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Abstract: Combined elemental deficiencies are more complex and insidious physiological metabolic
responses than single elemental stresses. To determine the effects of phosphorus (P), iron (Fe),
zinc (Zn), and their deficient combinations on photosynthetic characteristics of rice seedlings, we
investigated their effects on dry weight, chlorophyll (Chl) content, rapid photosynthetic carbon
assimilation CO, responses, and Chl fluorescence in four-week-old rice (CB9 and BJ1 cultivars)
seedlings. The results showed that the dry matter, maximum carboxylation efficiency (V¢ max), and
maximum electron transfer efficiency (Jmax) of seedlings were all reduced to different degrees under
the element deficiency treatments. JIP-test analysis showed that the decrease in the concentration of
active PSII reaction centers (RC/ABS) under -Zn treatment was the main reason for the inhibition of
performance index PIsgs. The -P treatment reduced RC/ABS and inhibited electron transfer ().
Primary photochemical reactions (¢p,) of -P-Zn treated seedlings were also inhibited compared to the
-P treatment. The -Fe and -Fe-Zn treatments inhibited photosynthesis most severely, which not only
reduced RC/ABS but also severely inhibited ¢p, and ¢g,. Notably, the -P-Fe and -P-Fe-Zn treatments
of the CB9 improved the RC/ABS, alleviating the limitation of Fe deficiency. These results help
enhance the understanding of the complex relationship between nutrient balance and photosynthesis,
especially for P, Fe, Zn, and their combined deficiency.

Keywords: phosphate iron and zinc; rice; photosynthetic characteristic; Chl a fluorescence; JIP-test

1. Introduction

Rice (Oryza sativa L.) is one of the world’s most important food crops and contains
almost 70% calories, 65% protein, and most of the trace elements required by people [1]. Rice
is widely adaptable and grows in acidic and alkaline environments [2,3]. However, nutrient
availability to rice is generally imbalanced because of the physicochemical properties
of the soil and the tillage system, as well as the interaction between elements [4]. For
example, rice is prone to suffer from nutrient deficiencies, such as potassium, phosphorus
(P), iron (Fe), zinc (Zn), and calcium deficiencies in saline environments [2,5]. Rice is
susceptible to Fe toxicity stress, and increased inter-root Fe may reduce P and K uptake
in acidic environments [3,6]. In addition, photosynthesis is the most sensitive process in
plant physiological metabolism [7,8], and nutrient deficiencies can directly or indirectly
adversely affect photosynthesis. However, improving the understanding of the adverse
effects of elemental deficiencies and their combinations on photosynthesis is necessary to
ensure sustained rice production.

P is a component of essential biomolecules, such as nucleic acids, energy, phospho-
lipids, and phytic acid [4,9]. P deficiency affects energy transfer in electron transport,
reducing the RuBP pool size and the photosynthetic CO, assimilation capacity of leaves,
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reducing their photosynthetic performance and inhibiting normal plant growth [10,11]. Fe
is a micronutrient essential for cellular functions and is widely involved in redox reactions
in plants, where it also acts as a cofactor in metabolic pathways [9]. Fe is present in almost
all components of the electron transport chain in chloroplasts, and up to 80% of the Fe in
leaves is found in chloroplasts [12]. Fe deficiency not only leads to chlorotic phenotype,
but also to a reduction in the amount of active photo-oxidizable P700 and the degradation
of the photosystem I subunit, which severely inhibits photosynthesis in leaves [12-15]. Zn
plays structural and catalytic roles in enzymes involved in various important metabolic and
regulatory processes [16,17]. When plants are Zn deficient, chloroplasts become swollen
and deformed, the chloroplast matrix zone expands, chlorophyll content decreases, and the
activity of photosystem II is inhibited [18]. Zinc deficiency can also cause plants to exhibit
symptoms such as reduced leaf size and shortened internodes, leading to crop growth
inhibition and reduced yields [17,18]. P, Fe, and Zn play important roles in plants, and
their deficiency is universally and substantially damaging to plants. Until now, the lack
of multiple element combinations on plant growth and ionic interactions has been poorly
understood. Thus, it is important to explore the combined absence of P, Fe, and Zn for
plant growth.

Research on nutrients has found special relationships between nutrients; enrichment
or deficiency of one or more nutrients may affect the uptake among the utilization of
other nutrients by plants [19,20]. Research has revealed interactions between multiple
elements and more complex, insidious physiological metabolic responses than those caused
by single-nutrient stress [20]. Nitrogen (N) actively controls the phosphate starvation
response in plants [21]. Zn can promote the translocation of N to rice leaves and seeds and
improve N utilization [17]. Low P can promote Fe uptake, and the combined treatment of
low P and low Fe can promote the elongation of the primary roots of rice plants [11,22].
Zinc is antagonistic to many metals such as Fe and cadmium (Cd). For example, high
Zn content can reduce the uptake of Fe by plants and has great potential to reduce the
toxicity of heavy metals in some plants [9,23,24]. Notably, P and Fe homeostasis has been
shown to antagonistically regulate the growth of rice seedlings. Studies have shown that
Fe deficiency can severely limit seedling growth in rice, but a combination of Fe and P
deficiencies can reverse the Fe limitation [4,9,12]. These studies help in explaining plant
growth performance, developing effective fertilizer management strategies, and breeding
new varieties. However, these studies have mainly focused on the growth of crops and the
interactions between elements and less on the photosynthetic properties of leaves.

In this study, we grew rice seedlings in environments deficient in three elements, I, Fe,
and Zn, and their combinations thereof, and explored the effects these deficiencies on the
photosynthetic performance of rice leaves by analyzing rapid Chl a fluorescence induction
kinetics and fast A-Ci response curves to improve the understanding of the interplay
between nutrient homeostasis and photosynthesis. Our objectives were as follows: (a) to
explore the effects of these deficiencies on rice seedling growth, and (b) to explore the effect
of combined deficiencies on the photosynthetic performance of rice leaves. The results are
expected to provide new insights into the relationship between phosphorus, iron, zinc, and
their combined deficiencies and photosynthetic performance in rice.

2. Materials and Methods
2.1. Experimental Design

Changbai 9 (cultivars, CB9) and Baijing 1 (cultivars, BJ1) were used as test materials.
Uniformly sized seeds were disinfected in a 5% sodium hypochlorite solution for 10 min.
Sterilized seeds were germinated in distilled water at 30 °C for 2 d in the dark and then
incubated at 30 °C in the light for 2 d. Germinated seeds were selected and placed in
96-well plastic plates. The plates were then placed in plastic boxes (19 cm long, 14 cm
wide, and 13 cm high) and incubated in distilled water and 1/2 full strength nutrient
solution for 3 days each, transferred to the full nutrient solution of the International
Rice Research Institute [25] (containing 1.45 mM NH4yNOj3, 0.323 mM NaH,PO,4-2H,0,
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0.512 mM K504, 0.998 mM CaCly, 1.643 mM MgSO4-7H,0, 9.1 pM MnCl,-4H,0, 0.075 uM
(NH4)sMo070,4-4H,0, 18.882 pM H3BOs3, 0.152 uM ZnSO4-7H,0, 0.155 pM CuSO4-5H,0,
0.036 mM FeCl;-6H,0, and 0.031 mM NayEDTA-2H;0, 0.071 mM Citric acid monohydrate,
and 500 mL of concentrated sulfuric acid were added every 10 L (pH 5.4)) for 3 weeks,
and then sampled for determination. Hydroponic experiments were conducted in an
artificial climate chamber. It used a 14 h light (28 °C)/10 h dark (22 °C) photoperiod
with light intensity of 350 pumol m~2 s~! and relative humidity maintained at about 70%.
When the full nutrient solution treatment was CK for P, Fe, and Zn deficiency and their
combined stress treatments (-P-Fe, -P-Zn, -Fe-Zn, -P-Fe-Zn), NaH,PO,4, ZnSOy, or Fe-EDTA
in the nutrient solution were omitted. The nutrient solution was renewed every 3 d, and
the pH was adjusted daily to 5.5-5.6. A total of 96 biological replicates were set up for
each treatment.

2.2. Sample Determination and Collection

Samples of uniform length and size were selected and used first for the determination
of the rapid Chl fluorescence induction kinetic curve (n = 20, 6 highly representative
replicates were randomly selected for statistical analysis) and A-Ci response curves (at
least 3 replicates). Plants after measuring chlorophyll fluorescence curves were used for
determination of the total chlorophyll content and dry matter weight.

2.2.1. Dry Matter Weight (DW)

We selected five young plants of uniform growth, removed the root system, killed
them at 105 °C for 30 min, dried them at 80 °C to a constant weight, and weighed them.

2.2.2. Total Chl Content (T Chl)

Freshly expanded uppermost leaves (0.2 g) were incubated overnight at room tem-
perature in 15 mL of 80% acetone in the dark, using the method of Nam et al. [12]. The
total Chl content of the leaves was measured using a UV-Vis spectrophotometer (UV-2600;
Shimadzu, Japan). The absorbance of the supernatant was measured at 645 and 663 nm.
The total Chl concentration was calculated using the following equation:

Total Chl = (2031 X Aggs + 8.05 X A663)/FW 1

where FW represents fresh weight. As the different treatments resulted in different plant
sizes, leaves from more than five seedlings were selected from each replicate for the assay
(n = 3).

2.2.3. Rapid A-Ci Response

Following the method of Stinziano et al. [26], differential gas analysis of CO; and
H,O was performed on the topmost unfolded leaf of each intact plant by using the high-
speed CO, ramping technique and a portable photosynthesis system (CIRAS-3, PP Systems
International, Inc., Amesbury, MA, USA) to obtain A-Ci response curves. The program
parameters were set as follows: saturated light intensity, 1200 umol (photons) m 2 s~ ; flow
rate, 300 cc min—1; relative humidity, 60%; and leaf temperature, 30 °C. CO, concentration
varied from 50 to 1800 umol mol~!. The A-Ci curves were further analyzed using the model
(EvCB) proposed by Farquhar et al. [27] to obtain the maximum Rubisco carboxylation rate
(V¢max) and the maximal electron transport rate (Jmax)-

2.2.4. Chl a Fluorescence Transient

After 30 min of dark adaptation, the leaves were subjected to a rapid Chl a fluorescence
induction kinetic curve (OJIP curve) using M-PEA (Hansatech Instruments Ltd., Norfolk,
UK). The OJIP curve was induced by red light at 3000 umol (photons) m~2 s~! for 2 s.
Points O, K, ], and I represent the fluorescence intensities corresponding to 20 ps, 300 us,
2 ms, and 30 ms, respectively, and point P represents the maximal fluorescence intensity



Agronomy 2023, 13, 1657 4 of 21

(generally Fp ~ Fy). The OJIP curves were normalized to the O-P, O-], and O-K points
according to the JIP-test analysis.

The O-P point was normalized by V; = (F; — Fo)/(Fv — Fo); ()
The O-K point was normalized by Wox = (F — Fo)/(Fx — Fo); (3)
The O-] point was normalized by Woy = (F. — Fo)/(F — Fo); 4)
and the O-I point was normalized by Wop = (F; — Fo)/(F — Fo). (5)

The fluorescence transients were analyzed according to the JIP-test equations [28]. The
meanings and calculation formulas of the parameters are listed in Table Al.

2.3. Statistical Analyses

Data were analyzed using analysis of variance (ANOVA). One-way ANOVA with
Duncan’s post hoc test was used separately for each rice genotype to compare means. For
all statistical analyses, differences were considered statistically significant for p < 0.05. All
observations were recorded, and the data are expressed as mean =+ standard deviation (SD)
(n > 3).

3. Results
3.1. Phenotypes and Dry Weight

As shown in Figure 1, nutrient deficiencies inhibit the growth of rice seedlings to vary-
ing degrees, evidenced by reduced plant height, thinner stalks, and/or yellowing of leaves.
The dry weight of the CB9 cultivar varied as CK > -Zn > -P-Zn > -P > -P-Fe > -P-Zn-Fe > -Fe
> -Zn-Fe, and that of the BJ1 cultivar varied as CK > -Zn > -P-Zn > -P > -P-Zn-Fe > -Zn-Fe
> -P-Fe > -Fe. The inhibitory effect of a single-nutrient deficiency on growth was consistent
for both rice varieties, with CK > -Zn > -P > -Fe. Compared with CK, the dry weights of the
two varieties with -P-Zn and -Fe treatments were significantly reduced by 56.58%, 79.21%,
and 95.66% (CB9) and 42.89%, 63.46%, and 94.10% (BJ1), respectively. However, the combi-
nation of these three element deficiencies had different effects on the two rice varieties. The
CB9 cultivar showed a dry weight reduction in the order -P-Zn > -P-Fe > -P-Zn-Fe > -Zn-Fe,
with significant differences between treatments, and the BJ1 cultivar showed a dry weight
reduction in the order -P-Zn > -P-Zn-Fe > -Zn-Fe > -P-Fe, with non-significant differences
between treatments, except for the -P-Zn treatment. Notably, both varieties showed a
trend of -P-Zn > -P and -P-Fe > -Fe in dry weight reduction (CB9 differed significantly
with 15.40% and 73.25%, respectively, whereas BJ1 was not significant with 2.07% and
6.69%, respectively).

3.2. Total Chl Content

As shown in Figure 2, the total Chl content of the two rice varieties under P, Fe, Zn,
and their combined deficiency stress behaved differently, with the CK and -Zn treatments
having the highest and the -Fe-Zn and -Fe treatments having the lowest total Chl content.
Specifically, among the CB9 cultivar, the CK, P, and Zn treatments had the highest total
Chl content and were not significantly different. The other treatments showed total Chl
content in the order -P-Zn > -P-Fe > -P-Fe-Zn > -Fe-Zn > -Fe, with decreases of 5.03%,
44.33%, 58.17%, 84.05%, and 84.20%, respectively, compared with CK. By contrast, the BJ1
cultivar with -P treatment had a lower total Chl content than that with the CK and -Zn
treatment and was not significantly different from -P-Zn. The other treatments showed
total Chl content in the order -P-Zn > -P-Fe-Zn > -P-Fe > -Fe-Zn > -Fe, with decreases of
6.00%, 73.20%, 76.60%, 82.04%, and 82.67%, respectively, compared with CK.



Agronomy 2023, 13, 1657

50f21

Dry weight (g plant ")

0.7

0.6 1
0.5 1
0.4 1
0.3 1
0.2 1
0.1 1

Treatments

C(CB9) D(BJ1)

g g g | g d d d

CH AN 50 050 oIS
Xz
Treatments

Figure 1. Phenotypes (A,B) and dry weight (C,D) of rice seedlings grown for 4 weeks under the
deficiency of P, Fe, Zn, and their combinations. Bars represent the mean + SD (n = 3). Different
lowercase letters on the bars indicate significant differences between treatments of the same cultivar
at the p < 0.05 level.

3.3. The Rapid A—Ci Response

As shown in Figure 3, the net photosynthetic rate (when stabilized) was inhibited to
varying degrees in each deficiency treatment. The -Zn treatment was the least inhibited
(especially for the BJ1 cultivar), and the -Fe, -P-Fe, -Zn-Fe, and -P-Fe -Zn treatments were
the most inhibited (approximately 0-5 mmol CO; m~2 s~!, except for the CB9 cultivar -Fe
treatment), which remained consistent for both varieties. The maximum carboxylation
efficiency (V¢,max) and maximum electron transfer rate (Jmax) had the same trend as that
of P,, (when stabilized). Compared with CK, the smallest differences in V¢ max and Jmax
values were found in the -Zn treatment of both varieties; the largest differences in V¢ max
and Jmax values were found in the -Fe and -P-Zn-Fe treatments of the CB9 cultivar and
the -P-Fe and -Zn-Fe treatments of the BJ1 cultivar. In addition, the V. max, and Jmax values
for both varieties showed a trend of -Zn > -P > -P-Zn (a significant difference between
the -P-Zn and -P treatments for the BJ1 cultivar). Notably, the effects of the -P, -P-Fe, and
-Fe treatments on the V. max and Jmax values differed slightly between two varieties. The
V,max and Jmax values of the CB9 cultivar showed no significant difference between the
-P and -P-Fe treatments but were significantly higher than those of the -Fe treatment. The
Ve,max and Jmax values of the BJ1 cultivar showed no significant difference between the
-P-Fe and -Fe treatments but were significantly lower than those of the -P treatment.
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Figure 2. Effect of phosphorus, iron, and zinc and their combined deficiencies on total Chl content
of rice seedlings. (A,B) are CB9 and BJ1 cultivar, respectively. Bars represent the mean + SD (n = 3).
Different lowercase letters on the bars indicate significant differences between treatments of the same
cultivar at the p < 0.05 level.

3.4. Chl a Fluorescence Induction Kinetic Curve and [IP-Test Analysis
3.4.1. Chl Fluorescence Induction Kinetics Raw Curve

Figure 4A,C shows the variation in the OJIP curves of rice seedling primordial fluo-
rescence rise kinetics under different element deficiencies and their combinations in the
two varieties. The same treatment does not behave in the same manner for both varieties.
Compared with CK, the -Zn treatment of the CB9 cultivar increased at point K and de-
creased at point I but did not affect its Fy values; and the -P treatment decreased at point J,
leading to a decrease in the IP phase, and its Fy /Fy values were significantly lower than
those of the CK treatment. The behavior of the -Zn and -P treatments of the BJ1 cultivar
differed: the -Zn treatment increased relative to CK at point K, leading to an increase in FM,
and the -P treatment increased at point K, decreased at point I, and reduced its FM value,
leading to a significantly lower Fy/Fy; value than that of the CK treatment. In addition,
both -Fe and -Zn-Fe in CB9 and BJ1 increased rapidly to maximum fluorescence values
equal to Fy at point K, losing the J-I-P phase, but with lower Fy values, which also resulted
in significantly lower Fy /Fy values than those of the other treatments (except for the -Fe
treatment of the BJ1 cultivar). The -P-Fe treatment of the CB9 cultivar had elevated K and
] points but decreased I points, resulting in a decrease in the IP phase. The decrease in |
points of the -P-Zn-Fe treatment compared with the CK treatment resulted in a significant
decrease in its I point, Fy;, and Fy /Fyy. The -P-Fe and -P-Zn-Fe treatments of the B]1 cultivar
had similar trends to those of -Fe and -Zn-Fe, with both treatments rapidly increasing to
Fyi-equivalent maximum fluorescence values at point | and loss of the IP phase. The -P-Fe
and -P-Zn-Fe treatments of BJ1 had higher Fo values relative to -Fe but also relatively
elevated Fy; values, resulting in higher Fy /Fy values than those of the -Fe treatment but
significantly lower values than those of the CK treatment. This result suggests that these
eight combinations of deficiency treatments differed in their loci of action on the OJIP curve
of rice leaf fluorescence rise kinetics, in addition to the cultivar contributing to the loci
of action.
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Figure 3. Effect of P, Fe, Zn, and their combined deficiencies on the rapid photosynthetic carbon
assimilation CO, responses of rice seedlings. (A,B) The A-Ci response curves. (C,D) The maximum
carboxylation efficiency (V¢max) and maximum electron transfer efficiency (Jmax). Bars represent the
mean =+ SD (n = 3). Different lowercase letters on the bars indicate significant differences between
treatments of the same cultivar at the p < 0.05 level.

3.4.2. Standardized Kinetic Curve of Chl Fluorescence

As shown in Figure 5A,C, Chl fluorescence under the -Fe and -Zn-Fe treatments of
both varieties, as well as the -P-Fe and -P-Zn-Fe stresses of B]1, increased significantly at the
K step and resulted in a nearly straight line after the J step. By contrast, the K and | steps of
the -P-Fe and -P-Zn-Fe treatments of the CB9 cultivar decreased to varying degrees relative
to those of CK. In addition, -P, -P-Fe, and -P-Zn-Fe treatments of the CB9 cultivar showed
significant A] and Al peaks; only the -P and -P-Zn treatments had more pronounced AJ
peaks (Figure 3B). For the BJ1 cultivar which appeared to be less sensitive to Zn deficiency
than CB9, the curve for the -Zn treatment was nearly identical to that of CK (Figure 3C),
whereas the -P-Zn treatment showed distinct A] and Al peaks.
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Figure 4. Effect of phosphorus, iron, zinc, and their combined deficiencies on the kinetic curve of
Chl a fluorescence rise in rice seedlings. (A,C) The original Chl fluorescence rise kinetics. Points O,
L, K, J, and I represent the fluorescence intensities corresponding to 0.002, 0.15, 0.3, 2, and 30 ms,
respectively, and point P represents the maximal fluorescence in-tensity (generally FP ~ FM). (B,D)
The value relative to control of Fo, F, and Fy /Fy. Bars represent the mean £ SD (n = 6). Different
lowercase letters on the bars indicate significant differences between treatments of the same cultivar
at the p < 0.05 level.

3.4.3. OK Phase

The Wok (20-300 ps, commonly referred to as the L band) is influenced by the transfer
of excitation energy between PSII units and is commonly referred to as “connectivity” or
“grouping” [29]. As shown in Figure 6A,C, all treatments were significantly different from
CK, except for the Wy, of the -Zn and -P treatments of CB9, which were not significantly
different from the Wy, of the -Zn and -P-Zn treatments of BJ1, which were not significantly
different from CK. This indicates that all other treatments damaged the grouping of leaf
PSII units or the energy connectivity between the antennae and PSII reaction center [28].
In addition, the Wy, values of Fe-deficiency-related treatments (-Fe, -P-Fe, -P-Zn-Fe) were
all higher and were more pronounced in the BJ1 cultivar than in CB9. However, the P
and Fe deficiencies resulted in improved Wy values in CB9. The change in the Fy /Fj ratio
can assist in determining whether changes in the L band of the fluorescence kinetic curve
are caused by changes in the J step. For example, compared with the CK treatment, the
-Fe, -P-Fe, -Zn-Fe, and -P-Zn-Fe treatments of the BJ1 cultivar had significantly higher W,
values but no significant difference in Fy /Fj values, suggesting that the change in the L
band for the -Fe and -P-Zn-Fe treatments of the BJ1 cultivar was caused by an elevated
J point.
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Figure 5. Effect of P, Fe, Zn, and their combined deficiencies on the normalized Chl fluorescence rise
kinetics OJIP curve (V) in rice seedlings. (A,C) The normalized Chl fluorescence. (B,D) AV;. Points
O, L, K, J, and I represent the fluorescence intensities corresponding to 0.002, 0.15, 0.3, 2, and 30 ms,
respectively, and point P represents the maximal fluorescence in-tensity (generally FP ~ FM).

3.4.4. O] Phase

The OJ phase (K band) is widely used to indicate the state of the active OEC center on
the donor side of PSII, and its appearance is usually associated with the dissociation of the
OEC. The W value indicates the degree of impairment in the performance of the donor
side of PSII [10,28,30]. As shown in Figure 7, the Wx values increased significantly for all
treatments except for the -Zn treatment of the BJ1 cultivar. This indicates that all treatments
except the -Zn treatment of B]1 caused partial inactivation of the oxygen-emitting complex
(OEC) on the donor side of PSII, evidenced by the reduction in OEC relative activity [OEC]
values [28]. Among the treatments, the -Zn-Fe and -Fe treatments of the CB9 cultivar
and the -P-Fe, -P-Zn-Fe, -Zn-Fe, and -Fe treatments of the BJ1 cultivar caused the greatest
damage to the OEC on the PSII donor side of the treatment. In contrast with CK, the -Zn,
-P, and -Zn treatments of CB9 showed a significant increase in Fx /Fj, and the W values
did not change significantly. This suggests that the increase in the OJ phase of the -Zn, -P,
and -Zn treatments of CB9 and BJ1 was caused by an increase in point J.
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Figure 6. Effect of P, Fe, Zn, and their combined deficiencies on the OK phase of standardized Chl
fluorescence rise kinetics in rice seedlings. (A,C) Variable fluorescence between the steps O and K
Wok; AWok. (B,D) The value of Wy, and Fy,/Fj; Wy, relative variable fluorescence at the L step to
the amplitude Fx — Fo (Wy). Bars represent the mean =+ SD (n = 6). Different lowercase letters on the
bars indicate significant differences between treatments of the same cultivar at the p < 0.05 level.

3.4.5. OI Phase

The maximum amplitude of the Wy curve reflects information on the pool size of the
terminal electron acceptor on the PSI receptor side. As shown in Figure 8A,C, P, Fe, Zn, and
their combined deficiencies had significantly different effects compared with CK (except
for the -Zn treatment). The lower the amplitude, the stronger the suppression of the pool
size. The difference between Wip and CK was smallest for CB9 treated with -Zn, indicating
that -Zn had the least effect on the pool of electron acceptors at the end of PSI. By contrast,
the -Fe and -P-Zn-Fe treatments of CB9 differed the most from the -Fe, -P-Zn-Fe, -P-Fe, and
-Zn-Fe treatments of BJ1 from CK, and the -P-Zn-Fe and -P-Fe treatments had Wip values
less than 1 and the least inhibition of the pool of PSI-terminal electron acceptors.



Agronomy 2023, 13, 1657 11 of 21
= 3 1.2
A(CB9)’,-*“°;;;!!” =CK B(CB9)
08 {w, g Kband g 4 12° %0 17 B 1.0
i, ° -Zn = d d
0.6 - ¥ =P =-Fe - 0.8
i ; = A Fe m-P-Fe
L] -P-F P
0.4 - : .t“ . -P-Zfl u-P-Zn 06
= ., * ZnFe |W-Zn-Fe o
B~ 0.2 1 AWy R -P-Zn-Fe |®-P-Zn-Fe . L 0.4
Ll:’ 5;;;;"'."0, fde =
\%OO oooooooo.!!!!". F 0.2 &M
= [
I —
=-0.2 v - 0.0 Q
T C(BJ1) :,!gze::ﬁi" D(BJ1) =
¢ v 5 . Pt
BOSWK z:“:x:.. - 1.0 BQ
3 . i
% 06 1 . : s K'band [ 08
0.4 1 i - 0.6
!ifg,
1 3
0.2 AW, **t, F 0.4
MR - 1 d $ s
} " e Qg M : i
0.0 ssssessesccsifte L 0.2
_0.2 T T T - 00
0.0 0.5 1.0 1.5 2.0 Wi [OEC] BB
Time (ms)

Figure 7. Effect of P, Fe, Zn, and their combined deficiencies on the OJ phase of standardized Chl
fluorescence rise kinetics in rice seedlings. (A,C) Variable fluorescence between the steps O and ]
(Woy); AWqy. (B,D) The value of Wy, [OEC], and Fx/Fj; Wy, relative variable fluorescence at the K
step to the amplitude F; — Fo (Wx); [OEC], the active fraction of OEC centers and can be calculated
by [OEC] = [1 — (Vk/ V]treatment]/[1 — (V1/V})ck]. Bars represent the mean + SD (n = 6). Different
lowercase letters on the bars indicate significant differences between treatments of the same cultivar
at the p < 0.05 level.

3.4.6. Specific Fluxes Membrane Model

The specific fluxes membrane model (Figure 9) reflects the energy flux per the reflective
center of the primary response of rice seedling leaves in the absence of P, Fe, Zn, or their
combinations. As shown in Figure 9, the unit reaction centers of the two rice varieties
showed higher energy absorption (ABS/RC) and energy capture (TRy/RC) than that with
CK, except for the -Zn treatment and the -P treatment of the CB9 cultivar. Most of this
energy is dissipated (DIy/RC) through the exotherm, and less energy is used for transfer
(ETp/RC). This is not only related to the disruption of the electron transport chain but also
to the activity of the unit reaction center (RC/ABS) (Table 1). This results also in the low
flux of electrons from the individual active reaction centers to the PSI-terminal electron
acceptor for its reduction. The energy distribution among the treatments was uneven for
the -Fe, -Fe-Zn, -P-Fe, and -P-Fe-Zn treatments of the BJ1 cultivar, with the -Fe-Zn treatment
being the most severe in both varieties. In addition, the -P-Fe and -P-Fe-Zn treatments
had opposite effects on the two rice varieties. In the CB9 cultivar, the -P-Fe and -P-Fe-Zn
treatments were observed to improve the energy flux profile of each reaction center under
the -Fe treatment; in the BJ1 cultivar, this effect was absent. This result may be related to
cultivar characteristics.
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Figure 8. Effect of P, Fe, and Zn and their combined deficiencies on the OI phase of chlorophyll
fluorescence in rice seedlings. (A,C) Variable fluorescence between the steps O and I (Woy), AW0r.
(BID) WOI > 1

3.4.7. Important Parameters of the Photosystem

Table 1 shows that P, Fe, and Zn deficiencies and their combinations adversely af-
fected parameters such as quantum yield, flux ratio, and the performance index PIsgs in
rice seedlings. Compared with CK, the -Zn treatment of both rice varieties maintained
higher PSII active reaction center concentrations (RC/ABS) and had the least effect on
the quantum yield (¢po, ¢Eo, and @ro) and flux ratios (¥’go, Pro, and Jre) of the primary
photochemical reactions, maintaining a higher performance index (PIags) than the other
deficiency treatments. While the -P treatment maintained a high ¢p,, the electron transfer
from Q4 to electron acceptors other than Q and the electron reduction in the terminal
electron acceptors on the PSI acceptor side were somewhat impaired, leading to a decrease
in their quantum efficiency, flux ratio, and PIsps values. The overall performance of the
-P-Zn treatment was similar to that of the -P treatment but with somewhat more severe
damage to the electron transfer chain. The -Fe and -Fe-Zn treatments severely disrupted
the electron transport chain of photosynthesis, significantly reducing parameters such as
the quantum yield and flux ratio, leading to a significant increase in the heat dissipation
efficiency to protect the photosynthetic organs of rice seedlings. The two aforementioned
treatments had slightly different effects on parameters such as the quantum yield and
flux ratio of the electron transport chain in the two rice varieties, but the overall trends
converged. However, the effects of the -P-Fe and -P-Fe-Zn treatments on the quantum yield,
flux ratio, and PIagg of the two rice varieties differed; the performance of the CB9 cultivar
was significantly better than that of the B]1 cultivar.
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Figure 9. Effect of P, Fe, and Zn and their combined deficiencies on the specific fluxes membrane
model in rice seedlings. ABS/RC: Absorbed photon flux per active PSIL. TRy /RC: Trapped energy flux
per active PSII. ET/RC: Electron flux from Q4 ~ to the PQ pool per active PSII. DIy/RC: Dissipated
energy (as heat and fluorescence) flux per active PSII. REq/RC: Electron flux from Qa ~ to the final
electron acceptors of PSI per active PSIL. Note: The model has been slightly modified and we have
added the indicator RE;/RC. Bars represent the mean + SD (n = 6). Different lowercase letters
on the same symbol indicate significant differences between treatments of the same cultivar at the
p <0.05 level.

3.5. Correlation between Growth Parameters and Photosynthesis-Related Indicators

As shown in Figure 10, the dry matter of rice seedlings was significantly correlated
with photosynthesis-related indicators such as total Chl content, V¢ max, Jmax, quantum
yield (¢po, @0, and @Rro), flux ratios (Ygo, Pro), RC/ABS, and Plags. All indicators in
Figure 10 show a highly significant positive correlation, except for the heat dissipation ratio
(¢po), which shows a highly significant negative correlation with the other indicators. Both
varieties were consistent.
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Table 1. Effect of P, Fe, and Zn and their combined deficiencies on important parameters of the photosystem of rice leaves.

Cultivar Treatments Fol/Fy ®ro PEo ®Do PRo PEo PRo JRo RC/ABS Plgs
CK 5324+0.10a 0.81 £ 0.00 a 057 £0.01a 0.19 + 0.00 d 028+0.0la 070+00la 034+0.02a 049+0.02ab 0.87+0.02a 8.88+048a
-Zn 492+ 0.17b 080+0.0lab 050+£001b 020+£001cd 026+0.02b 0.63+0.01b 0.33+0.03a 0.52 £0.04a 0.68 +£0.04b 458+ 0.34b
-P 4.66 +0.13 ¢ 0.79 £0.01b 0.49 +0.00 ¢ 021 +0.01c¢ 0.18+0.01c 062+0.01b 0234+0.01Db 0.37 £ 0.02 ¢ 070+ 0.03b 4.21+0.28c¢
CB9 -Fe 1.62 +0.04 £ 0.38 +£0.01d 0.07+0.01g 0.62£0.01a 0.02+0.00f 0.18+0.02e 0.05+0.01e 0.30 + 0.07 cd 0134+0.01e 0.024+0.00g
-P-Fe 3.81+031d 0.74 £0.02 ¢ 0.34 £0.01e 0.26 £0.02b 0.08+0.01e 046+0.02d 0.1140.02d 0.254+0.04d 057 +0.05¢ 1.36+0.21d
-P-Zn 3494+ 0.07e 0.71+0.01 ¢ 032+ 0.01f 029+ 0.01b 0.12+0.01d 0454+001d 0.17+0.01c 038+ 0.02bc 0504+0.02d 1.044+0.07f
-Fe-Zn 1.59 £ 0.11 ¢ 0.37 £0.04d 0.04 £0.01h 0.63 £0.04a 0.02 £ 0.01f 0.10+0.02f 0.05+0.02e 055+021a 0124+0.01e 0.014£0.00g
-P-Fe-Zn 3.77 £0.16d 0.73 £0.01 ¢ 0.39 £0.00d 027 +£0.01b 0.09+001e 053+001c 0.1240.02d 0.23 +0.03d 0524+0.02d 1.66+0.05¢e
CK 522+ 0.03a 0.81 +0.00 a 0.56 + 0.01 a 0.19+0.00d 030+£0.02b 070+0.01a 0.37+0.02b 0.53 +0.03b 0.84 £0.03a 814+0.64a
-Zn 520+0.10a 0.81 £ 0.00 a 057 £0.01a 0.19 + 0.00 d 0314+0.01la 070£00la 039£0.01a 0.55+0.02b 0.81+0.02b 8.024+0.60a
-P 411+ 0.12b 0.76 £ 0.01b 0.35 £0.01c 0.24 £0.01c 0134+0.01d 0474+0.01c 0.17+£0.01d 0.36 £0.02 ¢ 057 +£0.04d 1.564+0.14c¢
BJ1 -Fe 2.00 + 0.05c 0.50 +0.01 ¢ 0.05+0.00 e 0.50 +0.01b 0.04 £0.01e 011+0.01e 0.07+001le 0.68 +0.10a 0.20 £0.02e 0.02+£0.00d
-P-Fe 2.08 £ 0.09 c 0.52 +0.02¢ 0.04 + 0.00 f 048 +0.02b 0.03+0.00e 0.07+0.01f 0.05+ 0.01 f 070+ 0.10a 022+ 0.0le 0.02+0.00d
-P-Zn 4.06 +0.15b 0.754+0.01b 042 +0.01b 0.25+0.01c 0.154+0.02¢c 055+0.02b 0.20£0.02 ¢ 0.37 £0.03 ¢ 061 +001c 229+0.17b
-Fe-Zn 1.75+0.15d 043+0.05d 0.05+0.00 e 0.57 £ 0.05a 004 +£0.0le 012+0.02e 0.08+001e 071 +£0.17 a 0.16 £0.02f 0.024+0.00d
-P-Fe-Zn 1.80 + 0.07 d 044 +0.02d 0.08 +0.01d 0.56 £ 0.02 a 0.03+0.00e 0.18+0.03d 0.07+0.01e 0.41 +£0.07 ¢ 020+ 0.03e 0.04 +£0.00d

Fo/Fy: the ratio of photochemical to non-photochemical quantum efficiency. @p,: maximum quantum yield for primary photochemistry. ¢g,: quantum yield for electron transport (ET).
@Ppo: quantum yield (at t = 0) of energy dissipation. ¢r,: quantum yield for reduction of the end electron acceptors at the PSI acceptor side (RE). ipg,: efficiency with which a PSII trapped
electron is transferred from QA ™~ to PQ. ¢r,: efficiency with which a PSII trapped electron is transferred to final PSI acceptors. Jr,: probability that an electron is transported from the
reduced intersystem electron acceptors to the final electron acceptors of PSI (RE). RC/ABS: reflects PSII active reaction center concentration. PIaps: performance index (potential) for
energy conservation from photons absorbed by PSII to the reduction in intersystem electron acceptors. Means + SD are shown (n = 6). Different lowercase letters in the same column on
the table indicate significant differences between treatments of the same cultivar at the p < 0.05 level.
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Figure 10. Pearson’s correlation of rice seedling growth parameters with photosynthesis-related
indicators (n = 3). (A,B) are CB9 and BJ1 cultivar, respectively. ** indicates a significant difference at
the level of p < 0.01.

4. Discussion

An effective supply of nutrients is essential for plant growth and development; how-
ever, deficiencies and imbalances of nutrients are common in plant growth. Research on
nutrient deficiencies has focused on single nutrients, and in addition to limiting plant
growth, single-element deficiencies are often accompanied by specific biological phenom-
ena [4,15]. For example, the plants are short, thin, and tufted (-P); have shortened leaf-pillow
spacing (-Zn); and the leaves are fading green (-Fe) (Figure 1A,B). Chl a fluorescence is
a probe for the study of photosynthesis, and information on the photosynthetic electron
transport chain can be obtained from Chl fluorescence-induced kinetic curves, using Chl
fluorescence to identify and assess single deficiencies of multiple nutrients in maize, tomato,
and oilseed rape plants [10,31-34]. These studies demonstrate the effectiveness of the Chl
fluorescence technique in identifying plant nutrient deficiencies. This study is the first
attempt to use JIP-test analysis to explore the effects of P, Fe, Zn, and their combined
deficiency on photosystem II performance in rice. The limitation of photosynthetic carbon
assimilation was explored to improve the understanding of the effect of elemental combi-
nation deficiency on photosynthetic properties of rice seedlings. Nutrient deficiencies can
directly or indirectly cause changes in plant growth and development. These changes are
thought to explore adaptive strategies for improving access to deficient elements, but the
physiological and biological relevance to plants when deficient in one or more elements is
still poorly understood [19]. Chaiwong et al. [4] found that P, Fe, and their combination
deficiency all reduced the fresh weight of rice seedlings (SPR1 varieties). Saenchai et al. [35]
found that -Fe, -P- Fe, -P-Zn, -Fe-Zn, and -P-Fe-Zn all reduced the dry weight of rice
seedlings, -P had no effect on dry weight, and -Zn significantly increased it. In this study,
the deficiency of P, Fe, Zn, and their different combinations resulted in different changes in
the dry weight of rice seedlings, which was not entirely consistent with previous studies.
This may be related to the cultivar of rice. Overall, iron deficiency had the strongest single
nutritional impact on rice seedling biomass, and zinc deficiency had the weakest ability to
limit rice seedling biomass. Saenchai et al. [35] also concluded that iron deficiency has the
strongest single nutritional impact on biomass. This could be due to -Fe-induced chlorosis,
which limits photosynthesis as well as dry matter accumulation. Additionally, the latest
studies suggest that -Fe-induced yellowness is based on the presence of P, which further
supports the results of our experiments [12]. However, the -Zn, -P, and -P-Fe (CB9 cultivar)
treatments did not significantly reduce total Chl content. This may be due to the fact
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that P, Fe, and Zn have different transit pathways and different interactions between the
elements, different demand times, and different roles in various physiological metabolic
pathways, such as photosynthesis and the antioxidant system in rice, but elemental defi-
ciencies all cause varying degrees of disruption to normal rice metabolism [12,15,16,24].
In most cases, simultaneous deficiencies of multiple elements are more harmful to plants
than single-element deficiencies [19]. For example, the -Fe-Zn-treated rice seedlings in
the two varieties in this trial performed worse or insignificantly relative to the -Zn or -Fe
treatments. This may be due to the extensive involvement of Fe and Zn in the synthesis of
antioxidant enzymes and in the redox processes of the enzymes of glutathione metabolism,
with the simultaneous deficiency of both causing greater damage to the plant antioxidant
system than the individual deficiencies [16,36]. However, some studies have found that
deficiencies in both elements may alleviate the harm caused by a single-element deficiency.
For example, -P-Fe-treated plants can alleviate the limitations caused by Fe deficiency [4,35].
Similar results were observed in this study. The growth performance of rice seedlings in
the -P-Fe and -P-Fe-Zn treatments was significantly better than that in the -Fe treatment
in the CB9 cultivar, and the dry matter performance of both types of rice seedlings in the
-P-Zn treatment was better than that in the -P treatment. However, the mitigating effect
of -P-Fe on -Fe was not evident in BJ1. This may be because the interaction between the
elements is also somewhat related to cultivar and may be related to the various sensitivities
of the cultivar to the elements.

Because P, Fe, Zn, and their combined deficiency limit photosynthetic carbon assimila-
tion (V¢,max, Jmax, and the maximum net photosynthetic rate at stability were all reduced,
Figure 3) in seedling leaves to varying degrees, Chl fluorescence was measured in rice
seedlings to improve the understanding of the effects of each deficiency on photosynthetic
properties. Fy/Fy can be used as an indicator of photoinhibition, reflecting the maximum
quantum yield of the primary photochemistry [37]. Kalaji et al. [33] found that -Fe and
-Zn reduced the Fy/Fy values of maize and tomato but -P did not significantly reduce
the Fy/Fy values. Fy/Fy and the ratio of photochemical to non-photochemical quantum
efficiency (Fy/Fo) in this study showed the same trend (Figure 4B,D, Table 1), indicating
that all treatments (except -Zn) caused photoinhibition of the uppermost spreading leaves
of rice seedlings [38]. However, the overall photosynthetic characteristics (V¢ max, Jmax,
Figure 3C,D) of -Zn treated rice seedlings were inhibited, along with the morphology and
dry matter (Figure 1). This may be because, under -Zn treatment, rice transports Zn ele-
ments from the older leaves to the newer leaves [39], resulting in the uppermost unfurling
leaves not showing significant photoinhibition.

Standardized fluorescence kinetic curves can reflect the implicit features of Chl fluo-
rescence rise kinetic OJIP curves and quantify PSII behavior/activity using JIP-test anal-
ysis [28]. To describe the effect of the lack of -P, -Fe, -Zn, and their combinations on Chl
fluorescence kinetics in detail, we analyzed the normalized fluorescence kinetic curves in
phases. The presence of a positive Wok (L band, Figure 6A,C) indicates weak connectivity
between adjacent PSII at the level of the antenna complex [40]. In this study, all other
treatments (except the -Zn treatment as well as the -P treatment for CB9 species and the
-P-Zn treatment for BJ1 species) reduced the connectivity of PSII antenna complexes. The
-Fe and -Zn-Fe treatments of the two varieties and -P-Fe and -P-Fe-Zn treatments of the
BJ1 cultivar caused the greatest disruption to the connectivity of the PSII antenna complex.
Elemental deficiencies may affect the structure of vesicle-like membranes and reduce the
transfer of excitation energy between adjacent photosynthetic units [40]. Further analysis
of the K points showed that all treatments (except for the BJ1 cultivar) were limited in their
performance on the donor side, especially the -Fe and -Fe-Zn treatments for both varieties
and the -P-Fe and -P-Fe-Zn treatments for the BJ1 cultivar, which were the most limiting
in their performance on the donor side. Part of the reason for this result is due to nutrient
deficiencies and partial inactivation of the OEC, reducing the rate of electron transfer on the
donor side [31,34]. The extent of damage to the OEC was also supported by the reduction
in [OEC] (Figure 7B,D). Another part of the cause may be due to the accumulation of reac-
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tive oxygen species caused by electron leakage due to the inhibition of PSII electron flow
outside Qp [30]. In addition, the -Fe and -Fe-Zn treatments of two varieties and the -P-Fe
and -P-Fe-Zn treatments of the BJ1 cultivar damaged the PSII receptor side performance
(V) more severely than treatments such as -P and -P-Zn. This is also evidenced by the
reduction in g, and Pgo. This not only leads to an amplitude reduction close to 1 for Woy
> 1 but also to the near disappearance of the IP phase (Figure 8B,D). This suggests that
the aforementioned treatment not only leads to a reduction or disruption of the electron
acceptor pool at the end of the PSI receptor side but also breaks electron transport beyond
Qa4 in the PSII electron transport chain [30]. This probably occurs because Zn is a structural
stabilizer, and Fe is an essential metal with redox activity [16]. Zn or Fe deficiency can
damage the electron acceptor pool, which may also be related to the characteristics of the
cultivar [4,20,41]. Studies have shown that -P-Fe can mitigate damage caused by -Fe [35].
However, in this study, the two varieties did not perform equally well against simultaneous
P and Fe combined deficiency, with the -P-Fe treatment of CB9 performing significantly
better than -Fe. By contrast, the differences between the -P-Fe and -Fe treatments of the BJ1
cultivar were nonsignificant, probably because of the cultivar.

The membrane model reflects the energy flow per reaction center in PSII. Further
analysis of the biofilm energy flow revealed that prolonged vegetation-deficient incubation
led to the deactivation of some reaction centers (lower RC/ABS, Table 1), increasing the
energy absorbed and captured per reaction center (Figure 9). Under -Fe, -Fe-Zn, and
BJ1 species of -P-Fe and -P-Fe-Zn treatments, more energy is absorbed by each reaction
center, but less of this energy is used for transfer and most of it is used for heat dissipation
(Figure 9). This enhancement of heat dissipation by regulating the deactivation of reaction
centers, which allows leaves to reduce photo-oxidative damage and avoid excessive light
energy absorption, is a self-protective mechanism in plant photosynthesis [34]. This is
the main reason for the reduction in energy capture, transfer efficiency, and REy/RC
values. In particular, the values of ¢p,, @Eo, PEo, and o, were significantly lower (Table 1),
suggesting that the PQ exchange capacity at the Qg site and the PQH?2 reoxidation capacity
were reduced, and the quantum yield for electron transfer from both Q4 ™ to the electron
transfer chain beyond Qa ~ and from Q4 ~ to the reduced electron acceptor at the end of
the PSI receptor side was severely limited [37].

Pl zps reflects the overall performance of PSII. It is generated from three components:
yrc/ (1 — yre) (PSII active reaction center concentration, yrc/(1 — yrc) = RC/ABS),
¢ro/ (1 — ¢po) (primary photochemical reactions), and ¢g,/(1 — @go) (electronic transmis-
sion). Any significant decrease in the PIogs values can be attributed to changes in these
three parameters [42]. Kalaji et al. [33] considered in a single-nutrient deficiency diagnosis
study using chlorophyll fluorescence parameters in maize and tomato that PIogs and Pli,,)
(a measure for the performance up to the reduction of PSI end-electron acceptors) could
reflect the response to nutrient deficiency in both species, and especially Ply, could be
used as a parameter to monitor the effect of nutrient deficiency on PSI. Our data suggest
that in this study, although PIaps decreased to varying degrees for each of the deficiency
treatments, the reasons for the decrease varied. By comparing the magnitude of the reduc-
tion in these three parameters, we found that the reduction in RC/ABS was the main reason
for the reduction in PIsgs in the Zn treatment in both rice varieties. g, and RC/ABS were
the main reasons for the reduced PIABS for -P, -P-Fe, and -P-Fe-Zn in the CB9 cultivar and
the -P-Zn treatment of the BJ1 cultivar. The reduction in PIABS values for the remaining
treatments was not only influenced by the reduction in {pg and RC/ABS but also by the
reduction in @p, values. In particular, the -Fe-Zn treatment exhibited the most pronounced
performance, with the lowest overall PSII performance. In addition, the decrease in Plsps
values for the -P-Fe and -P-Fe-Zn treatments of the CB9 cultivar was lower than that of the
-Fe treatment, which we attribute by comparison and analysis to the increased RC/ABS
(Table 1). Nam et al. [12] showed that under -P-Fe treatment, plants maintained a green
phenotype by regulating the transport of chloroplast ascorbic acid to scavenge reactive
oxygen species. This may be the reason why the PSII of CB9 maintained a higher active
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reaction center density, promoting an increase in ¢p,, resulting in higher PI5gs values for
the CB9 cultivar under -P-Fe, as well as -P-Fe-Zn, than for -Fe. The BJ1 cultivar did not
show a similar trend, probably because of cultivar-specific characteristics.

5. Conclusions

In summary, deficiencies of P, Fe, Zn, and their combinations inhibited the growth and
photosynthetic characteristics of rice seedlings, and the two varieties showed commonalities
and differences. The degree of inhibition of rice seedling growth by the different elements and
their combinations was approximately -Zn < -P-Zn < -P < -P-Fe < -P-Fe-Zn < -Fe-Zn = -Fe,
with the BJ1 cultivar showing no significant differences in the -P-Fe, -P-Fe-Zn, -Fe-Zn,
and -Fe conditions. In terms of affecting photosynthetic characteristics of the uppermost
spreading leaves of seedlings, the reduction in the concentration of active reaction centers
under the -Zn treatment was the main reason for the suppression of the overall performance
of PSII. The -P treatment reduced the concentration of the active reaction centers and
inhibited electron transport. The -P-Zn treatment was more severely disruptive than the -P
treatment, and the primary photochemical reaction of the rice seedlings was also inhibited.
The -Fe and -Fe-Zn treatments most severely inhibited photosynthesis in seedling leaves,
reducing the concentration of active reaction centers and disrupting the energy transfer
connectivity of antenna pigments with the PSII active reaction center. This resulted in
extremely inefficient energy uptake and transfer from the PSII reaction centers, leaving less
electron flux per reaction center to reach and reduce the PSI-terminal electron acceptors. In
addition, the maximum carboxylation efficiency V¢ max and the maximum electron transfer
rate [max during carbon assimilation were severely inhibited, severely suppressing the
photosynthetic characteristics of seedlings; a similar phenomenon was observed for the
-P-Fe and -P-Fe-Zn treatments of the BJ1 cultivar. Unlike the BJ1 cultivar, the -P-Fe and -P-
Fe-Zn of the CB9 cultivar increased the density of active unit reaction centers, mitigating the
extent of electron transport chain disruption and alleviating the limitation of Fe deficiency,
which was probably due to the regulation of -P and -Fe. These data provide insights into the
effects of multiple-nutrient deficiencies on the photosynthetic physiology of rice seedlings.
It helps to enhance the understanding of the complex relationship between nutrient balance
and photosynthesis, especially for P, Fe, Zn, and their combined deficiencies. It also
provides some theoretical basis for identifying combined-nutrient deficiencies by rice
phenotype and chlorophyll fluorescence.
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Appendix A

Table A1. Technical fluorescence parameters.

Technical Fluorescence Parameters

F

FO = FZOus
Fr = Fi50us
Fx = F300us
F] = F2ms
FI = F3Oms
Fm (=Fp)

Vi=(Ft — Fo)/(Fm — Fo)

Vy=(Fy — Fo)/(Fm — Fo)

Wy = (F1s0us — Fo)/(FL — Fo)
Wk = (Faoous — Fo)/(Fj — Fo)
Woyj = (Ft — Fo)/(Fj — Fo)

Wor = (Ft — Fo)/(F1 — Fo)
Quantum efficiencies or flux ratios
(ppo = TR()/ABS =1- FO/FM

$ro =ETg/TRy =1 —Vj

950 = ETo/ABS = (1 — Fo/Fyp) (1 — V)
$Do = 1-¢po = Fo/Fm

@Ro = REg/ABS = ¢p,ePro®dR, = @poe(l — V1)
Pro = REg/TRg = g, 80g, =1 — V1

0Ro =REp/ETg=(1 — Vp)/(1 — Vy)

Specific energy fluxes (per Qa reducing PSII
reaction centre-RC)

ABS/RC = My(1/Vy)(1/ ¢po)

TRy/RC = M(1/V))

DIy /RC = ABS/RC-TRy/RC

ETo/RC = My(1/Vy)(1 - V)

RE(/RC = Mo(1/Vy)(1 — Vy)

Performance indexes

PIags = Yrc(l — YRC)®PPo(1 — ¢po)ePEo(1 —

fluorescence at time t after onset of actinic illumination

minimal fluorescence, when all PSII RCs are open

fluorescence intensity at the L step (150 ps) of OJIP

fluorescence intensity at the K step (300 ps) of OJIP

fluorescence intensity at the J step (2 ms) of OJIP

fluorescence intensity at the I step (30 ms) of OJIP

maximal recorded fluorescence intensity, at the peak P of OJIP
relative variable fluorescence at time t

relative variable fluorescence at the J step

relative variable fluorescence at the L step to the amplitude Fx — Fo
relative variable fluorescence at the K step to the amplitude F; — Fg
ratio of variable fluorescence Ft — Fg to the amplitude Fj — Fo
ratio of variable fluorescence F; — Fg to the amplitude F; — Fp

maximum quantum yield for primary photochemistry

Efficiency with which a PSII trapped electron is transferred from Qa ~ to PQ
quantum yield for electron transport (ET)

quantum yield (at t = 0) of energy dissipation

quantum yield for reduction of the end electron acceptors at the PSI acceptor
side (RE)

Efficiency with which a PSII trapped electron is transferred to final

PSI acceptors

probability that an electron is transported from the reduced intersystem
electron acceptors to the final electron acceptors of PSI (RE)

Absorbed photon flux per active PSII

Trapped energy flux per active PSII

Dissipated energy (as heat and fluorescence) flux per active PSII

Electron flux from Q4 ~ to the PQ pool per active PSII

Electron flux from Q4 ~ to the final electron acceptors of PSI per active PSII

performance index (potential) for energy conservation from photons absorbed
by PSII to the reduction of intersystem electron acceptors

PEo) = (RC/ABS)egpo(1 — ¢po)eiEo(1 — PEo)

Subscript “0” (or “o” when written after another subscript) indicates that the parameter refers to the onset of
illumination, when all RCs are assumed to be open.
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