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Parameters representing leaf photosynthetic capacity, namely, the maximal carboxylation rate (Vcmax), maximal 
electron transport rate (Jmax), and triose phosphate-utilization rate (Tp), can vary depending on various factors.  
The present study investigated diurnal variations in Vcmax, Jmax, and Tp of uppermost leaves of soil-grown, well-watered 
eggplant in a greenhouse based on the simultaneous measurements of leaf gas exchange and chlorophyll fluorescence. 
The values of net photosynthetic rates and electron transport rates plotted against intercellular CO2 concentrations 
were noticeably higher in the morning than in the afternoon. Significant differences were detected among the values of 
Vcmax, Jmax, and Tp obtained at different times of day (08:30, 11:00, 13:30, and 16:00 h). All three parameters tended to 
decline as the time of day advanced; compared to the values at 08:30 h, Vcmax, Jmax, and Tp declined by approximately 
15% at 16:00 h. Among the three parameters, Tp appeared to be the most sensitive to time.

Highlights

● Diurnal variations in eggplant leaf photosynthetic capacity were
    investigated
● Concurrent measurements of gas exchange and chlorophyll 
    fluorescence were conducted
● Vcmax, Jmax, and TPU declined by approximately 15% toward 
    the end of the day

Introduction

Photosynthesis is the primary process of fixing atmospheric 
CO2 and has been a focus of interdisciplinary studies due 
to its importance in, e.g., food production (Murchie and 
Lawson 2013), bioenergy production (Larkum 2010), and 
climate change (Piao et al. 2013). In modern horticultural 

crop production, in which environmental conditions in 
greenhouses can be artificially modified, the improvement 
of crop photosynthesis via environmental controls is 
regarded as a key to increasing crop growth and yields 
(Prior et al. 2011).

Net photosynthetic rates (gross photosynthetic rate 
minus respiration) can be estimated by several methods. 
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The most direct method is to employ a measurement 
system (e.g., the chamber method and eddy covariance 
method) that monitors changes in atmospheric CO2 
concentrations caused by photosynthesis (Baldocchi 2003, 
Long and Bernacchi 2003). These direct measurements, 
however, require special equipment and expertise and 
thus have limited scalability in both time and space. Thus, 
rather than direct measurements, photosynthetic rates 
are often estimated using mathematical models based on 
easily measurable environmental elements, such as solar 
radiation, atmospheric CO2 concentration, air temperature, 
humidity, and wind velocity (Kimura et al. 2020).  
In this way, net photosynthetic rates have been estimated 
at various scales from single leaves to the globe (Ryu  
et al. 2019).

Among the mathematical models used for estimating  
net photosynthetic rates, the model proposed by Farquhar, 
von Caemmerer, and Berry (hereafter called the FvCB 
model, Farquhar et al. 1980) and later extended by Sharkey 
(1985) provides a robust mechanistic representation of 
single-leaf net photosynthetic rates of C3 plants and has 
been used in many modeling studies (Rogers et al. 2017). 
The FvCB model can be combined with other models 
of stomatal conductance (Ball et al. 1987, Medlyn et al. 
2011) and the transport of mass and energy between 
the leaf and the surrounding environment (Gaastra 
1959, Jones 2013). This model combination enables the 
estimation of the single-leaf net photosynthetic rate from 
environmental elements (Collatz et al. 1991). Additionally, 
the FvCB model can be scaled up to estimate plant canopy 
photosynthetic rates by considering the amount of leaves 
(i.e., leaf area index), radiation transfer inside the canopy, 
and the vertical distribution of the photosynthetic capacity 
of leaves (De Pury and Farquhar 1997, Nomura et al. 
2021).

To use the FvCB model for estimating net photo
synthetic rates from environmental elements, several 
model parameters should be assigned a priori. Among 
these model parameters, the maximal carboxylation rate 
(Vcmax), maximal electron transport rate (Jmax), and triose 
phosphate-utilization rate (Tp) represent the photosynthetic 
capacity of a single leaf and can influence the model 
estimation of photosynthetic rates. Values of Vcmax, Jmax, 
and Tp differ widely depending on plant functional traits 
(Walker et al. 2017) and can acclimate to environmental 
conditions such as light (Parelle et al. 2006), temperature 
(Yamori et al. 2014), and CO2 concentration (Leakey et al. 
2009). Among the factors potentially influencing Vcmax, 

Jmax, and Tp, the effect of time of day has been relatively  
less studied (Singsaas et al. 2000, Kets et al. 2010, 
Nascimento and Marenco 2013, Fabre et al. 2019, 
Stinziano et al. 2020). A typical response of Vcmax, Jmax, 
and Tp to time is a decline toward the end of the day 
(Tanizaki et al. 2022). Mechanisms of this decline are not 
fully understood but are suggested to be involved in the 
feedback inhibition of photosynthesis due to accumulated 
carbon (Fabre et al. 2019) and diurnal decline in mesophyll 
conductance (Flexas et al. 2013) due to changes in leaf 
hydraulic conductance (Brodribb and Holbrook 2004) 
and the movement of chloroplasts (Tholen et al. 2008,  
Maai et al. 2020). The extent of the decline in Vcmax, Jmax, 
and Tp in the literature differs widely among species 
(Stinziano et al. 2020) but has not yet been investigated  
in horticultural crops.

The objective of the present study was to investigate 
diurnal variations in the Vcmax, Jmax, and Tp of uppermost 
leaves of soil-grown, well-watered eggplant (Solanum 
melongena L.) in a greenhouse based on simultaneous 
measurements of leaf gas exchange and chlorophyll 
fluorescence. The single-leaf photosynthetic rate (PN) 
and electron transport rates (JF), from which Vcmax, Jmax, 
and Tp were estimated, were measured under varying 
CO2 concentrations. Two different experiments were 
conducted; in the first experiment, leaf gas-exchange 
measurements were repeated on the same leaves at four 
different times of day (08:30, 11:00, 13:30, and 16:00 h). 
In the second experiment, leaves were randomly selected 
at each of the four diurnal measurements at 08:30, 11:00, 
13:30, and 16:00 h.

Materials and methods

Plant material: The eggplant was cultivated in a green
house (ground area = 7.5 × 20 m2, height = 3.0 m) 
covered with a diffuse ethylene tetrafluoroethylene 
(ETFE) film located on the Monobe Campus of Kochi 
University (33°33'4''N, 133°40'37''E). In the greenhouse, 
seedlings of eggplants (the ‘Ryoma’ variety grafted onto 
rootstocks of ‘Daitaro’) were transplanted onto four rows 
of ridges on 3 September 2021, with a planting density 
of 1.5 plants m–2 (135 cm between rows and 50 cm 
between plants within a row). Each ridge was provided 
with two parallel drip irrigation tubes and covered with 
white plastic mulch. The amount of irrigation water was 
adjusted depending on the solar radiation and leaf area. 
Together with irrigation water, liquid fertilizer (N:P:K = 

Abbreviations: ANOVA – analysis of covariance; Ca,house – CO2 concentration inside the greenhouse; Ci – CO2 concentration in  
the intercellular space of the leaf; Fm' – light-adapted maximum fluorescence yield; Fs – steady-state fluorescence yield; I – incident 
PPFD on the leaf; I2 – usable PPFD absorbed by photosystem II; J – electron transport rate; JF – electron transport rate estimated 
from chlorophyll fluorescence; Kc – Michaelis–Menten constants of Rubisco for carboxylation; Ko – Michaelis–Menten constants of 
Rubisco oxygenation; O – O2 concentration in the intercellular space of the leaf (210 mmol mol–1); Pc – net photosynthetic rate limited 
by Rubisco; Pj – net photosynthetic rate limited by the regeneration of RuBP; PN – net photosynthetic rate; Pp – net photosynthetic rate 
limited by the use of triose phosphate; Rd – mitochondrial respiration rate; RH – relative humidity; RHhouse – relative humidity inside  
the greenhouse; Sout – outside solar radiation; Ta,house – air temperature inside the greenhouse; TL – leaf temperature; Tp – triose  
phosphate-utilization rate; TPU – triose phosphate utilization; Vcmax – maximal carboxylation rate; α – fraction of glycolate 
carbon not returned to the chloroplast; αL – absorptance of leaves; βPSII – fraction of absorbed PPFD that reaches photosystem II;  
Γ* – CO2-compensation point without Rd; θ – empirical curvature factor; Φmax – maximum quantum yield of photosystem II; ΦPSII – 
quantum yield of photosystem II.
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15:15:15, Yoeki Doko No. 3, OAT Agrio Co., Ltd., Tokyo, 
Japan; diluted 2,000 times) was provided. A base fertilizer 
was provided before transplantation [N:P:K = 7:8:5; 
Amino ace, Cosmo Suisan, Tottori, Japan; amounting to  
22 g(N) m–2]. The top greenhouse windows were 
opened during the daytime depending on the greenhouse 
temperature. During the winter, a heater was operated to 
maintain greenhouse nighttime temperatures above 12℃. 
The daytime CO2 concentration was maintained above  
400 ppm using a CO2 generator. The plants were pruned 
to two shoots, which were trained with strings tied to two 
parallel wires located 1.8 m above the ground. The tops 
of the two shoots were pruned around the first week of 
December 2021, when the plants reached the height of the 
wire. On each node, a fruit-leaf unit containing one fruit 
and three leaves was maintained.

Photosynthesis model: Photosynthetic parameters were 
estimated based on the FvCB single-leaf C3 photosynthesis 
model (Farquhar et al. 1980) extended by Sharkey (1985). 
This model assumes that the photosynthetic rate of  
a single leaf is limited by the slower of three processes: 
the carboxylation of ribulose-1,5-bisphosphate (RuBP) by 
ribulose bisphosphate carboxylase-oxygenase (Rubisco), 
the regeneration of RuBP, and the utilization of triose 
phosphate:

PN = min(Pc, Pj, Pp)                                                         (1)

where PN is the single-leaf net photosynthetic rate, Pc is 
the net photosynthetic rate limited by Rubisco, Pj is the 
net photosynthetic rate limited by the regeneration of 
RuBP, and Pp is the net photosynthetic rate limited by 
the use of triose phosphate. Pc, Pj, and Pp are given by  
von Caemmerer (2000):

*
cmax i

c d
i c o

( – ) –
(1 / )

V CP R
C K O K

Γ
=

+ +                                            (2)

*

*

i
j d

i

( – ) –
4 8
J CP R

C
Γ

=
+ Γ                                                         (3)

*

*

i p
p d

i 

( – )(3 ) –
[ – (1 3 / 2) ]

C TP R
C

Γ
=

+ α Γ                                         (4)

where Vcmax is the maximal carboxylation rate, J is the 
electron transport rate, Tp is the triose phosphate-utilization 
rate, Rd is the mitochondrial respiration rate, Ci is the CO2 
concentration in the intercellular space of the leaf, Γ* is 
the CO2-compensation point without Rd, Kc and Ko are the 
Michaelis–Menten constants of Rubisco for carboxylation 
and oxygenation, respectively, O is the O2 concentration in 
the intercellular space of the leaf (210 mmol mol–1), and 
α is the fraction of glycolate carbon not returned to the 
chloroplast. In Eq. 3, J is expressed as a nonrectangular 
hyperbola:
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where Jmax is the maximal electron transport rate, θ is 

an empirical curvature factor, and I2 is the usable 
photosynthetic photon flux density (PPFD) absorbed by 
PSII, expressed as: 

I2 = IαLβPSIIΦmax                                                                (6)

where I is the PPFD incident on the leaf, αL is the 
absorptance of leaves, βPSII is the fraction of absorbed PPFD 
that reaches PSII, and Φmax is the maximum quantum yield 
of PSII (von Caemmerer 2000, Bernacchi et al. 2003).

Measurement of single-leaf photosynthesis: Diurnal 
variations in three photosynthetic parameters (Vcmax, Jmax, 
and Tp) were investigated based on leaf gas-exchange 
measurements. Two experiments were conducted. In the 
first experiment (hereafter called Experiment 1), leaf 
gas-exchange measurements were repeated on the same 
leaves at four different times of day (08:30, 11:00, 
13:30, and 16:00 h). In the second experiment (hereafter 
called Experiment 2), in contrast, leaves were randomly 
selected at each of the four diurnal measurements at 08:30, 
11:00, 13:30, and 16:00 h. Experiment 1 was designed to 
investigate only the diurnal variations in the photosynthetic 
parameters without the inherent variations between leaves, 
whereas Experiment 2 was supplemental to Experiment 1 
to ensure that the results obtained in Experiment 1 were 
not caused by order effects (i.e., the influence of earlier 
measurements on later experiments); in Experiment 1, 
earlier gas-exchange measurements could damage the 
leaves and influence the later measurements, as the same 
leaves were repeatedly investigated within a day.

In both Experiment 1 and Experiment 2, healthy, fully 
expanded leaves were selected from the uppermost layers 
of the eggplant canopy, and the relationship between PN 
and Ci (PN–Ci curves) was obtained using two portable 
photosynthesis systems (LI-6800, LI-COR Biosciences 
Inc., Nebraska, USA). After the leaves were clamped 
in a 2-cm2 leaf chamber (6800-01A) and accustomed to 
saturating PPFD (1,200 µmol m–2 s–1) for 8 min, the values 
of PN and Ci were recorded at ambient CO2 concentrations 
(Ca) of 400, 250, 100, 50, 400, 550, 700, 900; 1,200; 
and 1,500 µmol mol–1 in 1.5- to 2-min intervals (Long 
and Bernacchi 2003). At each CO2 step, chlorophyll 
fluorescence measurements were conducted to estimate 
the quantum yield of PSII (ΦPSII): 

ΦPSII = (Fm' – Fs)/Fm'                                                         (7)

where Fs is the steady-state fluorescence yield and Fm' is  
the light-adapted maximum fluorescence (Genty et al. 
1989, Maxwell and Johnson 2000). Fs was measured 
at the end of each CO2 step, and then a saturating light 
pulse [8,000 µmol(photon) m–2 s–1] was applied to measure 
Fm'. From the measured ΦPSII, the electron transport rate 
estimated from chlorophyll fluorescence (JF) was obtained 
as JF = IαLβPSIIΦPSII, assuming αL = 0.84 and βPSII = 0.5.  
A decline in JF at high Ci is an indicator of TPU limitation 
(McClain and Sharkey 2019). During the measurements, 
the other environmental elements were set as follows: 
TL = 25°C and RH = 60%. In Experiment 1, during the 
intervals between the four diurnal measurements at 08:30, 
11:00, 13:30, and 16:00 h, the LI-6800 leaf chambers were 
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detached from the measured leaves until the next diurnal 
gas-exchange measurement. Additionally, in Experiment 1, 
each of the four diurnal gas-exchange measurements at 
08:30, 11:00, 13:30, and 16:00 h was conducted using 
different positions of a leaf to reduce the effect of the 
previous measurements. Experiment 1 was conducted on 
6, 7, 8, 13, and 14 April 2022, whereas Experiment 2 was 
conducted on 20, 21, and 22 April and 11 and 12 May. 
On each measurement day, different leaves were selected 
in both experiments. The sunrise and sunset times were 
approximately 05:30 and 18:30 h, respectively. Major 
environmental elements inside the greenhouse, including 
the air temperature (Ta,house), relative humidity (RHhouse), 
CO2 concentration (Ca,house), and outside solar radiation 
(Sout) were measured using a sensor unit (House NAVI 
ADVANCE, Nippo, Saitama, Japan). The water vapor 
pressure deficit (VPDhouse) inside the greenhouse was 
calculated from Ta,house and RHhouse.

Parameter estimation: The measured PN–Ci relationships 
were fit by the equations of the FvCB model (Eqs. 2, 3,  
and 4) to estimate the unknown parameters Vcmax, Jmax, 
and Tp. Before curve fitting, fluorescence data (i.e., JF–Ci 
curves) simultaneously measured with PN were used to 
determine which of the three photosynthetic limitations 
governs PN; a JF–Ci curve was separated into three 
sections showing increasing, constant, and declining JF 
with an increase in Ci, and these sections were assigned 
with the limitations by Rubisco, RuBP-regeneration, and 
TPU, respectively (Long and Bernacchi 2003, McClain 
and Sharkey 2019). After visual inspection of the JF–Ci 

curves, the region with Ci < 250 was assumed to be 
Rubisco limited (Eq. 2), and the region with 250 ≤ Ci < 500 
was assumed to be RuBP-regeneration limited (Eq. 3), 
while the region with 500 ≤ Ci was assumed to be  
TPU-limited (Eq. 4). Each of the three sections in the  
PN–Ci curves was fit with the corresponding equation  
based on the Levenberg–Marquardt method using the 
Python ‘lmfit’ package (version 1.0.1; Newville et al. 
2014). For Rubisco-limited photosynthesis, two para
meters, namely, Vcmax and Rd, were estimated by fitting 
Eq. 2. For RuBP-regeneration-limited photosynthesis,  
J was estimated by fitting Eq. 3 and then used to invert 
Jmax from Eqs. 5 and 6. For TPU-limited photosynthesis,  
Tp and α were estimated by fitting Eq. 4. In the curve  
fitting processes for RuBP-regeneration-limited and 

TPU-limited photosynthesis, the Rd value was estimated 
in the Rubisco-limited curve fitting and used as a fixed 
parameter (Long and Bernacchi 2003). The values of the 
other parameters (i.e., Kc, Ko, Γ*, αL, βPSII, θ, and Φmax) were 
obtained from the literature (Table 1). Kc, Ko, and Γ* are 
thought to be intrinsic properties of the Rubisco enzyme 
and are commonly considered to be constant among 
terrestrial C3 species to use the FvCB photosynthesis 
model (Medlyn et al. 2002, Long and Bernacchi 2003). 
Similarly, fixed values are often assigned to parameters 
related to photosynthetic light response (i.e., αL, βPSII, θ, 
and Φmax) for estimating Jmax (von Caemmerer 2000).

Statistical analysis: The effect of time of day on each 
of the three parameters (i.e., Vcmax, Jmax, and Tp) was 
statistically evaluated. The values of each parameter 
were grouped according to the four measurement timings  
(i.e., 8:30, 11:00, 13:30, and 16:00 h), and an overall 
difference among the four groups was determined by 
analysis of variance (ANOVA). In Experiment 1, one-way 
repeated-measures ANOVA was applied because the same 
samples (i.e., leaves) were repeatedly measured at each 
time point, whereas in Experiment 2, one-way ANOVA 
was applied because the samples were independently 
measured at each time point. Before these ANOVAs, 
necessary assumptions were tested; for the one-way 
repeated-measures ANOVA in Experiment 1, normality 
and sphericity were tested with a Shapiro–Wilk test and 
Mauchly's test, respectively, and for the one-way ANOVA 
in Experiment 2, normality and homogeneity of variances 
were tested with a Shapiro–Wilk test and Bartlett's test. 
After the ANOVAs, differences between individual groups 
(i.e., differences between the means of each parameter at 
8:30, 11:00, 13:30, and 16:00 h) in both experiments were 
tested by the Holm–Bonferroni method.

The statistical analyses were performed using scipy 
(1.7.3), statsmodels (0.13.2), and pingouin (0.5.1), free 
software libraries available in Python (the numbers in 
parentheses indicate the software versions).

Results

Micrometeorology: The environmental conditions inside  
the greenhouse were different every measurement day. 
The daily integrals of Sout ranged between 10.7 and  
23.5 MJ m–2 in Experiment 1 and between 3.5 and  

Table 1. Parameter values for estimating the maximal carboxylation rate (Vcmax), the maximal electron transport rate (Jmax), and the rate 
of triose phosphate export from the chloroplast (Tp).

Symbol Description Value Source

Kc Michaelis–Menten constants of Rubisco for carboxylation [µmol mol–1)] 404.9 Bernacchi et al. (2001)
Ko Michaelis–Menten constants of Rubisco for oxygenation [mmol mol–1] 278.4 Bernacchi et al. (2001)
Γ* CO2-compensation point without Rd [µmol mol–1] 42.75 Bernacchi et al. (2001)
αL Absorptance of leaves [–] 0.84 von Caemmerer (2000)
βPSII Fraction of absorbed PPFD that reaches photosystem II [–] 0.5 von Caemmerer (2000)
θ Empirical curvature factor [–] 0.7 von Caemmerer (2000)
Φmax The maximum quantum yield of photosystem II [–] 0.85 von Caemmerer (2000)
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24.3 MJ m–2 in Experiment 2. The means of Ta,house between 
08:30 and 16:00 h were relatively stable and ranged 
between 23.9 and 26.0℃ in Experiment 1 and between 
21.0 and 25.4℃ in Experiment 2. The daily means of 
Ca,house were similar on every measurement day and were 
411 ± 5 in Experiment 1 and 435 ± 21 µmol mol–1 in 
Experiment 2 (the values after the ± signs indicate the 
standard deviations). The daily means of VPDhouse ranged 
between 2.0 and 2.5 kPa in Experiment 1 and between  
2.2 and 2.6 kPa in Experiment 2.

The environmental conditions (i.e., the daily integral 
of Sout and the daytime means of Ta,house, Ca,house, and 
VPDhouse) on the measurement days had no significant 
effects on diurnal changes in Vcmax, Jmax, and Tp; there were 
no significant correlations between any combinations 
of the environmental variables and diurnal changes in 
the photosynthetic parameters from 08:30 to 16:00 h  
(the p values of the Pearson's correlation coefficients  
were > 0.05) in either Experiment 1 or Experiment 2.

PN–Ci and JF–Ci curves: Fig. 1A,C shows the PN–Ci 
curves measured at four different times of day (08:30, 
11:00, 13:30, and 16:00 h). In both Experiment 1 and 2, 
PN showed a typical response to Ci; with increasing Ci, PN 
increased rapidly at low Ci and then saturated quickly at 
a Ci value of approximately 500 µmol mol–1. However,  
the saturation values of PN differed depending on the 
times of day at which the PN–Ci curves were obtained; 
PN–Ci curves were the highest at 08:30 h and gradually 
decreased as the time advanced. In both Experiment 1 
and Experiment 2, differences between the PN–Ci curves 
appeared smaller at low Ci values (< 250 µmol mol–1) than 
those at higher Ci values.

Fig. 1B,D shows the JF–Ci curves measured simul
taneously with the PN–Ci curves. In contrast to the PN–Ci 
curves, the JF–Ci curves did not show saturating responses 
to increasing Ci; rather, JF showed a gradual decline 
with increasing Ci above approximately 500 µmol mol–1.  

A decrease in JF with increasing Ci is indicative of the TPU 
limitation of photosynthesis (McClain and Sharkey 2019); 
when TPU limits photosynthesis, an increase in Ci allows 
Rubisco to bind more readily with CO2 and less with O2, 
but this increase in Rubisco-CO2 binding does not lead to 
an increase in the carboxylation of RuBP due to the limited 
availability of inorganic phosphate in the chloroplast. 
Additionally, the deficiency of inorganic phosphate is 
exacerbated by reductions in Rubisco-O2 binding and 
RuBP oxygenation, through which inorganic phosphate 
can be produced. Consequently, Rubisco activity and 
electron transport are slowed to match the availability 
of inorganic phosphate, leading to a reduction in JF with 
increasing Ci.

Vcmax, Jmax, and Tp: Fig. 2 shows the diurnal variations in 
the three parameters representing photosynthetic capacity. 
Overall, all three parameters tended to decline as the time 
of day advanced, and significant effects of time of day on 
all three parameters were found in both Experiment 1 and 
Experiment 2. In Experiment 1, the p values calculated  
by one-way repeated-measures ANOVA were 0.012, 0.017, 
and < 0.01 for Vcmax, Jmax, and Tp, respectively. Similarly,  
in Experiment 2, the p values calculated by one-way 
ANOVA were < 0.01 for all three parameters (Vcmax, Jmax, 
and Tp). The necessary assumptions for applying ANOVAs 
(i.e., normality and sphericity for Experiment 1 and 
normality and equal variances for Experiment 2) were not 
violated in either Experiment 1 or Experiment 2 (p>0.05). 
Thus, these results strongly suggest that measurement time 
influences the values of Vcmax, Jmax, and Tp.

In Experiment 1, Vcmax and Jmax remained relatively 
stable until 13:30 h but declined considerably at 16:00 h; 
the mean values of both Vcmax and Jmax declined by 15% 
at 16:00 h compared to those at 08:30 h. However, the 
Holm–Bonferroni multiple comparison test failed to detect 
a significant difference between parameters measured 
at different times of day at the 5% level of significance. 

Fig. 1. Responses of the (A,C) single-leaf photo
synthetic rate (PN) and (B,D) electron transport  
rate (JF) to varying intercellular CO2 concentrations 
(Ci) measured at four different times of the day 
(08:30, 11:00, 13:30, and 16:00 h). The results of 
both Experiment 1 and Experiment 2 are shown.  
In Experiment 1, measurements were repeated 
on the same leaves at four different times of day, 
whereas in Experiment 2, leaves were randomly 
selected for each of the four diurnal measurements. 
The points and error bars indicate the means and 
standard deviations, respectively (n = 9).
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In contrast, Tp showed a gradual decline over time.  
The percentage decline in Tp from 08:30 to 16:00 h was 
more considerable (18%) than those of Vcmax and Jmax. As 
a result, the Holm–Bonferroni multiple comparison test 
indicated that the Tp measured at 08:30 h was significantly 
different from those measured in the afternoon (i.e., 13:30 
and 16:00 h).

In Experiment 2, the means of Vcmax, Jmax, and Tp were 
the highest at 08:30 h and decreased at 11:30 h. They 
further declined at 13:30 h and remained relatively stable 
until 16:00 h. The Holm–Bonferroni multiple comparison 
test determined that Vcmax and Jmax measured at 08:30 h 
were significantly different from those measured in the 

afternoon (i.e., 13:30 and 16:00 h). Additionally, the Tp 
measured at 08:30 h was significantly different from those 
measured at the other times of the day. The percentage 
declines in Vcmax, Jmax, and Tp from 08:30 to 16:00 h were 
16, 16, and 22%, respectively.

Discussion

The results of both Experiment 1 and Experiment 2 
indicate that the Vcmax, Jmax, and Tp of the uppermost leaves 
in an eggplant canopy can vary diurnally and tend to be 
higher in the morning than in the afternoon. The observed 
changes in the PN–Ci curves and JF–Ci were similar to 
the results reported by Fabre et al. (2019), in which  
PN–Ci curves and ΦPSII–Ci curves (note that JF and ΦPSII 
are proportional) were obtained using panicle-pruned  
rice under elevated CO2 treatment. The authors reported 
that Tp is linearly related to the concentration of leaf 
sucrose and suggested that increased accumulation of 
nonstructural carbohydrates in leaves is involved in the 
regulation of photosynthesis. Although the present study 
did not impose any severe sink restriction (i.e., fruit 
pruning), it is likely that leaf nonstructural carbohydrates 
progressively accumulated toward the end of the day, 
as recently reported in greenhouse-grown strawberries 
(Nakai et al. 2022).

Other biological mechanisms that may explain the 
diurnal decline in Vcmax, Jmax, and Tp are changes in 
mesophyll conductance (Flexas et al. 2013). Mesophyll 
conductance determines the supply of CO2 from the 
intercellular airspace to the chloroplast and can change 
diurnally in response to environmental conditions (Flexas 
et al. 2013) and times of the day (Nascimento and Marenco 
2013). A decline in mesophyll conductance can reduce the 
supply of CO2 to the chloroplast and decrease apparent 
Vcmax and Jmax calculated based on Ci (intercellular CO2 
concentration) rather than chloroplast CO2 concentration 
(Flexas et al. 2008). A decline in mesophyll conductance 
in the afternoon was reported for Amazonian saplings in 
the understory (Nascimento and Marenco 2013), although 
its cause was not fully identified (endogenous factors such 
as a biological clock were suggested). A similar diurnal 
decline in mesophyll conductance may have occurred in 
the uppermost leaves of the eggplant canopy.

Some of the abovementioned possible causes of 
declines in photosynthetic parameters may be interrelated; 
the accumulation of nonstructural carbon, which is 
associated with a decline in Tp, can cause the movement 
of chloroplasts to reduce their surface area adjacent to 
intercellular airspaces (Tholen et al. 2008, Maai et al. 
2020). This can cause a decline in the mesophyll 
conductance, leading to a decline in apparent Vcmax and  
Jmax calculated based on Ci.

The results of the present study suggest that care must 
be taken when interpreting the values of Vcmax, Jmax, and 
Tp obtained at different times of day; Vcmax, Jmax, and Tp 
can vary by as much as 22% during the day. This value 
is within the range reported in the literature on diurnal 
variations in photosynthetic capacity (Singsaas et al. 2000, 
Kets et al. 2010, Fabre et al. 2019, Stinziano et al. 2020); 

Fig. 2. Diurnal variations in the (A,D) maximal carboxylation 
rate (Vcmax), (B,E) maximal electron transport rate (Jmax), and 
(C,F) triose phosphate-utilization rate (Tp). These parameters 
were estimated from PN–Ci curves measured at four different 
times of day (08:30, 11:00, 13:30, and 16:00 h). Each of the 
boxes represents the middle 50% of the data, and the red line 
in each box indicates the median. The whiskers on the box 
plots extend to the most extreme data points except for outliers  
(i.e., values whose distance from the top/bottom of a box exceeds 
1.5 times the box height), which are represented by circles.  
The blue triangles indicate the means. Means with a common 
letter are not significantly different by the Holm–Bonferroni 
method at the 5% level of significance. The p values shown in 
the figures were calculated using one-way repeated-measures 
ANOVA in Experiment 1 and one-way ANOVA in Experiment 2.
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for example, Stinziano et al. (2020) reported a decline in 
Vcmax as great as 50% in several species, while Nascimento 
and Marenco (2013) reported no significant difference 
in the Vcmax of two Amazonian saplings measured in the 
morning, midday, and afternoon. Since obtaining one  
PN–Ci curve requires ca. 30 min, it may be recommended 
to apply faster techniques such as the rapid PN–Ci response 
(RACiR) technique (Stinziano et al. 2017, 2020) and 
one-point method (De Kauwe et al. 2016) to obtain many 
samples of Vcmax, Jmax, and Tp within a limited duration. 
Additionally, when estimating PN by the FvCB model, 
the use of Vcmax, Jmax, and Tp estimated from morning 
measurements may result in the overestimation of PN.
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