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Abstract

Winter oilseed rape (Brassica napus L.), the principal oilseed crop in Europe, is notably vulnerable to spring frosts
that can drastically reduce yields in ways that are challenging to predict with standard techniques. Our research
focused on evaluating the efficacy of photosynthetic efficiency analysis in this crop and identifying specific
chlorophyll fluorescence parameters severely impacted by frost, which could serve as noninvasive biomarkers for
yield decline. The experiments were carried out in semi-controlled conditions with several treatments: a control, one
day at —3°C, three days at —3°C, one day at —6°C, and three days at —6°C. We employed continuous-excitation and
pulse-amplitude-modulation chlorophyll fluorescence measurements to assess plant sensitivity to frost. Also, plant gas
exchange and chlorophyll content index measurements were performed. Certain parameters strongly correlated with
final yield losses, thereby establishing a basis for developing new agricultural protocols to predict and mitigate frost
damage in rapeseed crops accurately.
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CHFL AS A BIOINDICATOR OF FROST STRESS IN WINTER OILSEED RAPE

Introduction

Winter oilseed rape (Brassica napus L.), recognized as
Europe's leading oilseed crop, is widely cultivated across
the continent (Tuck e al. 2006). The primary cultivation
areas are in Germany, Poland, Lithuania, Latvia, France,
and Italy (van Duren et al. 2015), where it is predominantly
used for biofuel production, edible oil extraction, and as
a supplement in livestock feed. With the progression of
climate change, it is anticipated that the production of
winter oilseed rape will increasingly face various adverse
weather events, affecting production levels based on
the prevailing climatic conditions (Pullens er al. 2019,
2021).

The dominance of winter oilseed rape varieties in
Europe, coupled with their extended crop cycle, renders
them highly susceptible to a broad spectrum of climatic
conditions, including spring frost. Such conditions
frequently result in significant reductions in both yield
and production quality (Wei et al. 2017). Ice crystal
formation within the intercellular spaces occurs when
temperatures fall below 0°C, leading to cell dehydration.
This dehydration results from differences in water
potential inside and outside the cell, causing damage to
cell membrane structures and adversely affecting plant
physiology (Wang et al. 2023).

Traditionally, the estimation of yield losses in winter
rapeseed has relied on classical methods that assess
physical plant damage based on the assessor's judgment,
such as counting healthy plants, and damaged flowers
and pods. These conventional techniques are not only
time-consuming and labor-intensive but also prone to
considerable inaccuracies that bring conflicts between
the customers (insured farmers) and the insurance
companies.

It is important to note that physiological changes,
such as the photosynthetic performance of plants, precede
morphological alterations resulting from frost exposure
(Peng et al. 2020). Photosynthesis, a crucial physiological
process, exhibits high sensitivity to environmental changes.
Plants' gas-exchange measurements are pivotal for
studying photosynthesis and transpiration in plants as they
provide direct insights into the exchange of gases, such as
carbon dioxide and oxygen, which are fundamental to these
processes. By measuring the rate at which carbon dioxide
is assimilated, researchers can assess the efficiency of
the photosynthetic machinery under various environmental
conditions. Additionally, these measurements help in
understanding stomatal behavior, which regulates both
photosynthesis and transpiration. This dual insight into
photosynthetic performance and water regulation makes
gas-exchange measurements a comprehensive tool for
studying plant responses to different stressors (Dabrowski
etal.2019).

Nowadays, analyzing chlorophyll fluorescence (ChFI)
kinetics stands out as an effective approach for gauging
the effects of various stresses on photosynthesis, offering
a robust means to assess the photochemical efficiency of
this process. Such analysis is instrumental in uncovering
insights about the elements engaged in the photosynthetic

electron transfer process, with a particular focus on PSII,
which is notably the most vulnerable component of
the photosynthetic apparatus to environmental stresses,
playing a pivotal role in the photosynthetic system's
response to such conditions (Baker and Rosenqvist 2004,
Kalaji ef al. 2017a).

The primary methodologies for ChFl measurement
include continuous-excitation chlorophyll fluorescence
and pulse-amplitude-modulated (PAM) fluorescence.
The continuous-excitation technique  necessitates
a preparatory dark adaptation of the leaf for about 20 min
before conducting the measurement. This approach utilizes
an actinic light (AL) source coupled with a detector to
capture and convey the ChF1 signal. The JIP-test stands out
among the analytical methods for interpreting the acquired
data. It plays a crucial role in assessing the functionality
of PSII and its responsiveness to environmental changes
(Kalaji et al. 2014, Dabrowski et al. 2015). Drawing
on the energy flow theory within thylakoid membranes,
the JIP-test aids in elucidating the relationship between
the Dbiophysical properties of photosynthesis and
the diverse fluorescence parameters, thereby offering
a comprehensive understanding of PSII dynamics under
various environmental conditions (Strasser et al. 2004,
Ziveak et al. 2014).

The PAM fluorescence method employs a modulated
light source to induce ChF1I that is switched on and off at
predetermined frequencies. This modulation allows for
the exclusive measurement of the variable component of
the induced fluorescence, facilitating an in-depth analysis
of the dynamic shifts in ChFl. By focusing on these
variations, the PAM technique yields profound insights
into the plant's photosynthetic efficiency, especially
under stress conditions. An advantage of this method is
that measurements can be conducted under ambient light
conditions, including natural sunlight, as it effectively
isolates the fluorescence signal from the background
light. This capability enhances the versatility of PAM
fluorescence in assessing photosynthetic activity in real-
world environmental settings (Kalaji et al. 2017b).

Despite numerous studies investigating the effects
of various stresses on ChFl, the literature lacks detailed
information on leveraging parameters measured con-
currently through both continuous-excitation and PAM
fluorescence techniques to estimate yield losses in winter
rapeseed caused by frost.

The goal of this study was to identify chlorophyll
fluorescence (ChFl) and plant gas-exchange parameters
highly sensitive to frost stress, serving as potential
bioindicators of yield losses due to frost, and to find out
the relationship between yield losses in winter oilseed rape
(Brassica napus L.) due to frost based on the assessment
of plants' photosynthetic performance. This can provide
insights into the resilience and adaptability of rapeseed in
adverse conditions.

Materials and methods

Experimental design and plant growth conditions:
The experiment was carried out at Warsaw University
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of Life Sciences, and consists of 80 pots. Winter oilseed
rape plants (5 pcs.) (variety LG Areti, Limagrain, France,
https://ChlFL.limagrain-europe.com/en) were sown in each
pot at the beginning of September 2022. Each pot contains
6 kg of a substrate composed of 60% peat, 30% composted
bark, and 10% sand. After preparing the mixture, 11 kg m™
of chalk was added (to reach pH 6), followed by MIS4
fertilizer + microelements (120 g m=3) (Intermag, Poland).
On 2 October 2022, 0.5% calcium nitrate + Folium 0.6% +
L Amino H 0.6% (Intermag, Poland) was sprayed. On
5 October 2022, 3% MgSO, + Radiculum 0.6% (Intermag,
Poland) was sprayed.

At this stage, all pots were placed in the vegetative hall
under natural conditions for plant growth. No stress factors
were introduced during this period. The most important
meteorological conditions during the experimental period
are presented below.

On 29 January 2023, all pots were transported into
the closed part of the greenhouse, which led to the end
of the plants' winter dormancy. During this period,
the average daytime temperature was approximately
18°C. The sunlight exposure was equivalent to outdoor
conditions, but the plants received supplementary
illumination from a high-pressure sodium lamps (HPS
lamp) with a light intensity of about 200 pmol(photon)
m~? s, The humidity was maintained at around 70%.

On 8 March 2023, the plants reached the development
stage BBCH 54 (flower buds of the main clusters compact
and 50% uncovered by leaves). The pots were randomly
divided into five groups, with 16 pots in each group. Each
group constituted a separate research variant: (/) control
(ambient temperature); (2) one-day frost —3°C; (3) frost
—3°C for 3 consecutive days; (4) one-day frost —6°C;
(5) frost —6°C for 3 consecutive days.

For stress application, plants were transferred from
the greenhouse to growth chambers (cold phytotron,
maintaining the same temperature as the greenhouse
conditions) for 24 or 72 h. The temperature was gradually
lowered at night to simulate natural frost stress in
the field. The applied low temperatures (-3°C or —6°C)
were maintained for at least 3 h. Other environmental
conditions, such as PAR and humidity, were kept similar
to those of the control plants grown in the greenhouse.
Stress application was repeated during the BBCH 65-67
growth phase (full flowering: 50% of the flowers on
the main inflorescence are open, and older petals fall

off). Plant gas exchange, chlorophyll content index, and
ChF1 measurements were performed one week after stress
application (28 April 2023). Subsequently, the plants
were grown under natural conditions in the open part of
the greenhouse until the end of the vegetation period,
under the same conditions as the untreated control plants.
The harvest was gathered on 5 July 2023.

Yield estimation: Plants underwent a natural desiccation
process. Subsequently, seeds were obtained separately
from each pot and then weighed to calculate the actual
yield [t ha™'].

Plant gas-exchange measurements and chlorophyll
content index (CCI) measurement: The photosynthetic
rate, in terms of net CO, assimilation (Py), stomatal
conductance (gs), and substomatal CO, concentration
(C)), was measured on the same leaves as ChFI and CCI
using a portable gas analyzer, Lcpro+ (ADC BioScientific
Ltd., UK). This open gas-exchange system operated
in differential mode with a 150 mol s flow rate of
ambient air and light about 900 pmol(photon) m2 s
The measurements were taken after the stabilization of
conditions in the chamber. The cuvette conditions were
as follows: relative humidity (RH) of approximately 70%,
air temperature of around 22°C, and CO, concentration of
about 430 ppm. The stabilization time before measurement
was not less than 5 min. Once the system had stabilized,
the measurement was performed directly.

Chlorophyll a fluorescence: One leaf was selected for the
measurement of chlorophyll a fluorescence on each plant,
which was assessed using two fluorimeters: HandyPEA
(Hansatech Instruments Ltd., United Kingdom) and
FMS-2 (Hansatech Instruments Ltd., United Kingdom).
All chlorophyll fluorescence (ChFl) parameters
measured by HandyPEA after the dark adaptation
(JIP-test) have been presented in Appendix 1.
Measurements by both fluorimeters were conducted
on previously marked leaves, expecting to enhance
the correlation index between ChFl signals and the final
yield. One plant from each pot was chosen randomly.
The mid-section of the leaf was dark-adapted for at least
25 min before measurements using special leaf clips. Each
leaf sample was illuminated with continuous saturating
actinic light [3,500 umol(photon) m2 s7!] for 1 second.

Month Average month temp. Min. month temp. ~ Max. month temp. Precipitation =~ Sunshine Humidity
[°C] [°C] [°C] [mm] [umol(photon)  [%]
m—ZS—l]
September 2022 12.6 32 17.2 56.0 832 77
October 2022 11.6 0.2 16.2 314 686 85
November 2022 44 6.5 6.6 22.1 249 91
December 2022 0.8 -133 2.6 61.6 152 91
January 2023 3.6 -1.5 18.7 62.3 149 89
February 2023 1.8 =17 10.0 412 310 80
March 2023 49 5.4 19.4 26.7 576 74
April 2023 9.4 3.4 229 57.2 913 70
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The measurements of PAM fluorescence performed
by the FMS-2 fluorimeter were conducted in a very
close spot immediately after continuous-excitation ChFI
measurements. During PAM measurements, a standard
protocol of Hansatech Instruments Ltd. (UK) company
(the producer of the FMS-2 portable chlorophyll
fluorescence measurements system) was used:

(1) By the use of special leaf clips, plants were adapted
to darkness for about 15 min;

(2) First pulse of white light [4,000 pmol(photon)
m~ s™'] was activated for 1 s (F, and F,, measured);

(3) Waiting until the signal gets steady;

(4) Actinic white light [1,000 umol(photon) m= s™']
was activated (F, measured);

(5) Waiting for 4-5 min until the signal gets a steady
state (F; was measured);

(6) A second pulse of white light [ 12,000 pmol(photon)
m~ s7'] was activated for 1 s (F,,' measured).

These were measured six parameters:

F, — steady-state fluorescence at any light level.
This parameter indicates the intensity of chlorophyll
fluorescence, which accompanies the photosynthesis
process in stationary conditions;

F.' — maximum chlorophyll a fluorescence in light-
adapted leaves;

Opsy = (Fn' — F)/Fn' — yield or Genty parameter —
estimated effective quantum yield (efficiency) of PSII
photochemistry at given PAR. Based on changes in
the values of this parameter, the quantum yield of
the photochemical reaction in PSII can be assessed;

ETR = ®pgyp x 0.84 % 0.50 x PAR — electron flow rate
through photosystems;

qr = (Fu' = Fy)/(Fn' — F,) — the photochemical quenching
of variable chlorophyll fluorescence;

gy = (Fn — Fu)/(Fm — F,) — the nonphotochemical
quenching of variable chlorophyll fluorescence.

On this same leaf, the chlorophyll content index
(CCI) measurements were made by using CCM-200
(Opti-Sciences, Inc., Hudson, USA) chlorophyll content
meter.

Data analysis: In each treatment, 16 measurements of
ChFl, CCI, and plant gas exchange (n = 16) were done.
All the measured parameters were statistically analyzed by
the ANOVA model and by Fischer's test as a post hoc at
a 0.05 confidence level using the Statistica 10.0 program
(Statsoft, Inc. Tulsa, USA). The mathematical relationship
between chlorophyll fluorescence signals and yield losses
was estimated by Pearson's correlation coefficient at
a 0.05 confidence level.

Results

Yield: The yield of winter oilseed rape was influenced by
both the temperature and the duration of stress application
(Fig. 1). Under control conditions, the yield was
3.84 t ha''. Exposure to frost at —3°C for 1 d significantly
decreased yield by 7.7%. However, in plants subjected
to this temperature for 3 d, the yield decreased by 35.2%
compared to plants not exposed to stress. Frost at —6°C
caused an even more significant decrease in yield, with
reductions of 49.3% and 51.8% for 1-d and 3-d exposures,
respectively.

Relative chlorophyll content and gas exchange: Under
control conditions, the chlorophyll content index was
32.2 (a.u.). Exposure to frost did not cause a significant
decrease in this parameter (Table 1). However, frost
induced significant changes in all gas-exchange parameters.
The CO, assimilation rate under control conditions was
22.3 pmol(CO,) m? s7!, and a significant decrease in this
parameter was observed in plants subjected to all treatments
except —3°C for 1 d. The lowest values were recorded
under the —6°C treatment for 3 d. Stomatal conductance
under control conditions was 0.34 mol(H,O) m?2 s™!, with
a significant decrease confirmed in plants subjected to
—6°C for both 1 and 3 d. Substomatal CO, concentration
under control conditions was 238 pmol(CO,) mol!, and
a significant increase was noted in all treatments except
—3°Cfor 1 d.

Fig. 1. The yield of winter oilseed rape decreased
in the following order: control; one-day frost
—3°C; frost —3°C for 3 consecutive days; one-
day frost —6°C; frost —6°C for 3 consecutive days
(t ha' £ SD). The means marked by the same
letter indicate that the experimental variants did
not differ significantly (p<0.05, n = 16).

243



P. DABROWSKI et al.

Table 1. The dependence of gas-exchange parameters of the winter oilseed rape after the application of frost stress: control; one-day
frost —3°C; frost —3°C for 3 consecutive days; one-day frost —6°C; frost —6°C for 3 consecutive days. CCI — chlorophyll content index;
Py — CO, assimilation; g, — stomatal conductance, and C; — substomatal CO, concentration. The means marked by the same letter
indicate that the experimental variants did not differ significantly (p<0.05, n = 16).

Treatment CCI [a.u.] Py [pmol(CO,) m2s7'] g, [mol(H,O0) m~2s7!] C; [umol(CO,) mol™]
mean SD mean SD mean SD mean SD
Control 32.28 6.9 22.32 3.1 0.34° 0.03 238 12
—3°C for 1 day 33.8° 7.8 19.8% 2.9 0.29: 0.02 2543 15
—3°C for 3 days 31.22 12.1 18.9° 2.2 0.28%® 0.03 2892 19
—6°C for 1 day 30.6* 13.5 18.1%¢ 2.4 0.24° 0.02 293 11
—6°C for 3 days 29.42 14.5 16.2¢ 1.5 0.22° 0.01 308 14

Fig. 2. The JIP-test parameters normalized to the values before
stress application (control) as radar plots of winter oilseed rape
in various frost treatments: control; one-day frost —3°C; frost
—3°C for 3 consecutive days; one-day frost —6°C; frost —6°C
for 3 consecutive days (a.u. = SD). Means within particular
parameters marked by the asterisk differ significantly from the
control (p<0.05, n = 16).

JIP-test results: It was observed that certain parameters of
the JIP-test exhibited heightened sensitivity to frost stress,
as illustrated in Fig. 2. Among these parameters, those
that showed a significant decrease in their values due to
stress included: F,, F., F\/Fn, Fo/Fu, F/Fo, DI/RC, Plys,
P, DF.bs, and DF . On the other hand, some parameters
exhibited a significant increase in their values, such as @g,
and yg,. The most substantial changes in the magnitude
of these parameters were triggered by exposure to frost at
—6°C for 3 d.

The shape of the OJIP induction curve was influenced
by both the temperature and the duration of frost exposure,
as depicted in Fig. 3. At the J point of the curve, a decrease
was noted across all variations when compared to
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the control, with the most pronounced changes seen in
plants subjected to frost for 3 d (Fig. 34). At subsequent
points of the curve (I and P), significant changes were
observable exclusively in this specific variant. For
the other variants, the curves followed a trajectory similar
to that of the control.

After normalization and comparison of curves
measured in control plants to stressed plants (where
the curve always has a value of 0), differential curves were
obtained (AV;) (Fig. 3B). The purpose of this procedure
is to highlight the differences between individual curves.
Through this procedure, changes between individual
variants can be visualized. Based on it, it was found that
indeed the greatest changes occurred at point J.

PAM results: All parameters derived from PAM
measurements were significantly affected by both the
temperature and the duration of stress, as illustrated
in Fig. 4. Under control conditions, the F, parameter was
773 (a.u.). Exposure to frost at —3°C for 1 d significantly
increased its value by 137%. In plants exposed to this
temperature for 3 d, the value of this parameter increased
by 149% compared to plants not subjected to stress. Frost at
—6°C resulted in an even larger increase in this parameter,
by 155% and 209% for 1-d and 3-d exposures, respectively.
However, it should be noted that no significant differences
were observed between the plants subjected to stress.

Under control conditions, the F,' parameter was
3,208 (a.u.), and statistical analysis did not confirm the
influence of frost at —3°C on this parameter. Exposure to
frost at —6°C caused a reduction in this parameter to 74%
and 70% of the control value for 1-d and 3-d exposures,
respectively.

Under control conditions, the ®psy parameter was
0.75 (a.u.), and statistical analysis confirmed the influence
of frost at —3°C for 1 d on this parameter. Exposure to frost
at—3°C for 3 d and at—6°C for both 1 and 3 d caused similar
reductions in this parameter compared to the control.

It was observed that the ETR parameter also underwent
reduction, with differences observed between the
individual stress variants (both in terms of temperature
and duration). Exposure to frost at —6°C for both 1 and 3 d
caused a similar decrease in the photochemical quenching
parameter (qp) compared to the control. Conversely,
nonphotochemical quenching (qn) increased in all frost
treatments, with an additional reduction observed at —3°C.
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Relationship between frost stress and individual photo-
synthetic activity parameters: Significant correlations
were identified between all measured gas-exchange
parameters and yield loss (Table 2). In the case of CO,
assimilation (Py) and stomatal conductance (g;), this
relationship was positive, meanwhile, in the case of
intercellular CO, concentration (Cj), this relationship
was negative. Some ChFl parameters were positively
correlated: F.', @psu, ETR, qp, F\/F, and J point from
the OJIP curve. The values of the correlation coefficient
of these parameters ranged from 0.89 to 0.95. Among
the parameters negatively correlated was qn (R =—0.96).
To evaluate how well the regression model fits
the data, the coefficient of determination (R’) was used,
as it effectively indicates the proportion of variability
in the dependent variable that the regression model can
explain, as shown in Figs. 5, 6, and 7. The R’ value for
the equations that describe the relationship between
crop yield loss and chlorophyll content index was 0.75.
These values for gas-exchange parameters were even

Fig. 3. Induction curves of chlorophyll a
fluorescence (4) and differential curves of
AV, (obtained by subtracting the control
curve from the first sample) (B) of winter
oilseed rape in various frost treatments:
control; one-day frost —3°C; frost —3°C for
3 consecutive days; one-day frost —6°C;
frost —6°C for 3 consecutive days (a.u.)
(n =16, p<0.05).

higher and fluctuated within the range from 0.84 to
0.96. The R’ values for the equations that describe
the relationship between crop yield loss and individual
JIP-test parameters varied from 0.09 to 0.91. The highest
value of R? was noted in J point. In comparison,
the coefficient of determination values for the relationship
between crop yield loss and PAM parameter values were
higher, ranging from 0.67 to 0.92.

Discussion

The resilience of plants to frost stress encompasses a
multifaceted trait, characterized by an array of physio-
logical, biochemical, and molecular transformations (Fu
et al. 2000, Kosova et al. 2012). In the quest for rapid
and noninvasive evaluation of photosynthetic efficiency,
several methodologies have been explored, among which
spectral indices stand out. Predominantly utilized indices,
ascertainable through compact, handheld devices, include
the Photochemical Reflectance Index (PRI) and the
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Fig. 4. The PAM (pulse-amplitude-modulation)
parameters: steady-state fluorescence at any
light level (F;) (4), maximum fluorescence
from light-adapted leaf (F.') (B), estimated
effective quantum yield (efficiency) of PSII
photochemistry at given PAR (®psu) (C),
electron  transport rate (ETR) (D),
nonphotochemical quenching (qn) (E), and
photochemical quenching (qp) (F) of winter
oilseed rape in various frost treatments:
control; one-day frost —3°C; frost —3°C for
3 consecutive days; one-day frost —6°C; frost
—6°C for 3 consecutive days. The means
marked by the same letter do not differ
significantly (p<0.05, n = 16).

Table 2. The Pearson's correlation coefficient (R) between the yield of winter oilseed rape and individual parameters of photosynthetic
activity under the influence of frost. All treatments were merged for this analysis. Values marked by an asterisk are significant (n =5,

p<0.05).

Parameter R Parameter R Parameter R
CCI 0.86 F. 0.84 bro 0.78
Py 091" Fo/Fin 0.81 WEo -0.40
fei 0.93" FJ/Fn 0.89" Pro -0.23
C; -0.98" Plinst 0.14 Oro 0.39
Fs -0.82 F./F, 0.78 bro 0.31
F.' 0.93" V; 0.40 Plaos 0.78
Dpgy 0.91* Vi -0.22 Pl 0.70
ETR 0.92" S 0.34 DF s 0.82
qr 0.93" N 0.08 DF o 0.84
qn —-0.96 ABS/RC —0.46 O 0.36
trm 0.16 DI/RC 0.35 K 0.72
Area 0.63 TRJ/RC -0.36 J 0.95
F, -0.27 ET,/RC -0.85 1 0.64
Fmn 0.56 REJ/RC -0.01 P 0.52
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Fig. 5. The linear relationship between the yield of
winter oilseed rape and chlorophyll content index
and gas-exchange parameters: chlorophyll content
index (CCI) (4), CO; assimilation (Py) (B), stomatal
conductance (g;) (C), substomatal CO, concentration
(C) (D). The point marked by a green circle is
the control, by the blue circle is one-day frost —3°C,
by the blue triangle is frost —3°C for 3 consecutive
days, by the red circle is one-day frost —6°C and by
the red triangle is frost —6°C for 3 consecutive days
(n =16, p<0.05).

Fig. 6. The linear relationship between the yield
of winter oilseed rape and chosen parameters of
the JIP-test: maximum quantum yield for primary
photochemistry (F./F.) (4), variable fluorescence
(Fv) (B), J point (C), and performance index per
ABS (Plis) (D) under the influence of frost.
The point marked by the green circle is the control,
by the blue circle is one-day frost —3°C, by the blue
triangle 1s frost —3°C for 3 consecutive days,
by the red circle is one-day frost —6°C, and by
the red triangle is frost —-6°C for 3 consecutive days
(n =16, p<0.05).
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Normalized Difference Vegetation Index (NDVI) (Chytyk
et al. 2011, Porcar-Castell et al. 2012). Nonetheless, these
indices are not without their limitations, as their accuracy
can be affected by variables other than photosynthetic
efficiency, such as light intensity and air pollution.
In contrast, chlorophyll fluorescence measurements, as
suggested by studies (Chytyk ef al. 2011, Urban et al.
2013), are perceived to be devoid of these constraints,
offering a more reliable assessment of photosynthetic
activity.

The core aim of our study was to investigate whether
specific physiological parameters derived from gas-
exchange measurements, continuous excitation, and PAM
chlorophyll fluorescence parameters serve as reliable
indicators of frost stress in winter oilseed rape under cold
conditions. We posited that ChFI measurements could act
as a dependable mechanism for tracking frost stress in

248

Fig. 7. The linear relationship between the yield
of winter oilseed rape and chosen parameters of
thePAM (pulse-amplitude-modulation):steady-state
fluorescence at any light level (F;) (4), maximum
fluorescence from light-adapted leaf (F.') (B),
estimated effective quantum yield (efficiency)
of PSII photochemistry at given PAR (®psi) (C),
electron transport rate (ETR) (D), photochemical
quenching (qer) (£), and nonphotochemical
quenching (qn) () under the influence of frost.
The point marked by the green circle is the control,
by the blue circle is one-day frost —3°C, by the blue
triangle is frost —3°C for 3 consecutive days, by
the red circle is one-day frost —6°C, and by the red
triangle is frost —6°C for 3 consecutive days
(n =16, p<0.05).

oilseed rape before the manifestation of visible symptoms,
attributing this capability to the association of this signal
with photosynthetic efficiency.

Leaf photosynthesis is the most important source
of energy for all autotrophic plants for growth and
development. It is widely accepted that photosynthesis in
C; plants under stress conditions is primarily limited by
stomatal conductance and/or leaf biochemical capacity
(Flexas and Carriqui 2020). Our studies confirmed that
stomatal conductance, as well as CO, assimilation and H,O
transpiration, decreased in winter oilseed rape under frost
stress. At the same time, intercellular CO, concentration
increased. In the opinion of Dellero ef al. (2021), those
results may suggest that CO, accumulates within the
intercellular spaces of the leaf when it is not assimilated
by Rubisco. Moreover, these parameters significantly
correlated with yield and also particular ChFl parameters,
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so it is proved that they can be used as good indicators of
plant stress (Dabrowski et al. 2019).

A key finding from our research was the ability
to identify points along the OJIP curve that exhibit
sensitivity to frost stress. Our results indicated that
the O point remained insensitive to frost stress, while the J
point demonstrated the highest sensitivity, with its values
fluctuating according to the stress intensity. The I and
P points showed variations in their values solely under
the most severe stress conditions. This pattern of sensitivity
across the OJIP curve to frost stress in rapeseed plants
corroborates findings from our earlier investigations and
those conducted by Rapacz et al. (2015).

Additionally, when analyzing the specific JIP-test
parameters, presented in a radar (or spider) plot format,
it was evident that only some parameters were responsive
to frost stress. This underscores the nuanced impact of
cold temperatures on the physiological state of winter
oilseed rape, highlighting the critical role of advanced
fluorescence techniques in detecting and quantifying
stress responses. This phenomenon can be well-followed
based on the values of the F,/F,, and specific energy fluxes.
In all treatments, most of these measured and/or calculated
parameters were significantly changed by this stress.
These findings align with our earlier research (Stachurska
et al. 2022). Furthermore, Rapacz et al. (2015), through
field experiments, verified that the F,/F, parameter
exhibits the strongest correlation with freezing tolerance.
The observed reduction in the maximum photosynthetic
efficiency of PSII in plants exposed to low temperatures
may serve as a mechanism to protect PSII reaction centers,
as noted by Rapacz and Hura (2002). Additionally, they
reported a decrease in chlorophyll content in rape plants
under frost stress, which could further contribute to
the reduction in photosynthesis. Pons (2012) found that
maintaining growth at low temperatures necessitates
a significant investment in the photochemical apparatus to
offset the diminished activity of enzymes.

Moreover, the sensitivity of performance index
parameters (Pl.,s and Pl,) and driving forces (DF.,s and
DF,) to frost stress was also confirmed by our studies.
Frost stress elicited significant alterations in all four PAM
parameters measured. These parameters are crucial for
understanding the molecular dynamics of photosynthesis
across various photosynthetic organisms under diverse
biotic and abiotic stresses (Baker and Rosenqvist 2004,
Mishra et al. 2016). According to numerous scholars, PAM
analysis is deemed more complex than the OJIP analysis
(Stirbet and Govindjee 2016, Bernat et al. 2018) because
it encapsulates both photochemical and nonphotochemical
quenching. This complexity arises from changes in
thylakoid lumen acidification, ATP synthesis, and
the activation of the Calvin—Benson cycle. F,, or steady-
state fluorescence in light-adapted plants illuminated with
actinic light, reflects the relative fluorescence intensity.
The quantum efficiency of PSII photochemistry diminishes
as a result of the upregulation of nonphotochemical
quenching mechanisms.

Upon illumination, PSII transitions from an “open” to
a partly “closed” state, indicating that some PSII reaction

centers are unable to utilize excitation energy effectively
under light conditions. This increase in nonphotochemical
de-excitation due to illumination is commonly denoted
as NPQ (Kasajima ef al. 2009). Our research confirmed
that F, is particularly sensitive to low temperatures,
a phenomenon that can be attributed to the imbalance
between the rates of ATP, NADPH synthesis, and CO,
fixation. The Calvin—Benson cycle consumes less ATP and
NADPH for CO:; fixation than is generated by the primary
processes of photochemical photosynthesis (Rapacz et al.
2004, Mareckova et al. 2019). F,,' represents the maximum
value of the fluorescence signal emitted by a sample
exposed to stress and reflects changes in the rate constant
of regulated nonphotochemical quenching. The changes in
its values might express the extent of the regulated loss of
nonphotochemical energy (Brestic ef al. 2014). At the same
time, a decrease in the ®@pgy; parameter at low temperatures
can be attributed to cellular ice nucleation (Mareckova
etal. 2019).

The ®pgy parameter represents the fraction of the light
energy absorbed by PSII that drives photosynthetic
electron transport. It is frequently used in field research
and might be interpreted as the effective quantum yield
of the PSII photochemistry related to the actual fraction
of photochemically active PSII reaction centers (qp)
(Rohacek et al. 2008). It should be emphasized that our
research confirms the high relationship between this
parameter and yield losses (R = 0.91), with a coefficient
of determination (R?) of 0.837 for the linear relationship
between these parameters. ETR represents one of the
measures estimating the rate of photosynthetic processes
in plant samples. ETR correlates well with the quantum
yield of CO, assimilation and stomatal conductance
(Perera-Castro and Flexas 2023, Sendall et al. 2024).
Also, parameters indicating photochemical (qp) and
nonphotochemical quenching (qn) had strong correlations
with yield (0.93 and —0.96, respectively). Parameter
gr can be interpreted as the proportion of solar energy
absorbed by PSII to the proportion of energy used by
open reaction centers. Changes in this parameter provide
information about the proportion of open reaction centers
of PSII (Maxwell and Johnson 2000). At the same time,
the increase in the qn parameter under frost stress can be
interpreted as an attempt to protect the photosynthetic
apparatus by increasing the dissipation of absorbed energy
in the form of heat (Demmig-Adams ef al. 1996).

In conclusion, we recommend using plant photo-
synthetic efficiency measurements to monitor changes in
winter oilseed rape, which can help estimate crop yield
losses due to frost stress immediately after such events. Our
findings enhance the understanding of crop susceptibility
to sudden frost incidents. While this study did not directly
compare the efficacy of different algorithms in forecasting
crop yield losses, existing literature suggests that nonlinear
algorithms like Random Forests, Support Vector Machines,
and Artificial Neural Networks may outperform linear
algorithms in processing chlorophyll fluorescence data for
predicting yield losses (Peng ef al. 2020). This research
was conducted under partially controlled conditions and
focused on a single crop variety. To build upon these
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findings, future research should be carried out in field
conditions and include a broader range of crop varieties to
more thoroughly validate our conclusions.
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Appendix 1. Glossary, definition of terms, and formulae used by the JIP-test for the analysis of the Chl a fluorescence transient OJIP
emitted by dark-adapted photosynthetic samples (Tsimilli-Michael 2020, modified).

Parameter Definition
thm time (in ms) to reach the maximal fluorescence Fp (meaningful only when Fp = Fy,)
Area total complementary area between the fluorescence induction curve and F = Fp (meaningful

F, = F50ps or = F20ps
Fm (: Fp)

Fv = Fm - Fo
Fu/Fam
ABS/RC =M, x (1/Vy) x (1/¢po)

TRJ/RC = M, x (1/V))
REJ/RC =M, x (1/V)) x (1 - V)
ETJ/RC =M, x (1/V)) x (1 - V})
DI/RC = (ABS/RC) — (TRJ/RC)

¢ro=TRJ/ABS = [1 — (F/Fu)]

ro = ETJ/ABS = [1 — (Fo/Fu)] x (1 V))
ro = REJABS = [1 — (E/Ew)] % (1 - V)
Yo = ETJ/TR, = (1 - V))

Sro = REJET, = (1 - V))/(1 - V)

N = Su x (My/Vy)
Su = (Area)/(F, — F,)
PIabs

PItot
Plinsl

DFabS = IOg(PIabs)
DF o = log(PL)

only when Fp =F.,)
fluorescence when all PSII RCs are open (= to the minimal reliable recorded fluorescence)

maximal fluorescence, when all PSII RCs are closed (= F» when the actinic light intensity is
above 500 pmol(photon) m? s! and provided that all RCs are active as Qa-reducing)

maximal variable fluorescence
maximum quantum yield for primary photochemistry

absorption flux (exciting PSII antenna Chl a molecules) per RC (also used as a unitless
measure of PSII apparent antenna size)

trapped energy flux (leading to Qa reduction), per RC
electron flux reducing end electron acceptors at the PSI acceptor side, per RC
electron transport flux (further than Q,"), per RC

energy flux not intercepted by an RC, dissipated in the form of heat, fluorescence, or transfer
to other systems, at time t =0

maximum quantum yield for primary photochemistry

quantum yield for electron transport (ET)

quantum yield for reduction of end electron acceptors at the PSI acceptor side (RE)
efficiency/probability that an electron moves further than Qa

efficiency/probability with which an electron from the intersystem electron carriers is
transferred to reduce end electron acceptors at the PSI acceptor side (RE)

turnover number (expresses how many times Qa is reduced in the time interval from 0 to tr.)
normalized total area above the OJIP curve

performance index for energy conservation from photons absorbed by PSII until
the reduction of intersystem electron acceptors

total performance index for energy conservation from photons absorbed by PSII until
the reduction of PSI end electron acceptors

instrument-specific parameter
PSII-relative driving force index on an absorption basis
total PSII-relative driving force index
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