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Abstract

:

Nitrogen (N) plays an important role in the growth cycle of the potato, and is an important guarantee of yield and quality. Rational N application is one of the key ways to improve a crop’s high and stable yield and economic and environmental benefits. The N nutrition level of potato regulates the gene expression of enzymes related to the N metabolism pathway, which shows the change of the activity of key enzymes in N metabolism, and finally realizes the regulation of N absorption and utilization. In this study, the key enzyme genes and enzyme activity of different genotypes of potato under different N supply treatments were identified, which laid a foundation for further exploration of the functions of each gene in the potato N metabolism pathway and provided theoretical basis for rational N application. The results showed that the relative expression levels of StNRT1.5, StNR, StNiR in leaves, StNRT2.5, StNRT2.4, StGS1-2 in roots and StNRT2.7, StGS1-3, StGS2, StGS1-4, StFd-GOGAT in leaves and roots showed that the levels of N-inefficient potato Atlantic (A) were higher than the N-efficient potato Yanshu 4 (Y), while the relative expression levels of StNRT2.5, StGS1-2 in leaves, StNRT1.5 StNR, StNiR in roots and StGDH, StNADH-GOGAT in leaves and roots showed that levels in Yanshu 4 (Y) were higher than in Atlantic (A). At the same time, we especially found that the GDH activity in the leaves of the two genotypes of potato were higher at low N levels. Additionally, the activity of NR and NiR, and the activity of GS and GOGAT were correlated. In addition, the changes of key enzymes in different N metabolism showed a certain continuity with the advancement of growth and development, and some gene expression rules and enzyme activity changes also showed a certain consistency.
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1. Introduction


Potato (Solanum tuberosum L.) is the fourth largest grain economic crop, and N plays a crucial role in its growth cycle [1,2]. Reasonable N application means a reasonable supply of nutrients, which is the key to a high and stable yield of potato. It is one of the key ways to improve economic and environmental benefits [3,4].



Studies have shown that there were significant differences in the N absorption and utilization efficiency of different genotypes of potato cultivars under different N supply levels, which was mainly related to the N content in their bodies. N-efficient potato cultivation could be carried out normally at lower N levels, while the N-inefficient potato was the opposite [5,6,7]. It was shown that the root structure of N-efficient cultivars was larger, and the growth ability was significantly higher than that of N-inefficient cultivars [8]. Zhang found that the N accumulation rate of N-efficient cultivars at the budding stage was much higher than that of N-inefficient cultivars, and the N efficiency of each genotype of potato was improved after N application [9]. In addition, the application of N fertilizer in different growth stages would have different effects on the accumulation of dry matter in various parts of the plant [10]. Studies have shown that N application before the budding stage could promote the establishment of the plant’s root system and the growth of the above-ground parts, thereby improving the emergence rate and plant stress resistance [11]. Huang found that N application at the tuber expansion stage could enhance the N assimilation ability of leaves, prolong photosynthesis, and, thus, increase the leaf area index [12], while Sarkar believed that applying a lower level of N at this stage would be more effective in terms of tuber yield and quality. It was beneficial to tuber formation [13].



N is involved in various physiological and biochemical reactions in plants, and also plays a crucial role in the synthesis of enzymes of different properties [14]. These key enzymes of N metabolism are involved in N absorption, transport, assimilation, and during plant senescence processes such as recycling and remigration [15,16]. Potato contains more carbohydrates and is an ammonium N-loving crops. It has a strong ability to absorb ammonium N, which is conducive to the synthesis of organic N compounds from ammonium N. Glutamate synthase (GOGAT) and glutamate dehydrogenase (GDH) directly participate in this process and assimilate it into amino acids [17]. In addition, more than 90% of the nitrate absorbed by the root system of crops goes to the roots and stems through N assimilation, and is further reduced to ammonium by nitrate reductase (NR), nitrite reductase (NiR) and glutamine synthase (GS). Research showed that the activity of NR decreased with increasing application of ammonium N [18,19]. The content and activity of NR, GS, and GOGAT were positively correlated with yield and N application level [20,21]. Wang found that under low N conditions, low-N and high-efficiency cultivars of maize could maintain high NR, NiR, GS, and GOGAT activity [22].



The N metabolism pathway map obtained by Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis shows that the biological process of the N metabolism pathway is a complex interaction between different reactions, in which the core N cycle involves four reduction pathways: N fixation, assimilated nitrate reduction, dissimilatory nitrate reduction and denitrification. In addition, it involves two oxidation pathways: nitrification and anammox. However, not all reactions occur in plants, and the key enzyme genes and transporters of the N metabolism pathway are mainly concentrated in the assimilation or dissimilatory nitrate reduction and denitrification processes. Studies have shown that the N efficiency of rice 35S:NADH-GOGAT-OE plants can be effectively improved [23], while GDH promoted the ammonia assimilation ability of rice under low N stress to improve N use efficiency [24]. In addition, there were differences in the expression levels of key enzymes of N metabolism under different treatments. Zhang found that the changes in the expression levels of GS2, GDH1, and NR in flue-cured tobacco tended to be consistent [25]. Research analyzed the expression levels of NR, GS, and GOGAT in different genotypes of tea cultivars. It was found that the gene expression differs significantly among different cultivars [26].



The changes of key enzyme activity of N metabolism are closely related to key enzyme genes in the N metabolism pathway. This experiment is expected to clarify the changes of key enzyme genes and enzyme activity of the N metabolism pathway in potato under different N supply levels, and to explore the relationship between them. We also expect to explore the differences between the different N efficiency genotypes of potato. This will lay a foundation for the subsequent in-depth exploration of the function of each gene in the N metabolism pathway of potato, and provide a theoretical basis for rational N application.




2. Materials and Methods


2.1. Material


Plant materials: The N-efficient potato Yanshu 4 and the N-inefficient potato Atlantic.



Reagents: MiniBEST Universal RNA Extraction Kit (TAKARA 9767), PrimeScript™ RT reagent Kit with gDNA Eraser (Perfect Real Time) (TAKARA RR047A), TB Green® Premix Ex Taq™ (Tli RNaseH Plus) (TAKARA RR420A), Nitrate Reductase (NR) Test Kit (comin NR-2-W), nitrite reductase (NiR) Test Kit (comin NIR-2-G), glutamine synthase (GS) Test Kit (comin GS-2-Y), glutamate synthase (GOGAT) Test Kit (comin GOGAT-1-Y), glutamate dehydrogenase (GDH) Test Kit (comin GDH-2-Y).



The above plant materials and reagents are preserved and provided by the Potato Innovation Team of Jilin Agricultural University.




2.2. Methods


2.2.1. Test Treatment and Sampling


Yanshu 4 (Y) and Atlantic (A) were pre-germinated and seeded, and were potted in the vegetable base of Jilin Agricultural University using a two-factor random block design. Take the base field soil and peat and mix them at a ratio of 4:1, and set 3 N supply levels for each cultivar: low N, normal N, and excess N, which are represented by N−, N, and N+, respectively, and urea (containing N 46%) 0, 18, 25 kg/667 m2 (0, 6.5, 10.3 g/pot); uniformly apply calcium superphosphate (containing P2O5 46%) 18 kg/667 m2 (9.8 g/pot), sulfuric acid potassium (containing K2O 50%) 36 kg/667 m2 (16.3 g/pot). All fertilizers were applied once before sowing, with 10 pots per treatment, repeated 3 times.



Growth was divided into the following 4 stages according to the metabolism indexes and growth characteristics of potato during the growth process: Seedling stage (S) approximately 15 days after emergence; Budding stage (B) approximately 30 days after emergence; Tuber expansion stage (T) approximately 40 days after emergence; Mature stage (M) stems and leaves were basically withered, and the whole plant showed senescence. Plants with the same growth vigor were randomly selected, fresh leaves (L) and roots (R) of each stage were washed with deionized water, quick-frozen in liquid nitrogen and stored in -80°C for use, and repeated 3 times.




2.2.2. Obtaining Key Enzyme Gene Sequences


The N metabolism pathway map was obtained by KEGG software analysis (https://www.kegg.jp/kegg/kegg2.html accessed on 15 February 2020). Combined with the previous research conducted by the research group at the transcriptome level, it was found that there were 14 key enzyme genes in potato. Therefore, the gene sequence was obtained from the laboratory transcriptome database.




2.2.3. Quantitative Real-Time PCR


Total RNA was extracted from the leaves and roots of Yanshu 4 and Atlantic at each stage, and the first strand of cDNA was synthesized by reverse transcription. Primer 6.0 was used to design qRT-PCR primers for 14 genes and internal reference genes (Table 1). The reaction system: TB Green Premix Ex Taq 10.0 μL, ROX Reference Dye 0.4 μL, cDNA 2.0 μL, upstream primer 0.8 μL, downstream primer 0.8 μL, ddH2O 6.0 μL. qRT-PCR reaction program: pre-denaturation at 95 °C for 30 s; denaturation at 95 °C for 5 s, annealing at 59 °C for 30 s, 40 cycles; melting segment at 95 °C for 15 s, 59°C for 1 min, and 95 °C for 15 s. Three repetitions were set.




2.2.4. Determination of Key Enzyme Activity of N Metabolism


The enzyme activity of leaves of Yanshu 4 and Atlantic at different stages were measured. Nitrate reductase (NR) activity was measured using a Nitrate Reductase (NR) Test Kit (comin NR-2-W); it was expressed by measuring the amount of NADH reduction. Nitrite reductase (NiR) activity was measured using a Nitrite Reductase (NiR) Test Kit (comin NIR-2-G); it was expressed by measuring the amount of NO2− reduction. Glutamine synthase (GS) activity was measured using a Glutamine Synthase (GS) Test Kit (comin GS-2-Y); it was expressed by measuring the amount of γ-glutamyl hydroxamic acid produced. Glutamate synthase (GOGAT) activity was measured using a Glutamate Synthase (GOGAT) Test Kit (comin GOGAT-1-Y); it was expressed by measuring the amount of NADH reduction. Glutamate dehydrogenase (GDH) activity was measured using a Glutamate Dehydrogenase (GDH) Test Kit (comin GDH-2-Y); it was expressed by measuring the amount of NADH reduction. They were measured using the spectrophotometric method. The specific steps were operated in accordance with the instructions of the kit, and three repetitions were set.




2.2.5. Statistical Analysis


The quantitative real-time PCR test data were processed by the method of 2−∆∆Ct, and it analyzed for significance using DPS7.05. Significant analysis was performed using the t test method, p < 0.05. Enzyme activity was calculated according to the instructions of each kit.






3. Results


3.1. Acquisition of Key Enzyme Genes of Potato N Metabolism Pathway


Through KEGG software analysis combined with previous research at the transcriptome level, 14 key enzyme genes in the N metabolism pathway were obtained [27], namely nitrate reductase gene StNR, nitrite reductase gene StNiR, and glutamine synthase gene StGSs, glutamate synthase gene StGOGATs, glutamate dehydrogenase gene StGDH, and StNRTs protein family. Among them, StGSs are divided into StGS1, StGS1-2, StGS1-3, StGS1-4, and StGS2; StGOGATs are divided into StFd-GOGAT and StNADH-GOGAT; StNRTs protein family members include StNRT1.5, StNRT2.4, StNRT2.5, and StNRT2.7.




3.2. Relative Expression Analysis of Key Enzyme Genes in the N Metabolism Pathway of Two Genotypes of Potato under Different N Supply Levels


3.2.1. Analysis of Relative Expression of Nitrate Reductase Gene StNR in Two Genotypes of Potato under Different N Supply Levels


Analysis of the relative expression of StNR in two different genotypes of potato under different N supply levels showed that in leaves (Figure 1A), the expression trends of N-efficient cultivar Y and N-inefficient cultivar A were basically the same. The expression of StNR increased gradually in the B, T, and M stages, but the overall expression level was lower in the S and T stages. Y reached a peak value under N+ treatment in the M stage, A reached its peak under N+ treatment in the B stage, and the overall expression level in A was significantly higher than that in Y. In roots (Figure 1B), the expression of StNR gradually increased in the S, B, and M stages of Y, and the S and T stages of A with the increase in N application. Y first increased and then decreased during the T stage and reached a peak under N treatment. A first decreased and then increased in the B stage and reached a peak under N− treatment, and the overall expression level in the T and M stages of Y was significantly higher than that of A. The expression of StNR generally showed an upward trend with the increase in N application, indicating that excessive N application could promote the expression of StNR. It may be that the increase in N application accelerated the assimilation of nitrate and catalyzed the conversion of nitrate to nitrite.




3.2.2. Analysis of Relative Expression of Nitrite Reductase Gene StNiR in Two Genotypes of Potato under Different N Supply Levels


The analysis of the relative expression of StNiR in two different genotypes of potato under different N supply levels showed that in leaves (Figure 2A) with the increase in N application, the overall StNiR expression of the two potato cultivars showed an upward trend. The expression level of A was higher than that of Y, and the expression level of A was significantly higher in the M stage than in other stages, and reached the peak under N+ treatment. While the StNiR expression in Y is basically not expressed in the S stage, and the expression level in the whole growth stage is also low. Additionally, in the B stage, the peak value was reached under N+ treatment. In roots (Figure 2B), the expression level of StNiR in Y was higher than that in A except for the M stage, and the expression trend and peak value of StNiR in the two genotypes of potato were the same as those in leaves with the increase in N application rate. In addition, it could be found from the figure that the expression trend of StNiR was basically the same as that of StNR, indicating that excessive N application could also promote the expression of StNiR. StNiR participates in the second step of nitrate assimilation after StNR, converting nitrate to ammonia in the chloroplast.




3.2.3. Relative Expression Analysis of Glutamine Synthase Gene StGSs in Two Genotypes of Potato under Different N Supply Levels


StGSs are genes necessary for ammonia assimilation, which can promote the conversion of inorganic N into organic N. StGSs are divided into StGS1, StGS1-2, StGS1-3, StGS1-4, and StGS2. The relative expression levels of StGSs in two different genotypes of potato under different N supply levels were analyzed. With the increase in N application rate, the expression of StGS1 in leaves (Figure 3A) showed an upward trend in Y except the T stage, and reached a peak under N+ treatment in the B stage. A showed a trend of first increase and then decrease except in the M stage. The peak value was reached under the N treatment in the S stage. In roots (Figure 3B) it showed an upward trend in the B and M stages of Y, in the S and M stages of A. The S stage of Y and the B stage of A first decreased and then increased, and both cultivars showed the trend of rising and then falling in the T stage, and all reached the peak value under the N+ treatment in the B stage. With the increase in N application rate, the expression of StGS1-3 in leaves (Figure 4A) was lower in the S and B stages of Y, and the S and T stages of A, while the expression levels of Y in the T stage and A in the M stage showed an upward trend and reached the peak under the N+ treatment. In roots (Figure 4B), the peak stage of Y and A was the same as that in leaves. The expression of Y was the most significant under the N treatment in the T stage, while the expression of A was the most significant under the N− treatment in the M stage, and there was no significant difference in other stages.



StGS1-2 and StGS1-4 showed significant differences in the expression sites, roots and leaves. It could be found that it was basically not expressed in the leaves of N-inefficient cultivar A, while it was basically not expressed in the roots of N-efficient cultivar Y. Although StGS1-2 was expressed in Y leaves (Figure 5A), the expression level was low overall, and reached the peak under N+ treatment in the M stage. However, the expression of A was higher in roots (Figure 5B) during the S, B, and T stages. With the increase in N application rate, the overall expression increased first and then decreased, and reached the peak under the N treatment in the S stage. StGS1-4 peaked in Y leaves (Figure 6A) under N treatment in the S stage, and in A roots (Figure 6B) under N+ treatment at the same stage, and the expression levels were relatively low in other stages.



The overall expression of StGS2 in roots and leaves of A was higher than that of Y, indicating that it was more abundantly expressed in N-inefficient cultivars, but not expressed in Y roots. In leaves (Figure 7A) Y peaked under N treatment at the T stage and A under N+ treatment at the M stage. In roots (Figure 7B), with the increase in N application rate, it showed a trend of first increase and then decrease in each stage, and the expression level was the highest under N treatment in the S stage, followed by the M stage.




3.2.4. Relative Expression Analysis of Glutamate Synthase Gene StGOGATs in the Two Genotypes of Potato under Different N Supply Levels


StGOGATs are rate-limiting enzyme genes in the N assimilation GS/GOGAT pathway, and are divided into StFd-GOGAT with ferredoxin Fd as the electron donor and StNADH-GOGAT with NADH as the electron donor. The relative expression levels of StFd-GOGAT in two different genotypes of potato under different N supply levels were analyzed. Overall, the expression levels of A in roots and leaves were higher than those of Y, and the trend was more obvious in roots. With the increase in N application rate, the expression trend in leaves (Figure 8A) was relatively consistent at each stage. In Y and A, it first decreased and then increased, and the expression level in the B stage was relatively high and reached the level under N+ treatment. In addition, the expression level in each stage was the highest under N+ treatment, while the lowest under N treatment, indicating that the increase in external N concentration could promote the expression of this gene in leaves and accelerate N assimilation. In roots (Figure 8B), the expression of Y showed an upward trend in the S, B, and M stages and reached the peak under the N− treatment in the S stage, and first increased and then decreased in the T stage. The expression of A in the S, T, and M stages gradually decreased with the increase in N application rate, and vice versa in the B stage. It reached the peak under the N+ treatment in the M stage. This indicated that high N in roots could promote the expression of StFd-GOGAT in N-inefficient cultivar A, while low N could promote the expression of this gene in N-efficient cultivar Y, which might be caused by the differences in genotypes of cultivars in response to N concentration.



With the increase in N application rate, the relative expression of StNADH-GOGAT in Y and A leaves (Figure 9A) showed a downward trend at each stage, the expression level was lower in the T and M stages, and the level expressed in the S and B stages in Y was significantly higher than that of A, indicating that the expression of StNADH-GOGAT was relatively abundant in the first half of the growth stage in Y leaves, while the expression level of A was relatively low throughout the growth stage. In roots (Figure 9B), the expression trend at each stage was consistent with that in leaves, showing a downward trend. The expression level of A was higher than that of Y in the S and B stages, while the expression level of Y was significantly higher than that of A in the T and M stages, which indicated that the expression level of A was significantly higher than that of leaves. In contrast, the expression of StNADH-GOGAT was more abundant in the second half of the mid-growth stage of Y roots. In addition, low N could promote the expression of StNADH-GOGAT in both roots and leaves.




3.2.5. Analysis of Relative Expression of Glutamate Dehydrogenase Gene StGDH in Two Genotypes of Potato under Different N Supply Levels


StGDH is a key enzyme gene that catalyzes the deamination of glutamate to produce α-ketoglutarate and participates in the TCA cycle, thereby affecting N assimilation. The relative expression levels of StGDH in two different genotypes of potato under different N supply levels were analyzed. In leaves (Figure 10A), the expression level of StGDH of Y was higher than that of A, indicating that the gene was more expressed in the leaves of N-efficient cultivars. With the increase in N application rate, the expression level of StGDH in Y gradually decreased in the S and T stages, and the expression level in the T stage was relatively low, while in the B and M stages, it first increased and then decreased, and reached a peak under N treatment in the M stage. The expression level of A was relatively low with no significant difference in each stage, and reached the peak under N− treatment in the S stage. In roots (Figure 10B), the expression of StGDH first increased and then decreased in Y in the S stage, and in A in the T and M stages, and the expression of StGDH in Y in the T stage, in A in the S and B stages, and vice versa. Meanwhile, Y in the T stage showed a downward trend, and Y and A reached their peaks under the N− treatment in the B stage and the S stage, respectively. To sum up, it could be found that the peak was mostly reached under N− treatment, and low N stress could promote the expression of StGDH.




3.2.6. Relative Expression Analysis of Nitrate Transporter StNRTs in Two Genotypes of Potato under Different N Supply Levels


StNRTs are nitrate transporters that sense external N signals, participate in the absorption and transport of nitrate N, and promote plant growth. StNRTs include StNRT1.5, StNRT2.4, StNRT2.5, and StNRT2.7. The relative expression levels of StNRT1.5 in two different genotypes of potato under different N supply levels were analyzed. It was basically not expressed in Y leaves (Figure 11A), and the expression level in A was also lower. The increase in N application showed a trend of first increase and then decrease, and reached the peak under N treatment in the B stage, which also indicated that both high N and low N stresses outside affected the expression of this gene in leaves. In roots (Figure 11B), Y and A were relatively low in the S, B, and T stages, and most abundant in the M stage. A was highly expressed under N− and N+ treatments, while Y was expressed in N and N+ treatments. It was significantly higher than other stages and treatments, both of which reached their peaks under N+ treatment.



The relative expression levels of StNRT2.4, StNRT2.5, and StNRT2.7 in roots and leaves were relatively high in the S and B stages, which also indicated that the two different genotypes of potato were both in the first two stages; the transport demand of the element was high. With the increase in N application, the expression of StNRT2.4 in leaves (Figure 12A) in Y and A as a whole showed a trend of the highest or lowest expression under N treatment at each stage, compared with N− and N+ treatments. The expression trend of N treatment was the same; Y reached the peak value in the B stage and A in the S stage under N treatment. In roots (Figure 12B), Y showed an upward trend in the S stage and reached the peak under the N+ treatment, and showed a trend of first increasing and then decreasing in the B stage, while the opposite was true in the M stage, and the expression level was relatively lowest in the T stage. The expression level of A was different from Y in the S stage. Y showed a downward trend and reached the peak under N− treatment, while in the B, T, and M stages, the expression level was on the contrary, and the expression level in the B stage was lower.



With the increase in N application rate, the expression level of StNRT2.5 in leaves (Figure 13A) of both Y and A in the S stage showed a trend of first decreasing and then increasing, in the B stage Y showed a decreasing trend, while A showed first an increase and then a decrease. The expression levels in other stages were low and insignificant. Y and A reached their peaks under N− and N treatments in the B stage, respectively. In roots (Figure 13B), the overall expression level of A was higher than that of Y, and both showed a trend of increasing first and then decreasing in the S stage and reached the peak under the N treatment. In addition, the expression level of A in the B stage under the N treatment was also relatively high. Additionally, the expression levels of the two cultivars in the T stage were significantly lower than those in the other stages.



With the increase in N application rate, the expression level of StNRT2.7 in leaves (Figure 14A) of Y showed a trend of first decreasing and then increasing in the S and M stages, conversely in the B stage and reached the peak under the N treatment, and in the T stage it showed a downward trend. A showed a trend of rising first and then falling in the S, B, and M stages, and conversely in the T stage, and reached the peak under the N treatment in the S stage. In roots (Figure 14B), the expression of Y was the highest in the S stage, and reached the peak under the N− treatment. It gradually decreased with the progress of the growth stage, and continued to show a lower trend in the later stage. The expression level of A was high for the duration of the the S and B stages and the M stage under the N+ treatment, and reached the peak under the N+ treatment in the S stage.



From the overall analysis, it was found that the relative expression levels of the four genes in roots were higher than those in leaves, which might be due to the fact that roots could first and directly perceive external N signals, thereby regulating N absorption and transport.





3.3. Analysis of Key Enzyme Activity of N Metabolism in Leaves of Two Genotypes of Potato under Different N Supply Levels


3.3.1. Analysis of Nitrate Reductase (NR) Activity in Leaves of Two Genotypes of Potato under Different N Supply Levels


Nitrate reductase (NR) is the rate-limiting enzyme in the process of nitrate N assimilation; it is able to reduce nitrate (NO3−) absorbed from soil to nitrite (NO2−). The analysis of NR activity in the leaves of two different genotypes of potato under different N supply levels showed that it was positively correlated with N use efficiency (Figure 15). The NR activity of Y was always significantly higher than that of A throughout the growth stage, and the NR activity of Y was 1.48, 1.39, and 1.26 times that of A under N+, N, and N− treatments, respectively. In addition, Y and A both showed a trend of first decreasing, then increasing and then decreasing, reaching their peaks in the S and T stages. The S stage was the beginning of the morphological establishment of potato plants, and the T stage entered the stage of rapid tuber growth. Both stages required a lot of N. Nutrients are assimilated to provide nutrition. In addition, the NR activity of Y and A in each stage were N+ treatment > N treatment > N− treatment. The NR activity of Y in the S and T stages under N+ treatment increased by 38.3% and 36.5% compared with N treatment. The NR activity of in the S and T stages under N+ treatment increased by 19.6% and 23.2% compared with the N treatment, indicating that with the increase in the external N concentration, the NR activity in the potato leaves was also higher.




3.3.2. Analysis of Nitrite Reductase (NiR) Activity in Leaves of Two Genotypes of Potato under Different N Supply Levels


Nitrite reductase (NiR) can reduce nitrite (NO2−) produced by nitrate reductase (NR), to form NH4+, and the NiR activity in the leaves of two different genotypes of potato under different N supply levels was analyzed and found (Figure 16). All showed a trend of rising first and then falling, reaching a peak in the B stage, and its activity in Y was higher than that in A. In addition, the NiR activity of Y and A in each stage were N+ treatment > N treatment > N− treatment, which was consistent with the trend of NR activity. The NiR activity of Y under N+ treatment in the B stage was 22.3% and 51.6% higher than those under N and N− treatments, respectively. In addition, A under N+ treatment was 12.5% and 17.6% higher than those under N and N− treatments, respectively. In other stages, the increase was between 23.1% and 48.3%, while A was between 19.8% and 37%. The increase in Y was higher than that in A, indicating that the NiR activity in Y was more sensitive to changes in N concentration.




3.3.3. Analysis of Glutamine Synthase (GS) Activity in Leaves of Two Genotypes of Potato under Different N Supply Levels


Glutamine synthase (GS) catalyzes the synthesis of glutamine from glutamate and ammonium ions; it affects plant N absorption and utilization. The higher the GS activity, the stronger the N absorption and utilization ability. The analysis of GS activity in leaves of two different genotypes of potato under different N supply levels showed that (Figure 17) Y and A showed a trend of first increase and then decrease throughout the growth stage, and reached the peak in the T stage, and in Y its activity was higher than that of A, indicating that the N high-efficiency cultivar had a stronger ability to transform and absorb N. In addition, the GS activity of Y and A in each stage were N+ treatment > N treatment > N− treatment. The GS activity of Y in the T stage under N+, N, and N− treatment increased by 34.4%, 27.3%, 32.8% compared with the B stage. The GS activity of A was increased by 28.6%, 26.8%, and 21.6% under the N+, N, and N− treatments in the T stage compared with the B stage. However, in the M stage, the GS activity was significantly decreased; the decrease of Y was between 28.8% and 33.3%, and the decrease of A was between 47.6% and 57.8%.




3.3.4. Activity Analysis of Glutamate Synthase (GOGAT) in Leaves of Two Genotypes of Potato under Different N Supply Levels


Glutamate synthase (GOGAT) catalyzes the formation of glutamate from glutamine and α-ketoglutarate; it can convert inorganic N absorbed from the outside into organic N, which is then absorbed and utilized by plants. The analysis of GOGAT activity in leaves of two different genotypes of potato under different N supply levels showed that (Figure 18) Y and A had a trend of first increase and then decrease throughout the growth stage, and reached the peak in the T stage, which entered into the tuber formation stage. The growth was relatively vigorous, and a large amount of nutrients were required, and the activity of Y was significantly higher than that of A. In addition, the GOGAT activity of Y and A in each stage was N+ treatment > N treatment > N− treatment, which was consistent with the trend in GS activity. The GOGAT activity of Y in the T stage under N+ treatment was 1.25 and 1.76 times more than under N and N− treatment, respectively. A under the N+ treatment was 1.05 and 1.22 times more than under the N and N− treatments, respectively, which indicated that the increase in the GOGAT activity of the N-efficient cultivar with the increase in N application rate was larger than that of the N-inefficient cultivar, and the conversion efficiency of inorganic nitrides to organic nitrides was high.




3.3.5. Analysis of Glutamate Dehydrogenase (GDH) Activity in Leaves of Two Genotypes of Potato under Different N Supply Levels


Glutamate dehydrogenase (GDH) catalyzes the reductive fixation of ammonia to α-ketoglutarate to form glutamate. The pathway of GDH is an auxiliary branch pathway of the GS/GOGAT cycle, which can assimilate the excessive accumulation of NH4+ in cells under stress. The analysis of GDH activity in leaves of two different genotypes of potato under different N supply levels showed that (Figure 19) Y and A showed a continuous upward trend throughout the growth stage, and reached the highest peak in the M stage, which was different from the other four enzyme activity. It was seen that the activity of A was always higher than that of Y in each stage. In addition, the GDH activity of Y and A under the N+ and N− treatments in each stage was higher than that under the N treatment. The activity of Y under the N treatment in the M stage was 34.13% and 42.72% lower than that under the N+ and N− treatments, respectively. When A under the N treatment was compared with the N+ and N− treatments, the reductions were 20.82% and 27.16%, respectively, which indicated that the high-N or low-N stress environment could promote the increase in GDH activity in leaves of two genotypes of potato.






4. Discussion


The level of N nutrition in potato regulates the gene expression of key enzymes in the N metabolism pathway, which is manifested as changes in the activity of key enzymes in N metabolism, and finally realizes the regulation of N absorption and utilization. The relative expression levels of key enzyme genes in the N metabolism pathway were different under different N supply levels. Gelli showed that the expression level of sorghum NRT2.5 was higher under low N treatment [28]. Zhang found that the expression level of GOGAT in sugar beet leaves increased with the increase in N application rate [29]. In this study, the expression trends of StNR and StNiR in the same genotype of potato were basically the same. Excessive N application could promote the expression of StNR and StNiR, indicating that excess N accelerated the assimilation of nitrate to nitrite, which was converted into ammonia in chloroplasts. We also found that low N could promote the expression of StGOGATs, thereby promoting the GS/GOGAT cycle, converting ammonium N into organic N and being absorbed and utilized by the potato. It indicated that the expression abundance of key enzyme genes in the N metabolism pathway was significantly affected by N concentration. In addition, one of the main reasons for the different N efficiency of different genotypes of potato was the significant difference in the expression of key enzymes of N metabolism. This study showed that the relative expression levels of StFd-GOGAT, StNiR, and StGS2 in the N-inefficient cultivar Atlantic were higher than those in the N-efficient cultivar Yanshu 4 under the same N supply level, while the opposite was true for StGDH in leaves.



There were differences in the expression organs of key enzyme genes in the N metabolism pathway. Previous studies have shown that NRT2.4 had the highest expression in tobacco roots [30]. Lezhneval found that NRT2.5 expression in roots was higher than in shoots [31]. Orsel found that Arabidopsis NRT2.5 was mainly expressed in roots [32]. Yu found that rapeseed GOGAT had the highest expression in leaves, embryos and other plant organs [33]. There are two isoenzyme genes in higher plants; GS1 is cytosolic GS encoded by 3 to 5 nuclear genes, while GS2 is plastid GS encoded by only one gene. In potato, we found 4 StGSs and 1 StGS2 jointly regulate GS activity. Analysis of the significant differences in their expression in different organs of potato showed that StGS1-2 and StGS1-4 were basically not expressed in the leaves of the N-inefficient cultivar Atlantic, but were normally expressed in the roots. StGS1-2, StGS1-4, and StGS2 were basically not expressed in the roots of the N-efficient cultivar Yanshu 4, and vice versa in the leaves. In addition, StNRT1.5 in the NRT protein family was also basically not expressed in the leaves of Yanshu 4. Therefore, the localization of each gene needs to be further explored.



There were differences in the activity of key enzymes of N metabolism under different N supply levels, and studies had shown that NR activity, GS activity and N application amount are positively correlated [34,35,36,37]. In this study, it was found that the increase in N application rate could promote the increase of the activity of NR, NiR, GS, and GOGAT, thereby accelerating the absorption and utilization of N, and the relative expression of StNR and StNiR showed an upward trend as a whole with the increase of N application rate, which tended to be consistent with the changes in the activity of key enzymes in N metabolism. However, the difference was that the increase in N application reduces the activity of GDH, which was related to the lower expression of StGDH under high N application, and low N promoted the activity of GDH. In addition, there were differences in the activity of key enzymes of N metabolism among different genotypes of potato cultivars. It was found that the activity of NR and NiR were higher in N-efficient cultivars than in N-inefficient cultivars [38,39]. This study showed that in leaves, the overall activity of key enzymes in the N-efficient cultivar Yanshu 4 was significantly higher than that of the N-inefficient cultivar Atlantic, which was consistent with the previous research results. This indicates that the N-efficient cultivars had a stronger ability of assimilating NO3− in leaves, and the N accumulation rate was higher than that of N-inefficient cultivars, which increased the dry matter weight of plants, and improved the quality and yield [5]. In addition, there was a coupling regulation between the key enzymes of N metabolism. Studies had shown that the changes in the activity of NR and NiR generally tend to be consistent, and the research found that the changes in the activity of GS and GOGAT in rice were basically the same [40]. In this study, the changes of NR and NiR activity and GS and GOGAT activity in leaves of each cultivar were also consistent with the change of N application rate, which proved the correlation between the key enzymes of N metabolism with similar functions.



The key enzymes of N metabolism showed significant differences in different growth and development stages and showed a certain continuity. The activity of NR peaked at the seedling stage, indicating that the reaction of NR to reduce nitrate was the strongest during this period. With the accumulation of nitrite, the activity of NiR was the strongest at the budding stage, which meant that the reaction of reduction to ammonium ions was the strongest. Correspondingly, in Yanshu 4, the relative expression of StNiR was also the highest at the budding stage. With the production of ammonium ions, the activity of GS and GOGAT showed the same trend, their activity peaked in the tuber expansion stage, and the relative expression levels of StGS1-3 and StGS2 were also highest during this period. The GDH activity increased with the advancement of the growth and development period and reached the peak at the mature stage, while the relative expression of StGDH in the leaves of Yanshu 4 reached the highest at the mature stage. This also illustrated the consistency of partial gene expression and enzymatic activity.



In conclusion, through the above analysis of the relative expression and enzyme activity of key enzyme genes of the N metabolism pathway in the two genotypes of potato under different N supply levels, it was found that the N absorption and utilization efficiency of different N-efficiency genotypes in potato were different, which came from the common regulatory effect of many genes. The relative expression levels of StNRT1.5, StNR, StNiR in leaves, StNRT2.5, StNRT2.4, StGS1-2 in roots and StNRT2.7, StGS1-3, StGS2, StGS1-4, StFd-GOGAT in leaves and roots showed that the levels of the N-inefficient potato Atlantic (A) were higher than the N-efficient potato Yanshu 4 (Y). Meanwhile, the relative expression levels of StNRT2.5, StGS1-2 in leaves, StNRT1.5 StNR, StNiR in roots and StGDH, StNADH-GOGAT in leaves and roots showed that levels in Yanshu 4 (Y) were higher than in Atlantic (A). At the same time, we especially found that the GDH activity in the leaves of the two genotypes of potato were higher at low N levels. Additionally, the activity of NR and NiR and the activity of GS and GOGAT were correlated. In addition, the changes of key enzymes in different N metabolism showed a certain continuity with the advancement of growth and development, and some gene expression rules and enzyme activity changes also showed a certain consistency. This study clarified the change rules of key enzyme genes and enzyme activity in the N metabolism pathway of different genotypes of potato under different N supply levels, laying a foundation for the subsequent in-depth exploration of the functions of each gene in the potato N metabolism pathway, and providing a theoretical basis for rational N application.
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Figure 1. Relative expression of nitrate reductase gene StNR in two genotypes of potato under different N supply levels. (A) Leaf (L); (B) Root (R). S, B, T, and M represent seedling stage, budding stage, tuber expansion stage, and mature stage, respectively. N−, N, N+ are different N supply levels, representing low N, normal N, and excess N, respectively. Different letters indicate the difference of relative gene expression in different periods under different N application levels (p < 0.05). 
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Figure 2. Relative expression of nitrite reductase gene StNiR in two genotypes of potato under different N supply levels. (A) Leaf (L); (B) Root (R). S, B, T, and M represent seedling stage, budding stage, tuber expansion stage, and mature stage, respectively. N−, N, N+ are different N supply levels, representing low N, normal N, and excess N, respectively. Different letters indicate the difference of relative gene expression in different periods under different N application levels (p < 0.05). 






Figure 2. Relative expression of nitrite reductase gene StNiR in two genotypes of potato under different N supply levels. (A) Leaf (L); (B) Root (R). S, B, T, and M represent seedling stage, budding stage, tuber expansion stage, and mature stage, respectively. N−, N, N+ are different N supply levels, representing low N, normal N, and excess N, respectively. Different letters indicate the difference of relative gene expression in different periods under different N application levels (p < 0.05).
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Figure 3. Relative expression of glutamine synthase gene StGS1 in two genotypes of potato under different N supply levels. (A) Leaf (L); (B) Root (R). S, B, T, and M represent seedling stage, budding stage, tuber expansion stage, and mature stage, respectively. N−, N, N+ are different N supply levels, representing low N, normal N, and excess N, respectively. Different letters indicate the difference of relative gene expression in different periods under different N application levels (p < 0.05). 
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Figure 4. Relative expression of glutamine synthase gene StGS1-3 in two genotypes of potato under different N supply levels. (A) Leaf (L); (B) Root (R). S, B, T, and M represent seedling stage, budding stage, tuber expansion stage, and mature stage, respectively. N−, N, N+ are different N supply levels, representing low N, normal N, and excess N, respectively. Different letters indicate the difference of relative gene expression in different periods under different N application levels (p < 0.05). 
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Figure 5. Relative expression of glutamine synthase gene StGS1-2 in two genotypes of potato under different N supply levels. (A) Leaf (L); (B) Root (R). S, B, T, and M represent seedling stage, budding stage, tuber expansion stage, and mature stage, respectively. N−, N, N+ are different N supply levels, representing low N, normal N, and excess N, respectively. Different letters indicate the difference of relative gene expression in different periods under different N application levels (p < 0.05). 
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Figure 6. Relative expression of glutamine synthase gene StGS1-4 in two genotypes of potato under different N supply levels. (A) Leaf (L); (B) Root (R). S, B, T, and M represent seedling stage, budding stage, tuber expansion stage, and mature stage, respectively. N−, N, N+ are different N supply levels, representing low N, normal N, and excess N, respectively. Different letters indicate the difference of relative gene expression in different periods under different N application levels (p < 0.05). 
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Figure 7. Relative expression of glutamine synthase gene StGS2 in two genotypes of potato under different N supply levels. (A) Leaf (L); (B) Root (R). S, B, T, and M represent seedling stage, budding stage, tuber expansion stage, and mature stage, respectively. N−, N, N+ are different N supply levels, representing low N, normal N, and excess N, respectively. Different letters indicate the difference of relative gene expression in different periods under different N application levels (p < 0.05). 
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Figure 8. Relative expression of glutamate synthase gene StFd-GOGAT in two genotypes of potato under different N supply levels. (A) Leaf (L); (B) Root (R). S, B, T, and M represent seedling stage, budding stage, tuber expansion stage, and mature stage, respectively. N−, N, N+ are different N supply levels, representing low N, normal N, and excess N, respectively. Different letters indicate the difference of relative gene expression in different periods under different N application levels (p < 0.05). 
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Figure 9. Relative expression of glutamate synthase gene StNADH-GOGAT in two genotypes of potato under different N supply levels. (A) Leaf (L); (B) Root (R). S, B, T, and M represent seedling stage, budding stage, tuber expansion stage, and mature stage, respectively. N−, N, N+ are different N supply levels, representing low N, normal N, and excess N, respectively. Different letters indicate the difference of relative gene expression in different periods under different N application levels (p < 0.05). 






Figure 9. Relative expression of glutamate synthase gene StNADH-GOGAT in two genotypes of potato under different N supply levels. (A) Leaf (L); (B) Root (R). S, B, T, and M represent seedling stage, budding stage, tuber expansion stage, and mature stage, respectively. N−, N, N+ are different N supply levels, representing low N, normal N, and excess N, respectively. Different letters indicate the difference of relative gene expression in different periods under different N application levels (p < 0.05).
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Figure 10. Relative expression of glutamate dehydrogenase gene StGDH in two genotypes of potato under different N supply levels. (A) Leaf (L); (B) Root (R). S, B, T, and M represent seedling stage, budding stage, tuber expansion stage, and mature stage, respectively. N−, N, N+ are different N supply levels, representing low N, normal N, and excess N, respectively. Different letters indicate the difference of relative gene expression in different periods under different N application levels (p < 0.05). 
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Figure 11. Relative expression of nitrate transporter StNRT1.5 in two genotypes of potato under different N supply levels. (A) Leaf (L); (B) Root (R). S, B, T, and M represent seedling stage, budding stage, tuber expansion stage, and mature stage, respectively. N−, N, N+ are different N supply levels, representing low N, normal N, and excess N, respectively. Different letters indicate the difference of relative gene expression in different periods under different N application levels (p < 0.05). 
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Figure 12. Relative expression of nitrate transporter StNRT2.4 in two genotypes of potato under different N supply levels. (A) Leaf (L); (B) Root (R). S, B, T, and M represent seedling stage, budding stage, tuber expansion stage, and mature stage, respectively. N−, N, N+ are different N supply levels, representing low N, normal N, and excess N, respectively. Different letters indicate the difference of relative gene expression in different periods under different N application levels (p < 0.05). 
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Figure 13. Relative expression of nitrate transporter StNRT2.5 in two genotypes of potato under different N supply levels. (A) Leaf (L); (B) Root (R). S, B, T, and M represent seedling stage, budding stage, tuber expansion stage, and mature stage, respectively. N−, N, N+ are different N supply levels, representing low N, normal N, and excess N, respectively. Different letters indicate the difference of relative gene expression in different periods under different N application levels (p < 0.05). 
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Figure 14. Relative expression of nitrate transporter StNRT2.7 in two genotypes of potato under different N supply levels. (A) Leaf (L); (B) Root (R). S, B, T, and M represent seedling stage, budding stage, tuber expansion stage, and mature stage, respectively. N−, N, N+ are different N supply levels, representing low N, normal N, and excess N, respectively. Different letters indicate the difference of relative gene expression in different periods under different N application levels (p < 0.05). 
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Figure 15. Nitrate reductase (NR) activity in two genotypes of potato leaves under different N supply levels. The amount of catalytic reduction of 1 nmol of NADH per 1 g of fresh weight sample per 1 min is one unit of enzyme activity. S Stage, B Stage, T Stage, and M Stage represent seedling stage, budding stage, tuber expansion stage, and mature stage, respectively. N−, N, N+ are different N supply levels, representing low N, normal N, and excess N, respectively. Different letters indicate the difference of enzyme activity under different N application levels in the same period (p < 0.05). 
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Figure 16. Nitrite reductase (NiR) activity in two genotypes of potato leaves under different N supply levels. The amount of 1 nmol NO2− reduced per 1 g of fresh weight sample per 1 min is one unit of enzyme activity. S Stage, B Stage, T Stage, and M Stage represent seedling stage, budding stage, tuber expansion stage, and mature stage, respectively. N−, N, N+ are different N supply levels, representing low N, normal N, and excess N, respectively. Different letters indicate the difference of enzyme activity under different N application levels in the same period (p < 0.05). 
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Figure 17. Glutamine synthase (GS) activity in two genotypes of potato leaves under different N supply levels. The amount of 1 nmol of γ-glutamyl hydroxamic acid is produced per 1 mL of reaction system per 1 min per 1 g of fresh weight sample is one unit of enzyme activity. S Stage, B Stage, T Stage, and M Stage represent seedling stage, budding stage, tuber expansion stage, and mature stage, respectively. N−, N, N+ are different N supply levels, representing low N, normal N, and excess N, respectively. Different letters indicate the difference of enzyme activity under different N application levels in the same period (p < 0.05). 
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Figure 18. Glutamate synthase (GOGAT) activity in two genotypes of potato leaves under different N supply levels. The amount of 1 nmol NADH is consumed per 1 g fresh weight sample per 1 min is one unit of enzyme activity. S Stage, B Stage, T Stage, and M Stage represent seedling stage, budding stage, tuber expansion stage, and mature stage, respectively. N−, N, N+ are different N supply levels, representing low N, normal N, and excess N, respectively. Different letters indicate the difference of enzyme activity under different N application levels in the same period (p < 0.05). 
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Figure 19. Glutamate dehydrogenase (GDH) activity in two genotypes of potato leaves under different N supply levels. The amount of 1 nmol NADH is consumed per 1 g fresh weight sample per 1 min is one unit of enzyme activity. S Stage, B Stage, T Stage, and M Stage represent seedling stage, budding stage, tuber expansion stage, and mature stage, respectively. N−, N, N+ are different N supply levels, representing low N, normal N, and excess N, respectively. Different letters indicate the difference of enzyme activity under different N application levels in the same period (p < 0.05). 
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Table 1. Primer sequence.






Table 1. Primer sequence.





	Primer Name
	Primer Sequence





	Reference-StEF1α F
	GATGGTCAGACCCGTGAACA



	Reference-StEF1α R
	CCTTGGAGTACTTCGGGGTG



	StNADH-GOGAT F
	GTGGTGGTGTTGCCTATGTTCTTGA



	StNADH-GOGAT R
	TTGTGTTACGCTGGTGTTGCTGTAT



	StFd-GOGAT F
	CAAGCGGATTCGTAGAAGGATTGGT



	StFd-GOGAT R
	CGTTGAAGGTCAAGAACAGCATTGC



	StGS1 F
	AATGAGCGTCGTCTCACTGG



	StGS1 R
	GGCTGGCCTGTCCTCAAAG



	StGS1-2 F
	GGAAGTGATGCCTGGACAGTGG



	StGS1-2 R
	CAGCAACCTCAGCAATCCTCTCG



	StGS1-3 F
	TGGACAAGCACCTGGAGAAGACA



	StGS1-3 R
	CCAAGATGTTGTTACCACCACGGAA



	StGS1-4 F
	CTGGAAAGGCTTTTGGACGC



	StGS1-4 R
	CCAGGCATCACTTCTCCGTT



	StGS2 F
	TGCTGCTTATGGGGTTGGC



	StGS2 R
	CTGTGTGTCCCTTCCGATCCT



	StNR F
	ACGCTGAACTTGCTAACGCTGAA



	StNR R
	ATGGCACGGAGTTGTAATGACAGAG



	StNiR F
	TGTGCTACCTGATGTGCCTGAGA



	StNiR R
	TCCTGACATTATCCATGCCACTCTG



	StGDH F
	TCGGCGGTGGTGATGTAATGAGTA



	StGDH R
	CTCCTCCCAGAGCACAGGGTATAAG



	StNRT1.5 F
	CGACGATGACACAACTGGTGGTAG



	StNRT1.5 R
	CCTGCTTCTGGCTCTCAAGTTCC



	StNRT2.4 F
	GCAGACGGTGGCTGGATTGATG



	StNRT2.4 R
	AAGCACGCCATAACCAGAACAGAC



	StNRT2.5 F
	ACCTGCTCTGTTTCAGGCTT



	StNRT2.5 R
	GTTTCGCGTAATCTCCATCGG



	StNRT2.7 F
	GCAGACGGTGGCTGGATTGATG



	StNRT2.7 R
	AAGCACGCCATAACCAGAACAGAC
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