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Foxtail millet (Setaria italica L.) is of high nutritious value, which is an important crop in arid and semi-arid regions. The objective of this experiment was to explore the effects of the synthetic auxin naphthalene acetic acid (NAA) on the physiological processes of foxtail millet, and to provide a theoretical basis and technical approaches for its efficient use in millet cultivation. Two foxtail millet varieties (‘Jingu 21’ and ‘Zhangzagu 5’) were treated with six concentrations of NAA from 0-144 mg L-1 at the grain-filling stage in field experiments. The photosynthetic pigment contents, gas exchange parameters, chlorophyll fluorescence parameters, and grain yield were measured in foxtail millet. The results showed that low concentrations of NAA (18-36 mg L-1) increased the contents of photosynthetic pigments, and increased the activities of antioxidant enzymes, the photosynthetic rate, and the activity of photosystem system II (PS II). At higher NAA concentrations, the facilitation effect of the treatments diminished, showing a clear concentration effect. In this study, yield was significantly and positively correlated with PS II effective quantum yield (Y(II)) and the PSII electron transport rate (ETR), and the net photosynthetic rate (Pn) was significantly and positively correlated with chlorophyll content, stomatal conductance (Gs), Y(II), and ETR. These results also indicated that exogenous NAA application promotes the production of ATP and NADPH by increasing the efficiency of electron transfer within the photosystems and also improved photochemical utilization, which facilitates the fixation and reduction of carbon, ultimately leading to an increase in Pn and increasing grain yield in foxtail millet.
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1 Introduction

Foxtail millet (Setaria italica L.) is a nutrient-rich cereal grain that is traditionally grown in arid and semi-arid areas, as it is well adapted to dry climates. In recent years, with the development and utilization of foxtail millet nutrients, the demand for foxtail millet has increased sharply. However, in the actual production process, grain yields have decreased due to irregular planting techniques, continuous cropping obstacles, and pest infestation. Increasing crop yields, improving crop quality, and enhancing crop resistance through chemical control technologies are some of the key agronomic measures in modern agricultural planting technology systems (Wang, 2019; Zhang et al., 2021; Cheng et al., 2020). Plant growth regulators are widely used in crop production to improve plant architecture, increase the photosynthetic rate, enhance root function, improve resistance to stress, increase yield, and improve quality (Zhao & Wang, 2012; Huang et al., 2021; Qamar et al., 2022; Dhaka et al., 2022).

Plant growth regulators, which are important biotic factors, are known to play vital roles not only in plant development, but also in inducing plant tolerance to various environmental stresses (Faisal et al., 2020; Faisal and Muhammad, 2021). Naphthalene acetic acid (NAA) is a synthetic auxin plant growth regulator, which can increase the photosynthetic rate, increase chlorophyll synthesis, promote plant growth, and enhance resistance to stress (Hu et al., 2022). Studies have shown that foliar spraying of NAA can regulate the morphogenesis of eggplant leaves by increasing the cell volume and leaf area of palisade tissue and spongy tissue, and improve the biomass and fruit yield per plant (Rohach, 2017). In yam, NAA treatment promotes the conversion of starch to reducing sugars, thereby accelerating the accumulation of photosynthetic assimilates (Wen et al., 2016). Under tissue culture conditions, NAA treatment was found to increase the activity of PSII in leaves of the Brazilian bromeliad Aechmea blanchetiana and promote the growth of test tube seedlings (Martins et al., 2018).

Foxtail millet is similar to crops such as sorghum, maize, and rice in that it is a grass in the botanical family Poaceae. Millet has the potential to be ultra-high yielding, but one reason behind the delayed yield breakthrough is the low efficiency of light energy use. Maximizing the utilization of light energy is the main way to improve crop yield, because 90% of crop dry matter is derived from the products of photosynthesis (Makino, 2011). The efficiency of light energy utilization in foxtail millet populations, especially changes in the overall photosynthetic rate and duration of the upper and middle leaves, has an important influence on the improvement of foxtail millet yields (Fang et al., 2016; Li P. et al., 2019; Liu et al., 2020). There are few studies on the role of NAA in the regulation of photosynthesis and its mechanisms. In this study, the photosynthetic gas exchange parameters and chlorophyll fluorescence parameters of foxtail millet leaves were measured and analyzed following foliar application of NAA at the grain filling stage to investigate the physiological mechanism by which NAA acts to increase yield from the perspective of photosynthesis parameters.



2 Materials and methods


2.1 Experimental design

Naphthalene acetic acid (20%, powder) was provided by Sichuan Province Guoguang Agrochemical Co., Ltd. The millet varieties used in this experiment were ‘Zhangzagu 5’ and ‘Jingu 21’. Seeds of ‘Zhangzagu 5’ was supplied by the Zhangjiakou Academy of Agricultural Sciences of Hebei Province, China, and ‘Jingu 21’ was provided by the Shanxi Academy of Agricultural Sciences, China.

The field experiments were conducted at the farm of Shanxi Agricultural University, China, in 2012 and 2013. The study site has a temperate continental climate. The experiment used a split-plot design, with millet varieties as the main plot, and two levels of ‘Zhangzagu 5’ and ‘Jingu 21’. The concentration of NAA was the sub-region, and the six concentrations were 0 (CK), 9 mg L-1 (C9), 18 mg L-1 (C18), 36 mg L-1 (C36), 72 mg L-1 (C72), and 144 mg L-1 (C144). There was a total of 2 × 6 = 12 treatments, repeated three times, and the plot areas were 3 × 6 = 18 m2. Foliar application of NAA solution was started at the beginning of the grain filling period, on 25 and 26 August 2012 at around 16:00 hours; the samples were taken on 5 September and the crop was harvested on 5 October. On 28 and 29 August 2013, a foliar spray of NAA solution was applied at around 16:00 hours, samples were taken on 8 September from the first two leaves and the crop was harvested on 8 October. The effect of foliar application of NAA on the physiological characteristics and yield formation of foxtail millet during the filling period was studied.



2.2 Measurements


2.2.1 Photosynthetic pigment contents

The chlorophyll a (Chl a), chlorophyll b (Chl b), total chlorophyll, and carotenoid contents were determined following extraction in 96% ethanol. The penultimate leaf was cut into small pieces, and samples (0.1 g) were placed in 15 ml test tubes containing 10 ml of 96% ethyl alcohol, covered with a rubber stopper, and kept in the dark for at least 24 h until the leaves had turned white. During this period, the tubes were shaken 3 to 4 times. The Chl a, Chl b, and carotenoid concentrations were determined by measuring the absorbances at 470, 649, and 665 nm, respectively using a UV 2400 UV-visible spectrophotometer (Sunny Heng Ping Instrument, LLC. Shanghai, China).



2.2.2 Physiological characteristics

The contents of malondialdehyde (MDA) and soluble protein and the activities of superoxide dismutase (SOD) and peroxidase (POD) were determined by the thiobarbituric acid (TBA) test, the Coomassie brilliant blue method, the nitro blue tetrazolium (NTB) method, and the guaiacol method, respectively (Liu et al., 2017). The activity of nitrate reductase (NR) was determined as follows: freshly picked leaves were weighed in two portions of 0.5 g each and 5 mL phosphate buffer and 5 mL potassium nitrate were added to one sample, and 5 mL phosphate buffer and 5 mL distilled water were added to the other. The samples were evacuated using a vacuum pump for 10 min and then placed at a temperature of 30°C for 30 min. A 2 mL sample of each solution was withdrawn, 4 mL of sulphonamide reagent was added to each, mixed well, and then 4 mL of α-naphthylamine reagent was added. The solutions were shaken and placed in an incubator at 30°C for 30 min. The absorbances were measured at 520 nm in a spectrophotometer and the nitrite ion (NO2-) concentration was then calculated.



2.2.3 Photosynthetic gas exchange

The net photosynthetic rate (Pn), transpiration rate (Tr), and stomatal conductance (Gs) were measured with a CI-340 portable photosynthesis system (CID Bio-Science, Inc., USA) between 10:00 and 11:00 hours. The photosynthetically active radiation (PAR) at the leaf surface was ~1,000 ± 50 μmol m−2 s−1, the temperature of the leaf chamber was 28 ± 2°C, and the ambient CO2 concentration was 400 ± 50 μmol mol−1.



2.2.4.  Chlorophyll fluorescence.

The photochemical efficiency (Fv/Fm), quantum yield of regulated energy dissipation in PSII (NPQ), photochemical quenching coefficient (qP), PS II effective quantum yield (Y(II), and PSII electron transport rate (ETR) were measured using a miniaturized pulse-amplitude modulated fluorescence analyzer (Mini-PAM, Walz, Effeltrich, Germany) from 17:00 to 22:00 hours. The applied actinic light had a photosynthetic photon flux density (PPFD) of 500 μmol (photon) m−2 s−1. The high light flash used to measure saturated fluorescence had a PPFD of 4,000 μmol (photon) m−2 s−1 and a duration of 0.8 s.



2.2.5 Yield and yield components

The grain yield and yield components ear length, ear diameter, ear grain weight were measured after harvesting using a ruler, a Vernier caliper, and an analytical balance (Mettler-Toledo, LLC. Shanghai, China), respectively.




2.3 Statistical analysis

Statistical data were analyzed using Microsoft Office Excel 2010 and SPSS 22.0. Duncan’s test was used to determine the significant differences among the treatments at the same time and variety at a significance level of p<0.05.



2.4 Transcriptome analysis

The original transcriptome sequencing data were obtained from Tang et al., 2022. The BioProject accession number of the data was PRJEB44706. Quality control of the downloaded transcriptome raw data was performed with FASTP V0.20.1 (Chen et al., 2018). The RNAseq data were analysed as described previously (Zheng et al., 2021).




3 Results


3.1 Effects of NAA on the contents of photosynthetic pigments in leaves of foxtail millet

Total chlorophyll (total Chl), Chl a, Chl b, and carotenoid (Car) contents in leaves of foxtail millet showed a common trend in that they increased after decreased as the NAA concentration increased in 2012 and 2013 (
Table 1
). In 2013, the photosynthetic pigment contents in ‘Zhangzagu 5’ were higher than in ‘Jingu 21’. Although the changes in chlorophyll and carotenoid contents showed similar trends in both ‘Zhangzagu 5’ and ‘Jingu 21’, the relative degrees of increase and decrease differed between the two varieties. The total Chl, Chl a, and Chl b contents in ‘Zhangzagu 5’ were higher by 18.3, 6.7, and 14%, respectively, in the C18 treatment compared to the CK. The highest carotenoid content was in the C36 treatment, and the total Chl and carotenoid contents in ‘Jingu 21’ were significantly higher by 15.6 and 39.5% compared to the CK.


Table 1 | 
Effects of naphthalene acetic acid on the photosynthetic pigment contents in leaves of foxtail millet (mg/L FM).






3.2 Effects of NAA on physiological characteristics in leaves of foxtail millet

The SOD activity in both millet varieties showed a trend in which it increased initially and then decreased with increasing concentrations of exogenous NAA, with a peak at 36 mg L-1 (
Figure 1A
). The differences between 36 mg L-1 and the 0, 9, 18, and 144 mg L-1 treatments was significant in 2012 and between 36 mg L-1 and the other treatments in 2013. At higher NAA concentrations, the POD activity in both varieties increased and then decreased in both years, peaking at 36 mg L-1 (
Figure 1B
). The differences between ‘Zhangzagu 5’ at 36 mg L-1 and the 0, 9, and 18 mg L-1 treatments in 2012 was significant, while the differences in ‘Jingu 21’ between the 36 mg L-1 treatment and the other treatments and between the two varieties at 36 mg L-1 and the other treatments in 2013 was significant. The MDA content in both varieties tended to decrease and then increase as the concentration of exogenously applied NAA increased, with the lowest concentration at 36 mg L-1 (
Figure 1C). The differences between 36 mg L-1 and the 0 and 9 mg L-1 treatments was significant in 2012 as were the differences between 36 mg L-1 and 0, 9, 18, and 144 mg L-1 in 2013. The soluble sugar content of both varieties tended to increase and then decrease as the concentration of NAA increased, peaking at 36 mg L-1 (
Figure 1D). The difference between 36 mg L-1 and the other treatments was significant in 2013, but not in 2012. The results of the two-year trial showed that exogenous application of 36 mg L-1 NAA increased in soluble sugar content in foxtail millet. The soluble protein content of the two varieties showed a trend of increasing and then decreasing with the increase of NAA concentration, reaching a peak at 36 mg L-1 (
Figure 1E). In 2012, the difference between the concentration of 36 mg L-1 and the other treatments was significant for ‘Jingu 21’, while there was no significant difference between all treatments for ‘Zhangzagu 5’. The nitrate reductase activity of the two varieties showed a trend of increasing and then decreasing with the increase of NAA concentration (
Figure 1F). In 2012, the nitrate reductase activity did not change significantly with the increase of external application concentration and reached the maximum value at 72 mg L-1, but the difference with other treatments was not significant.





Figure 1 | 
Effects of naphthalene acetic acid on physiological characteristics in leaves of foxtail millet. (A) the activity of SOD, (B) the activity of POD, (C) MDA content, (D) soluble sugar content, (E) soluble protein content, (F) the activity of nitrate reductase.







3.3 Effects of NAA on gas exchange parameters in leaves of foxtail millet

The Pn, Tr and Gs of ‘Zhangzagu 5’ and ‘Jingu 21’ all tended to increase and then decrease with increasing NAA concentration (
Table 2
). As the treatment concentration increased, the facilitation effect diminished, showing a clear concentration effect. Pn, Tr and Gs values of ‘Zhangzagu 5’ and ‘Jingu 21’ were greatest at 18 mg L-1 with significant increases of 14.5, 10.9, 9.5 and 10.7, 6.7, 10.0% respectively over the control.


Table 2 | 
Effects of naphthalene acetic acid on gas exchange parameters in leaves of foxtail millet.






3.4 Effects of NAA on chlorophyll fluorescence in foxtail millet leaves

The maximum photochemical quantum efficiency (Fv/Fm) is used to measure the primary light energy conversion efficiency of photosystem II (PSII) in plant leaves, and reflects the ability of PSII to use light. The Fv/Fm of PSII in the leaves of both ‘Zhangzgu 5’ and ‘Jingu 21’ ranged from 0.75-0.78 in the six NAA treatments in 2012 and 2013, indicating that the plants grew normally and were not under stress (
Table 3
). Y(II) reflects the actual photosynthetic efficiency of the plant leaves. In the C36 treatment, Y(II) was significantly higher by 29.2% in ‘Zhangzagu 5’ compared to the CK, and the difference between NAA treatments was not significant in 2013. Y(II) was highest in ‘Jingu 21’ in the C72 treatment with a significant increase of 8.0% compared to the CK, but it was significantly lower in the C144 treatment. ETR is used to measure the electron transfer efficiency of carbon fixation caused by photochemical reactions, and reflects the speed of apparent electron transfer. In the C18 and C36 treatments, the apparent electron transfer in leaves of ‘Zhangzagu 5’ was faster, and was significantly higher than in the other treatments. In ‘Jingu 21’, the ETR was highest in the C36 treatment, and it showed a significant increase of 10.5% compared with the CK; ETR in the C144 treatment was significantly lower than in the CK. qP reflects the level of photosynthetic activity of the plant and is proportional to the electron transfer activity of the photosystems. The qP in ‘Jingu 21’ in the C9 treatment was the highest, and it was significantly higher than in the CK. NPQ reflects the ability of the plant to dissipate excess light energy in the form of heat, a self-protective capability of the photosystems. The smaller the NPQ, the better the plant’s ability to use light energy. In the C36 treatment, NPQ was lowest in both ‘Zhangzagu 5’ and ‘Jingu 21’, 13.1 and 4.0% lower than the CKs, respectively. Taken together, the photosynthetic capacity of ‘Zhangzagu 5’ and ‘Jingu 21’ leaves in all NAA treatments was the best in the C36 treatment, which had the highest photosynthetic capacity and significantly improved photosynthetic utilization, reducing NPQ and improving light energy utilization under normal light conditions. Pn showed a significant positive correlation with Y(II) and ETR, and a negative correlation with NPQ, demonstrating that NAA enhances the net photosynthetic capacity by promoting electron transport and photochemical utilization in foxtail millet leaves.


Table 3 | 
Effects of naphthalene acetic acid on chlorophyll fluorescence in leaves of foxtail millet.






3.5 Effects of NAA on the yield and yield components of foxtail millet

In both 2012 and 2013, the spike length, ear diameter, 1,000-grain weight, ear grain weight, and yield in ‘Zhangzagu 5’ and ‘Jingu 21’ all increased and then decreased with increasing concentrations of NAA (
Table 4
). The highest yields were achieved in the C36 treatment for ‘Zhangzagu 5’ and’ Jingu 21’, which were 5.8 and 7.7% higher, respectively, than the CK in 2012, and 7.9 and 9.0% higher than the CK, respectively, in 2013. The increase in yield was slightly greater in 2013 than in 2012.


Table 4 | 
Effects of naphthalene acetic acid on the yield and yield components of foxtail millet.






3.6 Correlation between photosynthetic characteristics and grain yield in foxtail millet

As shown in 
Table 5
, Pn showed a highly significant positive correlation with chlorophyll content and Tr, and a significant positive correlation with Gs, Y(II), and ETR, further indicating that the enhancement of Pn by NAA is related to the improvement of both stomatal and non-stomatal factors, which in turn was closely related to the enhancement of PSII electron transfer efficiency. The 1,000-grain weight was significantly positively correlated with chlorophyll content, Gs, Y(II), and ETR, and was highly significantly positively correlated with yield.


Table 5 | 
Correlation between photosynthetic characteristics and yield in foxtail millet.







4 Discussion

Photosynthetic pigments are important in photosynthesis and are not only involved in the absorption of light energy, but also play key roles in the photoelectric conversion process (Kim et al., 2013). The results of our study showed that total Chl content in foxtail millet leaves was significantly increased by NAA treatment at appropriate concentrations. This may be related to the fact that NAA stimulates the growth of foxtail millet roots and promotes the uptake of minerals such as Fe (Prasad et al., 2014), thus facilitating chlorophyll synthesis. NAA may also be directly involved in chlorophyll anabolism. Growth hormone signaling and its response factor SlARF10 are directly involved in the regulation of leaf chlorophyll metabolism during tomato fruit development, and high levels of expression are beneficial for promoting the synthesis and accumulation of chlorophyll (Yuan et al., 2018). The increase in total Chl levels is beneficial to the improvement of photosynthetic performance in foxtail millet. The results of correlation analysis in this study further showed that the total Chl content in foxtail millet leaves is positively correlated with the net photosynthetic rate in the NAA treatments, indicating that the increase in total Chl content was one of the important factors for improving the net photosynthetic capacity of foxtail millet by NAA treatment. Khan et al. (2018) showed that NAA treatment increased the carotenoid content in maize leaves, which is consistent with the results of the present study. In our study, we found that the carotenoid contents of ‘Zhangzagu 5’ and ‘Jingu 21’ were significantly higher by 39.0 and 60.8%, respectively, in the C36 treatment compared to the control. This may be related to the up-regulation of carotenoid synthesis genes and the down-regulation of catabolism genes induced by the NAA treatment. In addition, ethylene production was induced by NAA treatment, and the increase in the endogenous ethylene level could stimulate carotenoid biosynthesis (Ma et al., 2021).

Soluble sugars are the main components of carbohydrates that can be interconverted and reused. They are not only the immediate products of photosynthesis, but also are the main form of carbohydrate metabolism and temporary storage (Wang et al., 2005). Compared with ‘Zhangzagu 5’, ‘Jingu 21’ had a higher photosynthesis rate and a lower leaf soluble sugar content, indicating that ‘Jingu 21’ leaves have a stronger capacity to transport sucrose, which can facilitate the transport of sugars to the seed bank, thus providing sufficient raw material for starch synthesis in the seeds. In this study, we found that the exogenous application of 36 mg/L NAA promoted the accumulation of soluble sugars in the leaves of foxtail millet without affecting normal leaf photosynthesis, resulting in an increase in yield. Our results show that the soluble protein content in millet leaves was significantly higher than in the control after spraying with a narrow concentration range of NAA, indicating that some concentrations of NAA can promote soluble protein synthesis. This is consistent with the results of Jiang et al. (2015) in soybean. Nitrate reductase is a key rate-limiting enzyme in the nitrogen assimilation process in plants (Kazuhisa et al., 2003), and nitrate reductase activity in functional leaves of cereals can affect the plant’s ability to absorb external nitrogen, which ultimately affects crop yield. We showed that exogenous application of a NAA within a certain concentration range could significantly increase the nitrate reductase activity in the millet varieties ‘Jingu 21’ and ‘Zhangzagu 5’. MDA, which is the end product of membrane lipid peroxidation in plants, is an important indicator of the degree of crop damage from oxidative stress (Kumar et al., 2020). SOD and POD are protective enzyme systems in plants that scavenge reactive oxygen species that are produced as by-products of aerobic metabolism and ultimately protect membrane structures (Awan et al., 2021), thus enabling plants to withstand stress. A previous study showed that treatment of sweet pepper seeds with the hormones IBA+NAA significantly enhanced the soluble sugar, soluble protein, and proline contents of seedlings at low temperature, enhanced the activities of protective enzymes, and reduced the degree of membrane lipid peroxidation, thus improving seedling stress tolerance (Qu et al., 2006). In this study, application of suitable concentrations of NAA enhanced the activities of SOD and POD and reduced the MDA content of foxtail millet leaves, improving plant resistance to environmental stresses.

Previous studies have shown that exogenous application of the auxin indole acetic acid (IAA) can induce stomatal conductance, improve leaf photosynthetic rate, increase sucrose catabolism enzyme activity, and change the distribution of photosynthetic assimilates among different types of carbohydrates in leaves (Cui et al., 2009; Li J. et al., 2019). Furthermore, foliar application of IAA also promotes the export of photosynthetic products from functional leaves and increases the accumulation of soluble sugars in the crop root system. In this study, the increase in Pn and Tr in foxtail millet leaves after treatment with appropriate concentrations of NAA was associated with an increase in Gs. The increase in Gs was accompanied by a decrease in Ci, indicating an increase in the assimilation of CO2 by the chloroplasts. The increase in Pn was accompanied by an increase in photosynthetic pigment content and a decrease in Ci, suggesting that photosynthetic pigment content and non-stomatal factors together affect the net photosynthetic rate of cereal leaves, which is similar to the findings of Shi et al. (2021). In addition, from the results showing that Pn and Gs are significantly positively correlated, we found that the enhancement of photosynthetic capacity in millet promoted by NAA treatment was also related to the improvement of stomatal limiting factors. Salehifar et al. (2017) showed that NAA treatment improves the stomatal conductance of plant leaves under drought stress, thereby enhancing the formation of photosynthetic assimilates. Therefore, treatment with suitable concentrations of NAA can improve the photosynthetic performance of cereals by improving both non-stomatal and stomatal factors. Besides, we use the RNA-seq data from a loss-of-function AUX1 (auxin influx carrier) of foxtail millet at heading stage, results showed that auxin was involved in the photosynthesis process (
Figure 2
).




Figure 2 | 
KEGG enrichment analysis of DEGs from loss-of-function AUX1 of foxtail millet.




As an internal probe of photosynthesis, chlorophyll fluorescence can respond directly or indirectly to the primary reactions of photosynthesis, electron transfer, and CO2 assimilation, and is used to rapidly analyze the absorption, conversion, transfer, and utilization of light energy by the plant photosynthetic system (Matthew et al., 2020). The results of our study showed that suitable concentrations of NAA significantly increased the Fv/Fm, Y(II), ETR, and qP of foxtail millet leaves, while decreasing the NPQ. We showed that NAA can improve the efficiency of capturing primary light energy in the PSII reaction center of foxtail millet. The openness of the PSII reaction center increased, resulting in higher effective light quantum production and an enhanced electron transfer rate, thus promoting the production of ATP and NADPH and facilitating carbon fixation and reduction, ultimately leading to an increase in Pn (Shi et al., 2021). NAA in the C36 treatment was found to reduce the degree of heat dissipation caused by excess excitation energy, which is a reflection of the mitigation of photoinhibition in foxtail millet leaves. This may be due to the fact that NAA treatment promotes growth factor signaling in foxtail millet, resulting in the up-regulation of photosynthesis-related genes, including Chl a/b-binding protein gene expression. The elevated contents of chlorophyll, carotenoids, and other pigments in foxtail millet leaves regulates the pigment signaling process (Guo et al., 2016), protects the structures of reactive enzymes and pigment synthases in the photosynthetic system, promotes photosynthetic electron activity, accelerates the carbon reduction process of photosynthesis (Liang et al., 2017), and improves the photosynthetic performance of foxtail millet leaves.

Yield is the most important indicator of the effect of a cultivation practice or technical tool, and any improvement in yield components will contribute to an increase in overall yield (Xu et al., 2017). Our study showed that treatment with NAA at the appropriate concentration increased spike length, spike thickness, 1,000-grain weight, and spike weight in both foxtail millet varieties and improved grain yield significantly. Plant growth regulators increase yield by expanding sources, increasing pools, and coordinating the balance of carbon and nitrogen metabolism (Luo et al., 2021). In this study, yield was significantly and positively correlated with Y(II) and ETR, and Pn was significantly and positively correlated with chlorophyll content, Gs, Y(II), and ETR. Our results show that exogenous NAA promotes the production of ATP and NADPH by increasing the efficiency of electron transfer within the photosystem and the improvement of photochemical utilization, which facilitates the fixation and reduction of carbon, ultimately leading to an increase in Pn and achieving the effect of increasing dry matter accumulation.



5 Conclusions

In conclusion, low concentrations of NAA (18-36 mg L-1) applied at the grain-filling stage increased the contents of photosynthetic pigments, the activities of antioxidant enzymes the, photosynthetic rate, and the photosynthetic system II activity. As the NAA concentration in the treatments increased, the facilitation effect diminished, showing a clear concentration effect. Grain yield was significantly and positively correlated with Y(II) and ETR, and Pn was significantly and positively correlated with chlorophyll content, Gs, Y(II), and ETR. Exogenous NAA promotes the production of ATP and NADPH by increasing the efficiency of electron transfer within the photosystem and the improvement of photochemical utilization, which facilitates the fixation and reduction of carbon, ultimately leading to an increase in Pn and an increased yield in foxtail millet.
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