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Phenophasic variation in cotyledon chlorophyll content and chlorophyll fluorescence:
An insight into germinating cowpea
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Abstract

Cowpea is an important grain and vegetable legume that is grown under water deficit-prone tropical and subtropical regions. These
regions require genotypes of cowpea that can be established rapidly at the seedling stage. A better understanding of the phenomenon
that happens during cowpea germination can help us to develop the varieties that have traits to establish early in the soil. The present
study was conducted to investigate the phenophasic variation in cotyledon chlorophyll content and chlorophyll fluorescence in the
germinating cowpea at different developmental stages because both are indicators of photosynthetic capacity and compared to gas
exchange parameters; they are high throughput, speedy and simple in nature. Total chlorophyll content and chlorophyll fluorescence
parameters viz. maximum fluorescence (F_), the maximum quantum efficiency of PSII (F /F ), potential photosynthetic activity of
PSII (F /F ), steady-state relative fluorescence decline ratio (R.,_Lss) and steady-state coefficient of photochemical quenching based
on lake model (gL_Lss) were measured in the cotyledons of germinating cowpea seedlings at the three phenophasic stages that are
named as closed, opened and unfurled primary leaf (UPL) cotyledon stages. It was revealed that total chlorophyll content, F_, F /F

vim!

F /F, R, -Lss and qL_Lss are significantly higher in UPL cotyledons as compared to closed cotyledons across all the cowpea genotypes
which are the reliable indicators of photosynthetic efficiency. Moreover, total chlorophyll content in cowpea cotyledon was also found
to be significantly and positively correlated with chlorophyll fluorescence parameters. The present study suggeststhat UPL cotyledons
have better-developed photosynthesis apparatus, and plants tend to be independent of cotyledonary storage for their growth at this
phenological stage. Apart from that, it was also evident that there is a natural variation of chlorophyll fluorescence parameters in the
cowpea cotyledons with a genetic basis that can be utilized in breeding and selection programs of early establishing cowpea genotypes

where chlorophyll fluorescence can be used as an selection tool.
Keywords: Cowpea, Cotyledon, Chlorophyll fluorescence, F /F , R, ..

Introduction

Plant passes through various phenophases to complete
their life cycle, and among them, seed germination and
seedling development are important phenolphases that
play a pivotal role in plant establishment, survival and
dispersal (Carrera-Castano et al., 2020). Cotyledons are the
important components of seeds that play an important
role in seed germination and seedling development (Shi
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et al., 2020). Dicotyledonous plants show the epigeal
mode of germination and during the germination process,
cotyledons appear as the first pair of leaves, which serve as
both storage-mobilizing and photosynthetic organs (Cao
et al.,, 2022). During the epigeal mode of germination, at
the initial stage, when the seedling remains inside the soil,
proplastids are converted into etioplasts, but once seedlings
come out of the soil and gain contact with light, etioplasts
transformed into chloroplasts, which enable the cotyledon
to photosynthesize (Albrecht et al., 2006). Altogether, at the
initial phase of seedling development, the major portion
of assimilates is provided by the cotyledons until the first
true leaf becomes a significant exporter of photosynthates
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(Xu et al.,, 2021). The importance of the photosynthetic
activity of cotyledons at the early seedling growth has
been emphasized by several authors, particularly the plants
having seeds with epigeal germination (Zheng et al., 2011;
Wang et al., 2019). Cowpea [Vigna unguiculata (L.) Walp] is an
important annual legume crop that shows the epigeal mode
of germination. It originated in Africa and is widely cultivated
in tropical and subtropical regions of the world (Herniter
et al., 2020; Omomowo and Babalola, 2021). In India, ICAR-
IIVR, Varanasi, UP dominates in the development, release
and commercialization of varieties of bush-type vegetable
cowpeas (Lal et al., 2017; 2018). During germination, the
photosynthetic behavior at different phenophasic stages is
considered vital for establishing cowpea seedlings. Moreover,
the photosynthetic characteristic of plants is an effective way
to dissect the physiological conditions of plants.

Chlorophyll fluorescence (ChlF) imaging is a non-
destructive and rapid tool that allows the non-contact
measurements of photosynthesis (Stirbet and Govindjee,
2011, 2012). Previous studies have revealed that chlorophyll
fluorescence parameters, such as initial fluorescence
(Fo), maximal fluorescence (F ) variable fluorescence (F,
i.e. F_-F)), maximum quantum efficiency of PSII (F /F ),
potential photosynthetic activity of PSII (F /F ), steady-
state relative fluorescence decline ratio (R,,_Lss) and
steady-state coefficient of photochemical quenching
based on lake model (gL_Lss) are the reliable indicators
to evaluate the photosynthesis metabolism in the plants
(Rao et al., 2021; Legendre et al., 2021). In this direction, the
present study was conducted to quantify the chlorophyll
fluorescence characteristics of cowpea cotyledons at
different phenophasic stages to reveal their photosynthetic
responses during germination.

Materials and Methods

Plant materials and growth conditions

The present study was conducted at ICAR-National Institute
of Abiotic Stress Management, Baramati, India (coordinates
of place are 18.1592° N, 74.5007° E). Seeds of 6 different
cowpea genotypes/varieties (Kashi Nidhi, Jawahar Cowpea 1,
Arka Garima, VRCP-12, VRCP-49-5 and Kashi Kanchan)
were sown in a small glass pot containing single seed and
soilrite (containing a mixture of perlite, peat and exfoliated
vermiculite in equal ratio) as growth medium and followed by
growth in plant growth chamber. The temperature, relative

Table 1: Conditions of Plant Growth Chamber

Parameters Day Night
Duration (hrs) 14 10
Temperature (°C) 27 20
€O, Conc. (ppm) 300 300
Light internsity (p mol) 700 0

humidity, CO, concentration and photosynthetically active
radiation (PAR) of the plant growth chamber maintained
during the experiment are given in Table 1. The pots were
maintained at field capacity after regular intervals. Cowpea
seeds were germinated after two days of sowing, and these
germinated seeds were further examined. This experiment
was repeated four times before writing the manuscript.

Total chlorophyll content and chlorophyll
fluorescence measurements

Total chlorophyll content and chlorophyll fluorescence
parameters were measured in the cotyledons of germinating
cowpea seedlings at the three phenophasic stages that are
named as closed, opened and unfurled primary leaf (UPL)
cotyledon (Here UPL cotyledon stage depicts just after the
unfurling of the primary leaf) (Figure 1). Total chlorophyll
content (ug g FW) was determined by using the method
described by Hiscox and Israelstam (1979). Handy FluorCam
FC 1000-H, PSI, Brno, Czech Republic obtained chlorophyll
fluorescence parameters of cotyledons. The parameters are
set to shutter, 1; sensitivity, 28%; super, 90%; far, 50%; act,
1, 100%. The fluorescence parameters measured are listed
in Table 2. The same seedling was used for chlorophyll
fluorescence measurement at different growth stages viz.
closed, opened and UPL cotyledon stages. Ten replicate
measurements were taken for each treatment. The samples
were dark-adapted for 30 min in a dark chamber before
chlorophyll fluorescence measurements. The chlorophyll
fluorescence measurements were determined by the
method described by Rao et al. (2021).

Statistical analysis

The results are expressed as means with standard error
(S.E.). The significance difference (at p = 0.05) across the
genotypes for closed, opened and UPL cotyledon stages
was determined by Duncan’s multiple-range tests for
total chlorophyll content and chlorophyll fluorescence
parameters. ANOVA and critical difference values were
calculated by using SPSS 27.
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Figure 1: Phenophase stages of cowpea seedling after germination
and their representative fluorcam false colour images
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Table 2: Detailed information on the chlorophyll fluorescence indexes

Symbol  Formula Name Description
F. Measured Maximum fluorescence in a dark-adapted state QA reduced (gP = 0), non-photochemical
quenching relaxed (NPQ = 0)
F/F. F-F/F. Maximum quantum yield of PSII Maximum PSIl quantum yield in a dark-adapted state
F/F, F.-F/F, Potential photosynthetic activity of PSII The change in PSll-absorbed light energy to reduce
the efficiency of QA and potential PSIl activation
R_Lss (Fp —F_Lss)/F_Lss Steady-state relative fluorescence decline ratio  Empiric parameter used to assess plant vitality
qL_Lss [(F,_Lss—F_Lss)/(F__Lss Stead-state coefficient of photochemical Estimate the fraction of open PSII centres.
- F, Lss)I*F _Lss/F_Lss  quenching based on Lake Model
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Figure 2: Phenophasic (a), genotypic (b) and phenophase X genotype interaction effect (c) on total chlorophyll content (ug g FW)
in cowpea at early growth stages. CC: Closed cotyledon, OP: Opened cotyledon and UPLC: Unfurled primary leaf cotyledon.

Results and Discussion

Duringthelightreaction of photosynthesis, photosynthetically
active radiations (PAR) are absorbed by pigment-protein
complexes, which further transfer their electronic excitation
energy towards the reaction centers (PSI and PSII), where
primary electric charge separation takes place (Caffarri
et al., 2014; Lu, 2016). Therefore, chlorophyll content and
chlorophyll fluorescence parameters analysis are considered
an important approach to evaluate the health or integrity
of the internal apparatus during the photosynthetic process
within a leaf (Clark et al., 2000; Mishev et al., 2009), which
provides a rapid and accurate technique of detecting the
physiological conditions of plants (Jiang et al., 2017; Tsai
et al., 2019). Therefore, in the present investigation, we
have utilized total chlorophyll content and chlorophyll
fluorescence measurements to study the pattern of the
development of photosynthesis apparatus in the cowpea
cotyledons during the germination process since they play
a pivotal role in seedling development.

Phenophasic variation of chlorophyll content in
cotyledons

Our results showed that total chlorophyll content (ug g
FW) is significantly higher in UPL cotyledon as compared

to closed and opened cotyledons across all the cowpea
genotypes. The chlorophyll content ranges from 35.50 to
55.86 ug g’ FW, 90.27 to 115.36 ug g’ FW and 125.68 to
157.27 ug g FW in closed, opened and UPL cotyledons,
respectively (Figure 2 a, c). Overall, there was no significant
difference in total chlorophyll content among genotypes
(Figure 2b). Furthermore, it was noticed that there was no
significant difference in chlorophyll content (ug g FW)
across the genotypes under the closed cotyledon stage,
whereas at UPL cotyledon stage VRCP 49-5 and Kashi
Kanchan genotypes contain significantly higher total
chlorophyll content as compared to other genotypes. Kashi
Kanchan and VRCP 49-5 genotypes showed 321.44 and
264.80% increase in total chlorophyll content, respectively
at UPL cotyledon with respect to the closed cotyledon stage.

Previous studies have demonstrated that when the
seedling comes in contact with light after emergence from
the soil, it becomes autotrophic (etioplasts transformed into
chloroplast) and triggers the accumulation of chlorophyll,
which enables the plant/cotyledon to photosynthesize
(Albrecht et al., 2006). We also observed that after the
seedling emerges from the soil, there was consequently
increased accumulation of chlorophyll content at opened
and UPL cotyledon stages (Figure 2a); thus, our study
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Figure 3: Phenophasic, genotypic and phenophase X genotype interaction effecton F_(a, b, ), F /F_(d, e, f)and F /F (g, h, i) in cowpea
at early growth stages. CC: Closed cotyledon, OP: Opened cotyledon and UPLC: Unfurled primary leaf cotyledon.

indicates that biosynthesis of chloroplast pigments is Phenophasic variation of chlorophyll fluorescence
affected by phenophasic stages. The chlorophyll content has kinetics in cotyledons

a positive relationship with the photosyntheticrate (Zhang  The health and functioning of the photosynthetic apparatus
et al,, 2013) because chlorophyll is involved in light-driven  of cowpea cotyledons at the three respective stages were
charge separation and transport of electrons during the light evaluated by measuring the chlorophyll fluorescence
reaction of photosynthesis (Rochaix, 2011). parameters (F_, F /F_, F /F R, _Lss and gP_Lss). It was
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growth stages.CC: Closed cotyledon, OP: Opened cotyledon and UPLC: Unfurled primary leaf cotyledon.

observedthattheF_F /F  andF /F,valuesof UPL cotyledons
were significantly higher as compared to closed and opened
cotyledons across all the cowpea genotypes (Figure 3a, cd,
f, g, ). The highest percent increase of F_ (95.62 %) and F /
F. (18.75 %) were found at the UPL cotyledon stage in the
VRCP 49-5 genotype. The F /F_ values range from 0.64 to
0.72,0.66 10 0.76,and 0.73 to 0.79 for closed, opened and UPL
cotyledons, respectively. Maximum fluorescence (F) after
dark adaptation reflects the PSll electron transport capacity
(Qianetal., 2011). Theincreased F_in UPL cotyledon revealed
that it has better photosynthetic apparatus compared
to closed and opened cotyledons (Friedland et al., 2019).
Maximal quantumyyield ratio (F /F ) gives information about
the photosynthetic efficiency of dark-adapted reaction
centers (Hou et al., 2015), and directly reflects the health of
the PSII reaction center as well as the potential maximum
photosynthetic capacity of plants. The F /F value ranges
from 0.80 to 0.84 in higher plants and very small changes
occur under unstressed conditions (Sanchez-Moreiras et al.,

2020; Xu et al., 2020). Whereas in this study F /F_ values of
the UPL cotyledon range from 0.73 to 0.79, which is higher
than closed cotyledon. The increased PSIl photochemical
efficiency (F /F ) in UPL cotyledon may contribute to the
improvement of photosynthesis.

Furthermore, it was also revealed that R_Lss andql_Lss
are significantly higher in UPL cotyledons as compared
to closed and opened cotyledons across all the cowpea
genotypes (Figure 4 a-f). Overall, the VRCP-49-5 genotype
showed higher R,,_Lss as compared to other genotypes
(Figure 4 b). VRCP-49-5 genotypes showed significantly
higher R.,_Lss at the UPL cotyledon stage as compared to
other genotypes (Figure 4 e, f). Furthermore, R ,and F /F are
considered more sensitive ratios as comparedto F /F_ which
gives an accurate idea about the health of photosynthetic
apparatus (Lichtenthaler et al., 2005a). As F/F is measured
in a non-functional dark-adapted state, whereas Ry (Fd/FS)
is measured in a functional light-adapted state thus, it is a
straightforward indicator of CO, fixation and photosynthetic
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Table 3: Correlation matrix between total chlorophyll content and
chlorophyll fluorescence parameters in cowpea cotyledons

Parameters F_ F/F_ F/F, R, Lss ql_Lss  Total_Chls
Fm 1 0.528* 0.553** -0.106 0.314** 0.507**
F/F. 1 985** 0.565** 0.857**  0.685**
F/F, 1 0.562** 0.855**  0.694**
R Lss 1 0.714*  0.501**
glL_Lss 1 0.626**
Total_Chls 1

**Significant at the 0.01 level.

capacity of leaves (Lichtenthaler et al., 2005b; Rousseau et
al., 2015). The increased R in UPL cotyledons as compared
to closed cotyledons across the cowpea genotypes reflects
that UPL cotyledons have higher photosynthetic capacity
and CO, fixation rates as compared to closed cotyledons.
The coefficient of photochemical quenching (ql)
quantifies the actual fraction of PSIlI reaction centers being
in the open state (i.e., with reoxidized QA), which is highly
correlated with the quantum yield of PSIl (Han et al., 2016).
Our study also found that gL_Lss is positively correlated
with quantum yield (r = 0.874). gqL_Lss was significantly
higher in UPL cotyledons as compared to closed cotyledons
which means that the former has an increased number of
open reoxidised QA and thus higher quantum yield. The
highest quantum efficiency observed at the UPL cotyledon
stage indicates that the plant tends to be independent of
cotyledonary storage forits growth at this phonological stage.

Correlation among total chlorophyll content and
chlorophyll fluorescence parameters in cotyledons
Pearson’s correlation analysis between total chlorophyll
content and chlorophyll fluorescence parameters in
cowpea cotyledons showed that total chlorophyll content
is significantly (p <0.01) and positively correlated with F_,F /
F . F/F,R,_Lssand gL_Lsswhich are the reliable indicator
of photosynthesis rate (Guo and Al-Khatib, 2003) (Table 3).
R(4_Lss was negatively correlated with F_. Amri et al. (2021)
have also reported a significant positive correlation between
the Chlorophyll content Index (CCl) and F/F. in faba beans.

Genetic variation in phenology influenced
chlorophyll fluorescence kinetics in cotyledons

The present study provides a comprehensive investigation of
the genetic variation of chlorophyll fluorescence kinetics (F_,
F/F F/F R _Lss and gP_Lss) in the cowpea cotyledons. It
was revealed that VRCP-49-5 has the highest R _Lss, which
is directly caused by the increased total chlorophyll content
(Figure 2b and Figure 4b). The significant differences in
chlorophyllfluorescence parameters (F ,F /F ,F /F R _Lss,
and gP_Lss) between these six genotypes suggest that there
is natural photosynthetic variation in the cowpea cotyledons
with a genetic basis. These genetic differences can be further

utilized in breeding and selection programs with chlorophyll
fluorescence as a selection tool (Daymond and Hadley, 2004;
Balasimha et al., 2013; Prinzenberg et al., 2018).

Conclusion

Chlorophyllfluorescence kinetics observed in this experiment
indicate that the phenology of plants greatly influences the
PSII activity in cowpea seedlings. The highest quantum
efficiency observed at the UPL cotyledon stage indicates
that the plant tends to be independent of cotyledonary
storage for its growth at this phonological stage. This is
further supported by total chlorophyll content in UPL
cotyledons, which was higher than the same observed
at either the closed cotyledonary stage or the open
cotyledonary stage. This was evident in all six genotypes,
which did not exhibit genetic variation for this traitin all the
technical repeats. Hence, it is suggested that the cowpea, in
general, tends to be independent of cotyledonary storage
of assimilates only after the first fully unfurled leaf stage as
the UPL cotyledons have better-developed photosynthesis
apparatus compared to closed cotyledons to support the
growth of the seedling. These findings may be useful in
precision agriculture aiming at the management of cowpeas
at the early stage of establishment. Additionally, the natural
variation of chlorophyll fluorescence parameters in the
cowpea cotyledons with a genetic basis can be utilized
in breeding and selection programs of early establishing
cowpea genotypes that are prime requisites for water deficit
regions of the world.
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faar areit ot et aTet SwTmfaHT 3R IurwTRaHT gl H ST ST aTel Ua Hecd ot STTST 31X gefer! Teolt WEet ¢ | 3 &l A elfadr & Ud
SfTeTgY <At STTaRardhdT Bikil § ST STehR0T STaeT & Aot & T & T | e 3 I & SR g1 aTeil UeT oht Sgar THel g 3 o &l faafia
A T GG Y Gohl! @ ForTa gt & STedt Tfid €14 3 T[0T UTY S & | I 375 ehfaraT 0T o fafre faeprameres oront & dve Felikifthet
gt 3R FeiRifther wfadife # Teamsmaen fSreen & St ea & fog smafSra feman man o1 4ifes Suiert AT TerRIdRetes &7 & Yandeh & 3K
g fafe ATaeet At gor 7, 3 vl § o wrieraT, @iRa ofiR TRl € | hfaar Sigpeut 3 < TeTTaR TXvil # S 9, gar ofiX e wafis
ORI (e SoTae AT & T @ I et et ki fhe | SR aretiRifthet Mfagied HTuget S tfSrehas nfadifed, dad 11 &t sifSreaw ghier gar,
g 11 &t Gofad TerRReye afthad, fRr-saen smifes ufidifcr fitge s ik dF Afed & STUR WX Jeh wrafe e @ f@r-
ST T[0T o ST AT & SSTadl H HIAT T | 36 TSI H g Tl 71 foh @it efifern il ersd # oig disaal &t Jer # guige stsradi §
Pl FeIIher TR, 3tfrean Ui, ifSreran eieh gerdT, Gfad TemRIgReve fshadT, fRR-saen smifées ufidicr fiteae smum, T
TS A 1 IR - 3TaeT T0Ties STt 1S €, S foh Tenmr SRaives geafaT & fageia Gahas ¢ | 3% STaaT, afern dierd 7 e Fifte
il & FARifthe TG ATES 3 1Y Heeuul SR HRRTHS €9 § Hg Yagdl UTS 7T | 36 UhR IaA S1a § UdT Ieidl ¢ foh quiee dierad
T Yo (SenlEd TepTRIEeIyuT il gidT & 31X Uie 38 Srdioieher Teor # 319+ faer & g steTue SeRor @ @da 2id ¢ | 58 37eran ag off @y giar
2 % STrgafies eaR W ehfaran dite # aeiidifther IR HTaget St Tehferen e eicht & fSrge SuiT urfe 9 & wnfid afsan sh+iersy &
ST 3R TG BrIshH! # [T ST Fepdl 8 STal aiIRITthel Tiaeio et SUINT T U] & €9 H ol ST Gehdl @ |
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