analysis of variance results (F-statistics and
significance levels)  of net photosynthetic rate (Pn), stomatal

(@)

transpiration rate of contro ants (lack of microorganism
p f l pl lack of g

conductance (g;), intercellular CO; concentration and

applications — BAF or EM) with lamp colour and type impact factors

Parameter Colour Lamp type Iinteraction
Py 2.1™ 2.4™ 1.0™
& 17.8** 108.7%* 11.4%**
G 2.2M 1.1™ 4.7
E 13.7* 111.7%* 8.8

**0<0,001; *2<0,01; *2<0,05; ns — not significant
WB- white blue; W — white; R — red; BR - red blue; B — blue; G - green

nutrition can influence on plant quality and their economic
value. Hence, it is very important to find adjust plant cultivation
process and their storage for their life cycle and further
functioning, e.g photosynthetic activity.

The presented investigations revealed the higher effect of
lamp type on reached maximum photosynthetic activity plants
cultivated in such conditions for few weeks.

Our results are in agreement with previous investigations on
effects of blue light on stomatal opening, due to presence of
chloroplasts in guard cells, as well as due to blue-light receptors —
phototropins (Wu 2008). However, there are many reports on
the effect of monochromatic light on the photosynthetic process.
Monochromatic light (except blue) mostly caused a decrease of
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Py in comparison to plants cultivated under broad spectral light
(Yu and Ong, 2003; Xiaoying et al,, 2012). This fact was usually
explained as an effect of the narrow transmission peaks, leading
to an imbalance of photons available to PSI and PSII and thus
changing the ratio of cyclic to whole chain electron transport
(Tennessen et al, 1994). Concerning plants cultivated without
microbial inoculation we observed lower Px levels in plant
cultivated under combined red-blue light in comparison to
monochromatic red or blue light (Fig. 9). Several authors have
reported a higher level of photosynthesis in plants cultivated
under blue light as well as combinations of blue with other
colours of light in many plant species (Lee et al,, 2011; Xiaoying
et al, 2012). On the other hand, Kim et al. (2004b) found a
lower net photosynthetic rate in chrysanthemum cultivated
under blue in comparison to red LEDs, and moreover to
fluorescent lamps. However, they also observed the highest
activity of photosynthesis in plants cultivated under blue-red
LEDs, and a more consistent chlorophyll absorption for these
two colours was suggested as the reason for this situation.. In our
results, concerning plants without microbial inoculation, similar
levels of stomatal conductance in red-blue and white light were
noted, while Kim et al. (2004a) found lower values of stomatal
opening in plants cultivated under combination in comparison
to monochromatic lamp. However, these were not correlated
with further plant growth. While Karlsson et al (1986) found no
eftect of blue light on guard cells and stomatal opening, There are
many uncertainties for proper combination of blue-red light for
certain plant species. Considering plants without microbial
inoculation and based on our results it scems that Pelargonium
zonale revealed adaptation properties and reach the highest
maximum Py level after few weeks cultivation under red LEDs.
Moreover, the lowest stomatal conductance and transpiration
rate was also noted in plants under red light of both lamp types.
Considering, plants cultivated in the medium with and
without microbial inoculation, highest maximum of Py values
were noted in plants cultivated under a mixture of white-blue
lights (both — fluorescent and LED) with BAF: inoculation (Fig,
3). In the case of white light the treatment with BAF,
microorganisms  influenced ~ stomatal  conductance  and
transpiration rate (Fig 4), probably due to maintenance of the
physiological balance (Martin and Botton, 1993; Smith and
Read, 2008). Xu et al. (2008) found that maize stomata of non-
watered plants treated by EM respond more quickly and
efficiently in comparison to plants well-watered and without
EM. This can be an indirect beneficial of microorganisms on
production of some phytohormones, and enhance of growth,
development and further plant response efficiency to stress
factors. The stomatal conductance increase due to EM
application was also reported by Chantal et al. (2010), while
transpiration rate differed much more between various EM
application and Ci did not differ. The last one was also noted in
our investigations. The increase of stomatal conductance in the
case of red light may be connected with a favourable light
spectrum (Fig. 9), as well as with increase of nutrient uptake
caused by microorganisms (Martin et al., 2001; Smith and Read,
2008). The comparable maximum Px level was observed in both
microorganisms inoculation for all lamp types to plants without
microbial inoculation. This is in agreement with previous
investigations, which indicated on positive role for
photosynthetic activity due to continual supply of nutrient and
application together with EM  phytohormones and other
biologically active substances which can delay the process of

senescence and increase photosynthesis (Yamada and Xu 2000).
The last aspect can also have a positive effect for proper storage of
ornamental plants and prolonged possibilities for trading of good
quality of plants. The better soil nutrient transformation, higher
root transformation, higher uptake of nutrients and their
movement in plants and as a result higher photosynthetic activity
was previously proved in various investigations (Okorski et al.
2010; El-Shatnawi and Makhadmeh, 2001). Our investigations,
proved their role for ornamental plants cultivated under different

light conditions.

Conclusion

Our investigations revealed that the highest maximum of Px
revealed plants cultivated several weeks under white-blue light
LED, fluorescent and LED, and inoculated by BAF.. Moreover,
these plants also were found with the higher stomatal
conductance and transpiration rate in comparison to control
plants without BAF.. Considering plants without microbial
inoculation, the maximum level of Px reached plants after
cultivation under red LED. Overall, we can conclude that
adaptation to long-term light quality is not dependent on
microbial inoculation, as small differences between gas exchange
parameters were observed among non-inoculated and inoculated
plants in certain light colours. The positive effect of EM was only
noted in the case of plants cultivated under blue-red fluorescent

light.
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