

[image: image1]
Long-term organic fertilizer additions elevate soil extracellular enzyme activities and tobacco quality in a tobacco-maize rotation













	 
	

	TYPE Original Research
PUBLISHED 09 September 2022
DOI 10.3389/fpls.2022.973639





Long-term organic fertilizer additions elevate soil extracellular enzyme activities and tobacco quality in a tobacco-maize rotation

Yonglei Jiang1†, Ruqiang Zhang2†, Cuiping Zhang3, Jiaen Su1, Wen-Feng Cong2* and Xiaopeng Deng1*

1Yunnan Academy of Tobacco Agricultural Sciences, Kunming, China

2Key Laboratory of Plant–Soil Interactions, Ministry of Education, College of Resources and Environmental Sciences, National Observation and Research Station of Agriculture Green Development (Quzhou, Hebei), China Agricultural University, Beijing, China

3Yuxi Branch, Yunnan Tobacco Co., Ltd., Yuxi, China

[image: image]

OPEN ACCESS

EDITED BY
Anoop Kumar Srivastava, Central Citrus Research Institute (ICAR), India

REVIEWED BY
Jerusa Schneider, State University of Campinas, Brazil
Rupa T. R., ICAR-Indian Institute of Horticultural Research, India

*CORRESPONDENCE
Wen-Feng Cong, wenfeng.cong@cau.edu.cn
Xiaopeng Deng, hddxp@163.com

†These authors have contributed equally to this work

SPECIALTY SECTION
This article was submitted to Plant Nutrition, a section of the journal Frontiers in Plant Science

RECEIVED 20 June 2022
ACCEPTED 17 August 2022
PUBLISHED 09 September 2022

CITATION
Jiang Y, Zhang R, Zhang C, Su J, Cong W-F and Deng X (2022) Long-term organic fertilizer additions elevate soil extracellular enzyme activities and tobacco quality in a tobacco-maize rotation.
Front. Plant Sci. 13:973639.
doi: 10.3389/fpls.2022.973639

COPYRIGHT
© 2022 Jiang, Zhang, Zhang, Su, Cong and Deng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

Organic fertilizer is effective in improving soil quality, and promoting crop growth. Combined organic and inorganic fertilization has been proved as a more favorable way to tobacco yield and quality. However, the mechanisms underlying tobacco yield and quality under combinations of different organic and inorganic fertilizer remain unclear. We conducted a 12-year tobacco (Nicotiana tabacum L.)-maize crop rotation field experiment in Yanhe experimental station, China to examine the yields and qualities of tobacco, soil nutrients, and extracellular enzyme activities associated with carbon, nitrogen, and phosphorus cycles in response to different fertilization treatments. Five fertilization treatments (no fertilization; 75 kg N fertilizer ha–1; 450 kg oil cake ha–1 + 75 kg N fertilizer ha–1; 15,000 kg pig dung ha–1 + 60 kg N fertilizer ha–1; 3,000 kg straw ha–1 + 75 kg N fertilizer ha–1) were applied to tobacco while maize was fertilized with inorganic compound fertilizers. After 12 years of tobacco-maize rotation, the results showed that organic fertilizer additions elevate tobacco yield and quality, and the soil extracellular enzymes activities. Gram-negative bacteria, actinomycetes, and total soil microbial biomass were increased by organic fertilizer additions, both plant-based (oil cake and straw) and animal-based (pig dung) organics. The levels of soil organic matter, total organic carbon, total phosphorus and available phosphorus are higher in pig dung addition treatment than oil cake and straw additions. By variance analysis with respect to fertilization treatments, organic sources differentially affected the activities of diverse soil enzymes. The redundancy analysis gave that yield and quality of tobacco leaves (upper, middle, and lower leaves) positively related to soil extracellular enzyme activities. Based on analysis of yield and quality of tobacco leaves with extracellular enzyme activities and soil nutrients, it is suggested animal-based organic fertilizer, thus pig dung, should be used in combining with chemical fertilizers to improve the quality of tobacco and soil nutrients.
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Introduction

Tobacco (Nicotiana tabacum L.) is an internationally distributed economic crop, where countries such as China, United States, Brazil, India, and Turkey, etc., are the most important planting and production areas (Drope et al., 2018). The yield and quality of tobacco is influenced by various factors, such as fertilization and crop rotation patterns, effecting plant growth and development and improving the chemical and physical characteristics of flue-cured leaves (Zou et al., 2015; Jiang et al., 2022). The optimized fertilization, and rotation with maize are effective in alleviating consecutive monoculture cropping problems while not affects the production in the coming year (Turšić et al., 2005; Farooq et al., 2014; Chen et al., 2020). In the fertilizer strategies, the partially organic substitution, or combined organic and inorganic fertilization, is more favorable in improving soil quality and increasing crop yield (Liu et al., 2022).

The combined application of inorganic fertilizers with organic materials is effective to crop yields and sustainable agroecosystems (Berzsenyi et al., 2000; Saleque et al., 2004). Organic resources, including animal manures from pigs, cows, chickens, or various others, household composts like meals of bone, feather, or fish, etc., crop residues like straw, and meal of maize gluten, soybean, or cottonseed, leguminous cover crops, trees and shrubs, are major nutrient sources to crops. The oil cake from residue of rape (Brassica napus) seed after extracting oil is widely applicated in tobacco planting. The differences in organic sources may result in differential yield responses to organic resource (Palm et al., 2001). How different sources of organic fertilizers combing with chemical fertilizers, and the proportion of their combination affect the agronomic traits, yield and quality of crops or soil fertility, is essential to take advantages of various organic fertilizers (Chivenge et al., 2011; Zhang et al., 2016; Lourenço et al., 2020).

The effects of combined organic and inorganic fertilizers on soil quality are critical to crop yield and quality (Liu et al., 2022). The overzealous pursuit of high tobacco yields and the heavy use of chemical fertilizers is not only detrimental to the plant’s intrinsic nutritional qualities, but it also wastes a lot of chemical fertilizer resources. The use of combined organic and inorganic fertilizers can help to alleviate these issues by improving the soil quality, such as soil organic matter, bulk density, porosity, soil buffer capacity and other soil traits, as well as improving soil microbe activity (Tian et al., 2015). The global need for nitrogen fertilizer in agriculture for crop production are increasing (Galloway et al., 2008), inducing to decline of N use efficiency, and impairing the soil microbes below ground (Su et al., 2015). These indicate the implications and impendency to develop the organic fertilizer additions.

To reveal the mechanism of organic fertilizer additions to crop yield and quality via changing soil quality, the soil processes, such as the nutrient cycling and organic matter decomposition, etc., are involved, which can be indicated by the rhizosphere microbial biomass and extracellular enzyme activity (Zheng et al., 2020). Soil extracellular enzymes, derived from soil microbes, roots, and animal and plant residues, can indicate microorganism activity and characterize soil fertility (Bell et al., 2013). The impact of fertilization on extracellular enzyme activity is influenced by a variety of factors, including fertilizer used, the crop planted, and the soil type. Extracellular enzymes are increased by organic fertilizer because it relieves nutrient restrictions for microbes (Lupwayi et al., 2019). Hydrolases related to C and P acquisition, while not to N acquisition, can be increased by N addition, according to a meta-analysis based on 65 published N fertilization trials (Jian et al., 2016). In a wheat-maize cropping system, the activities of acid phosphatase (AP), L-leucine aminopeptidase (LAP), and β-1, 4-N-acetyl-glucosaminidase (NAG) can significantly be altered by long-term application of inorganic fertilizers and manure (Sehrish et al., 2021). Therefore, we investigated how varied fertilization affects the rhizosphere soil microbial community and extracellular enzyme activities in soils.

In the tobacco-maize rotation, which of widespread cultivation system in Yunnan province, however, little effort has been expended on how soil extracellular enzyme activity respond to long-term organic fertilizer additions in tobacco-maize rotation. The long-term effects of management practices on soil and crops, such as the content of soil organic matter (SOM) were investigated after various years of management inputs (Liu et al., 2021). Therefore, we investigated the tobacco yield and quality, rhizosphere soil extracellular enzyme activities, and soil nutrients in tobacco-maize rotation soils that had been fertilized with organic (oil cake, pig manure, and straw) and inorganic fertilizers for 12 years. We hypothesized that (1) long-term application of inorganic fertilizer would decrease the content of SOM, and increase the accumulation of P and K elements in soil; (2) the combined application of inorganic and organic fertilizers would increase the SOM content and the activity of extracellular enzymes involved in C, N, and P cycling; and (3) animal organic fertilizer would more conducive to the improvement of soil organic matter and phosphorus compared with plant organic fertilizer. In order to distinguish the organic sources, the efficacy of plant-based and animal-based organic fertilizers was compared in aspects of yield and quality of tobacco, extracellular enzyme activities, and soil nutrient contents. From the perspectives of soil extracellular enzymes, we have investigated the mechanisms of fertilizations to tobacco’s yield and quality, the organic matter, carbon, nitrogen, and phosphorus of rotational soils, and to provide some theoretical basis for nutrient management practices in the tobacco cropping system.



Materials and methods


Site characteristics

The experimental site was located at the Yanhe experimental station in Yanhe Town, Yuxi City, Yunnan Province (N 24°14′, E 102°30′), with an altitude of 1680 m and annual average sunshine of 2072 h, in the plateau subtropical monsoon climate region. The soil in study area was a sandy red soil (silty loam), which is composed of 28% sand, 50% loam, and 22% clay. This soil type is an Ultisol in Soil Survey Staff (2014) soil taxonomy. Initial soil fertility of the experiment was a pH of 6.4, and had 10.70 g Kg–1 organic matter, 82.0 mg kg–1 available nitrogen (AN), 70–90 mg kg–1 alkali-hydrolyzable N, 9.01 mg kg–1 available phosphorus (AVP), and 160.0 mg kg–1 available potassium (AK). The annual average rainfall is 800–950 mm. The variation in mean monthly precipitation is wide and the rainy season (from April to September) accounts for 79.5% of the annual rainfall. The average annual temperature is 15.9°C. The average monthly temperature difference between the hottest and coldest months is generally less than 10°C.



Field experiments and sample collection

The rotated tobacco variety was Nicotiana tabacum L. “K326.” As shown in Table 1, the fertilizer management in this experiment was divided into inorganic nitrogen fertilizer and three organic fertilizers applied in combination with oil cake, pig manure after composting and fermenting and straw (see Supplementary Table 1 for nutrient contents of organic additions), with five treatments and three replications per treatment in a randomized block design with a plot size of 14 m and a width of 2 m. From 2008 to 2019, the tobacco-maize crop was rotated every 2 years, where tobacco and maize were planted in each summer (from March to July), and land were free in winter. The doses of combined organic and inorganic fertilizers to tobacco were established in 2007 (Chen et al., 2020). The inorganic fertilizer to maize was a compound fertilizer with nitrogen of 16 kg (35 kg of urea, 46% of nitrogen), P2O5 of 5.4 kg (30 kg calcium superphosphate, 18% of phosphorus) and K2O of 5 kg (10 kg potassium sulfate, 50% of K2O) and applied as 75 kg ha–1 in total in one season. In these experiments, 50% of the fertilizer was used as a basal fertilizer strip around the tobacco plants. Approximately 25% of the fertilizer was applied at 7 and 20 days after tobacco transplanting, respectively. Biomass residues, including roots, were completely removed after tobacco harvesting. Other agronomic measures were implemented according to the quality roasted tobacco production measures developed by the Comprehensive Technology Extension Center of Yunnan Academy of Tobacco Agricultural Sciences.


TABLE 1    Experimental design.
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The soil samples were collected at August 2019, and five soil samples, each from 0 to 20 cm were randomly taken and mixed in each plot using the profile method. After bringing them back to the laboratory to remove debris such as roots and small stones from the soil, they were placed in self-sealing bags and set aside in a refrigerator at –80°C.

All tobacco leaves were collected at July, 2019 and the dry matter content was determined to calculate the yield after tobacco leaves were first flue-cured. The leaves samples were collected after their maturity. The tobacco leaves of a plant, generally left 18–22 leaves after topping, are divided into three parts: upper, middle, and lower. The upper leaves include the upper two shed leaves and the top leaves, totaling 6–7 leaves; the middle leaves, the waist leaves, totaling 6–8 leaves; and the lower leaves, the lower two shed leaves and the foot leaves, totaling 6–7 leaves. The maturity and harvesting time of different parts of the tobacco leaf varies, with the lower leaves reaching maturity generally 60–70 days after transplanting and 10–20 days after topping; the middle leaves generally 80–90 days after transplanting and 20–30 days after topping; and the upper leaves 90–120 days after transplanting and 45–65 days after topping.



Chemical analysis

To determine the nutrient contents in first flue-cured tobacco leaves, 1 kg leave sample was randomly taken in each treatment, in which the main veins were removed, and grinded and sieved through a 0.4 mm sieve before analyzing the chemical components (Sun et al., 2011). The alkaloids in tobacco leaves including nicotine, nornicotine, myosmine, N-methyl anabasine, β-nicotyrine, anabasine, anatabine, isonicotenine and cotinine, were determined by gas chromatography-mass spectrometry method (Li et al., 2019) and their contents were summed to calculate ratio of sugar to alkaloids.

Soil organic C and total N were determined by the potassium dichromate volumetric method (Kalembasa and Jenkinson, 1973) and semimicro-kjeldahl method (Bremner and Mulvaney, 1982), respectively. The soil inorganic nitrogen ([image: image] and [image: image]) contents were measured by copperized cadmium reduction-diazotization coupling colorimetric method. Total P was determined by the NaOH fusion-molybdenum antimony colorimetric method and available P was analyzed by anion-exchange resin method, respectively. Soil exchangeable cations were determined by ammonium acetate exchange method.



Extracellular enzyme activities determination

Six potential soil extracellular enzymes, BG (β-1, 4-glucosidase), NAG (β-1, 4-N-acetyl-glucosaminidase), LAP (L-leucine aminopeptidase), AP (acid phosphatase), PER (peroxidase), and PPO (polyphenol oxidase) were determined by 96-well micro-plate fluorescence method (Vepsäläinen et al., 2001). The list of enzymes that were assayed and their corresponding substrates are presented in Supplementary Table 2. The extracellular enzyme activities were determined by a 96-microplate fluorometric method, and polyphenol oxidase and peroxidase were determined by red purpurine colorimetry and pyrogallol colorimetry, respectively (Vepsäläinen et al., 2001).

Glomalin-related soil protein (GRSP) determination: T-GRSP (total glomalin-related soil protein) and EE-GRSP (easily extracted glomalin-related soil protein) were extracted with sodium citrate solution and determined by Komas Brilliant Blue method (Serra and Morgante, 1980).



Microbial biomass and community determination

Microbial biomass carbon, nitrogen, and phosphorus were determined by the chloroform fumigation extraction method (Vance et al., 1987). Soil microbial community composition was determined by the phospholipid fatty acid (PLFA) biomarker method, referring to the method of Bossio (Frostegård et al., 1991; Bossio and Scow, 1998), which was partially determined at the South China Institute of Botany, Chinese Academy of Sciences. Fatty acids 14:00, 16:00, 17:00, and 18:00 were considered as general bacteria, while Gram-positive bacteria included fatty acids i13:0, i14:0, i15:0, a15:0, i16:0, a17:0, and i17:0; Gram-negative bacteria include fatty acids 14:1ω5c, 16:1ω7c, 17:1ω8c, 17:1ω9c, 18:1ω5c, 18:1ω7c, 18:1ω9c, cy17:0, and cy19:0 (Hortal et al., 2013). The fatty acids 10Me17:0 and 10Me18:0 was labeled as actinomycetes (Waldrop et al., 2004; Schmitt and Glaser, 2011). Fatty acids 16:1ω11c and 18:2ω6c were labeled as fungi (Hortal et al., 2013), and fatty acids 20:0 and 20:4ω6,9,12,15c were labeled as protozoa (Mauclaire et al., 2003).



Data statistics and analysis

For each variable that was measured, including tobacco’s yield and quality, various extracellular enzyme activities, SOM, C, N, and P, and microbial biomass in PLFAs, the data were analyzed by one-way analysis of variance (ANOVA) using Fisher’s least significant difference (LSD) at P ≤ 0.05. Redundancy analysis (RDA, by “vegan” package), and data visualization (by “ggplot2” package) were carried out in R v4.2.0 version.




Results and discussion


The yields and qualities of tobacco

The application of fertilizers significantly increased the yields of tobacco (Figure 1A). The highest yields of tobacco are in OC addition, while the differences between the yields of four different fertilizations are not significant. CF fertilizer could improve yield more effectively in comparison with PD addition and S addition.
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FIGURE 1
The yields (A) and qualities, including ratio of sugar to alkaloids (B), total potassium (C), and total phosphorus (D) of tobacco under different fertilization management after 12-year tobacco-maize rotation, where the combined addition of fertilization includes oil cake and inorganic nitrogen (OC), pig dung and inorganic nitrogen (PD), straw and inorganic nitrogen (S), inorganic nitrogen (CF), and no fertilization (CK). The yield is the dry matter weight of leaves after first flue-cured. Tobacco with the ratio value of sugar over alkaloid 10 is considered as the most proper. Data are means ± SE. Significant differences were determined by ANOVA, Fisher’s least significant difference (LSD) test (P < 0.05) and indicated by different letters.


The quality of tobacco are determined by its nutrient levels in tobacco leaves (Stedman, 1968). The contents or values, including the ratio of sugar over alkaloid, the total potassium, and total phosphorus, etc., are used to indicate the qualities of tobacco, which are shown in Figures 1B–D. The ratio of sugar and alkaloids, value 10 is considered as a highest quality of tobacco. When no fertilization, this ratio value is about 14.90, while the fertilizations result in the value to be closely to value 10 (Figure 1B). In addition, fertilizers benefit the accumulation of the total potassium and phosphorus content in tobacco leaves.

The sensor quality, including aroma quality, aroma quantity, strength and smoke density, are negatively related to the ratio of sugar to alkaloids (Guo et al., 2014). When organic fertilizers are added, the decreased values of ratio of sugar to alkaloids indicate the improved sensor quality. The smoking gas indices of flue-cured tobacco are negatively influenced by potassium content, as well as the hazardous constituents in flue gas (Yang et al., 2011). The organic fertilizer additions indicate the smaller smoking gas indices and decreased hazardous constituents in flue gas. The yield and quality of flue-cured tobacco leaves improved by phosphorus, is via enhancing photosynthetic characteristics and tobacco growth (Cui et al., 2016). The increased phosphorus contents in organic fertilizer additions indicate that organic fertilizers facilitate tobacco yield through promoting photosynthetic.

The main and interactive effects in tobacco leaves quality as influenced by fertilization and position were shown in Supplementary Table 3. Organic fertilization significantly increased the levels of total sugar, alkaline, nitrogen, potassium, and phosphorus. The levels of total alkaloids and total nitrogen are significantly distributed in different parts of the tobacco plant. No significant differences in element levels resulted from the interactive effects of fertilization and parts.



Soil organic matter, carbon, nitrogen, and phosphorus

After 12-year tobacco-maize rotation, the highest SOM, total organic carbon (TOC), total nitrogen (TN), total phosphorus (TP), available phosphorus (AVP), available potassium (SK), and cation exchange capacity (CEC) were found in PD addition, and the content of SOM, TOC, TP, and AVP in PD addition were significantly greater than in the other three fertilizer addition and no fertilizer (P < 0.05) (Supplementary Figure 2 and Table 2). The content of [image: image]-N and electric conductivity (EC) in CF application was the maximum and markedly greater than in S addition and OC addition, respectively. However, no significant difference in TK and [image: image]-N contents for all fertilization, among which CF application leads to the highest TK, while the highest [image: image]-N in no fertilization. The soil microbial biomass carbon, nitrogen and phosphorus are list in Supplementary Table 5, after 12-year tobacco-maize rotation, where no significant difference were detected in these variables.


TABLE 2    Effects of different fertilization management on soil organic matter, soil and microbial carbon, nitrogen and phosphorus after 12-year tobacco-maize rotation.

[image: Table 2]



Extracellular enzyme activity

The activities of six measured extracellular enzymes in soil after 12-year tobacco-maize rotation under organic fertilizer additions of oil cake, pig manure, straw, chemical and no fertilization were shown in Figure 2. Organic fertilizers result in significantly greater NAG, AP, BG, and PER activities in soils in comparison with no fertilizer (P < 0.05). The increased activities of these six enzymes by S addition to no fertilizer are notably greater.


[image: image]

FIGURE 2
The activities of extracellular enzymes NAG, AP, BG, LAP, PER, PPO in soil under fertilizations oil cake (OC), pig manure (PD), straw (S), chemical (CF) and no fertilization (CK) after 12-year tobacco-maize rotation. See Supplementary Table 2 for abbreviations. Data are means ± SE. Significant differences were determined by ANOVA, Fisher’s least significant difference (LSD) test (P < 0.05) and indicated by different letters.


Organic fertilizer additions have significantly promoted the content of Total glomalin-related soil proteins (T-GRSP) after 12-year tobacco-maize rotation (P < 0.05), and its level reaches the highest value in the S addition (Supplementary Figure 1). The differences between the levels of easily extractable glomalin-related soil protein (EE-GRSP) in different treatments are not significant. It reached a maximum value in S addition while a minimum value in no fertilization (not shown).

The activities of BG, NAG, LAP, and AP were elevated by organic fertilizer additions (Figure 2), possibly as a result of elevated organic matter in soil and greater microbial activity and more enzymes (Zheng et al., 2020). The PER activity in soil was increased significantly by organic fertilizer addition. Organic fertilizer contains lignin and humus and is superior in enhancing PER activity since it degrades lignin (Sinsabaugh et al., 2009). The accumulation of SOM which benefiting from PPO catalyzing the oxidation of phenols, together with the inhibitory effect of inorganic and manure on PPO (Zhang and Sun, 2021), leads to the highest PPO activity in the S addition.



Yield and quality of tobacco and soil extracellular enzyme activity

The relationships between the extracellular enzyme activity and the yield and qualities of tobacco leaves by RDA are shown in Figure 3. The first two axes of the RDA, RDA1, and RDA2, with 50.98 and 26.71%, explain rates of the variation in the relationship between yield and the extracellular enzyme activity. Organic fertilizer additions leads the tobacco yields are significantly differed from inorganic fertilizers and no fertilizers. The values of RDA1 and RDA2, or explain rates of the variation, are 67.33 and 26.39%, in the relationship between the qualities in upper leaves of tobacco and the extracellular enzyme activity, respectively. For the qualities in the middle leaves of tobacco and the extracellular enzyme activity, the explained rates of the variation are 72.62 and 15.62%, respectively. Those two values are 59.16 and 31.15% in the relationship between the qualities in the lower leaves of tobacco and the extracellular enzyme activity, respectively. In upper leaves, middle leaves, and lower leaves, the confidence ellipses of organic fertilizer addition are significantly separated from those in no fertilization. Briefly, yield and quality of tobacco leaves in upper, middle and lower positions, are all positively related to soil extracellular enzyme activity.
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FIGURE 3
Redundancy analysis (RDA) of extracellular enzyme activity on yields, and the element levels in the up part, the middle part and lower part of tobacco, respectively, after 12-year tobacco-maize rotation. Tsugar, total sugar in tobacco of corresponding parts; Rsugar, reductive sugar; TA, total alkaloid; TN, total nitrogen; AP, available phosphorus; P, phosphorus; K, potassium; BG, β-1, 4-glucosidase; NAG, β-1,4-N-acetyl-glucosaminidase; LAP, L-leucine aminopeptidase; AP, acid phosphatase; PER, peroxidase; PPO, polyphenol oxidase. OC, oil cake and inorganic nitrogen; PD, pig dung and inorganic nitrogen; S, straw and inorganic nitrogen; CF, inorganic nitrogen; CK, no fertilization.




Soil organic matter, carbon, nitrogen, phosphorus and soil extracellular enzyme activity

How biochemicals in the soil to constrain the extracellular enzyme activity were illustrated by RDA (Figure 4A). The first two axes of the RDA, explained 83.67 and 11.19% of the variation in the relationship between soil extracellular enzyme activities and SOM, TOC, TP, and AP in soil. The explained rates are 63.62 and 12.74% of the variation in the relationship between soil extracellular enzyme activities and more soil biochemicals, pH, TN, SOM, TOC, TP, AP, SK, DON, [image: image], and [image: image] (Supplementary Figure 3). With respective to soil matters, the confidence ellipses of organic fertilizer addition treatments separated from that of no fertilizer, where pig manure was significantly separated from other treatments.


[image: image]

FIGURE 4
Redundancy analysis (RDA) of soil organic matter, carbon, phosphorus (A) and the contents of PLFAs (B) on extracellular enzyme activity after 12-year tobacco-maize rotation. SOM, soil organic matter; TOC, total organic carbon; TP, total phosphorus; AVP, available phosphorus; total organisms (Total), total Gram-negative bacteria (GramNeg), total Actinomycetes (Actinomycetes); BG, β-1, 4-glucosidase; NAG, β-1,4-N-acetyl-glucosaminidase; LAP, L-leucine aminopeptidase; AP, acid phosphatase; PER, peroxidase; PPO, polyphenol oxidase. OC, oil cake and inorganic nitrogen; PD, pig dung and inorganic nitrogen; S, straw and inorganic nitrogen; CF, inorganic nitrogen; CK, no fertilization.


After 12-year tobacco-maize rotation, the contents of SOM, TOC, TN, TP, AVP, SK, and CEC were the highest when PD were applied (Table 2). This could be associated with that long-term manure input can promote the accumulation of SOM by additional carbon inputs (Sehrish et al., 2021). However, organic fertilizer additions decreased the TK, DON, and EC (Supplementary Table 4). The content and accumulation of both [image: image] and [image: image] tend to increase with applying organic fertilizer or nitrogen fertilizer (Li et al., 2020). In contrast, the [image: image] was highest in no fertilization, probably due to nitrogen transfer to microorganisms through assimilation enhanced by fertilizers.



Soil microorganisms and soil extracellular enzyme activity

The analysis of microbial phospholipid fatty acids (PLFAs) under different fertilizer treatments showed significant changes in soil microbial biomass (Supplementary Figures 4A–C and Supplementary Table 6) after 12-year tobacco-maize rotation. After applying inorganic fertilizer, the phospholipid fatty acid content of soil organisms and Gram-negative bacteria decreased (Supplementary Figures 4A,B). PD additions lead to the highest contents of the PLFAs for all microorganisms and Gram-negative bacteria. No significant differences in PLFA levels among multiple organic fertilizers additions are detected.

After 12-year tobacco-maize rotation, the PLFAs for actinomycetes are maximum as a result of PD addition (Supplementary Figure 4C). The differences between PLFAs for unspecific bacteria, Gram-positive bacteria, fungi, undefined organisms, and protozoan in different treatments are not significant (not shown). Inorganic fertilizer reduced the PLFAs contents of involved soil microorganisms. Therefore, animal-based fertilizers, PD addition had the most pronounced effect in PLFAs of soil microorganisms.

As shown in Figure 4B, the first two axes of the RDA, RDA1, and RDA2, explained 75.79 and 23.96% of the relationship between soil extracellular enzyme activities and the contents of PLFAs for the total organism, total Gram-negative bacteria, and total Actinomycetes. The content of PLFAs in OC addition differed significantly from other fertilizers and no fertilizer, illustrating by the confidence ellipse of OC addition separated from others.

The structure and function of the soil microbial population is influenced by cultivation and fertilization. The higher amount of microorganisms in PD addition, indicates the animal organic fertilizer PD more beneficial to the microbial function in the soil. GRSP, as a glycoprotein produced by fungal, contributes to soil organic carbon and nitrogen and the stabilization of soil particles (Liu et al., 2020). Our results found that the highest content of T-GRSP was in PD addition. Meanwhile, PD and S fertilizers induce more EE-GRSP than inorganic fertilizer, which agrees with the results that the organic fertilizer induces more GRSP in soil (Xie et al., 2015). Briefly, organic fertilizers promoted the growth of fungi and the production of GRSP in soil, this was exemplified by the arbuscular mycorrhizal fungi (Lovelock et al., 2004).




Conclusion

Our findings demonstrated that, after 12-year tobacco-maize rotation, the long-term organic fertilizer addition could dramatically alter the nutrient levels in tobacco leaves indicating improved quality, via changing the activity of extracellular enzymes and soil nutrient levels. The different organic sources, thus the plant-based (oil cake and straw) and animal-based (pig dung) organic fertilizers differentially affect the activities of various soil enzymes. The relationships of extracellular enzyme activities with tobacco yield and quality, soil nutrient levels, and microorganisms, indicate that animal-based organic fertilizer, thus pig dung, should be used in combining with chemical fertilizers to improve the quality of tobacco and soil nutrients. Our study clarified the mechanisms behind soil biological changes in response to organic fertilizer additions in a tobacco-maize rotation system, which provided sufficient carbon and nitrogen sources for the activity of soil microorganisms activity. Farmers will be able to attain crop productivity and quality from this study.
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