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Abstract

Cyclocarya paliurus has been traditionally used as a functional food in China. A hydroponic experiment was conducted
to determine the effects of N and P additions on photosynthesis and chlorophyll fluorescence (ChlF) of C. paliurus
seedlings. N and P additions significantly altered photosynthesis and ChIF in the seedlings, but responses of these
parameters to the N and P concentrations varied at different developmental stages. The greatest net photosynthetic
rate (Px) and actual photochemical efficiency of PSII (®psi) occurred in the treatment of 150.0 mg(N) L and
25.0 mg(P) L' addition, whereas the highest maximum quantum yield of PSII (F,/F,) and water-use efficiency
(WUE) were recorded with 150.0 mg(N) L' and 15.0 mg(P) L' on the 60" day after treatment. Significantly
positive correlations of Py with leaf relative chlorophyll content, transpiration rate, WUE, F,/F,,, and ®@pgy;, as well as
the @pgy with the F./F,,, were found. Our results indicated that an optimal addition of N and P nutrients depends on
their coupling effects on the photosynthetic capacity and PSII photochemistry.

Keywords: chlorophyll; net photosynthetic rate; nitrogen—phosphorus interaction; PSII photochemistry; water-use efficiency; wheel

wingnut.

Introduction

Wheel wingnut [Cyclocarya paliurus (Batal.) Iljinskaja],
a multi-function plant of the Juglandaceae family, is
sporadically distributed in the subtropical mountain areas
of China (Fang et al. 2006). The leaves of C. paliurus
are commonly used in nutraceutical tea and Chinese
medicine in China because of their health benefits

Highlights

(Fang et al. 2011), and have been approved as the new
food raw materials by the National Health and Family
Planning Commission of China in 2013 (Xie et al. 2016,
Qin et al. 2021). Pharmacological studies have revealed
that the health-promoting effects (such as antidiabetic,
antihyperlipidemic, and anticancer) are attributed to
abundant bioactive compounds in C. paliurus leaves,
including polyphenols, flavonoids, triterpenoids, efc.
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EFFECTS OF N AND P ADDITIONS ON PHOTOSYNTHESIS OF CYCLOCARYA PALIURUS

(Wu et al. 2017, Liu et al. 2018, Zhou et al. 2021, Qin
et al. 2022), which results in the shortage of C. paliurus
leaves for the nutraceutical tea production and medical use
in the market. Thus, developing C. paliurus plantations
and optimizing management practices of the plantations
are the best choice for increasing leaf production yield
and improving leaf contents of the above-specified
bioactive compounds.

Nitrogen (N) and phosphorus (P) are essential macro-
nutrients for plant growth and development, and they
are also nutrients that most frequently limit primary
productivity in all ecosystems in the biosphere (Aerts and
Chapin 1999, Hall et al. 2005, Elser et al. 2007, Chen
et al. 2022). Previous studies have shown that N and P
deficiencies cause negative effects on plants (Zhang et al.
2014a, Wang et al. 2022a,b); photosynthesis always
decreases under N and P deficiencies (Zhang et al. 2014a,b;
Luo et al. 2016). As a vital constituent in proteins, nucleic
acids, chlorophylls, and many secondary metabolites of
plants (Luo ez al. 2013), N plays an essential role in the
enzymatic activities of photosynthetic processes (Giisewell,
2004). Overall, N deficiency stops leaf elongation
(Marschner 2011), inhibits photosynthesis (Gregoriou et al.
2007), and reduces the size of chloroplasts in plants
(Li et al. 2013). Similarly, as a main constituent of plasma
membranes, P is also involved in nucleic acid synthesis,
phosphorylation processes, and cellular energy transfer,
while it is a component of numerous plant metabolites
(Gan et al. 2016). P deficiency not only reduces
the photosynthetic capacity of leaves (Neocleous and
Savvas 2019) but also causes the premature development
of plant reproductive organs and inhibition of stem and
leaf growth (Sun ef al. 2021). However, the responses
of photosynthesis, chlorophyll (Chl) fluorescence,
accumulation of secondary metabolites, and growth in
plants to N and P applications are species- or genotype-
specific (Zhang et al. 2014a, Deng et al. 2019, Zhao et al.
2021, Wang et al. 2022a).

Photosynthesis is a process by which green plants
turn carbon dioxide and water into organic compounds
(particularly carbohydrates) using light energy, whereas
both chlorophyll (Chl) and carotenoids (Car) participate
in photosynthesis (Bode et al. 2009). Chl content and
photosynthetic traits, such as stomatal conductance (gs),
net photosynthetic rate (Py), and water-use efficiency
(WUE), are modulated by fertilizer application (Neocleous
and Savvas 2019). Moreover, chlorophyll fluorescence
(ChlF) is closely related to the processes in photosynthesis,
and any effect of stress on photosynthesis can be detected
using changes in the ChIF induction dynamics (Kong
et al. 2016). ChlF is reported to be a more obvious and
rapid indicator compared to other physiological indicators
when plants are subjected to stress (Wang et al. 2015);
it shows fast ChlF transients (OJIPs) and slow kinetics.
Fast ChIF transients involve measuring the time-resolved
fluorescence yield of PSII in response to a brief flash of
light. The OJIP transient reflects the sequential redox
changes that occur within PSII, such as the reduction of the
primary quinone acceptor and the buildup of the secondary
quinone acceptor (Strasser et al. 1995, Ebenhoh et al.

2014). Supplemented with the saturation pulse method
(also called quenching analysis) is commonly used for
studying slow kinetics in photosynthetic systems. This
method involves the application of a strong light pulse that
induces a state of saturation in the photosynthetic system,
thereby allowing for the measurement of slow kinetics
such as the rate of electron transport and the redox state
of electron carriers (Hamerlynck and O'Connor 2022).
Numerous studies have reported that N significantly
affects both the photosynthesis and fluorescence
characteristics of leaves (Wei et al. 2016, Lin et al. 2017).
For example, Yu et al. (2014) reported that N deficiency
significantly decreased the maximum efficiency of PSII
photochemistry under dark adaption (F,/F.) and the
photochemical quenching (qp) of sugar beet leaves but
increased the nonphotochemical quenching (qn), and thus
affected the photochemical activity of PSII and decreased
photosynthesis.

Owing to its pharmaceutical values, many C. paliurus
plantations are established in the subtropical region
of China where N and P availability is most limited.
Thus optimizing the application of N and P fertilization
in the plantations is crucial to improve the plantation
productivity and its leaf biomass production. Until now
only some laboratory studies have been conducted to
verify the effects of N forms and N availability on growth
and secondary metabolite accumulation during the
seedling stage of C. paliurus (Deng et al. 2019, Qin et al.
2020, 2022), while the responses of nitrogen metabolism,
photosynthetic parameters and growth to N fertilization
was investigated in the field (Qin et al. 2021). However,
no studies have been conducted to reveal the coupling
effects of N and P additions on photosynthesis and
chlorophyll fluorescence as well as growth in C. paliurus.
To understand the physiological response of C. paliurus
to different addition regimes of N and P nutrients,
the parameters of photosynthesis and chlorophyll fluo-
rescence were investigated in this study. The objectives
of the study were to (/) determine the response of
photosynthetic parameters, chlorophyll fluorescence in
particular, of C. paliurus seedlings to various N and P
supply conditions, (2) investigate the connection between
photosynthesis and chlorophyll fluorescence parameters,
and (3) test the hypothesis that the parameters related
both to primary (chlorophyll fluorescence) and secondary
photosynthetic processes would be significantly affected
by the addition of N and P nutrients, but the optimal
addition quantity would depend on the coupling effects of
N and P nutrients and vary with the seedling development
stage. Findings from the present study would provide
a theoretical basis for optimizing the fertilizer application
in C. paliurus plantations growing on the N- and P-limiting
regions.

Materials and methods
Plant materials: C. paliurus seeds were collected from
Wufeng (30°1.44'N, 110°16.32'E) and Jinzhongshan

(29°05'N, 102°16'E) in Hubei province and Guangxi
province China in October 2021. To break seed dormancy
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and promote prompt germination, seeds were treated
with exogenous GA3 (gibberellin A3; 2,000 mg L") and
stratification by the method of Fang ef al. (2006). After
the seeds germinated, the seedlings were transplanted
into a non-woven bag container with an 8.0 cm inner
diameter and 11.0 cm height for cultivation at Baima
Teaching Experimental Base of Nanjing Forestry
University. Substrate composition was soil: perlite: peat:
organic fertilizer = 2:2:5:1 (viviv:v). In late June 2022,
the C. paliurus seedlings with consistent growth were
selected as research materials and moved to the greenhouse.

Growth conditions: During the experiment period, the air
temperature, air humidity, and PPFD in a greenhouse were
monitored using an Environment detector (Xuzhou Fara
Electronic Technology Co. Ltd., Hangzhou, China), and
their detailed variations were showed in Fig. 1.

Hydroponic culture and treatment regimes: The 30-L
polypropylene containers (50 cm length x 40 cm width x
15 cm height) were used in the hydroponic culture with
the Hoagland nutrient solution, in which the concentrations
of N and P were 1/2 full-strength Hoagland nutrient
solution, while the concentrations of other elements were
the full-strength Hoagland nutrient solution.

Two weeks after the hydroponic culture, the experiment
was carried out on 29 June 2022. The experiment was
arranged using a randomized design consisting of three N
regimes [50.0 (N1), 150.0 (N2), and 250.0 (N3) mg L]
and three P treatments [5.0 (P1), 15.0 (P2), and
25.0 (P3) mg L7']. N was supplied in the form of
Ca(NOs),*4H,O, KNOs, and (NH4),SOs4, whereas P was
supplied in the form of KH,PO,. For all treatments, other
macro- and micronutrients were supplied based on full-
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strength Hoagland solution. Meanwhile, a nitrification
inhibitor (dicyandiamide) with 7% of total nitrogen was
added to eliminate the effect of NH,"-N nitrification on
the experiment. Three replicates (12 plants per replicate)
were set for each treatment, a total of nine treatments
were designed and 108 plants were used. During the
experimental periods, the pH of 6.0 = 0.2 was initially
adjusted for the solutions, and the nutrient solution was
renewed every three days and aerated continuously.

Photosynthetic parameters: Photosynthesis measure-
ments were conducted on the 30" and 60" days after the
treatments (DAT, e.g., on 29 July and 27 August 2022,
respectively). The net photosynthetic rate (Py), and
transpiration rate (E) were measured using a portable
photosynthesis system (PP system CIRAS-3, Hansatech
Instruments, Germany) from 8:30 to 10:00 h in the
morning. Water-use efficiency (WUE) was estimated at
the level of the leaf instantaneous ratio of Py to £ (Chen
et al. 2016). To ensure the consistency of light intensity,
the red-blue light source configured by the instrument
was used for the measurement, and the light quantum flux
density was 1,200 pumol m2 s™!. Temperature sensor control
type was used to track cuvette to ambient temperature.
During the measurement, the healthy mature leaves with
similar growth positions were selected in each treatment,
and two plants were selected in each replicate for each
treatment.

Chl a fluorescence parameters: The leaf Chl fluorescence
parameters were measured using an L[-600 Porometer/
Fluorometer (Li-COR Instruments, Lincoln, NE, USA)
on 29 July and 27 August 2022, respectively, in parallel
with the photosynthesis measurements. Measurements

Fig. 1. Variations in air temperature and
humidity (4) and illumination (B) during
the experiment period.
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were taken on 12 different leaves on the adaxial surface
of the fully developed leaves for each treatment. Tissue
was enclosed in a 0.75-cm? aperture clamp, held in its
natural orientation to incident sunlight, with incident PPFD
(about 1,000 pmol m™? s™') serving as the actinic light
source, with flux density measured with a Si-photodiode
quantum sensor integrated into the Li-600. A modulated
Chl fluorescence-measuring beam was provided by two
LED-light sources focused on the cuvette aperture, filtered
by a 750 + 40-nm bandpass filter, with fluorescence
detected from 700 to 780 nm. The initial determination
of steady-state fluorescence (Fs) used a sub-saturating
modulated beam pulsed at 4-8 Hz over 2-5 s, followed by
a saturating flash of 10,000 pmol(photon) m2 s™! intensity
with a pulse width of 667 ns and 250-750 kHz frequency
to determine light-adapted maximum fluorescence yield
(Fn'). After dark adaptation (> 30 min), chlorophyll
fluorescence measurements were repeated, and dark-
adapted measurements provided baseline fluorescence
(Fo; equivalent to F;) and maximum fluorescence yield
(Fm; equivalent to F,') to determine optimal PSII yield
(FW/Fw) as F/Fn = (Fm — Fo)/Fn. Nonphotochemical
quenching (NPQ) and photochemical quantum yield
(Drsn) were determined following the method of Maxwell
and Johnson (2000) and Bilger ef al. (2001) and were
calculated using the equations: ®@psy = (Fn' — F5)/Fy' and
NPQ = (Fn — Fu')/F., respectively.

Chlorophyll content estimation: As a reliable method
for nondestructive chlorophyll detection (Akdemir et al.
2018), a SPAD-502 Plus meter (Konica Minolta Optics,
Japan) was used to assess the leaf chlorophyll contents in
the leaves. In parallel with the photosynthesis parameter
measurements, the measurements were taken on the adaxial
surface of 12 fully developed leaves for each treatment
and were averaged to represent the leaf chlorophyll content
of each treatment.

Statistical analysis: The experimental data were expressed
as the mean =+ standard error (SE). The main effects of N
and P availability and their interactions were determined
by two-way analysis of variance (ANOVA) using the
statistical software SPSS 79.0 (SPSS, Chicago, IL, USA),

followed by Duncan's multiple range test at p<0.05.
If no significant interaction between N and P additions was
detected for any measured parameters, then one-way
ANOVA was conducted to compare parameter means
across the treatments at p<0.05. Relationships among
measured indexes were evaluated by Pearson's correlation
analysis.

Results

Leaf relative chlorophyll content: Two-way ANOVA
results indicated that the leaf relative Chl content (SPAD)
in the C. paliurus leaves was significantly affected by
N and P additions, and their interactions (Table 1).
On 30 DAT, the highest SPAD value was detected in
the N2P3, followed by N2P2 (Fig. 2), which are 130 and
127% higher than that in the N1P1, respectively. However,
on 60 DAT, the highest SPAD value was observed in
N2P2, but no significant difference was observed between
N2P2 and N2P3 (Fig. 2). Similarly, the lowest SPAD was
also observed in N1P1 on 60 DAT. Overall, the SPAD
values increased with prolonging treatment times and were
significantly higher on 60 DAT than that on 30 DAT except
N2P1 and N2P3 treatments (Fig. 2).

Photosynthesis and WUE: Two-way ANOVA showed
that N and P additions affected Py values, whereas their
significant interaction was only detected on 60 DAT
(Table 1). On the 30 DAT, Py values in the N2 and N3
treatments were significantly higher than that in N1
treatment (Fig. 34), and enhanced by 27.4 and 22.6%,
respectively, when compared with N1. Similarly, more P
additions also increased Py values in leaves of C. paliurus
seedlings (Fig. 3B). Compared to the Pl treatment,
Py values in P2 and P3 were enhanced by 11.9 and
13.4%, respectively. On 60 DAT, N and P additions had
interactions on Py (Table 1), and Py in the leaves of plants
ranged from 5.5 to 9.7 umol(CO,) m? s (Fig. 3C).
The greatest Py occurred in N2P3, which is significantly
higher than other treatments (except for N1P2), whereas
the lowest Py was observed in N1P1. Compared with Py
in the N1P1, the Py in N2P3, N1P2, N2P2, N2P1, N3P3,
N1P3, N3P1, and N3P2 increased by 77.4, 68.3, 62.2,
53.6,41.4, 30.5, 19.5, and 11.0%, respectively.

Table 1. Two-way analysis of variance for the effects of nitrogen and phosphorus additions on parameters of photosynthesis and
chlorophyll fluorescence in Cyclocarya paliurus seedlings. *, **, *** and ns indicate the significances at p<0.05, p<0.01, p<0.001,
and no significance, respectively. DAT — day after treatment; £ — transpiration rate; Fo — minimum ChlF in the dark-adapted leaf;
F./F,, — maximum quantum yield of PSII; NPQ — nonphotochemical quenching; Py — net photosynthetic rate; SPAD — leaf relative
chlorophyll content; WUE — water-use efficiency; ®ps; — actual photochemical efficiency of PSII.

DAT Factors df SPAD Py E WUE Fo F./Fun NPQ Dpspy

30 N ) Hok ok ns Aok Hokok Hokok * Hokok
P 2 w5k Hkok Hokok Aok Hkok Aok ns ok
N x P 4 ok ns wkok Hkok ok Hkok Hkok Hkok

60 N 2 ok Hkok * Hkok Hokok Hkok wokok Hkok
P ) Hkok Hkk ns Hkk ok Hkk ns Hkok
N x P 4 Hkok w3k Hkok #kk Hkok * Hkok *k
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Unlike Py values, the £ values were not significantly
affected by N addition on 30 DAT and by P addition
on 60 DAT (Table 1), whereas a significant interaction
between N and P additions on £ was observed on both 30
and 60 DAT. With an increasing amount of N and P, the £
in leaves showed an irregular trend of variation (Fig. 44).
The highest £ at 30 and 60 DAT were recorded in N2P2
and N1P2, respectively, while the lowest values were
detected in N2P3 and N2P2.

Fig. 2. Effect of nitrogen and phosphorus additions on the leaf
relative chlorophyll content of Cyclocarya paliurus seedlings.
Mean value + SE (n = 3). Different uppercase letters indicate
a significant difference under the same treatment at different
times at p<0.05, different lowercase letters indicate a significant
difference under the same time of different treatment at p<0.05.

Py [umol m2s™]

N3 P1
TREATMENT

ab
bc

de cd
ef

Py [umol m2s '1]
=3

N1P1 N1P2  N1P3  N2P1 N2P2  N2P3  N3P1 N3P2  N3P3
TREATMENT

Fig. 3. Net photosynthetic rate (Px) in leaves of Cyclocarya
paliurus under different N (4) and P (B) additions measured
on 30 DAT and 60 DAT (C), respectively. Mean value + SE
[n =9 (4,B); n = 3 (C)]. Different letters indicate a significant
difference between treatments at p<0.05.
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In addition, WUEs in the leaves were significantly
regulated by N and P additions as well as their interactions
(Table 1). Similarly to Py, the highest WUE was recorded
in N2P3 at 30 DAT and in N2P2 at 60 DAT, respectively
(Fig. 4B), which were significantly higher than other
treatments. Compared to £ in the N1P1 on 60 DAT,
the £ in N1P2, N2P3, N2P1, N3P1, N1P3, N3P2, N3P3,
and N2P2 increased by 89.4, 54.6, 54.4, 50.2, 24.8, 14.7,
13.3, and 3.5% (Fig. 44), respectively. In most cases,
no significant difference in WUE was recorded between
the two measurement times (Fig. 4B). However, the WUEs
in N1P1 and N2P2 were significantly higher on 60 DAT
than that on 30 DAT, but remarkably lower in N2P3 and
N3P1 (Fig. 4B).

Chlorophyll fluorescence parameters: In most cases,
the Chl fluorescence parameters (Fo, Fn, Fu/Fm, NPQ,
F.', and @pgy) in C. paliurus seedlings were significantly
affected by N and P addition as well as their interactions
(Table 1). However, the Chl fluorescence parameters
showed various responses to the treatments at the two
measurement times. For example, on the 30 DAT,
the highest F, appeared in N1P2, followed by N1P3, and
the least value was found in N2P1, while on the 60 DAT,
the highest F, was recorded in N3P2, followed by N3P1,

Fig. 4. Transpiration rate (£) (4) and water-use efficiency
(WUE) (B) measured on 30 and 60 DAT in leaves of Cyclocarya
paliurus under different nitrogen and phosphorus additions.
Mean + SE (n = 3). Different uppercase letters indicate
a significant difference under the same treatment at different
times at p<0.05, different lowercase letters indicate a significant
difference under the same time of different treatment at p<0.05.
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and the least was observed in N2P3 (Fig. 54). Meanwhile,
we noted that Fy was significantly higher on 60 DAT than
that on 30 DAT under N3 condition.

F./F. represents the maximum photochemical
efficiency or quantum yield and ®pgy represents the light-
adapted PSII quantum yield. Our results showed that
the values of F./F,, ranged from 0.776 to 0.818 among
the treatments, but variation in the values was observed
between the two DATs (Fig. 5B). The N1P3 showed
the highest F,/F.,, followed by N3P3, and the least in N1P1
on 30 DAT, whereas the highest F./F,, was found in N2P2,
followed by N1P2, and the least in N3P3 on 60 DAT
(Fig. 5B). The values of ®pgy ranged from 0.640 to 0.762
among the treatments, and their variation pattern was
similar to the F./F, (Fig. 5C). Contrary to the F,, both
F./F.. and @pgy significantly decreased on 60 DAT when
compared to the values on 30 DAT under N3 condition.

Our result also showed that the highest NPQ occurred
in N2P3, followed by N3P1, and the least in N3P3 on
30 DAT. Similar to the Fo, the NPQ values were enhanced
on 60 DAT when compared to the values on 30 DAT under
the N3 condition (Fig. 5D).

Correlations among parameters of photosynthesis and
chlorophyll fluorescence: Based on the indexes measured
on the 30 and 60 DAT, Table 2 shows the relationship
between photosynthesis and chlorophyll fluorescence.
The results indicated that a significantly positive
correlation of Py with SPAD, E, WUE, F,/F.,, and ®ps; was
detected, whereas a negative relationship between Py and
Fo was recorded. Meanwhile, WUE was significantly and
positively correlated with SPAD and ®pgyi, but negatively

correlated with E. Some close correlations between
dark-adapted chlorophyll fluorescence and light-adapted
chlorophyll fluorescence were found (Table 2). Pearson's
correlation analysis indicated that F./F,, was positively
related to ®pgy with a correlation coefficient of 0.736.

Discussion

As an important index to reflect photosynthetic capacity,
Py is defined as the CO, assimilation capacity per unit leaf
area (Zhu et al. 2019). Our result found the photosynthesis
response of C. paliurus seedlings to N and P additions
was inconsistent at the two DATs (Table 1, Fig. 3).
For instance, there was no significant interaction between
N and P additions on Py on 30 DAT, and Py values
enhanced with increasing addition amount of N and P
(Fig. 34,B), even if no significant differences in Py were
detected between N2 and N3 as well as between P2 and P3,
suggesting that N2 and P2 are the optimum concentrations
for Py in this study. However, on 60 DAT, N and P additions
showed interactions on Py of C. paliurus seedlings, and
both the highest Px and WUE were achieved in N2P3
(Fig. 3C). The possible reasons are that the C. paliurus
seedlings might have various requirement and utilization
patterns of N and P at different growth stages, and there
may exist a trade-off between N and P absorption in plants
(Gtisewell 2004). Furthermore, some studies indicated
that N application would upregulate genes participating
in photosynthesis and carbon fixation, and could improve
photosynthetic ability (Midorikawa ez al. 2014, Qin et al.
2022), whereas N deficiency inhibited the expression
of photosynthesis-related genes, reduced metabolites

120 0.80
A - 30DAT 48 60DAT c @ 30DAT 48 60DAT
Aa  Aa Aabc pgpe  Aa
15 | Ao
110 | B
W &
105 |
100
95
0.83 |
0.82 |
{03
081}
L g
> 080 | {o2 &
0.79
{01
0.78 |
0.77

N1P1 N1P2 N1P3 N2P1 N2P2 N2P3 N3P1 N3P2 N3P3 N1P1 N1P2 N1P3 N2P1 N2P2 N2P3 N3P1 N3P2 N3P3

TREATMENT

Fig. 5. Changes in chlorophyll fluorescence parameters measured on 30 and 60 DAT in Cyclocarya paliurus leaves under different
nitrogen and phosphorus additions. Fy — minimal fluorescence in dark-adapted leaf; F./F,, — maximum quantum yield of PSII; ®psy —
actual photochemical efficiency of PSII; NPQ — nonphotochemical fluorescence quenching. Values are means + SE (n = 3). Different
uppercase letters indicate a significant difference under the same treatment at different times at p<0.05, different lowercase letters
indicate a significant difference under the same time of different treatments at p<0.05.
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Table 2. Relationship between the leaf relative chlorophyll content (SPAD), net photosynthesis (Px), transpiration rate (£), water-use
efficiency (WUE), minimal fluorescence in the dark-adapted leaf (F,), maximum quantum yield of PSII (F,/F,), nonphotochemical
quenching (NPQ), and actual photochemical efficiency of PSII (®psni) in leaves of Cyclocarya paliurus seedlings (n = 54). *, ** indicate

the significance at the 0.05, and 0.01 probability levels, respectively.

Index Photosynthesis Dark-adapted ChlF parameters  Light-adapted ChlF parameters
SPAD Py E WUE Fo F./Fn NPQ Dpspy

Py 0.595™ 1

E 0.013 0.353™ 1

WUE 0.508™ 0.502™ -0.611" 1

Fo -0.110 —0.419™ —0.141 —0.234 1

F./Fn 0.085 0.399™ 0.161 0.222 -0.960™ 1

NPQ 0.076 —0.149 —0.288" 0.230 0.209 —0.140 1

Deps 0.567" 0.434™ 0.032 0.314" -0.242 0.155 0.057 1

Table 3. Multiple linear regression equations for predicting the relationships of photosynthetic capacities (Y) to nitrogen (N) and
phosphorus (P) concentrations in the hydroponic cultures (n = 54). R,, R, and R, represent the partial correlation coefficients to the N,

P, and the product of N and P concentrations (N x P), respectively.

Index  Fitted models Multiple correlation coefficient Partial correlation

R, R, Ry
Py Yen =2.801 + 0.580In(N) + 0.945In(P) — 0.041In(N) x In(P) R=0.484, p=0.004 0.093  0.081 -0.017
Fo/Fn  Yrurm = 0.626 + 0.034In(N) + 0.067In(P) — 0.013In(N) x In(P)  R=0.637, p<0.001 0.578 0.594 —0.566
Dpsiy Yorsu = 0.479 + 0.0491In(N) + 0.071In(P) — 0.013In(N) x In(P)  R=0.676, p<0.001 0465 0375 -0.330

in carbon metabolism, and upregulated the CHLI gene,
which then led to Chl degradation in plants (Amiour ef al.
2012, Curci et al. 2017). Our results showed that SPAD
content and photosynthesis ability of C. paliurus were
reduced as they grew under N limitation (N1; Figs. 2,
34,C), following the report of Deng ef al. (2019).

As another essential element, P is an important
structural element in nucleic acids that regulate energy
storage and transfer (Wang et a/. 2013) and photosynthesis
requires orthophosphate as a substrate. Thus, efficient use
of N and P is believed to contribute to plant fitness (Aerts
and Chapin 1999). However, N input is not paralleled
by a similar increase in P inputs (Pefiuelas et al. 2013).
Our results showed that excess N availability may increase
P limitation, thereby affecting the Py (Fig. 3C), supporting
the point that P additions alter plant N uptake (Ali ef al.
2002, Reed et al. 2007), and increase the primary
productivity for certain plant species (Seastedt and Suding
2007). Although both N and P enrichment increased
the Py of C. paliurus seedlings compared to NI1P1
(i.e., low N, low P treatment), P enrichment resulted in
much greater Py values in the low N (N1) compared to
N enrichment (N3) at 60 DAT (Fig. 3C), demonstrating
that P might be the more important limiting nutrient for
C. paliurus growth in the present study. Indeed, both
P and N simultaneously limited the photosynthetic capacity
of C. paliurus seedlings (Fig. 3C), suggesting the dual
nutrient limitation occurs in a physiological sense in this
species under the hydroponic culture conditions of N1P1,
as well as there is significant interaction between P and
N addition on the photosynthetic capacity of C. paliurus
seedlings.
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Correlation analysis showed that WUE was signi-
ficantly positive with Py in the present study (Table 2).
Usually, high N nutrients increase instantaneous WUE in
wheat and coffee (Shangguan et al. 2000, DaMatta et al.
2002), however, the highest WUE was observed in N2P3 at
30 DAT and in N2P2 at 60 DAT in this study, respectively
(Fig. 4B), indicating N2 is a suitable N concentration for
the growth of C. paliurus seedlings whereas N3 is an
excess N addition.

The Fo, Fin, Fv/Fn, NPQ, and ®pgyy values are the most
important Chl fluorescence parameters which are used
in plant stress physiology studies (Thomas and Turner
2001, Baker and Rosenqvist 2004, Fu ef al. 2012, Murchie
and Lawson 2013). F, reflects mainly the emission from
light-harvesting complexes (LHCs), while LHCs are
mainly composed of various chlorophyll molecules
that work to absorb photons and transfer them to the
PSII reaction center for chemical reactions (Croce and
van Amerongen 2013). Under normal photosynthetic
conditions, absorbed photons by LHCs can pass efficiently
to the PSII reaction center, resulting in low F, signals.
However, under various stress conditions, such as low
light, high temperature, and drought, the efficiency of the
PSII reaction center decreases, LHCs produce auxiliary
fluorescence, and the F, signal increases (Calatayud et al.
2006, Baker 2008, Tikkanen et al. 2011). It has been
reported that Fy would increase under stress conditions, but
the F./F, ratio would be reduced (Maxwell and Johnson
2000). In the current study, F, was significantly affected
by N and P additions, and at 60 DAT, the F, values under
high nitrogen treatment were higher than that under low
nitrogen and medium nitrogen treatment (Fig. 54), which
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may be a sign of the excessive N addition (Mauromicale
et al. 2006).

The F,/F,, value, the ratio of variable fluorescence to
maximal fluorescence, can be used to estimate the potential
efficiency of PSII in dark-adapted samples (Hura et al.
2007, Gorbe and Calatayud 2012, Murchie and Lawson
2013). An increase in F./F, reflects higher light-use
efficiency in plants (Baker 2008, Li et al. 2015) and less
energy loss as heat (Jagtap et al. 1998, Jeon et al. 2006,
Broetto et al. 2007). In general, F,/F, value increased
with an increase of N or P concentrations, but exceeding
a certain value of N or P concentration resulted in
a decrease of F,/F,, (Lapointe 1987, de Groot ef al. 2003).
Our results indicated that the F,/F,, values increased with
enhancing P concentration under low nitrogen conditions
(N1), however, under the medium and high N conditions
(N2 and N3), the F,/F,, values decreased with the increase
of P concentrations (Fig. 58). The reduction in F,/F,, may
occur due to the decline of PSII maximum efficiency
(Porcar-Castell et al. 2014). Moreover, NPQ represents
an effective way how photosynthetic organisms can
dissipate excessive irradiation into heat (Ralph and
Gademann 2005, Pinnola et al. 2013), while the ®pgy
value gives an estimation of the efficiency (Baker and
Rosenqvist 2004) and represents the photochemistry at
different photon flux density (Maxwell and Johnson 2000).
Some studies indicated that there is an inverse relationship
between ®psy and NPQ (Maxwell and Johnson 2000,
Massacci et al. 2008, Fu et al. 2012). However, the ®pgyy
was not significantly correlated with NPQ, but significantly
correlated with the values of Py and F./F,, in the present
study (Table 2, p<0.01).

An increase in N availability at low N can be used
for building extra machinery, whereas an increase in
P availability at low P can be used to form structural
compounds (e.g., nucleic acids and phospholipids)
(Shi et al. 2020). Severe N and P deficiency or toxicity
can lead to alterations in the photosynthetic apparatus
and photosystems, thus causing photooxidative stress
(Hernandez and Munné-Bosch 2015, Shi et al. 2020).
Our results found that the highest values of Py, WUE, F,/F,,,
and ®psy; were achieved under different combinations
of N and P concentrations at 60 DAT (Figs. 3C, 5). For
example, the greatest Py and @psy occurred in N2P3,
whereas the highest F./F, and WUE were recorded in
N2P2, suggesting that Py, WUE, maximal photochemistry
efficiency, and actual quantum vyield in PSII were
significantly influenced by the N and P deficiency or
toxicity due to photooxidative damage (Zhang et al. 2014a,
Hernandez and Munné-Bosch 2015, Shi ef al. 2020).

Using N and P concentrations as variables, the
multiple linear regression equations were well-fitted for
predicting the photosynthetic capacities of C. paliurus
seedlings (Table 3). These fitted models showed that Pk,
F./F., and ®pgy were all positively correlated with N or
P concentrations, but negatively related to the product
of N and P concentrations, indicating that there exists
an optimal combination between N and P availability, and
a negative effect would occur when their concentrations
exceed thresholds of plant requirement. The result partially

confirmed the hypothesis that both photosynthesis and
chlorophyll fluorescence are significantly affected by
addition of N and P nutrients, but the optimal addition
quantity would depend on the coupling effects of N and
P nutrients.

Conclusions: Both photosynthesis and chlorophyll
fluorescence parameters of C. paliurus seedlings were
significantly affected by the addition of N and P nutrients,
but responses of these measured parameters to various
N and P concentrations varied at different development
stages. The highest values of Py, WUE, F./F.,, and ®psn
were achieved under different combinations of N and P
concentrations, while the optimal addition quantity would
depend on the coupling effects of N and P nutrients.
The greatest Py and ®psy were observed in N2P3
[150.0 mg(N) L' and 25.0 mg(P) L], whereas the highest
F./Fn and WUE were recorded in N2P2 [150.0 mg(N) L!
and 15.0 mg(P) L'l at 60 DAT. There existed
a significantly positive correlation of Py with SPAD, E,
WUE, F./F., and ®psu, whereas a negative relationship
between Py and Fy was recorded. Meanwhile, the ®pgy
was not significantly correlated with NPQ, but positively
correlated with the F,/F,, and Px. Findings from the present
study would provide a theoretical basis for optimizing
the fertilizer application in C. paliurus seedling production
as well as in its plantation management in the N- and
P-limiting regions.
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