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Abstract
Nitrate nitrogen (NO3

−) and ammonium N (NH4
+) are the two main forms of nitrogen (N). The effects of the NO3

−:NH4
+ ratio 

(0:100, 25:75, 50:50, 75:25, and 100:0) in the nutrient solution on growth, pigment content, photosynthetic parameters, chlo-
rophyll (Chl) precursor content, and chloroplast mitochondrial ultrastructure of lettuce leaves were evaluated to determine the 
appropriate N ratio for the growth of lettuce. The results showed that a ratio of nitrate to ammonium of 75:25 compared with 
the single N form resulted in significantly higher fresh weights in the shoots and the lower parts of the lettuce. The growth 
rate, as indicated by the CO2 response curve, was increased because of the carboxylation efficiency and dark respiration rate 
(Rday) of the lettuce seedlings, and the difference between the light compensation point and CO2 compensation point was 
reduced under single nitrate N treatment. The contents of δ-aminolevulinic acid (ALA), porphobilinogen, uroporphyrino-
gen III, protoporphyrin IX, and Mg-protoporphyrin IX in seedlings at 75:25 nitrate:ammonium were higher than those in 
seedlings under the other treatments. The contents of Chl a and b were also the highest when the ratio of nitrate ammonium 
was 75:25. The chloroplast structure of lettuce leaves was intact, the cell membrane was completely closed to the cell wall, 
and the organelles were closely arranged on the cell membrane. The chloroplast was spindle-shaped and full of vesicles. 
The whole mitochondria were rich, the base particles were rich, the base granules were clear and rich, and the mitochondria 
exhibited the overall best state with a complete structure, rich sputum, and dense inclusions. The above results show that the 
nutrient solution with a ratio of nitrate to ammonium of 75:25 was more conducive to Chl synthesis and the promotion of 
photosynthesis and root growth in lettuce seedlings than the other treatments. The single nitrate N nutrient solution reduced 
Chl synthesis and photosynthesis in lettuce seedlings, while the single ammonium N nutrient solution affected the growth 
of lettuce seedlings, resulting in lower growth of lettuce shoots and roots. Therefore, the nutrient solution ratio of nitrate to 
ammonium of 75:25 is the most suitable for the lettuce seedling growth.
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1  Introduction

Lettuce (Lactuca sativa L.) belongs to the genus Heliconia 
and is an annual or biennial herb that is also called leaf let-
tuce because the leaves are its edible parts (Ferreres et al. 
1997). Soilless culture includes substrate cultivation and 
hydroponic culture, both of which are free of the constraints 
of traditional land-based agricultural production and have 
the characteristics of saving water, fertilizer, and labour; pro-
ducing high yields; and reducing pollution (Wahome et al. 
2011).

In the past few decades, with the increase in global food 
production, the use of nitrogen (N) fertilizer has gradually 
increased, and excessive application of N fertilizer and 
soil N contents have a certain impact on crops (Singh and 
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Sekhon 1990). Different N application rates have different 
effects on plants. Appropriate N application can promote 
plant growth, crop yield, and quality (Cai et al. 2012); an 
inappropriate N application rate to plant crops not only does 
not have a growth-promoting effect but also has an inhibi-
tory effect to a certain degree, and excessive N use can also 
cause environmental pollution (Rios-Gonzalez et al. 2002). 
N sources are mainly divided into nitrate N (NO3-N) and 
ammonium N (NH4-N) (Miflin and Habash 2002). Crops 
differ in metabolic processes such as absorption, storage, 
transportation, and assimilation (Sun et al. 2016), which 
affect the physiological and biochemical metabolism of 
plants. Plants have different ways of absorbing N in its two 
forms. The absorption of NO3-N is an active process (Glass 
et al. 1992), while the absorption of NH4-N is divided into 
the reverse transport of NH4

+ and H+ and the absorption 
of NH4

+ protons in the form of NH3 (Mengel and Kirkby 
1982). The two forms of N have different effects on plants, 
but studies have found that nutrient solutions with mixtures 
of the two N forms are superior to single-form nutrient solu-
tions (Roosta and Schjoerring 2008).

Photosynthesis is a biological process in which plants (as 
well as photosynthetic bacteria) convert light energy into 
chemical energy that can be used in life processes to synthe-
size and effectively accumulate organic matter. Enhancing 
photosynthesis is an effective means to improve vegetable 
yield and quality (Müller et al. 2001). N affects chloro-
plasts, photosynthesis, photorespiration, dark respiration, 
and enzyme synthesis and can directly or indirectly affect 
photosynthesis (Guo et al. 2007a). Chlorophyll (Chl) is a 
tetrapyrrole macrocyclic molecule containing Mg2+, phytol 
chains, and characteristic closed loops (Tanaka and Tanaka 
2007). In plants, Chl is the most abundant tetrapyrrole and 
acts as a photosynthetic pigment to harvest light energy and 
transfer the absorbed energy to the reaction centre where 
charge separation occurs (Fromme et al. 2003). N greatly 
influences Chl accumulation and is an essential element for 
plant growth. Lack of N causes leaves to shrink, which in 
turn affects Chl (Huang et al. 2004).

Chloroplasts are structures that absorb light energy in 
cells and are used for photosynthesis. Mitochondria are 
structures that make energy in cells and are the main site of 
cellular respiration. The ultrastructure of chloroplasts and 
mitochondria can reflect the growth of plants (Talla et al. 
2011). In a suitable growth environment, the cell membrane 
completely adheres to the cell wall, and the organelles are 
closely arranged on it. The chloroplast should be spindle-
shaped, full of vesicles, rich in granules, and clear (Wang 
et al. 2016). The mitochondria are structurally intact, rich 
in internal organs, and dense in inclusions (Lage-Pinto et al. 
2008).

Lettuce is one of the most widely used vegetables in 
hydroponic culture worldwide, necessitating the study of the 

appropriate N ratio in the nutrient solution under graduated 
hydroponic culture (Kimura and Rodriguez-Amaya 2003). 
Previous studies on the growth of crops with different ratios 
of N forms have been reported for gerbera (Savvas 2001), 
tomato (Claussen 2002), and rice (Britto and Kronzucker 
2004). However, there are few reports on the changes in 
Chl precursor content, photosynthesis, and the cell ultras-
tructure in lettuce under different N ratios. In this paper, a 
hydroponic method was used to study the growth, pigment 
content, light response curve, CO2 response curve, photo-
synthetic parameters, Chl precursor content, and chloroplast 
and mitochondria characteristics of seedling leaves under 
different N forms. The influence of the microstructure in 
determining the appropriate N ratio for the growth of lettuce 
was studied as a reference for high-yield, high-quality, and 
N-efficient synergy. In addition, determining the appropriate 
N ratio for lettuce growth provides theoretical and technical 
information for the corresponding physiological mechanism 
of N use.

2 � Materials and methods

2.1 � Plant materials and treatments

The experiment was conducted under hydroponic condi-
tions. The seeds of ‘No. 1 Beisansheng’ lettuce (L. sativa 
L.) (provided by the Beijing University of Agriculture and 
the Beijing Leaf Vegetable Innovation Team) were placed 
in Petri dishes for germination. After 24 h of germination, 
the germinated seeds were placed in a sponge block, which 
was placed in a light incubator. The light cycle was 14 h/10 h 
(day/night), and the relative humidity was controlled at 75%. 
The light intensity was 800 μmol m−2 s−1. When the seed-
lings had three leaves and one heart (2 weeks), strong seed-
lings of similar size were transplanted into the 10-L hydro-
ponic device, and the water was slowed for 3 days. Hoagland 
nutrient solution was applied (see Table 1 for recipe details).

The five treatments were defined as follows: T1, 
NO3-N:NH4-N ratio of 0:100; T2, NO3-N:NH4-N ratio of 
25:75; T3, NO3-N:NH4-N ratio of 50:50; T4, NO3-N:NH4-N 
ratio of 75:25; and T5, NO3-N:NH4-N ratio of 100:0.

For each of the 16 strains, samples were taken every 2 
days from the start of the treatment, that is, samples were 
taken at 0, 2, 4, 6, and 8 days, and morphological index 
measurements were performed on the samples taken on the 
8th day.

2.2 � Measurements of plant physiological 
characteristics

Samples were taken on the 8th day of the test. Each of 
the samples comprised five plants of the same size with 
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moderate growth. The roots were washed with deionized 
water and wiped clean, and the aboveground and below-
ground parts were sampled separately. The fresh weight of 
the belowground part of the lettuce sample was measured, 
and the root length was measured. Subsequently, the test 
sample was placed in an electrothermal constant temperature 
drying oven (DHG-9245A, YiHeng, Shanghai, China) at 
105 °C for 30 min and dried at 75 °C until reaching constant 
weight, and the dry weight of the sample was measured. The 
water content, root-to-shoot ratio, and dry and fresh weight 
of the lettuce were calculated.

2.3 � Photosynthetic index

The photosynthetic index of the lettuce was measured by a 
portable photosynthetic apparatus (CIRAS-3, PP Systems, 
Massachusetts, Amesbury, USA) on the 8th day of treatment 
from 8:00 to 11:30 AM. The leaf chamber temperature was 
set at 25 ± 1 °C, the relative humidity was set at 75–80%, and 
the effective photosynthetic photon flux density (PPFD) was 
controlled by an instrument and was set to 2000, 1800, 1600, 
1400, 1200, 1000, 800, 600, 400, 200, 150, 100, 50, 0 μmol 
m−2 s−1. The net photosynthetic rate (Pn) of the sample was 
measured under each light intensity, and the PPFD was taken 
as the abscissa and Pn as the vertical coordinate in the light 
response curve to obtain the apparent quantum efficiency 
(AQY), light compensation point (LCP), and dark respira-
tion rate (Rday) (Lu et al. 2012).

Using a closed gas path, the CO2 concentration was set 
to 1800, 1600, 1400, 1200, 1000, 800, 600, 400, 300, 200, 
150, and 100 at 1000 μmol m−2 s−1 light intensity. A Pn of 
50 μmol m−2 s−1 was measured, and the Pn-Ci curve was 
prepared with the intercellular CO2 concentration (Ci) as 
the horizontal axis, and the carboxylation efficiency (CE) 

and CO2 compensation point were obtained. Five seedlings 
were randomly selected for each treatment, and the leaves 
used for detection were the third true leaf from the first true 
leaf of each plant. When the instrument value became sta-
ble, it was recorded and selected at 800 μmol m−2 s−1. The 
data described in the following sections were recorded under 
this light intensity, and the Pn, stomatal conductance (Gs), 
Ci, and transpiration rate (Tr) were measured and averaged 
(Farquhar and Sharkey 1982).

2.4 � Pigment index

The leaves of the seedlings were sampled 8 days after the 
treatments began. Ethanol (95%) and acetone were mixed at 
a ratio of 1:2 to ensure complete Chl extraction in the sam-
ples. The samples were completely immersed in the mixture 
and protected from light overnight. After the extraction, the 
mixture to be tested was measured at absorbances of 645, 
663, and 470 nm, and the contents of Chl a and b, total Chl, 
and carotenoid were calculated by the formula (Qin et al. 
2017).

2.5 � Chl precursor substance content index

The Chl precursor content was determined by measur-
ing 0.5 g of 0-, 2-, 4-, 6-, and 8-days-old seedlings. The 
δ-aminolevulinic acid (ALA) content was determined 
according to the method of Mauzerall and Granick (1956). 
Four milliliters of 4% trichloroacetic acid extract was added 
to 0.4 g of the leaves, thoroughly ground, and centrifuged 
at 12,000 rpm for 10 min. Took the extract, added 1 mL of 
1 mol L−1 sodium acetate and acetylacetone, boil water for 
10 min, then cool to room temperature, then centrifuge at 
12,000 rpm to take the supernatant, took 2 mL of superna-
tant and added 2 mL of Ehrlich-Hg reagent to the developer, 
in the dark. Fifteen minutes after the reaction, the absorb-
ance was measured at 553 nm.

The porphobilinogen (PBG) content was determined 
according to the method of Bogorad (1962). Weighed the 
leaves 0.2 g, ground the liquid N, add 4 mL extraction buffer 
(0.6 M Tris, 0.1 M EDTA, pH = 8.2), and then homogenized 
them, centrifuged at 12,000 rpm for 10 min, and took 2 mL 
of supernatant to added 2 mL of Ehrlich-Hg, was reacted for 
15 min in the dark, the absorbance was measured at 553 nm.

Urinary protoporphyrin III (Uro III) content was deter-
mined by the method of Bogorad (1962). Weighed the leaves 
0.2 g, added 4 mL (0.067 M, pH = 6.8) phosphate buffer 
extract, centrifuge at 12,000 rpm for 10 min, take 3 mL 
supernatant, added 180 μl Na2S2O3 solution (1%), violently 
shook, illuminate for 20 min. Added glacial acetic acid to pH 
3.5, extract with ether 3 times, and measure the absorbance 
of water at 405.5 nm after combining.

Table 1   Hydroponic nutrient solution N distribution ratio

Nutrient composi-
tion (mmol L−1)

NO3-N:NH4-N

0:100 25:75 50:50 75:25 100:0

NaNO3 0 1.25 2.5 3.75 5
NH4Cl 5 3.75 2.5 1.25 0
K2SO4 1 1 1 1 1
MgSO4 0.36 0.36 0.36 0.36 0.36
CaCl2 2H2O 0.33 0.33 0.33 0.33 0.33
NaH2PO4 0.25 0.25 0.25 0.25 0.25
CuSO4 5H2O 0.016 0.016 0.016 0.016 0.016
ZnSO4 7H2O 0.015 0.015 0.015 0.015 0.015
MnCl 4H2O 0.01 0.01 0.01 0.01 0.01
FeCl3 0.008 0.008 0.008 0.008 0.008
C2H2N4 0.007 0.007 0.007 0.007 0.007
Na2MoO4 2H2O 0.005 0.005 0.005 0.005 0.005
H3BO3 0.002 0.002 0.002 0.002 0.002
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Proto IX and Mg-protoporphyrin IX (Mg-proto IX) con-
tents were determined according to Hodgins and Van Huys-
tee (1986).

For Ehrlich-Hg, 1 g of p-dimethylaminobenzaldehyde 
was dissolved in 30 mL of glacial acetic acid, 8 mL of 70% 
perchloric acid was added and diluted to 50 mL with glacial 
acetic acid, and 0.2 g of HgCl2 was added. This can be stored 
in a refrigerator at 4 °C for a long time.

Acetate buffer (pH 3.5): Took ammonium acetate 25 g, 
added 25 mL of water to dissolve, added 38 mL of 7 mol 
L−1 hydrochloric acid solution, accurately adjust the pH 
value with 2 mol L−1 hydrochloric acid solution or 5 mol 
L−1 ammonia solution To 3.5, diluted to 100 mL with water.

2.6 � Chloroplast and mitochondrial ultrastructure

On the 8th day, seedling leaves (3rd leaf from the top) from 
the different treatment groups were randomly selected for 
electron microscopy. The leaves were washed with phos-
phate-buffered saline (PBS) and cut with blades on both 
sides of the main veins of the leaves. A 1 × 1-mm tissue 
block was immediately placed in a 3% glutaraldehyde fixa-
tive (ZB-S1040, Zhongxingbairui, Beijing, China), pumped 
to the blade with a manual air pump, and fixed at room tem-
perature for 2 to 4 h. After that, keep the cut blade tissue 
block in a 4° C refrigerator for use. Samples were rinsed 
eight times with 0.1 M PBS with a pH of 7.2 for 10 min; 
fixed with citrate for 1 h; rinsed with PBS three to four 
times, each time for 10 min; dehydrated with an ethanol 
gradient at concentrations of 30%, 50%, 70%, 80%, 90%, 
95%, and 100% three times, for 10 min each time; and held 
at 4 °C. The transmission electron microscope sample was 
rinsed with 100% acetone three times, each time for 10 min; 
the resin-embedding agent was embedded, the resin block 
was trimmed with a trimming machine after polymeriza-
tion, and the ultrathin section was cut with an ultrathin slicer 
(EM UC6 type slicer, Leica, Wetzlar, Germany). After dou-
ble staining with uranyl acetate (Zhongxingbairui, Beijing, 
China) and lead citrate (Zhongxingbairui, Beijing, China), 

the subcellular ultrastructure of cells and chloroplasts was 
observed by transmission electron microscopy (H-7650, 
Hitachi, Tokyo, Japan).

2.7 � Statistical analysis

The experimental design was a completely randomized 
block comprising 16 replicates, and each seedling consti-
tuted one replicate. The data were subjected to an analysis 
of variance and an analysis of significance using SPSS 16.0 
(SPSS Inc. Chicago, IL, USA). Different letters were used 
to represent significant differences as determined by Tukey’s 
honestly significant difference test (p < 0.05).

3 � Results

3.1 � Effects on lettuce morphological characteristics

With a gradual increase in NO3-N in the nutrient solution, 
the total fresh weight of lettuce biomass was the smallest 
in treatment T2, and the fresh weight in the T4 treatment 
was 9.34 g, which was significantly higher than that in the 
other treatments (Table 2). The fresh weight of the shoots 
reached the lowest and highest values, 4.96 g and 8.67 g, 
in the T2 and T4 treatments, respectively. The fresh weight 
of the aboveground parts treated with T4 and T5 was sig-
nificantly higher than that of the other three treatments. The 
trend of fresh weight for the belowground parts was the same 
as that for the aboveground parts, which was the highest for 
T4 at 0.67 g and the lowest for T2 and T3 at 0.36 g. As the 
nitrate-to-ammonium ratio increased, the fresh weights of 
the lettuce overall, the shoots, and the belowground parts of 
the lettuce first decreased and then increased. Lettuce exhib-
ited the best growth when the ratio of nitrate to ammonium 
(N:A) was 75:25. The heavy upper and lower parts had the 
highest fresh weights.

The total dry weight of lettuce biomass showed that the 
value reached a peak of 1.85 g in the T4 treatment, which 

Table 2   The growth of lettuce under different NO3
−:NH4

+ ratios

z 0:100: NO3-N:NH4-N ratio of 0:100; 25:75: NO3-N:NH4-N ratio of 25:75; 50:50: NO3-N:NH4-N ratio of 50:50; NO3-N:NH4-N ratio of 75:25; 
100:0: NO3-N:NH4-N ratio of 100:0
y Mean separation within columns by Tukey’s honestly significant difference test at p < 0.05. The values are the means of five replications

NO3
−:NH4

+ 
ratios

Shoot fresh 
weight (g)

Root fresh 
weight (g)

Fresh weight 
(g)

Shoot dry 
weight (g)

Root dry 
weight 
(g)

Dry weight 
(g)

Root-to-
shoot ratio 
(%)

Root length 
(cm)

Water content 
(%)

0:100z 5.89by 0.41b 6.30b 1.22ab 0.09a 1.31b 0.09a 10.76ab 79.60a
25:75 4.96b 0.36b 5.32c 1.13b 0.08ab 1.21c 0.07ab 9.16b 77.69a
50:50 5.97b 0.36b 6.33b 1.18ab 0.07ab 1.25c 0.06bc 11.16ab 80.58a
75:25 8.67a 0.67a 9.34a 1.77a 0.08ab 1.85a 0.04c 12.74a 79.22a
100:0 8.11a 0.41b 8.52a 1.31ab 0.05b 1.36b 0.04c 9.68ab 83.60a
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was significantly higher than that of the other treatments. 
The trends of the total dry weight and the shoot dry weight 
changes were the same, and the lowest and highest values 
were reached in the T2 and T4 treatments with values of 
1.13 and 1.77 g, respectively. The dry weight of the T4 treat-
ment was significantly higher than that of the T2 treatment. 
The dry weight of the belowground parts showed that the 
lowest value in the T5 treatment was 0.07 g and the highest 
in the T1 treatment was 0.09 g, which was 0.01 g, 0.02 g, 
0.01 g, and 0.04 g higher than that in the T2–T5 treatments, 
respectively. There was no significant difference between 
treatments with T2–T5. T1 had significantly higher values 
than the other treatments. As the nitrate-to-ammonium ratio 
increased, the total dry weight and aboveground and below-
ground dry weights of lettuce showed a decreasing-increas-
ing trend. When the N:A was 75:25, the total dry weight and 
shoot dry weight were the highest.

As the N:A (NO3-N:NH4-N) increased, the root-to-shoot 
ratio of lettuce plants decreased gradually, reaching a mini-
mum of 0.04% with the T4 and T5 treatments. There was no 
significant difference among the T3, T4, and T5 treatments, 
and the highest T1 treatment value was 0.09%. When T2 
and T5 were applied, the water content reached the lowest 
and highest values, which were 77.69% and 83.60%, respec-
tively, but the difference among the five treatments was not 
significant.

3.2 � Effects on photosynthetic pigments of lettuce

The Chl a, Chl b, and Chl a + b were the highest in the T4 
treatment (Table 3). In the T1-T5 treatments, the content 
of Chl a reached a high peak during T2 and T4 treatments, 
and the content of Chl a under T2 and T4 was significantly 
higher than that of the other three treatments. The content 
of Chl b under T1, T2, and T3 was significantly higher than 
that under the other two treatments. The content of Chl a + b 
reached a high peak under T2 and T4, significantly higher 
than the Chl a + b contents of the other three treatments. 
Similarly, the carotenoid content also showed a rising-
decreasing-rising-decreasing trend, reaching a high peak 

during T2 and T4 that was significantly higher than those of 
the other three treatments.

3.3 � Effects of Pn‑PPFD and Pn‑Ci response curves 
on leaves of lettuce seedlings

When PPFD ranged from 0 to 2000 μmol m−2 s−1, the Pn of 
each treatment increased and the growth in T4 and T2 was 
the largest. When the light intensity increased to 600 μmol 
m−2 s−1, the Pn value of the T2 treatment was stable. When 
the light intensity reached 2000 μmol m−2 s−1, the Pnmax 
was 9.15 μmol CO2 m−2 s−1, while that of T4 was 1200 μmol 
m−2 s −1, and the Pn value was stable. When the light inten-
sity was 2000 μmol m−2 s−1, the Pnmax was 9.29 μmol CO2 
m−2 s−1; other treatments also increased light intensity to 
600 μmol m−2 s−1, and the change in Pn values was stable. 
The Pnmax values of T1, T3, and T5 were 7.38 μmol CO2 
m−2 s−1, 7.02 μmol CO2 m−2 s−1, and 6.05 μmol CO2 m−2 
s−1, respectively, and the growth rate of these three treatment 
groups was T3 > T1 > T5. The highest photosynthetic activ-
ity was observed in the T4 treatment, and the light intensity 
of the T2 treatment Pn was 0.14 μmolCO2 m−2 s−1, lower 
than that of the T4 treatment, and that of the T4 treatment 
was stable (Fig. 1a). 

When the Ci was between 0 and 2000 μmol mol−1, all 
of the treated Pn gradually increased with increasing Ci, 
and the maximum increase was observed for T4. When 
the Ci reached 1000 μmol mol−1, the Pn tended to change 
slightly. The Pnmax was 10 μmol CO2 m−2 s−1 (Fig. 1b). 
The other treatments also tended to be stable after the Ci 
reached 600 μmol mol−1, and the change trend was similar. 
The Pnmax values of the treatments were 8.7 μmol CO2 
m−2 s−1, 7.6 μmol CO2 m−2 s−1, 7.5 μmol CO2 m−2 s−1, and 
6 μmol CO2 m−2 s−1, respectively. The Pnmax of T5 was 
the lowest, and the Pn value was lower than that of the other 
treatments. The Pn value of T1 increased with increasing 
Ci, and the Pn values of the other treatments also increased 
slowly but not as clearly as that of T1 (Fig. 1b). Several 
main photosynthetic parameters in Table 4 were obtained by 
simulating and calculating the parameters of the Pn-PPFD 

Table 3   Photosynthetic pigment 
contents in lettuce leaves under 
different NO3

−:NH4
+ ratios

z 0:100: NO3-N:NH4-N ratio of 0:100; 25:75: NO3-N:NH4-N ratio of 25:75; 50:50: NO3-N:NH4-N ratio of 
50:50; 75:25: NO3-N:NH4-N ratio of 75:25; 100:0: NO3-N:NH4-N ratio of 100:0
y Mean separation within columns by Tukey’s honestly significant difference test at p < 0.05. The values are 
the means of five replications

NO3
−:NH4

+ ratios Chl a (mg g−1) Chl b (mg g−1) Chl a + b (mg g−1) Carotenoids 
(mg g−1)

0:100z 0.35by 0.24ab 0.59b 0.13b
25:75 0.39a 0.25a 0.65a 0.15a
50:50 0.33b 0.21c 0.54c 0.12c
75:25 0.41a 0.26a 0.68a 0.15a
100:0 0.34b 0.22bc 0.55bc 0.13bc
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and Pn-Ci response curves for each treatment. It can be seen 
from Table 4 that the AQY and CE of T4 were the highest; 
the AQY was 106% higher than that of the lowest, with T5, 
and was significantly different from those of the other treat-
ments, and the T4 CE was different from that of the other 
treatments. Significantly, the LCP of T4 was 185%, 254%, 
240%, and 176% higher than those of the other treatments, 
and the lowest LCP was observed for T3, which was sig-
nificantly different than that of the other treatments. The 
CO2 compensation point was the lowest with T5 but was 
not significantly different from that under T4. The highest 
Rday was significantly different for the T4 treatment, with 
the lowest being observed under the T3 treatment. From the 
five indicators in Table 4 it can be seen that with the N:A 
of 75:25 (T4), the AQY and CE are higher than with other 
treatments, and both the CO2 compensation point and the 
LCP are lower.

3.4 � Effects on Chl precursor content

Throughout the process, the ALA content gradually 
increased over time. The ALA content of the T4 treatment 
was higher than that of the other treatments. ALA is a sub-
strate for the synthesis of the next PBG, and the increase in 
the substrate concentration of ALA promotes the synthesis 
of the next step. The similar differences in ALA contents 
and growth trends of T2, T3, and T5 were not obvious, but 
the ALA content increased sharply on the second day of T1 
treatment and then increased more gradually.

The PBG content trend for all treatments was the same 
as the ALA content trend. It can be seen from Fig. 2 that the 
PBG content of T4 was always higher than that of the other 
treatments and gradually increased with time; there was no 
sudden increase or decrease. The Chl gradually accumulated 
with the growth of the seedlings and was significantly dif-
ferent among treatments on the 8th day. The PBG content of 
T1 was lower than that of the other treatments.

Fig. 1   Pn-PPFD and Pn-Ci response curve parameters for let-
tuce leaves under different NO3

−-NH4
+ ratios. a Pn-PPFD response 

curve parameters on lettuce leaves under different NO3
−-NH4

+ 
ratios; b Pn-Ci response curve parameters on lettuce leaves under 
different NO3

−-NH4
+ ratios. T1: NO3-N:NH4-N ratio of 0:100; T2: 

NO3-N:NH4-N ratio of 25:75; T3: NO3-N:NH4-N ratio of 50:50; T4: 
NO3-N:NH4-N ratio of 75:25; T5: NO3-N:NH4-N ratio of 100:0

Table 4   Pn-PPFD response 
curve parameters for lettuce 
leaves under different 
NO3

−:NH4
+ ratios

z 0:100: NO3-N:NH4-N ratio of 0:100; 25:75: NO3-N:NH4-N ratio of 25:75; 50:50: NO3-N:NH4-N ratio of 
50:50; 75:25: NO3-N:NH4-N ratio of 75:25; 100:0: NO3-N:NH4-N ratio of 100:0
y Mean separation within columns by Tukey’s honestly significant difference test at p < 0.05. The values are 
the means of five replications
AQY apparent quant yield, Rday dark respiration rate, CE carboxylation efficiency, LCP light compensation 
point, CCP CO2 compensation point

NO3
−:NH4

+ ratios AQY (mol mol−1) Rday (µmol 
m−2 s−1)

CE (mol m−2 s−1) LCP (µmol 
m−2 s−1)

CCP (µmol 
m−2 s−1)

0:100z 0.023bcy 1.55b 0.092b 65.79b 97.52b
25:75 0.021c 1.40b 0.074b 54.94b 88.70b
50:50 0.025b 0.77d 0.077b 49.90c 109.09a
75:25 0.035a 2.13a 0.262a 58.96b 82.07c
100:0 0.017d 1.22c 0.095b 78.99a 81.05c
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As shown in Fig. 2, the trend of Uro III content in all 
treatments showed a stepwise increase in the 8-days treat-
ment, at which the Uro III content (day 8) was the high-
est for T4. The Uro III content was high, and the trends 
observed were the same as those for ALA and PBG. 
The Uro III content of T1 increased but was the same 
as the PBG content and was lower than that of the other 
treatments.

It can be seen from Fig. 2 that the trend of Proto IX con-
tent is similar to that of Uro III, especially for T2 and T4, 
which also have a staged growth trend, which indicates that 
the content of Proto IX is affected to some extent by Uro III. 
The T4 treatment had the highest Proto IX content (day 8), 
but it was not significantly different from that of T5, with 
the lowest being observed for T3. The previous precursor 
content was consistently high with T3 (Fig. 2), but the lower 
Proto IX content was probably due to the decrease in Proto 
IX content due to more synthesis of Mg-Proto IX.

It can be seen from Fig. 2 that Mg-Proto IX gradually 
increased with time, and the difference between T3 and T4 
was not significant, but both were significantly different 
from T1 and T2. Although the content of magnesium ions 
can also affect the synthesis of Mg-Proto IX, the trend of 
Mg-Proto IX and the trend of Proto IX were similar, as 
shown in Fig. 2, indicating the main factors affecting the 
content of Mg-Proto IX here. Proto IX showed the highest 
content under T4, while the lower contents under T1 and 
T2 with single N forms indicated that the mixed nutrient 
solution containing more nitrate N promoted the Chl syn-
thesis of lettuce seedlings, and the single N form could 
not promote the synthesis of Chl in lettuce seedlings and 
inhibited its synthesis to some extent.

Fig. 2   The content of chloro-
plasts in lettuce leaves under 
different NO3

−-NH4
+ ratios. T1: 

NO3-N:NH4-N ratio of 0:100; 
T2: NO3-N:NH4-N ratio of 
25:75; T3: NO3-N:NH4-N ratio 
of 50:50; T4: NO3-N:NH4-N 
ratio of 75:25; T5: 
NO3-N:NH4-N ratio of 100:0. 
The bars represent the SEs 
of the means (n = 3). a ALA 
content; b PBG content; c Uro 
III content; d Proto IX content; 
e Mg-Proto IX content
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3.5 � Effects on the ultrastructure of leaves

3.5.1 � Chloroplast ultrastructure

Under different N ratios, the chloroplasts in the leaves 
of each lettuce plant had different degrees of influence. 
Under the T1 treatment, the chloroplasts were enlarged and 
deformed, and large vacuoles appeared, and the chloroplast 
membranes degraded and appeared broken. The structure 
of the thylakoids was disordered. In the chloroplast, the 

matrix was relatively sparse near the granule layer; the gran-
ule layer was disorderly, loose, and unclear; and there were 
also different degrees of degradation, small vacuoles, many 
eosinophilic granules, a loose connection between the chlo-
roplasts, and an unsatisfactory overall growth state (Fig. 3a, 
b). The chloroplasts under T2 treatment had deformation and 
swelling, but the chloroplast membrane was clear and had no 
degradation and blurring, and the structure was firm. In the 
chloroplast, the matrix is denser than the T1 treatment and 
is rich in no significant large vacuoles. The granules were 

Fig. 3   Effects of different N ratios on leaf mesophyll cell chloroplast 
and mitochondrial ultrastructure. a–d T1: NO3-N:NH4-N ratio of 
0:100; e–h T2: NO3-N:NH4-N ratio of 25:75; i–l T3: NO3-N:NH4-N 
ratio of 50:50; m–p T4: NO3-N:NH4-N ratio of 75:25; q–t T5: 

NO3-N:NH4-N ratio of 100:0. Chl Chloroplast; CW cell wall; M mito-
chondria; Og osmium particles; g grana layer; magnification: a, e, i, 
m, q, c, g, k, o, s × 30,000; b, d, f, h, j, l, n, p, r, t × 60,000
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clear, and there were many layers. However, the arrangement 
was disorderly, and there were many eosinophilic particles. 
The chloroplasts were loosely connected, and the growth 
state was better than that observed with T1 but was still 
affected to a certain extent (Fig. 3e, f). Under T3 treatment, 
the chloroplast had a slight deformation, the chloroplast 
membrane was intact and clear, and the overall form was 
fusiform and oblong. The internal matrix of the chloroplast 
was dense, and the thylakoid was parallel to the long axis 
of the chloroplast. The layers were arranged neatly but were 
somewhat unclear, and the chloroplasts were loosely con-
nected and had an intact growth state (Fig. 3i, j). Under the 
treatment T4, the chloroplasts showed no fusiform defor-
mations, and the membrane structure was intact and clear. 
The inner chloroplast was densely packed, the thylakoid was 
parallel to the long axis of the chloroplast, the granule layer 
was clear, there were many neatly arranged lamellae, the 
highest number of granules among all treatments, and there 
were relatively few eosinophils in the interior. The gran-
ules and chloroplasts were closely attached to the edge of 
the cell membrane and had the best growth state (Fig. 3m, 
n). The T5 chloroplasts were deformed and expanded, the 
membrane was broken, and large vacuoles appeared. The 
internal matrix of the chloroplast was sparse, and the gran-
ules were arranged neatly. However, due to the occurrence of 
vacuoles, some of the granules were squeezed and deformed, 
and the granules were clear but broken. The chloroplasts 
were loosely connected and grew stronger than those of T1 
but were also unsatisfactory in terms of growth (Fig. 3q, r).

According to the above, the chloroplast ultrastructure 
of lettuce under different N ratios has different effects on 
the growth state. The best treatment was T4 and the other 
treatments showed the following order from best to worst: 
T3 > T2 > T5 > T1. Except for the close relationship between 
the chloroplasts under T4, the chloroplasts were loosely dis-
tributed and had different degrees of deformation. Under 
the treatments T1 and T5, the chloroplasts of the mesophyll 
cells of lettuce seedlings were destroyed, indicating a single 
N form. The nutrient solution had a certain inhibitory effect 
on the growth of lettuce seedlings, and the mixed N ratio had 
a certain growth-promoting effect. The optimal chloroplasts 
were observed with T4 (N:A of 75:25), and its growth state 
was the best.

3.6 � Mitochondrial ultrastructure

The mitochondria of lettuce seedlings varied under differ-
ent treatments. Under T1 treatment, the mitochondrial outer 
membrane was clear and partially damaged, and internal 
degradation was rare and clotting occurred (Fig. 3c, d). The 
structure of the mitochondrial bilayer membrane treated by 
T2-T4 was complete and clear. Under T2 treatment, inter-
nal sputum was rare, and the inclusions were reduced with 

vacuoles (Fig. 3g, h). The T3 mitochondria were clear and 
intact, and the inclusions were dense, but the double layer of 
the membrane was distorted (Fig. 3k, l). The mitochondria 
under T4 treatment were rich in number, and the contents 
were dense and in intact condition (Fig. 3p). Under the T5 
treatment, the mitochondrial bilayer membrane was broken, 
and the internal contents were largely lost. A large num-
ber of vacuoles appeared in the intrinsic sputum (Fig. 3s, 
t). The chloroplast ultrastructure of lettuce under different 
N ratios has different effects on the growth state. The best 
treatment was T4 and the other treatments showed the fol-
lowing order from best to worst: T3 > T2 > T5 > T1. Except 
for the close relationship between the chloroplasts under T4, 
the chloroplasts were loosely distributed and had different 
degrees of deformation. Under the T1 and T5 treatments, the 
chloroplasts of the mesophyll cells of lettuce seedlings were 
destroyed, indicating a single N form. The nutrient solution 
had a certain inhibitory effect on the growth of lettuce seed-
lings, and the mixed N ratio had a certain growth promoting 
effect. The optimal chloroplasts were observed with T4 (N:A 
of 75:25), and its growth state was the best.

In conclusion, the mitochondrial ultrastructure of let-
tuce under different N ratios was damaged by the T1 and T5 
treatments. The other treatments resulted in an intact mito-
chondrial structure, and the best growth state was observed 
with T4 treatment. The bilayer membrane was intact and had 
intact biological activity. The other treatments showed the 
following order from best to worst: T3 > T2 > T1 > T5; espe-
cially noteworthy are T1 and T5. The mitochondria under 
these treatments showed basic loss of biological activity and 
function, indicating that the ratio of the enzymes under T1 
and T5 caused stress. The most suitable ratio was T4.

3.7 � Mesophyll cell ultrastructure

Cleavage of the mesophyll cells occurred under the treat-
ments of T1, T2, and T5 (Fig. 4a, b, e). Plasma membrane 
fragmentation occurred under T1 treatment; the intercellular 
space was large, and the whole cell structure was destroyed 
and distorted. T2 treatment resulted in the lower meso-
phyll cells showing deformation, and the destruction of the 
plasma membrane caused the cell structure to be destroyed. 
Although T5 resulted in plasmolysis, the cytoplasmic mem-
brane remained intact and still maintained its intact structure 
and function. The separation of the plant cell wall was not 
apparent under T3 and T4, and the cell arrangement was 
tight and structurally complete. The cell state under T4 was 
the best; the cells were tightly arranged, and the chloroplast 
and mitochondria cell wall distribution showed intact bio-
logical activity and function (Fig. 4e, f).

In conclusion, T1, T2, and T5 resulted in the separation of 
the sarcoplasmic cells of lettuce seedlings, which led to the 
destruction of the cell membrane structure and the reduction 
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of normal photosynthetic capacity. The normalization of 
mesophyll cells was promoted in lettuce seedlings under T3 
treatment. The optimal biological activity was observed for 
plant cells treated with T4 (75:25 N:A).

4 � Discussion

4.1 � Effects of different N forms on morphological 
indexes of lettuce seedlings

Different N ratios have different effects on different crop 
plants, probably because the way the plants absorb N in these 
two forms is different (Mengel and Kirkby 1982; Glass et al. 
1992), and single N forms have a certain inhibitory effect 
on plant growth. Ammonium N alone will poison the plant 
and cause it to wilt, and the rhizosphere will be negatively 
affected. Nitrate N alone will cause excessive accumulation 
in the plant. In this experiment, under the treatment of total 
ammonium N, that is, T1, the aboveground and belowground 
dry weights were not as high as those with other treatments, 
and the sole nitrate N treatment, T5, resulted in better qual-
ity than T4. Thickening and length of the root system were 
also the most notable under the T4 treatment. Moreover, as 
the nitrate N increased, the amount of material in the lettuce 
seedlings also increased.

Many studies have shown that the growth of different 
crops and plants, such as Chinese cabbage (Song et  al. 
2011), corn (Xu et al. 2002), and sweet pepper (Wang et al. 
2003), is promoted with a mixture of nutrients in the growth 

solution, with each crop having different suitable propor-
tions of mixed nutrients in the solution. In this study, five 
treatments (NO3-N:NH4-N ratio of 0:100, 25:75, 50:50, 
75:25, and 100:0) were applied, and the root and above-
ground biomasses of lettuce seedlings were the greatest in 
terms of water volume under treatment T4. The fresh weight 
of the seedlings under T4 was 1.75 times that of the lowest 
value, which occurred with T2, and the fresh weight of the 
belowground parts was 1.86 times higher than that of the 
lowest value, also the result of treatment T2. The roots were 
densely grown with T4, significantly more so than with other 
treatments. When the N:A was 75:25, an increase in the 
biomass of lettuce seedlings was observed.

4.2 � Effects of different N forms on photosynthesis 
parameters of lettuce seedlings

Photosynthesis is affected by the plant itself and the environ-
ment. Any adverse environment will affect it, and different 
plants and environments have different mechanisms of influ-
ence in this process (Jie et al. 2001; Zhang et al. 2003; Zhu 
et al. 2010). The light response curves and CO2 response 
curves of the plants are affected by many important light 
parameters, such as the AQY, CE, Rday, LCP, and CO2 com-
pensation point, which can reflect different environments and 
the effects of plants themselves on photosynthesis. There-
fore, there is much attention given to these factors (Anselmi 
et al. 2004). In the case of consistent illumination in this 
experiment, the maximum Pn increased with the increase in 
nitrate N and peaked with T3 and T4 (the difference between 

Fig. 4   Effects of different N ratios on the ultrastructure of the meso-
phyll cells of lettuce leaves. a T1: NO3-N:NH4-N ratio of 0:100; b 
T2: NO3-N:NH4-N ratio of 25:75; c T3: NO3-N:NH4-N ratio of 

50:50; d T4: NO3-N:NH4-N ratio of 75:25; e T5: NO3-N:NH4-N ratio 
of 100:0. Chl Chloroplast; CW cell wall; M mitochondria; CM cell 
membrane; magnification: T1–T5 × 2000
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the two was not significant), indicating that in the same light 
environment under the mixed nitrate:ammonium nutrient 
solution, lettuce plants can better absorb N and prefer the 
nitrate N to the ammonium N. In addition, the maximum 
net photosynthetic value of the lettuce seedlings under both 
single N forms are at a lower level, suggesting that a single 
N form reduces plant uptake and conversion by reducing 
the supply of photosynthetic energy or that a single N form 
in the nutrient solution creates a mild stress environment 
for lettuce seedlings, resulting in the overall decline in the 
photosynthetic capacity of lettuce seedlings.

In this experiment, the light response curve and CO2 
response curve of the lettuce seedlings treated with the five 
treatments were determined and plotted. From the five indi-
cators in Table 4, the optimal N:A was 75:25 (T4). The AQY 
and CE of the following treatments were higher than those 
of the other treatments, and the CO2 compensation point and 
the LCP were lower. Although the Rday was higher, lettuce 
seedlings under T4 treatment had significantly enhanced 
CO2 assimilation. The CE increases the AQY, thereby 
enhancing the Pn of lettuce seedlings. The Pnmax of T5 
was the lowest, and the Pn value was lower than that of the 
other treatments, indicating that the photosynthesis under the 
single N form of nitrate N was weaker than that under the 
other treatments. The results of this experiment are similar 
to previous studies. Previous studies have shown that both 
single N form and mixed N can increase the photosynthesis 
rate of rice, but the effect of mixed N fertilizer is better (Guo 
et al. 2007b). Warren’s study showed that nitrate ammonium 
had no significant effect on the assimilation of wheat CO2 
(Warren et al. 2000), but the optimal N:A in this experi-
ment was 75:25, which greatly improved the CE and reduced 
CO2. The compensation point indicates that the ratio of CO2 
utilization of lettuce seedlings is increased when the N:A is 
75:25, and the assimilation of CO2 is further enhanced and 
photosynthesis is better promoted.

4.3 � Effects of different N forms on Chl precursors 
in lettuce seedlings

Chl is a basic indicator for measuring the growth and devel-
opment of lettuce plants, and it regulates and utilizes light 
energy. Carotenoids play an important role in the photosyn-
thetic process of lettuce growth and can promote the absorp-
tion of light energy by chloroplasts and protect them from 
glare and high temperature, occupying a prominent position 
in the photoreaction and light transmission pathways in pho-
tosynthesis. N is an essential element affecting the growth of 
plants. N is also a necessary element for Chl synthesis. An 
increase in N increases the synthesis of Chl and enhances 
the synthesis of organic matter in photosynthesis (Huang 
et al. 2004). Bondada and Syvertsen (2003) showed that N is 
involved in Chl development, synthesis, and photosynthetic 

enzyme activity, which in turn regulate photosynthesis. The 
content of Chl and carotenoids is positively correlated with 
the photosynthetic rate, and their contents directly affect the 
photosynthetic rate (Maynard et al. 1976). Studies have also 
shown that an appropriate N ratio is more conducive to the 
synthesis of Chl, such as those considering Chinese cabbage 
(Song et al. 2011), cucumber (Kotsiras et al. 2005), corn (Xu 
et al. 2002), and sweet pepper (Wang et al. 2003), so the 
appropriate N ratio affects photosynthesis by affecting the 
content of Chl. In this test, with T2 and T4, the content of 
Chl a and b was higher than that with the other treatments, 
indicating that a certain proportion of mixed nutrient solu-
tion was better than a single N nutrient solution. However, 
the 50:50 N:A treatment resulted in a Chl content that was 
not as high as that under other treatments, which may be 
because the simultaneous absorption of two forms of N at 
the same concentration caused the conversion of nitrate N 
to ammonium N in plants. Schelbert et al. (2009) showed 
that Chl b can absorb more light than Chl a and has a certain 
protective effect; higher Chl b content ensures that the Chl 
content is maintained at a high level (Hortensteiner 2009), 
consistent with the results of this test.

N is a synthetic factor in amino acids, and glutamate, 
as a raw material for Chl synthesis, affects the synthesis 
of Chl. The synthesis of Chl includes two major reactions 
from l-glutamyl-tRNA to Proto IX and Proto IX to Chl, 
and ALA, which is a universal precursor for all tetrapyrrole 
compounds and a key step in Chl synthesis, is composed 
of glutamate and is synthesized by an enzymatic reaction 
(Tanaka et al. 2011). The steps of Chl synthesis include the 
following: glutamyl-tRNA → ALA → PBG → urinary por-
phyrinogen → decompressed protoporphyrin III → Proto 
IX → Mg-proto IX → protophyll Chl, and changes in any of 
these steps will affect the synthesis of Chl (Lu et al. 2010). 
Sun et al. (2010) found that the reduction in Chl in spinach 
under seawater stress is due to the inhibition of its synthesis. 
Chen et al. (2012) found that the decrease in Chl content 
in spinach under salt stress was due to the inhibition of the 
PBG → uroporphyrinogen III transformation. The results in 
this experiment are similar to those of previous studies (Sun 
et al. 2010; Chen et al. 2012). The seedling ALA, PBG, 
uroporphyrinogen III, Proto IX, and Mg-proto IX contents 
under T4 were higher than those under the other treatments, 
and ALA was used as a tetrapyrrole. The first universal pre-
cursor content has a great influence on the subsequent Chl 
synthesis. The formation of ALA is the rate-limiting step 
of Chl synthesis. An increase in ALA content is beneficial 
to Chl synthesis. Therefore, the ALA content under T4 was 
higher than that under the other treatments. T4 promoted 
the synthesis of ALA, which provided more substrate for 
better synthesis of Chl in the next step. Two molecules of 
ALA condense to form PBG, which is an intermediate prod-
uct between glutamate and Proto IX. The PBG content can 
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reflect the conversion efficiency of ALA to PBG and can 
also reflect the final product to some extent (Tanaka et al. 
2011). The steady decrease in ALA content and increase in 
PBG content indicates the normal synthesis of Chl in lettuce 
seedlings. The high PBG content also lays a good foundation 
for the subsequent Uro III synthesis, so T4 better promoted 
the production of Proto IX and subsequent Chl synthesis. 
Uro-porphyrinogen III (Uro III) is involved in the next step 
of PBG conversion, which is obtained by condensation of 
four molecules of PBG, and its content is affected to some 
extent by PBG (Eckhardt et al. 2004). Uro III and PBG are 
also intermediates in the synthesis of Proto IX, and their 
contents are higher under T4 than under other treatments, 
which proves that T4 better promoted Chl synthesis. Proto 
IX is the last common precursor of haem and Chl. At Proto 
IX, two branches will appear, one branch will add ferrous 
ions to form haem, and the other branch will add magnesium 
ions to form Chl (Stenbaek and Jensen 2010). Proto IX is 
the last common precursor (after the haemoglobin and Chl 
branches), and its content is related to Chl synthesis (Santos 
2004). Proto IX is involved in the next step to synthesize 
Mg-Proto IX and its contents provide a suitable indication 
that T4 promotes the synthesis of Chl. Mg-proto IX (Mg-
Proto IX) is the first product of the Chl branch, which is 
formed by inserting Mg2+ into Proto IX for Chl biosynthesis, 
which is key to Chl synthesis. The amount of Mg-Proto IX 
can be well correlated with the level of Chl synthesis (Sten-
baek and Jensen 2010).

4.4 � Effects of different N forms on the cellular 
ultrastructure of lettuce seedlings

The shape and state of the chloroplast can reflect the photo-
synthesis of plants and whether they are stressed so that the 
growth of plants can be assessed. Many studies have shown 
that the chloroplasts will have corresponding changes when 
subjected to stress. Wang et al. (2016) found that drought 
stress results in destruction of the membrane structure and 
granule layer of chloroplasts in tomato (Solanum lycoper-
sicum); in this experiment, the single N form nutrient solu-
tion produced greater damage to the chloroplasts of lettuce 
leaves, and the chloroplasts showed a corrupted membrane 
structure. The granule layer was blurred and reduced, prob-
ably because the single-form N caused a slight stress envi-
ronment for the lettuce seedlings, resulting in chloroplast 
damage, and this experiment proves that the single-form 
N environment reduces the Chl synthesis of lettuce seed-
lings. The combination of the two causes the Chl content 
to decrease and the growth to decrease. With the N:A of 
75:25, the chloroplast structure of the lettuce seedlings 
was complete, the cell membrane was completely closed 
to the cell wall, the organelles were closely arranged on the 
cell membrane, and the chloroplasts were spindle-shaped. 

In addition, the thylakoid capsule was complete and rich 
in basal granules, the basal granules were clear and rich, 
and Chl synthesis was higher than with other treatments, 
allowing the lettuce seedlings to grow well. Zhang et al. 
(2010) found that eosinophils are an important indicator 
of the degree of lipid peroxidation in chloroplasts. In this 
experiment, the single N form increased the eosinophilic 
granules in the chloroplast, which was consistent with the 
performance of the plants under stress (Shao et al. 2008). 
We suggest that the single N form nutrient solution causes 
slight stress in lettuce seedlings.

The integrity of the mesophyll cell ultrastructure deter-
mines the photosynthetic capacity, and chloroplasts and 
mitochondria are the most important and most sensitive 
organelles in photosynthesis (Xu et al. 2009). In a stressful 
environment, the mitochondria will also be damaged to a 
certain extent. Our results show mitochondrial damage under 
pressure, similar to the results of previous studies by Ali 
et al. (2013), Garces et al. (2017), and Salem-Fnayou et al. 
(2016). This test is similar to previous studies. The mito-
chondrial state was the best under T4. The mitochondrial 
structure was complete, the inner sputum was rich, and the 
inclusions were dense, which provides suitable conditions 
for photosynthesis. The cleavage of the mesophyll cells in 
this experiment may have been caused by the mild stress 
environment, and the cell vacuole breakage may have led to 
the increase in osmotic pressure and damage to the plasma 
membrane. The overall cellular ultrastructure was consistent 
with that reported in previous studies on hyacinth (Lage-
Pinto et al. 2008), tea (Das et al. 2015), and barley (Chen 
et al. 2011).

Acknowledgements  We thank American Journal Experts (AJE) for 
English language editing. This manuscript was edited for English lan-
guage by American Journal Experts (AJE).

Author Contributions  ZX and YR carried out the experiments and col-
lected and analysed the results. ZX wrote the manuscript. LCJ designed 
the experiments. HYY, HJH and FSX helped analyse the results and 
edit manuscript. All authors have contributed significantly, and all 
authors are in agreement with the content of the manuscript.

Funding  This work was supported by the National Key Research and 
Development Program of China (2016YFD0201010), the Beijing Inno-
vation Consortium of Agriculture Research System (BAIC07-2019) 
and the Science and Technology Program of the Beijing Municipal 
Education Commission (KM201910020012).

References

Ali S, Farooq MA, Yasmeen T, Hussain S, Arif MS, Abbas F, Bhar-
wana SA, Zhang G (2013) The influence of silicon on barley 
growth, photosynthesis and ultra-structure under chromium stress. 
Ecotoxicol Environ Saf 89:66–72. https​://doi.org/10.1016/j.ecoen​
v.2012.11.015

https://doi.org/10.1016/j.ecoenv.2012.11.015
https://doi.org/10.1016/j.ecoenv.2012.11.015


471Horticulture, Environment, and Biotechnology (2020) 61:459–472	

1 3

Anselmi S, Chiesi M, Giannini M, Manes F, Maselli F (2004) Esti-
mation of mediterranean forest transpiration and photosynthesis 
through the use of an ecosystem simulation model driven by 
remotely sensed data. Glob Ecol Biogeogr 13:371–380. https​://
doi.org/10.1111/j.1466-822X.2004.00101​.x

Bogorad L (1962) Porphyrin synthesis. Methods Enzymol 5:885–895. 
https​://doi.org/10.1016/S0076​-6879(62)05334​-3

Bondada BR, Syvertsen JP (2003) Leaf chlorophyll, net gas exchange 
and chloroplast ultrastructure in citrus leaves of different nitro-
gen status. Tree Physiol 23:553–559. https​://doi.org/10.1093/treep​
hys/23.8.553

Britto DT, Kronzucker HJ (2004) Bioengineering nitrogen acquisi-
tion in rice: can novel initiatives in rice genomics and physiology 
contribute to global food security? BioEssays 26:683–692. https​
://doi.org/10.1002/bies.20040​

Cai H, Chu Q, Yuan L, Liu J, Chen X, Chen F, Mi GH, Zhang FS 
(2012) Identification of quantitative trait loci for leaf area and 
chlorophyll content in maize (Zea mays) under low nitrogen 
and low phosphorus supply. Mol Breed 30:251–266. https​://doi.
org/10.1007/s1103​2-011-9615-5

Chen JH, Li RH, Guo PG, Xian YS, Tian CE, Miu SY (2011) Impact 
of drought stress on the ultrastructure of leaf cells in three barley 
genotypes differing in level of drought tolerance. Chin Bull Bot 
46:28–36. https​://doi.org/10.3724/SP.J.1259.2011.00028​

Chen XB, Sun J, Guo SR, Lu XM, He LZ, Yan B,  (2012) Effects of 
the dithiothretiol on activate oxygen metabolism and chlorophyll 
fluorescences in spinach leaves under seawater stress. Acta Hortic 
Sin 12:2457–2467

Claussen W (2002) Growth, water use efficiency, and proline content 
of hydroponically grown tomato plants as affected by nitrogen 
source and nutrient concentration. Plant Soil 247:199–209. https​
://doi.org/10.1023/A:10214​53432​329

Das A, Mukhopadhyay M, Sarkar B, Saha D, Mondal TK (2015) Influ-
ence of drought stress on cellular ultrastructure and antioxidant 
system in tea cultivars with different drought sensitivities. J Envi-
ron Biol 36:875–882

Eckhardt U, Grimm B, Hortensteiner S (2004) Recent advances in 
chlorophyll biosynthesis and breakdown in higher plants. Plant 
Mol Biol 56:1–14. https​://doi.org/10.1007/s1110​3-004-2331-3

Farquhar GD, Sharkey TD (1982) Stomatal conductance and pho-
tosynthesis. Annu Rev Plant Physiol 33:317–345. https​://doi.
org/10.1146/annur​ev.pp.33.06018​2.00153​3

Ferreres F, Gil MI, Castañer M, Tomás-Barberán FA (1997) Phenolic 
metabolites in red pigmented lettuce (Lactuca sativa). Changes 
with minimal processing and cold storage. J Agric Food Chem 
45:4249–4254. https​://doi.org/10.1021/jf970​399j

Fromme P, Melkozernov A, Jordan P, Krauss N (2003) Structure and 
function of photosystem I: interaction with its soluble electron 
carriers and external antenna systems. FEBS Lett 555:40–44. https​
://doi.org/10.1016/S0014​-5793(03)01124​-4

Garces M, Ulloa M, Miranda A, Bravo LA (2017) Physiological and 
ultrastructural characterisation of a desiccation-tolerant filmy fern, 
Hymenophyllum caudiculatum: influence of translational regula-
tion and ABA on recovery. Plant Biol 20:288–295. https​://doi.
org/10.1111/plb.12660​

Glass AD, Shaff JE, Kochian LV (1992) Studies of the uptake of nitrate 
in barley: IV. electrophysiology. Plant Physiol 99:456–463. https​
://doi.org/10.1104/pp.99.2.456

Guo SW, Chen G, Zhou Y, Shen QR (2007a) Ammonium nutrition 
increases photosynthesis rate under water stress at early develop-
ment stage of rice (Oryza sativa L.). Plant Soil 296:115–124. https​
://doi.org/10.1007/s1110​4-007-9302-9

Guo SW, Zhou Y, Gao YX, Li Y, Shen QR (2007b) New insights 
into the nitrogen form effect on photosynthesis and photorespi-
ration. Pedosphere 17:601–610. https​://doi.org/10.1016/S1002​
-0160(07)60071​-X

Hodgins RR, van Huystee RB (1986) Rapid simultaneous estimation of 
protoporphyrin and Mg-porphyrins in higher plants. J Plant Phys-
iol 125:311–323. https​://doi.org/10.1016/S0176​-1617(86)80153​-5

Hortensteiner S (2009) Stay-green regulates chlorophyll and chloro-
phyll-binding protein degradation during senescence. Trends Plant 
Sci 14:155–162. https​://doi.org/10.1016/j.tplan​ts.2009.01.002

Huang ZA, Jiang DA, Yang Y, Sun JW, Jin SH (2004) Effects of 
nitrogen deficiency on gas exchange, chlorophyll fluorescence, 
and antioxidant enzymes in leaves of rice plants. Photosynthet-
ica 42:357–364. https​://doi.org/10.1023/B:PHOT.00000​46153​
.08935​.4c

Jie Y, Yang H, Cui M, Luo X (2001) Relationship between soil water 
content and water use efficiency of apple leaves. Ying Yong 
Sheng Tai Xue Bao 12:387–390

Kimura M, Rodriguez-Amaya DB (2003) Carotenoid composition of 
hydroponic leafy vegetables. J Agric Food Chem 51:2603–2607. 
https​://doi.org/10.1021/jf020​539b

Kotsiras A, Olympios CM, Passam HC (2005) Effects of nitrogen 
form and concentration on yield and quality of cucumbers grown 
on rockwool during spring and winter in southern Greece. J 
Plant Nutr 28:2027–2035. https​://doi.org/10.1080/01904​16050​
03111​02

Lage-Pinto F, Oliveira JG, da Cunha M, Souza CMM, Rezende CE, 
Azevedo RA, Vitória AP (2008) Chlorophyll a fluorescence and 
ultrastructural changes in chloroplast of water hyacinth as indica-
tors of environmental stress. Environ Exp Bot 64:307–313. https​
://doi.org/10.1016/j.envex​pbot.2008.07.007

Lu M, Liu H, Mao H, Zhao Q, Zhao H, Hu S (2010) Changes of chlo-
rophyll synthesis metabolism in chlorophyll-deficient mutant 
in Brassica juncea. Acta Botanica Boreali-Occidentalia Sinica 
30:2177–2183

Lu XM, Sun J, Guo SR, Wang JW (2012) Effects of brassinolide on the 
leaf mitochondria and chloroplast ultrastructure and photosynthe-
sis of cucumber seedlings under hypoxia stress. Ying Yong Sheng 
Tai Xue Bao 23:2205–2211

Mauzerall D, Granick S (1956) The occurrence and determination of 
delta-amino-levulinic acid and porphobilinogen in urine. J Biol 
Chem 219:435–446

Maynard DN, Barker AV, Minotti PL, Peck NH (1976) Nitrate accu-
mulation in vegetables. Adv Agron 28:71–118. https​://doi.
org/10.1016/S0065​-2113(08)60553​-2

Mengel K, Kirkby EA (1982) Principles of plant nutrition. Kluwer, 
London

Miflin BJ, Habash DZ (2002) The role of glutamine synthetase and 
glutamate dehydrogenase in nitrogen assimilation and possibilities 
for improvement in the nitrogen utilization of crops. J Exp Bot 
53:979–987. https​://doi.org/10.1093/jexbo​t/53.370.979

Müller P, Li XP, Niyogi KK (2001) Non-photochemical quenching. 
A response to excess light energy. Plant Physiol 125:1558–1566. 
https​://doi.org/10.1104/pp.125.4.1558

Qin S, Sun X, Hu C, Tan Q, Zhao X, Xin J, Wen X (2017) Effect of 
NO3

−: NH4
+ ratios on growth, root morphology and leaf metabo-

lism of oilseed rape (Brassica napus L.) seedlings. Acta Physiol 
Plant 39:198. https​://doi.org/10.1007/s1173​8-017-2491-9

Rios-Gonzalez K, Erdei L, Lips SH (2002) The activity of antioxidant 
enzymes in maize and sunflower seedlings as affected by salinity 
and different nitrogen sources. Plant Sci 162:923–930. https​://doi.
org/10.1016/S0168​-9452(02)00040​-7

Roosta HR, Schjoerring JK (2008) Effects of nitrate and potassium on 
ammonium toxicity in cucumber plants. J Plant Nutr 31:1270–
1283. https​://doi.org/10.1080/01904​16080​21350​50

Salem-Fnayou AB, Belghith I, Lamine M, Mliki A, Ghorbel A (2016) 
Physiological and ultrastructural responses of sour orange (Citrus 
aurantium L.) clones to water stress. Photosynthetica 54:532–541. 
https​://doi.org/10.1007/s1109​9-016-0221-y

https://doi.org/10.1111/j.1466-822X.2004.00101.x
https://doi.org/10.1111/j.1466-822X.2004.00101.x
https://doi.org/10.1016/S0076-6879(62)05334-3
https://doi.org/10.1093/treephys/23.8.553
https://doi.org/10.1093/treephys/23.8.553
https://doi.org/10.1002/bies.20040
https://doi.org/10.1002/bies.20040
https://doi.org/10.1007/s11032-011-9615-5
https://doi.org/10.1007/s11032-011-9615-5
https://doi.org/10.3724/SP.J.1259.2011.00028
https://doi.org/10.1023/A:1021453432329
https://doi.org/10.1023/A:1021453432329
https://doi.org/10.1007/s11103-004-2331-3
https://doi.org/10.1146/annurev.pp.33.060182.001533
https://doi.org/10.1146/annurev.pp.33.060182.001533
https://doi.org/10.1021/jf970399j
https://doi.org/10.1016/S0014-5793(03)01124-4
https://doi.org/10.1016/S0014-5793(03)01124-4
https://doi.org/10.1111/plb.12660
https://doi.org/10.1111/plb.12660
https://doi.org/10.1104/pp.99.2.456
https://doi.org/10.1104/pp.99.2.456
https://doi.org/10.1007/s11104-007-9302-9
https://doi.org/10.1007/s11104-007-9302-9
https://doi.org/10.1016/S1002-0160(07)60071-X
https://doi.org/10.1016/S1002-0160(07)60071-X
https://doi.org/10.1016/S0176-1617(86)80153-5
https://doi.org/10.1016/j.tplants.2009.01.002
https://doi.org/10.1023/B:PHOT.0000046153.08935.4c
https://doi.org/10.1023/B:PHOT.0000046153.08935.4c
https://doi.org/10.1021/jf020539b
https://doi.org/10.1080/01904160500311102
https://doi.org/10.1080/01904160500311102
https://doi.org/10.1016/j.envexpbot.2008.07.007
https://doi.org/10.1016/j.envexpbot.2008.07.007
https://doi.org/10.1016/S0065-2113(08)60553-2
https://doi.org/10.1016/S0065-2113(08)60553-2
https://doi.org/10.1093/jexbot/53.370.979
https://doi.org/10.1104/pp.125.4.1558
https://doi.org/10.1007/s11738-017-2491-9
https://doi.org/10.1016/S0168-9452(02)00040-7
https://doi.org/10.1016/S0168-9452(02)00040-7
https://doi.org/10.1080/01904160802135050
https://doi.org/10.1007/s11099-016-0221-y


472	 Horticulture, Environment, and Biotechnology (2020) 61:459–472

1 3

Santos CV (2004) Regulation of chlorophyll biosynthesis and degrada-
tion by salt stress in sunflower leaves. Sci Hortic 103:93–99. https​
://doi.org/10.1016/j.scien​ta.2004.04.009

Savvas D (2001) Nutritional management of vegetables and ornamen-
tal plants in hydroponics. Crop Manag Postharvest Hand Hortic 
Prod 1:37–87

Schelbert S, Aubry S, Burla B, Agne B, Kessler F, Krupinska K, Hort-
ensteiner S (2009) Pheophytin pheophorbide hydrolase (pheo-
phytinase) is involved in chlorophyll breakdown during leaf 
senescence in Arabidopsis. Plant Cell 21:767–785. https​://doi.
org/10.1105/tpc.108.06408​9

Shao HB, Chu LY, Jaleel CA, Zhao CX (2008) Water-deficit stress-
induced anatomical changes in higher plants. C R Biol 331:215–
225. https​://doi.org/10.1016/j.crvi.2008.01.002

Singh B, Sekhon GS (1990) Agriculture and enviroment. Marcel Dek-
ker, New York

Song S, Yi L, Liu H, Sun G, Chen R (2011) Effect of ammonium and 
nitrate ratios on growth and yield of flowering Chinese cabbage. 
In: Jin D, Lin S (eds) Advances in multimedia. Software Engineer-
ing and Computing, Berlin, pp 227–232

Stenbaek A, Jensen PE (2010) Redox regulation of chlorophyll bio-
synthesis. Phytochemistry 71:853–859. https​://doi.org/10.1016/j.
phyto​chem.2010.03.022

Sun J, Jia YX, Guo SR, Li J, Shu S (2010) Resistance of spinach plants 
to seawater stress is correlated with higher activity of xantho-
phyll cycle and better maintenance of chlorophyll metabolism. 
Photosynthetica 48:567–579. https​://doi.org/10.1007/s1109​
9-010-0074-8

Sun N, Wei M, Li Y, Wang XF, Yang FJ, Shi QH (2016) Effects of light 
quality on carbon and nitrogen metabolism and enzyme activi-
ties in tomato seedlings. Acta Hortic Sin 43:80–88. https​://doi.
org/10.16420​/j.issn.0513-353x.2015-0691

Talla S, Riazunnisa K, Padmavathi L, Sunil B, Rajsheel P, Raghav-
endra AS (2011) Ascorbic acid is a key participant during the 
interactions between chloroplasts and mitochondria to optimize 
photosynthesis and protect against photoinhibition. J Biosci 
36:163–173. https​://doi.org/10.1007/s1203​8-011-9000-x

Tanaka R, Kobayashi K, Masuda T (2011) Tetrapyrrole metabolism 
in Arabidopsis thaliana. Arabidopsis Book 9:e0145. https​://doi.
org/10.1199/tab.0145

Tanaka R, Tanaka A (2007) Tetrapyrrole biosynthesis in higher plants. 
Annu Rev Plant Biol 58:321–346. https​://doi.org/10.1146/annur​
ev.arpla​nt.57.03290​5.10544​8

Wahome PK, Oseni TO, Masarirambi MT, Shongwe VD (2011) Effects 
of different hydroponics systems and growing media on the veg-
etative growth, yield and cut flower quality of gypsophila (Gyp-
sophila paniculata L.). World J Agric Sci 7:692–698

Wang G, Li C, Zhang F (2003) Effects of different nitrogen forms and 
combination with foliar spraying with 6-benzylaminopurine on 
growth, transpiration, and water and potassium uptake and flow in 
tobacco. Plant Soil 256:169–178. https​://doi.org/10.1023/A:10262​
68722​353

Wang S, Yang R, Shu C, Zhang X (2016) Screening for cold-resistant 
tomato under radiation mutagenesis and observation of the sub-
microscopic structure. Acta Physiol Plant 38:258. https​://doi.
org/10.1007/s1173​8-016-2265-9

Warren CR, Adams MA, Chen Z (2000) Is photosynthesis related 
to concentrations of nitrogen and rubisco in leaves of Austral-
ian native plants? Funct Plant Biol 27:407–416. https​://doi.
org/10.1071/PP981​62

Xu G, Wolf S, Kafkafi U (2002) Ammonium on potassium interaction 
in sweet pepper. J Plant Nutr 25:719–734. https​://doi.org/10.1081/
PLN-12000​2954

Xu ZZ, Zhou GS, Shimizu H (2009) Effects of soil drought with noc-
turnal warming on leaf stomatal traits and mesophyll cell ultras-
tructure of a perennial grass. Crop Sci 49:1843–1851. https​://doi.
org/10.2135/crops​ci200​8.12.0725

Zhang MP, Zhang CJ, Yu GH, Jiang YZ, Strasser RJ, Yuan ZY, Yang 
XS, Chen GX (2010) Changes in chloroplast ultrastructure, fatty 
acid components of thylakoid membrane and chlorophyll a fluo-
rescence transient in flag leaves of a super-high-yield hybrid rice 
and its parents during the reproductive stage. J Plant Physiol 
167:277–285. https​://doi.org/10.1016/j.jplph​.2009.09.017

Zhang Z, Guo Y, Ai X, Zhang F, He Q, Sun X, Jiao Z (2003) Effects 
of sunlight and temperature on ultrastructure and functions of 
chloroplast of cucumber in solar greenhouse. Ying Yong Sheng 
Tai Xue Bao 14:1287–1290

Zhu YS, Fan JJ, Feng H (2010) Effects of low light on photosynthetic 
characteristics of tomato at different growth stages. Ying Yong 
Sheng Tai Xue Bao 21:3141–3146

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.scienta.2004.04.009
https://doi.org/10.1016/j.scienta.2004.04.009
https://doi.org/10.1105/tpc.108.064089
https://doi.org/10.1105/tpc.108.064089
https://doi.org/10.1016/j.crvi.2008.01.002
https://doi.org/10.1016/j.phytochem.2010.03.022
https://doi.org/10.1016/j.phytochem.2010.03.022
https://doi.org/10.1007/s11099-010-0074-8
https://doi.org/10.1007/s11099-010-0074-8
https://doi.org/10.16420/j.issn.0513-353x.2015-0691
https://doi.org/10.16420/j.issn.0513-353x.2015-0691
https://doi.org/10.1007/s12038-011-9000-x
https://doi.org/10.1199/tab.0145
https://doi.org/10.1199/tab.0145
https://doi.org/10.1146/annurev.arplant.57.032905.105448
https://doi.org/10.1146/annurev.arplant.57.032905.105448
https://doi.org/10.1023/A:1026268722353
https://doi.org/10.1023/A:1026268722353
https://doi.org/10.1007/s11738-016-2265-9
https://doi.org/10.1007/s11738-016-2265-9
https://doi.org/10.1071/PP98162
https://doi.org/10.1071/PP98162
https://doi.org/10.1081/PLN-120002954
https://doi.org/10.1081/PLN-120002954
https://doi.org/10.2135/cropsci2008.12.0725
https://doi.org/10.2135/cropsci2008.12.0725
https://doi.org/10.1016/j.jplph.2009.09.017

	Effects of different NO3−:NH4+ ratios on the photosynthesis and ultrastructure of lettuce seedlings
	Abstract
	1 Introduction
	2 Materials and methods
	2.1 Plant materials and treatments
	2.2 Measurements of plant physiological characteristics
	2.3 Photosynthetic index
	2.4 Pigment index
	2.5 Chl precursor substance content index
	2.6 Chloroplast and mitochondrial ultrastructure
	2.7 Statistical analysis

	3 Results
	3.1 Effects on lettuce morphological characteristics
	3.2 Effects on photosynthetic pigments of lettuce
	3.3 Effects of Pn-PPFD and Pn-Ci response curves on leaves of lettuce seedlings
	3.4 Effects on Chl precursor content
	3.5 Effects on the ultrastructure of leaves
	3.5.1 Chloroplast ultrastructure

	3.6 Mitochondrial ultrastructure
	3.7 Mesophyll cell ultrastructure

	4 Discussion
	4.1 Effects of different N forms on morphological indexes of lettuce seedlings
	4.2 Effects of different N forms on photosynthesis parameters of lettuce seedlings
	4.3 Effects of different N forms on Chl precursors in lettuce seedlings
	4.4 Effects of different N forms on the cellular ultrastructure of lettuce seedlings

	Acknowledgements 
	References




