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The application of plant beneficial microorganisms is widely accepted as an efficient alternative to chemical fertilizers and

pesticides. It was shown that annually, mycorrhizal fungi and nitrogen-fixing bacteria are responsible for 5 to 80% of all

nitrogen, and up to 75% of P plant acquisition.
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1. Introduction

The continuously growing human population determines the increased global demand for high agricultural productivity,

which, at the same time, should follow the principles of sustainability and circular economy. In the last 15 years, several

biotechnological approaches were developed to enhance plant growth and health with safe and environmentally mild

alternatives, including those based on microorganisms. The practical realization of the proposed strategies will

significantly reduce the indiscriminate use of chemical fertilizers and pesticides. Despite the environmentally harsh

conditions of surviving, soil contains many individual microbial taxa, including different members of the three domains of

life. Although researchers still sub-estimate (for methodological reasons) microbial diversity , microorganisms are one of

the key components of both natural and cultivated soils thus affecting the soil quality and plant productivity . It should be

noted that long-term chemical fertilization and application of pesticides decreased both the soil microbial species richness

and microbial–plant beneficial interactions as a part of the plant holobiont . Therefore, rebuilding soil productivity by

applying bioeffectors (biostimulants or biofertilizers) is a priority and one of the most studied biotechnological alternatives

to chemical fertilizers.

The term biofertilizer has different definitions but in general, it includes plant beneficial microorganisms and their derivates

(metabolites), excluding biocontrol agents . Among beneficial microorganisms, bacteria and fungi are considered

the most important in helping plant nutrient acquisition and improving plant health. In general, the co-existence of fungi

and bacteria is reported in microbiomes with different profile characteristics (animal, soil, and food microbiomes) .

Particularly in soils, they are reported as the most abundant microorganisms with 10 –10  times more biomass than

protists, archaea and viruses . Amongst various functions that bacteria and fungi perform in soil ecosystems, particularly

important is their contribution to plant growth and development, and plant diversity. It was demonstrated that fungi play an

important role in the utilization of easily available and more complex litter-derived C than bacteria, thus actively taking part

in soil formation . However, both bacteria and fungi are present in the soil microbial hotspots where the soil organic

carbon decomposition is much higher than in the bulk soil .

It was shown that annually, mycorrhizal fungi and nitrogen-fixing bacteria are responsible for 5 to 80% of all nitrogen, and

up to 75% of P plant acquisition . However, while bacteria are the most studied soil microorganisms and most frequently

reported in the scientific literature, the role of fungi is relatively understudied , although they are the primary organic

matter decomposers and govern soil carbon and other elements cycling . It is also well established that fungi,

particularly in the zone with an abundant presence of fungal hyphae or roots and hyphae (mycosphere or

mycorrhizosphere, respectively), greatly affect bacterial growth in soil and, consequently, their interactions with plants .

The potential rapid growth and distribution of a given functional bacterium within the community are often linked to fungi

as mediators of ecological processes which also impact the diversity of bacterial communities . On the other hand, the

cooperation between fungi and bacteria is a selective process depending on the soil, although this phenomenon should

be further studied in soil and other systems as well .

Fungi are known as a diverse and multifunctional group of soil microorganisms, which demonstrate a high capacity to

adapt to various adverse abiotic conditions such as salinity, drought, heavy metals, and extreme pH . It is also

important to mention that fungi manifest significant tolerance to low water activity (a ) values and high osmotic pressure

as proved when growing on solid substrates , preserving at the same time high metabolic activity. In soil, 1.5 million
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fungal species can be found free-living in the bulk soil or as endophytes occupying plant tissues, the mycorrhizae being

the most studied beneficial fungus–plant association .

Many fungi are able to solubilize insoluble phosphates or facilitate P-acquisition by plants and, therefore, form an

important part of the commercial microbial products, with Aspergillus, Penicillium and Trichoderma being the most

efficient.

2. P-Bearing Sources

2.1. Conventional P-Sources

The amount of P that is available to plants in cultivable soils is frequently low . To satisfy the need of the plants, the P is

added to soil in the form of phosphate fertilizers, but the overall P use efficiency is low because, although plants utilize a

fraction of soluble P, the rest rapidly forms insoluble complexes with soil constituents . Therefore, frequent application

of soluble forms of inorganic P is normally above what would be necessary under ideal conditions. Even under adequate

P-fertilization, only a fraction of the applied P is acquired by the first year’s plant growth . A part of the chemical P-

fertilizer can be converted into sparingly soluble calcium (alkaline soils), aluminum, and iron (acidic soils) salts of P or be

fixed to soil minerals. It was estimated that in the middle of this century about 14 million tons of phosphate fertilizers will

be applied, seven million of which will remain in the soil .

The basic raw material to produce phosphate fertilizers is rock phosphate composed mainly of the phosphate mineral

apatite [Ca (PO ) (Cl/F/OH)]. The rock phosphate is processed to remove the bulk of the contained impurities, resulting in

a concentrate with a content of P O  ranging from 26% to 34% and up to as much as 42%. It should be noted that lower

P-concentrations in rock phosphate and lower quality deposits generate more waste materials, and, on the other hand,

more energy and chemicals are required per ton of useful phosphate produced . It is also important to mention the

great risk of contamination with different metals present in varying concentrations in rock phosphate and its fertilizer

derivates . Three facts should be considered when assessing the current situation in this field. One of the main

reasons for concern in both phosphate rock-mining and P-fertilizer industries is that inexpensive, high-grade rock

phosphate reserves could be exhausted in the next 60 to 80 years as phosphate-bearing ore is a finite non-renewable

resource . P-fertilizer use has increased by around 2.5% per year, 4- to 5-fold during the last 50 years and is

projected to increase in the first three decades of the 21st century by 20 Tg per year . Second, there are no substitutes

for phosphorus in agriculture, but, on the other hand, phosphorus is recycled by using animal manure and sewage sludge

(although there are serious concerns about these alternatives). Finally, it is important to note that the cultivation soil

available per capita on a global level is lowering while the world population is increasing by 250,000 people every day

(approximately 80 million per year). This situation will result in the enhanced need for food and, consequently, phosphate

demand will increase at a rate of 1.5–2% . Therefore, there is an urgent need to find novel phosphate sources and/or

novel P-solubilization techniques for ensuring phosphate availability.

2.2. Alternative P-Sources

2.2.1. Struvite

Here, the emphasis will be on potential P-bearing sources such as struvite and bone char. Struvite is a P recovery

product, and it should be mentioned that scientific attention to the recovery of P is increasing because of its agricultural

and industrial importance and bearing in mind the rapid depletion of natural P-resources. Struvite (NH MgPO ·6H O) is

relatively abundant in soils and lakes and can be found naturally formed through a variety of reactions with sources such

as bird droppings and fish bones, but also in water treatment plants in form of crystals in wastewater pipes .

Controlled struvite formation can be carried out in reactors during the sludge digestion process thus forming a magnesium

ammonium phosphate fertilizer for its use in agriculture . It is also important to note that the NH  of the struvite

composition can be readily replaced by potassium, thus forming MgKPO ·6H O (potassium struvite) . This form of

struvite could serve as a source of different important nutrients, which enhance its fertilizing value. As with all other P-

bearing natural sources, struvite can be added to soils without any previous treatment, but its fertilizing effect is not well

pronounced. When assessing the agronomic value of struvite, it should be also mentioned that the solubility of different

sources of struvite depends on their chemical and physical composition and soil characteristics such as pH .

Application of soluble P during early plant growth is crucial to determine high growth and plant development with optimal

yield. However, struvite added to soil–plant systems is not able to satisfy the need of P during this phase of the plant

growth as it is only slightly soluble in water (1–5 %) . Even when applied to soil in combination with soluble chemical P-

fertilizers, dissolution of struvite is not registered and therefore its presence is not beneficial to early plant growth . In

general, struvite solubility is very low in water, gradually decreasing from pH 7.0 to 8.5 in calcareous soils with a high pH
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. Therefore, it is important to study how to increase the struvite solubility to meet the plant P demand, particularly in the

early stage of plant growth during the establishment of the root system, always bearing in mind that this slow-release

fertilizer has a P-concentration similar to different superphosphates . Application of Aspergillus niger is an option to

increase the solubility of struvite, releasing soluble P . A general scheme for struvite solubility and functionality

depending on the type of soil, soil conditions (pH, presence of organic acids), characteristics of the struvite related to its

nature and formation mode could serve when assessing the nutritional need of the respective crop to optimize its yield.

2.2.2. Biochar and Bone Char

Two main types of biochar could be distinguished, depending on the origin of the material before the treatment: biochar

and bone char. Biochar is a biologically derived material produced after a thermal degradation of organic materials such

as agricultural wastes. The production of biochar in the absence or very little presence of oxygen is now a very used

process mainly due to the energy potential of the respective organic sources . Particularly interesting and well-studied

is the pyrolysis of agricultural crop residues producing biochar, which is further applied as a soil amendment . In soil,

biochar amendment is accepted as a sustainable approach with multifaceted benefits starting with the management of

agricultural wastes, bioenergy production, carbon sequestration during biochar production, improving soil biological and

physical characteristics, improving resistance to diseases, and promoting the growth of plants . It was reported that

biochar application positively affects the stress tolerance of plants to different abiotic factors derived from industrial

activities or climate change such as salinity, drought, metal toxicity and high temperature . Another important benefit

of applying biochar is its P-content. It was suggested that recycling agricultural residues through biochar may improve

sustainable P-recycling bearing in mind the enormous number of agricultural wastes and particularly manures, which have

four times higher P-content compared to some solid wastes . Independently of the form of P in the wastes, biochar is

much richer in P, which is always insoluble. During the thermal treatment of biochar, the P-content ends in insoluble

complexes with Al, Fe, Ca, Mg, and other metal cations .

Bone char is another potential alternative source of P and particularly in low-income countries is considered a very

attractive slow-release P-bearing source . Like in the case of biochar, bone char is produced via the pyrolysis process,

in which bone-containing material is treated in absence of oxygen and at temperatures ranging from 200 to 700 °C. Until

recently, residual materials of meat production were efficiently used as high-protein components of animal feed. However,

because of the bovine spongiform encephalopathy crisis in the European meat industry, this use of animal wastes is now

strictly controlled. The main treatment options are incineration and pyrolysis, which sterilize the product, preventing the

transmission of diseases associated with raw animal products , and increase the concentration of desirable nutrients

such as P and calcium (up to 47%) producing bioapatite and huge amounts of ash, the valorization of which is a major

concern. Therefore, apart from using bone residues for their energy content (~17,000 kJ kg ), these wastes can be

applied to soil as part of the sustainability strategies of the fertilizer industry and agriculture . An important advantage of

this P-bearing source is its purity compared to rock phosphate, as it is almost totally free of heavy metals and

radionuclides. For example, the cadmium concentrations in bone char range up to only 3.03 mg kg  in cattle and pig

bone but up to 556 mg kg  in rock phosphate .

Both bio and bone char are sources of an inorganic, insoluble form of P. Here, P-solubilizing microorganisms could be

tested and used as a tool for high and rapid solubilization in fermentation systems or in soil . To facilitate the

microbial P-solubilizing function and due to their highly porous structure, bone char and biochar were used as soil

amendments and simultaneously as cell/spore carriers . Biochar derived from agricultural wastes, including bones,

can be considered a potential carrier for the formulation of microbial inoculants and might replace other cheap and widely

used commercial materials such as peat. It should be noted that, when assessing the role of biochars as potential P-

sources and soil P-improvers, researchers should also distinguish between different types of these products formed at

different temperatures, 500–700 °C being the most appropriate .

References

1. Fierer, N. Embracing the unknown: Disentangling the complexities of the soil microbiome. Nat. Rev. Microbiol. 2017,
15, 579–590.

2. van der Heijden, M.G.A.; Bardgett, R.D.; van Straalen, N.M. The unseen majority: Soil microbes as drivers of plant
diversity and productivity in terrestrial ecosystems. Ecol. Lett. 2008, 11, 296–310.

3. Huang, R.; McGrath, S.P.; Hirsch, P.R.; Clark, I.M.; Storkey, J.; Wu, L.; Zhou, J.; Liang, Y. Plant-microbe networks in
soil are weakened by century-long use of inorganic fertilizers. Microb. Biotechnol. Nov. 2019, 12, 1464–1475.

[35]

[36]

[37]

[38]

[39]

[40]

[41][42]

[43]

[44]

[45]

[46]

−1

[47]

−1

−1 [48]

[49][50]

[49][51]

[49][52]



4. Du Jardin, P. The science of plant biostimulants—A bibliographic analysis. In Ad hoc Study Report to the European
Commission DG ENTR; 2012; Available online: https://op.europa.eu/en/publication-detail/-/publication/5c1f9a38-57f4-
4f5a-b021-cad867c1ef3c (accessed on 22 August 2022).

5. Calvo, P.; Nelson, L.; Kloepper, J.W. Agricultural uses of plant biostimulants. Plant Soil 2014, 383, 3–41.

6. Malusa, E.; Vassilev, N. A contribution to set a legal framework for biofertilisers. Appl. Microbiol. Biotechnol. 2014, 98,
6599–6607.

7. Vassileva, M.; Flor-Peregrin, E.; Malusá, E.; Vassilev, N. Towards Better Understanding of the Interactions and Efficient
Application of Plant Beneficial Prebiotics, Probiotics, Postbiotics and Synbiotics. Front. Plant Sci. 2020, 11, 1068.

8. Frey-Klett, P.; Burlinson, P.; Deveau, A.; Barret, M.; Tarkka, M.; Sarniguet, A. Bacterial-fungal interactions: Hyphens
between agricultural, clinical, environmental, and food microbiologists. Microbiol. Mol. Biol. Rev. 2011, 75, 583–609.

9. Müller, K.; Marhan, S.; Kandeler, E.; Poll, C. Carbon flow from litter through soil microorganisms: From incorporation
rates to mean residence times in bacteria and fungi. Soil. Biol. Biochem. 2017, 115, 187–196.

10. Kuzyakov, Y.; Blagodatskaya, E. Microbial hotspots and hot moments in soil: Concept & review. Soil Biol. Biochem.
2015, 83, 184–199.

11. Hyde, K.D.; Xu, J.; Rapior, S.; Jeewon, R.; Lumyong, S.; Niego, A.G.T.; Abeywickrama, P.D.; Aluthmuhandiram, J.V.S.;
Brahamanage, R.S.; Brooks, S.; et al. The amazing potential of fungi: 50 ways we can exploit fungi industrially. Fungal
Divers. 2019, 97, 1–136.

12. Gadd, G.M. The geomycology of elemental cycling and transformations in the environment. Microbiol. Spectr. 2017, 5,
371–386.

13. Jiao, S.; Chu, H.; Zhang, B.; Wei, X.; Chen, W.; Wei, G. Linking soil fungi to bacterial community assembly in arid
ecosystems. iMeta 2022, 1, e2.

14. Haq, I.U.I.; Zhang, M.; Yang, P.; van Elsas, J.D. The interactions of bacteria with fungi in soil: Emerging concepts. Adv.
Appl. Microbil. 2014, 89, 185–215.

15. Gadd, G. Geo-mycology: Biogeochemical transformations of rocks, minerals, metals and radionuclides by fungi, bio-
weathering, and bioremediation. Mycol. Res. 2007, 111, 3–49.

16. Frac, M.; Hannula, S.E.; Bełka, M.; Jedryczka, M. Fungal Biodiversity and Their Role in Soil Health. Front. Microbiol.
2018, 9, 707.

17. Otlewska, A.; Migliore, M.; Dybka-Stępień, K.; Manfredini, A.; Struszczyk-Świta, K.; Napoli, R.; Białkowska, A.; Canfora,
L.; Pinzari, F. When Salt Meddles Between Plant, Soil, and Microorganisms. Front. Plant Sci. 2020, 11, 553087.

18. Rimbault, M. General and microbiological aspects of SSF. In International Training Course on Solid-State Fermentation;
Rimbault, M., Soccol, C.R., Chuzel, G., Eds.; ORSTOM: Montpellier, France; Curitiba, Brazil, 1998.

19. Rai, A.K.; Sunar, K.; Sharma, H. Agriculturally Important Microorganism: Understanding the Functionality and
Mechanisms for Sustainable Farming. In Microbiological Activity for Soil and Plant Health Management; Soni, R.,
Suyal, D.C., Bhargava, P., Goel, R., Eds.; Springer: Singapore, 2021.

20. George, T.S.; Hinsinger, P.; Turner, B.L. Phosphorus in soils and plants-facing phosphorus scarcity. Plant Soil 2016,
401, 1–6.

21. Runge-Metzger, A. Closing the cycle: Obstacles to efficient P management for improved global security. In Phosphorus
in the Global Environment; Tiessen, H., Ed.; John Wiley and Sons Ltd.: Chichester, UK, 1995; pp. 27–42.

22. Roy, E.D.; Richards, P.D.; Martinelli, L.A.; Coletta, L.D.; Lins, S.R.; Vazquez, F.F.; Willig, E.; Spera, S.A.; VanWey, L.K.;
Porder, S. The phosphorus cost of agricultural intensification in the tropics. Nat. Plants 2016, 43, 16043.

23. Cordell, D.; Drangert, J.-O.; White, S. The story of phosphorus: Global food security and food for thought. Glob.
Environ. Chang. 2009, 19, 292–305.

24. Stoica, L.; Georgescu, I.L.; Filip, D.; Bunus, F. Determination of valuable elements in natural phosphates. J. Radioanal.
Nucl. Chem. 1997, 216, 161–163.

25. Sabiha, J.; Mehmood, T.; Chaudhry, M.M.; Tufail, M.; Irfan, N. Heavy metal pollution from phosphate rock used for the
production of fertilizer in Pakistan. Microchem. J. 2009, 91, 94–99.

26. Cordell, D.; White, S. Peak phosphorus: Clarifying the key issues of a vigorous debate about long-term phosphorus
security. Sustainability 2011, 3, 2027–2049.

27. Bouwman, L.; Goldewijk, K.K.; Van Der Hoek, K.W.; Beusen, A.H.W.; van Vuuren, D.P.; Willems, J.; Rufino, M.C.;
Stehfest, E. Exploring global changes in nitrogen and phosphorus cycles in agriculture induced by livestock production
over the 1900–2050 period. Proc. Natl. Acad. Sci. USA 2013, 110, 20882–20887.



28. Le Corre, K.S.; Valsami-Jones, E.; Hobbs, P.; Parsons, S.A. Phosphorus recovery from wastewater by struvite
crystallization: A review. Crit. Rev. Environ. Sci. Technol. 2009, 39, 433–477.

29. Kataki, S.; West, H.; Clarke, M.; Baruah, D.C. Phosphorus recovery as struvite from farm, municipal and industrial
waste: Feedstock suitability, methods and pre-treatments. Waste Manag. 2016, 49, 437–454.

30. Schauer, P.; Baur, R.; Barnard, J.; Britton, A. Increasing revenue while reducing nuisance struvite precipitation: Pilot
scale testing of the WASSTRIP process. Proc. Water Environ. Fed. 2011, 1, 848–865.

31. Suryawanshi, V.B.; Chaudhari, R.T. Synthesis and Characterization of Struvite-K Crystals by Agar Gel. J. Cryst.
Process Technol. 2014, 4, 212–224.

32. Rech, I.; Withers, P.J.A.; Jones, D.L.; Pavinato, P.S. Solubility, Diffusion and Crop Uptake of Phosphorus in Three
Different Struvites. Sustainability 2019, 11, 134.

33. Achat, D.L.; Sperandio, M.; Daumer, M.L.; Santellani, A.C.; Prud’Homme, L.; Akhtar, M.; Morel, C. Plant-availability of
phosphorus recycled from pig manures and dairy effluents as assessed by isotopic labeling techniques. Geoderma
2014, 232, 24–33.

34. Talboys, P.J.; Heppell, J.; Roose, T.; Healey, J.R.; Jones, D.L.; Withers, P.J. Struvite: A slow-release fertiliser for
sustainable phosphorus management? Plant Soil 2016, 401, 109–123.

35. Bhuiyan, M.I.H.; Mavinic, D.S.; Beckie, R.D. A solubility and thermodynamic study of struvite. Environ. Technol. 2007,
28, 1015–1026.

36. Li, B.; Boiarkina, I.; Yu, W.; Huang, H.M.; Munir, T.; Wang, G.Q.; Young, B.R. Phosphorus recovery through struvite
crystallization: Challenges for future design. Sci. Total Environ. 2019, 648, 1244–1256.

37. Suyamud, B.; Ferrier, J.; Csetenyi, L.; Inthorn, D.; Gadd, G.M. Biotransformation of struvite by Aspergillus niger:
Phosphate release and magnesium biomineralization as glushinskite. Environ. Microbiol. 2020, 22, 1588–1602.

38. Lehmann, J.; Joseph, S. Biochar for environmental management: An introduction. In Biochar for Environmental
Management Science and Technology; Lehmann, J., Joseph, S., Eds.; Earthscans: London, UK, 2009; pp. 1–12.

39. Lehmann, J.; Rillig, M.C.; Thies, J.; Masiello, C.A.; Hockaday, W.C.; Crowley, D. Biochar effects on soil biota—A review.
Soil Biol. Biochem. 2011, 43, 1812–1836.

40. Wang, C.; Wang, H. Biochar based slow release of fertilizers for sustainable agriculture: A minireview. Environ. Sci.
Ecotechnol. 2022, 10, 100167.

41. Kammann, C.I.; Schmidt, H.P.; Messerschmidt, N.; Linsel, S.; Steffens, D.; Muller, C.; Koyro, H.W.; Conte, P.; Joseph,
S. Plant growth improvement mediated by nitrate capture in co-composted biochar. Sci Rep. 2015, 5, 11080.

42. Schmidt, H.P.; Pandit, B.H.; Martinsen, V.; Cornelissen, G.; Conte, P.; Kammann, C.I. Fourfold increase in pumpkin
yield in response to low-dosage root zone application of urine enhanced biochar to a fertile tropical soil. Agriculture
2015, 5, 723–741.

43. Dai, L.; Li, H.; Tan, F.; Zhu, N.; He, M.; Hu, G. Biochar: A potential route for recycling of phosphorus in agricultural
residues. GCB Bioenergy 2016, 8, 852–858.

44. Heilmann, S.M.; Molde, J.S.; Timler, J.G.; Wood, B.M.; Mikula, A.L.; Vozhdayev, G.V.; Colosky, E.C.; Spokas, K.A.;
Valentas, K.J. Phosphorus reclamation through hydrothermal carbonization of animal manures. Environ. Sci. Technol.
2014, 48, 10323–10329.

45. Kibert, H.A.; Nesin, B. Pan pelletization of bone char fertilizer: An evaluation of process parameters and their effect on
granule strength. Waste Biomass-Valorization 2021, 12, 5599–5610.

46. Warren, G.P.; Robinson, J.S.; Someus, E. Dissolution of phosphorus from animal bone char in 12 soils. Nutr. Cycl.
Agroecosyst. 2009, 84, 167–178.

47. Zwetsloot, M.J.; Lehmann, J.; Solomon, D. Recycling slaughterhouse waste into fertilizer: How do pyrolysis
temperature and biomass additions affect phosphorus availability and chemistry? J. Sci. Food Agric. 2015, 95, 281–
288.

48. Van Kauwenbergh, S.J. Cadmium and other minor elements in world resources of phosphate rock. In Proceedings No.
400 International Fertiliser Society; Fertilizer Society: York, UK, 1997; pp. 1–40.

49. Vassilev, N.; Martos, E.; Mendes, G.; Martos, V.; Vassileva, M. Biochar of animal origin: A sustainable solution to the
global problem of high-grade rock phosphate scarcity? J. Sci. Food Agric. 2013, 93, 1799–1804.

50. Vassilev, N.; Medina, A.; Mendes, G.; Galvez, A.; Martos, V.; Vassileva, M. Solubilization of animal bonechar by a
filamentous fungus employed in solid state fermentation. Ecol. Eng. 2013, 58, 165–169.



51. Egamberdieva, D.; Hua, M.; Reckling, M.; Wirth, S.; Bellingrath-Kimura, S.D. Potential effects of biochar-based
inoculants in agriculture. Environ. Sustain. 2018, 1, 19–24.

52. Zhang, H.; Chen Ch Gray, E.M.; Boyd, S.E.; Yang, H.; Zhang, D. Roles of biochar in improving phosphorus availability
in soils: A phosphate adsorbent and a source of available phosphorus. Geoderma 2016, 276, 1–6.

Retrieved from https://encyclopedia.pub/entry/history/show/67588


