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Chlorophyll a fluorescence can provide insight into the ability of plants to tolerate envi-
ronmental conditions that can damage photosynthetic apparatus and decrease yield. The aim
of the study was to determine the relationship between chlorophyll a fluorescence parame-
ters and yield components of oat DH lines. All DH lines significantly differed in chlorophyll
a fluorescence parameters and yield components. The overall performance index of PSII
photochemistry (PI), showed the highest variation between DH lines, whereas the lowest had
the ratio of variable to maximum fluorescence (F,/F,). The highest differences were
observed in the number of grains per plant (21.3 to 600). Thousand-grain weight varied from
17.82 g to 41.01 g and the biomass from 8.01 g to 29.31 g. The highest negative correlations
were found between F,/F,, Area (pool size of electron acceptors from PSII), PI and grain
number per plant and biomass. Positive correlations were observed between light energy
absorption (ABS/CS), grain number per plant and biomass, as well as the amount of excita-
tion energy trapped in PSII reaction centers (TR,/CS) and biomass. Principal component
analysis of chlorophyll a fluorescence parameters, together with yield components, dis-
criminated two oat DH lines groups according to their photosynthetic efficiency and yield.

Keywords: Avena sativa L., DH lines, chlorophyll a fluorescence, yield, principal com-
ponent analysis

Introduction

Oat (Avena sativa L.) is a very important cereal crop belonging to Poaceae family that can
be used not only as a valuable feed for animals, but also as an important food ingredient
in human diet. We can distinguish two main groups among cultivated hexaploid oat vari-
eties: husk oat and varieties called naked oat. Although naked oat varieties produce lower
yields than the conventional husked types, the naked oat has considerable nutritional
benefits, as they produce more nutrient contents (Biel et al. 2009, 2014). Oat exerts a
beneficial effect on human health due to its protein, carbohydrate, fiber, vitamin and min-
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eral contents (Peterson 2004). Oat can be used not only as a food for animals and humans,
but also as a raw material for the production of medicinal and cosmetic products (Peter-
son et al. 2005). Wide range of applications of oat results in a high demand for new vari-
eties.

Currently, a series of biotechniques are applied on plant breeding in order to shorten
the breeding period of new varieties, and one of them is haploidization. It takes 6-10
years to inbred a new variety for traditional method. Doubled haploids are characterized
by a high level of homozygosity. This allows to reduce the selection time of new varieties
even to a single vegetative season (Marcinska et al. 2013). In addition, doubled haploids
can be useful as components in genetic map construction. Production of DH mapping
populations with markers linked to the developing trait is an important application of the
technology. DHs represent homozygous, immortal and true-breeding lines that can be
repeatedly phenotyped. They are therefore ideal for studying complex traits with quanti-
tative inheritance, which may require replicated trials in several years and localization for
accurate phenotyping and marker development (Tuvesson et al. 2007).

The main purpose of conventional and non-conventional plant breeding programs is
the improvement of plant productivity. This involves increasing the total biomass of aer-
ial plant parts. Thus, increasing the biomass is the main target for breeders. Photosyn-
thetic efficiency is a major physiological determinant of net carbon gain. Plant productiv-
ity can be evaluated by studying the activity of photosynthetic apparatus components,
such as chlorophyll fluorescence parameters (Czyczylo-Mysza et al. 2013). Changes in
the photosynthetic apparatus have been frequently reported and widely discussed by
many chlorophyll fluorescence studies, also as an indirect indicator of plant productivity.
Chlorophyll a fluorescence is known as a convenient, non-invasive, highly sensitive, and
rapid technique that allows to estimate photosynthetic performance in plants (Oxborough
and Baker 1997; Baker and Rosenqvist 2004; Zurek et al. 2014). This method is used for
rapid screenings of large number of plants (Baker and Rosenqvist 2004). Chlorophyll a
fluorescence parameters allow to detect even subtle differences in the activity of photo-
synthetic apparatus in plants (Czyczylo-Mysza et al. 2013). The basic principle of chlo-
rophyll a fluorescence parameter measurements is that the light energy absorbed by chlo-
rophyll molecules in a leaf can be converted in three ways. The first one is to drive pho-
tosynthesis (photochemistry), while the excess energy can be dissipated as heat or it can
be re-emitted as light chlorophyll fluorescence. These three processes occur in competi-
tion, such that any increase in the efficiency of one will result in a decrease in the yield of
the other two. This means that by measuring the yield of chlorophyll fluorescence, infor-
mation about changes in the efficiency of photochemistry and heat dissipation can also be
gained (Maxwell and Johnson 2000). Chlorophyll a fluorescence parameters allow to
estimate the photochemical efficiency of photosystem II, the efficiency of excitation en-
ergy utilization in the photosynthesis process, the level of openness of reaction centers as
well as the amount of energy reaching the photosynthetic apparatus dissipated as heat
(Baker and Rosenqvist 2004; Hura et al. 2014). Measurement of chlorophyll a fluores-
cence provides information about changes in the efficiency of photochemistry and heat
scattering (Zurek et al. 2014). Some of chlorophyll fluorescence parameters can be help-
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ful in estimating the leaf photosynthetic CO, assimilation rate and leaf photosynthetic
performance (Hura et al. 2014). The relation between chlorophyll a fluorescence param-
eters and leaf photosynthetic performance can be used in screening programs that seek to
identify improved plant performance. Chlorophyll a fluorescence is a very sensitive probe
of the physiological status of leaves (Baker and Rosenqvist 2004). This method is widely
used in assessing plant responses to environmental stress, such as water stress, heat stress,
salt stress or chilling stress (Sayed 2003).

The aim of this research was to looking for the differentiation between photosynthetic
efficiency and yield components in oat DH lines. Most attention was paid to determining
the possible correlations between chlorophyll a fluorescence parameters and selected
yield components of oat DH lines.

Materials and Methods
Plant material

The experiments were performed on all oat DH lines (Table S1*) obtained in the Institute
of Plant Physiology of the Polish Academy of Sciences by wide crossing method by pol-
lination with maize, as described by Marcinska et al. (2013). Oat plants (F, progeny) for
DH line production were derived from Strzelce Plant Breeding Ltd., Matopolska Plant
Breeding Ltd. HBP Polanowice and Danko Plant Breeding Ltd.

One hundred and thirty-seven oat DH lines were studied using spring sowings (23
April 2014) single spacing into the mixture of soil with sand (3:1 v/v) in 3 L volume pots
in five replicates (685 plants). Pots were watered regularly to ensure that soil water con-
tent was kept on the level of 70% field water capacity (FWC). FWC is the maximum
amount of water that can be retained by the soil by the gravity filtration. During the ex-
periment plants were fertilized with a liquid Hoagland medium once a week (Hoagland
and Arnon 1938). Plants were placed in an open-sided greenhouse and grown until har-
vest in August. Experiment was conducted at the Institute of Plant Physiology of the Pol-
ish Academy of Sciences, Krakow, Poland. For oat DH lines, chlorophyll a fluorescence
parameters and yield components were measured.

Chlorophyll a fluorescence induction

Chlorophyll fluorescence measurements were carried out using a portable fluorometer
(Handy Plant Efficiency Analyzer, Handy PEA; Hansatech Instruments Ltd., King’s
Lynn, Norfolk, UK) at ambient temperature after at least 15 min of leaf adaptation to dark
conditions in leaf-clips. All measurements were taken using a saturating pulse of 3,000
umol m=2 s7!, pulse duration of 1 s, and fixed gain (0.8x). The following parameters were
calculated per excited leaf cross-section (CS): F,/F,, (maximum photochemical efficiency
of PS II), PI (overall performance index of PSII photochemistry), ABS/CS (light energy
absorption), TR /CS (excitation energy trapped in PSII reaction centers) and ET /CS (en-

*Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.
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ergy used for electron transport). The measurements were performed on plants in the end
of heading (when inflorescence completely emerged), on the fully expanded flag leaf in
three replicates for each plant of oat DH lines.

Chosen yield components

The oat DH line yield components: thousand-grain weight (TGW), the number of grains
per plant and biomass weight per plant were evaluated in the stage of full maturity.

Statistical analysis

The analysis of variance, Pearson’s linear correlation coefficient and principal component
analysis (PCA) were carried out using the STATISTICA 10.0 (Stat-Soft, Inc., Tulsa, OK,
USA) software.

Results
Statistical analysis

The analysis of variance showed that the oat DH lines varied in values of chlorophyll a
fluorescence parameters and yield components (Table 1). All traits showed high signifi-
cance at a probability level of 0.001.

Chlorophyll a fluorescence parameters

Changes in the photosynthetic apparatus were observed in relation to the origin of particu-
lar oat line. Among the measured parameters, F,/F,, (maximum photochemical efficiency)
demonstrated the lowest variation between the DH lines. The F /F,, parameter varied from
0.711 to 0.835 and Area from 18099 to 64033 (Table 1, Fig. S1A, B). Changes in PI (over-
all performance index of PSII photochemistry based on the equal absorption) correspond-
ed closely to ABS/CS (light energy absorption), TR /CS (excitation energy trapped in PSII
reaction centers) and ET /CS (energy used for electron transport). The PI, ABS/CS, TR,/
CS and ET_/CS parameters divided the investigated oat DH lines into two groups. PI was
significantly lower in lines 92—110 compared to other lines, whereas ABS/CS, TR /CS and
ET_/CS had the highest values in these lines (Fig. SIC-F). The values of PI ranged be-
tween 0.443 and 6.417, ABS/CS from 272.20 to 615.33, TR /CS from 221.51 to 461.45,
and ET /CS from 135.92 to 222.17 (Table 1). The PI parameter showed the highest varia-
tion among other chlorophyll fluorescence parameters, as indicated by variation coefficient
equal to 34.6%, whereas the lowest variation was recorded for F,/F,, (3.4%).

Chosen yield components

All the presented traits for yield components strongly depend on the examined oat DH
line. The highest differences were observed for grain number per plant (21.3 to 600);
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Table 1. The mean values, minimum (Min), maximum (Max) and coefficient of variance (CV) (%)

of chlorophyll a fluorescence parameters (F,/F

m>

Area, PI, ABS/CS, TR /CS, ET,/CS), thousand-grain

weight [g] (TGW), grain number per plant and biomass [g] of oat DH lines. On the right side F-statistics
from analysis of variance for the measured parameters

Trait Mean Min Max CV (%) F-statistics
F/F, 0.791 0.711 0.835 3.35 4.15%**
Area 33230 18099 64033 19.75 9.71%**
PI 3.192 0.443 6.417 34.55 9.67***
ABS/CS 358.15 272.20 615.33 8.46 20.49%**
TR,/CS 282.79 221.51 461.45 7.05 34.47%%%
ET,/CS 169.07 135.92 222.17 8.42 8.29%**
TGW [g] 29.48 17.82 41.01 15.29 3166.26%**
Grains number/plant 321.63 21.3 600.00 40.56 3.4 %%*
Biomass [g] 19.35 8.01 29.31 28.21 3.20%**

***Significant at p<0.001.

variation coefficients were 40.56% (Table 1). The lines numbered 19, 21, 44, 86, 100,
118, 123 and 129 formed the lowest number of seeds, while the lines 3, 26, 27 and 77 the
highest (Table S1). The variation in thousand-grain weight was not as high as in the grain
number per plant (15.3% and 40.56% CV, respectively) (Table 1). Thousand-grain weight
varied from 17.82 g (DH line 100) to 41.01 g (DH line 92). Biomass ranged from 8.01 g
(DH line 82) to 29.31 g (DH line 3) (Table S1).

Correlation between chlorophyll a fluorescence parameters
and yield components

Furthermore, significant correlations were also found between chlorophyll a fluorescence
parameters and yield components (Table S2). Negative correlations were observed be-
tween F /F,, Area, PI, grain number and biomass. Positive correlations were observed
between ABS/CS and grain number per plant and biomass; and also between TR /CS and
biomass. Thousand-grain weight showed no correlations with any of chlorophyll a fluo-
rescence parameters. Correlations between chlorophyll ¢ fluorescence parameters were
statistically significant at the 0.001 probability level. F/F,, and Area correlated positively
with PI, but negatively with ABS/CS and TR /CS. There was a positive correlation be-
tween F/F, and Area, while both parameters showed no correlation with ET_/CS. The PI
parameter was negatively correlated with ABS/CS, TR /CS and ET/CS. Moreover, posi-
tive correlations between ABS/CS, TR /CS and ET,/CS were also found. Among the
presented yield traits, positive correlation were observed for thousand-grain weight and
grain number as well as grain number with biomass.
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Principal component and biplot analysis

Biplot analysis is a better approach to identify superior oat DH lines in terms of yield
relative to chlorophyll a fluorescence parameters, as the lines are simultaneously com-
pared for all the traits. Biplot analysis confirmed correlation for all the studied traits
(Fig. 1A). Acute angle between the measured parameters means that positive correlation
was observed, obtuse angle — negative, and right angle — no correlation. The first two
principal components (PCA) accounted for about 73.33% of the total variation of the data
set. PCA revealed that the first PC explained 48.18% of the variation with F,/F,, PI, Area,
ABS/CS, TR,/CS, ET,/CS, thousand-grain weight (TGW), number of grains per plant
and biomass. The second PC explained 25.15% of the total variability. PCA indicated that
chlorophyll a fluorescence parameters with yield components could discriminate between
the oat DH lines (Fig. 1B). This analysis separated the lines according to their photosyn-
thetic activity and yield. Thus, the lines with lower PC1 and PC2 were superior in terms
of photosynthetic parameters. These lines demonstrated high chlorophyll a fluorescence
parameters. The remaining lines were grouped tightly nearly in the middle of PC1 and
PC2 intersection. Such division of oat lines was mainly due to the parameters associated
with energy absorption and trapping (ABS/CS, TR /CS, ET /CS) (data not shown). PCA
revealed that the first PC explained 88.82% of the variation with ABS/CS, TR./CS and
ET,/CS. The second PC explained 10.98% of the total variability. These parameters are
able to separate and identify lines with high photosynthetic activity.
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Figure 1. Biplot based on first two principal component axes (PC 1 and PC 2) for chlorophyll a fluorescence
parameters (PL, F,/F,,, Area, DI /CS, ABS/CS, TR,/CS, ET,/CS) and yield components (biomass, grain number/
plant, thousand-grain weight (TGW)) of 137 oat DH lines (A) and distribution of 137 oat DH lines based on
the first two components obtained from principal component analysis (B), I quadrant — oat DH lines numbered:
1,2,4,9,12, 15, 20, 23, 24, 30, 31, 42, 48, 50, 51, 52, 54, 56, 57, 58, 59, 61, 62, 64, 65, 67, 71,73, 76, 77, 78,
81, 83, 84, 87, 112, 117, 121, 124, 127, 128, 130, 132, 133, 134, 136, 137, II quadrant - 3, 5, 6, 7, 11, 16, 17,
18, 22, 25, 26, 27, 29, 32, 33, 34, 35, 36, 39, 46, 49, 53, 55, 63, 66, 70, 75, 79, 111, 113, 114, 115, 119, 120,
122, 126, 131, I1I quadrant — 14, 37, 92, 93, 94, 95, 96, 97, 98, 99, 100, 101, 102, 103, 104, 105, 106, 107, 108,
109, 110, IV quadrant — 8, 10, 13, 19, 21, 28, 38, 40, 41, 43, 44, 45, 47, 60, 68, 69, 72, 74, 80, 82, 85, 86, 88,
89, 90, 91, 116, 118, 123, 125, 129, 135. Details of oat DH lines chlorophyll a fluorescence parameters and
yield components are given in Figure S1 and in Table S1
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Discussion

The chlorophyll a fluorescence method provides useful information on the quantitative
and qualitative changes in photosynthesis. Among the available experimental techniques
for investigating photosynthetic activity in plants, chlorophyll a fluorescence can be an
excellent tool, providing information on the relationship between the structure (molecular
composition and conformation) and function of PSII (Falqueto et al. 2010). This method
was used to assess PSII photochemistry during leaf senescence in cultivars with different
grain yield potentials. It was shown that the photosynthetic activity was dependent on the
cultivar. Rice cultivar BRS Firmeza showed higher activity of the photosynthetic appara-
tus in comparison to the cultivar BRS Pelota during the grain filling stage (Falqueto et al.
2009). Earlier loss of effective photochemical efficiency should be a good indicator of
senescence in ‘BRS Pelota’ plants, indicating that the rice cultivar with higher grain yield
potential senesces before the one with lower grain yield.

According to Plachton et al. (1989), measurements of chlorophyll a fluorescence can
also be used as a tool to determine the overall performance of the photosynthetic appara-
tus and may provide a solution allowing to analyze the performance of different geno-
types within a species. Chlorophyll a fluorescence also enabled the detection of differ-
ences in the photosynthetic apparatus of oat DH lines. Our results allowed to divide oat
DH lines into two groups differing in chlorophyll a fluorescence parameters. The most
differentiating parameter was the overall performance index of PSII photochemistry,
which includes the information about the density of fully active reaction centers, effi-
ciency of electron movement by trapped exciton into the electron transport chain beyond
the Q, and the probability that an absorbed photon will be trapped by reaction centers. PI
reflects the functionality of both photosystems I and II and gives quantitative information
on the current state of plant performance (Strasser et al. 2004).

The measurement of chlorophyll a fluorescence is frequently used by breeders as a
biomarker, bioindicator or selection criterion. It provides reliable information about plant
photosynthetic efficiency that can be correlated to the yield of crops (Kalaji and Guo
2008). Chlorophyll fluorescence parameters have been used to detect even subtle differ-
ences in the activity of photosynthetic apparatus between genotypes of crop plants (Max-
well and Johnson 2000; Czyczylo-Mysza et al. 2013). Characteristics of chlorophyll fluo-
rescence are indicative of various aspects of plant photosynthetic efficiency, which deter-
mine plant productivity, and for crop plants, ultimately the yield (Czyczytlo-Mysza et al.
2013).

According to Plachton et al. (1989), chlorophyll fluorescence transient can be used as
a genetic marker of productivity in barley. They discovered that the biological yield was
correlated with the leaf area, whereas the economic yield was more dependent on the
green area duration of the leaf or the combination of the two factors, leaf area and green
area duration. Chlorophyll fluorescence parameters were negatively correlated with the
net photosynthesis and positively with the leaf area. The yield was not correlated with the
maximum photosynthetic activity at the flowering stage, but it was correlated with the
chlorophyll fluorescence parameters. The experiment performed by Slapakauskas and
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Ruzgas (2005) demonstrated that PSII fluorescence parameters correlated with plant
characteristics and crop productivity. Hura et al. (2009) found significant correlations
between the yield of triticale and certain parameters of chlorophyll fluorescence and leaf
gas exchange. In our experiment, chlorophyll a fluorescence parameters (F,/F,,, Area, PI)
were negatively correlated with grain number per plant and biomass, whereas ABS/CS
parameter was positively correlated with grain number per plant and biomass. Such sig-
nificant correlations between chlorophyll a fluorescence parameters and yield compo-
nents confirm their suitability as productivity markers in oat DH lines. Furthermore, prin-
cipal component analysis, based on the chlorophyll fluorescence parameters and yield
components, indicate that there is a close correspondence between them in the examined
lines.

Nevertheless, according to Slapakauskas and Ruzgas (2005), it is important to know
the physiological background of the newly developed varieties and the correlation be-
tween physiological and agronomic characteristics of the plant. In order to select plant
breeding material using the chlorophyll fluorescence method, it is necessary to group
varieties or breeding lines according to the dates of maturity. In our study, the difference
between the earliest and the latest maturity of DH lines was twenty-four days, but there
were no significant differences in chlorophyll a fluorescence during that period of time.

Efforts have been devoted to identify differences in chlorophyll fluorescence among
rice varieties with various yield potentials. The results of this study showed that rice va-
rieties differing in grain yield were characterized by significant differences in the capac-
ity of absorption and use of light (Jiang et al. 2002). It was previously showed that the leaf
photosynthetic capacity was the most important factor in obtaining higher grain yield of
maize (Shao et al. 2013). We have observed in our experiment that the lower the values
of the maximum photochemical efficiency and the pool size of electron acceptors from
PSII (proportional to the oxidized plastoquinone pool and overall performance index), the
higher the number of seeds and plant biomass. We have also found that higher values of
the parameters connected with light energy absorption and excitation energy trapped in
PSII reaction centers correlated with higher biomass generation by the oat plants. In ad-
dition, higher amounts of light energy absorbed enabled setting greater number of seeds
by the oat DH lines.

Chlorophyll a fluorescence measurements can be used to investigate the ‘vitality’ of
plants in vivo and how they respond to different environmental conditions. This method
was applied to screen barley (Hordeum vulgare L.) genotypes for salinity tolerance (Belk-
hodja et al. 1994). The F/F,, ratio was used to evaluate cold acclimation and freezing
tolerance of winter and spring oats (4Avena sativa L.) and compare them to the efficiency
of excitation capture by PSII RC; moreover, it was used as a rapid method for screening
oat cultivars for chilling tolerance (Herzog and Olszewski 1998).

In conclusion, the findings of this study showed that there is a relationship between
chlorophyll @ fluorescence parameters and yield components of oat. Highly significant
correlations were found between the following fluorescence parameters: F,/F,, (maxi-
mum photochemical efficiency), Area (pool size of electron acceptors from PSII; propor-
tional to the oxidized plastoquinone pool), PI (overall performance index of PSII photo-
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chemistry) and grain number per plant and biomass. They indicated that the measurement
of chlorophyll fluorescence is a promising method in predicting yield. It should also be
noted that the principal component analysis identified oat lines with high photosynthetic
efficiency.
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