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ABSTRACT 

Allelopathy has been interweaved with agriculture and the use of allelochemicals as 

growth regulator is of great interest. Some allelochemicals (agrostemin, triacontanol, 

brassinosteroids, strigolactones, jasmonic acid, salicylic acid) act as growth regulators when 

applied at low concentrations. This review summarizes the allelochemicals used as natural 

growth regulators and also includes the synthetic bioregulators (brassinosteroid/ strigolactone 

analogues; strigolactone mimics).  

Keywords: Allelopathy, allelochemicals, bioregulator, brassinosteroids, growth regulators, 

strigolactone analogues, strigolactone mimics, synthetic bioregulators. 
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1. INTRODUCTION 

The term „Allelopathy‟ was first defined by Molisch in 1937 (42) as the chemical 

interaction between plants and microorganisms. In 1984, Rice enlarged the definition with 

all direct positive or negative effects of a plant on another plant or on micro-organisms due 

to the release of “biochemicals” into the environment (53). Currently, the most recognized 

concept of allelopathy is as “any process involving secondary metabolites generated by 

plants, algae, bacteria and fungi that influence the growth and development of agriculture 

and biological systems” (30). These secondary metabolites are known as “allelochemicals” 

and have beneficial or detrimental effects on the targeted organisms in the same habitat 

(11,53). Allelochemicals are divided into 14-chemical classes, viz., water-soluble organic 

acids; simple unsaturated lactones; long-chain fatty acids and polyacetylenes; 

naphthoquinones, anthraquinones and complex quinines; simple phenols; benzoic acid and 

derivatives; cinnamic acid derivatives; coumarins; flavonoids; condensed and hydrolysable 

tannins; terpenoids and steroids; amino acids and polypeptides; alkaloids and cyanohydrins; 

sulphides and glycosides; and purines and nucleosides (53).    

Allelopathy is a significant ecological mechanism in natural and managed 

ecosystems. It plays important role in vegetation succession as a phenomenon which 

allows the dominance of certain plant species on the local biodiversity (44). 

Allelochemicals are very attractive as growth regulators due to several advantages: 

increases the crops yields and promote sustainable agriculture development (10,12,52,70).  

This paper aims to provide an overview of the allelochemicals (Fig 1) and synthetic 

bioregulators (Fig 2) as growth regulators.  

2. ALLELOCHEMICALS 

Allelochemicals are important regulators of plant growth and development and their 

physiological effects on plants are shown in Table 1.  

2.1 Agrostemin 

Agrostemin was isolated from the seeds of corn cockle (Agrostemma githago L.), a 

common weed of wheat and other cereals (25). It is a mixture of amino acids of natural 

origin and other organic compounds (tryptophan, adenine, folic acid, allantoin, etc.) having 

induced many favourable effects on crop growth and development. For example, it 

stimulates seed germination, promotes root growth, increases plant absorption capacity and 

chlorophyll content, enhances photosynthetic efficiency and metabolic capacity, improves 

quality and increases yield. Its application increases 10-30 % crop yields, lead to better 

fruit quality and reduces fertilizer cost by 20-30 % (38,65). The yield increase varies 

among the crops.  
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Figure 1. Chemical structures of Allelochemicals used as plant Growth regulators. 

2.2 Triacontanol  

The plant growth regulatory activity of triacontanol was first reported by Ries et al. 

(55) in alfalfa (Medicago sativa L.). He showed that coarsely chopped alfalfa plants 

increased the growth of other plants. Over the past decades, triacontanol has been used to 

increase the growth and yield of crops (58). Researchers have also reported the positive  
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Table 1. Physiological effects of allelochemicals and Growth Regulators on some plants 

Test plant Biochemical/Physiological Effect (s) References 
Triacontanol 

Cucumber (Cucumis 
sativa L.), Maize (Zea 
mays L.), Tomato 
(Lycopersicon 
esculentum Mill.) 

Increased the concentrations of Ca2+, Mg2+ and K+ 57 

Erythrina variegata L. Photosynthetic pigments, ribulose-1,5-bisphosphate 
(RuBPC) and photosynthetic activity 

45,46 

Rice (Oryza sativa L.) Respiration increased by 20%, NH- and NO3
- uptake 

promoted hydrolysis, hydration and oxidation in tissues 
7 

Led to the identification of 9-β-L (+)-adenosine as a second 
messenger 

54 

Soybean (Gycine max 
(L.) Merr.) 

Increased the activity of nitrate reductase, amylase and 
peroxidase to reduce soluble protein content 

72 

Wheat (Triticum 
aestivum L.) 

Promote photosynthetic phosphorylation and increase ATP 
storage 

50 

Brassinolide 
Arabidopsis thaliana 
(L.) Heynh. 

Improved the osmotic pressure of plants and ability of plants 
to resist drought 

43 

Regulated the number of vascular bundles in buds by 
promoting the division of the cambium cells 

29 

Black gram (Vigna 
mungo  (L.) Hepper)  

Improved the physiological parameters and higher seed 
yield 

31  

Eucalyptus robusta 
Smith 

Promoted the seed germination under salinity conditions 76 

Foxtail millet (Setaria 
italica (L.) Beauv. 

Improved the tolerance of Sigma Broad in foxtail millet by 
improving the activity of antioxidant enzymes 

78 

Maize (Zea mays L.)  Improved drought resistance of maize by increasing protein 
synthesis 

3 

Rice (Oryza sativa L.) Reduced the inhibitory effects of salt stress on seed 
germination and seedling growth 

4 

Strigolactone 
Arabidopsis thaliana 
(L.) Heynh. 

Suppresses shoot branching, inhibits the outgrowth of 
axillary buds 

26, 68 

Increases abiotic stress tolerance (salinity and drought 
stress)  

69 

Development of root system architecture (Increase Primary 
Root Length; Mediated changes in root meristem patterning) 

60 

Lettuce (L. sativa L.) Promotes plants ability to cope with salt stress 5 
Lotus japonicus L. Increases symbiosis between plants and arbuscular 

mycorrhizal fungi (AMF)  
1 

Rice (O. sativa L.) Regulates rice leaf senescence due to phosphate deficiency 73 
Tomato  Positively regulates the light-harvesting genes  39 

Jasmonic acid 
Cannabis sativa L. Improves the lignin content in hypocotyls 6 
Maize (Z. mays L.) Improves the alkali stress  40 

Induces the chemical defense   20 
Narcissus triandrus L. Promotes the formation and enlargement of bulbs   62 

Salicylic acid 
Lemna minor L  Results in high flowering rates  22 
Maize (Z. mays L.) Increases the plant height, leaf area and dry matter yield  31 
Phaseolus vulgaris L. 
and tomato 

Increases tolerance to heat, cold and drought stress.  64 
 

Tomato and wheat  Improves the chilling resistance 19 
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role of triacontanol in enhancing growth, yield, photosynthesis, protein synthesis, uptake 

of water and nutrients nitrogen fixation, enzymes activities, free amino acids, reducing 

sugars and soluble protein of plants (48). Triacontanol has wonderful yield-increasing 

effects on food crops (rice, maize, etc) and vegetables (cucumbers, tomato, etc.), the 

average yield of grain crops increased by 5-15 %, economic crops by 10-15 %, oil crops 

by 10-20 % and vegetables increased by 10 % to 40 %. It has a significant impact on plant 

growth under low concentration (48,59,56). In addition, triacontanol promotes rooting of 

cuttings, improves plant disease resistance, thereby inhibits the cabbage downy mildew, 

tomato wilt and cucumber damping-off (41). 

2.3 Brassinosteroids 

Brassinosteroids are a class of steroid hormones with high physiological activity. 

They play an important role in the growth and development of plants, including root 

growth, vascular differentiation, fertility and seed germination (67). It fully stimulates the 

internal potential of plants, increases the stress tolerance of crops and reduces the 

phytotoxicity of herbicides to crops. It was first isolated from Brassica pollen (17) and it 

has the strongest bioactivity in the Brassinosteroids. It has the structure of a steroidal 

skeleton of Sa-cholestan, which has a 7-oxalactonic B-ring and two vicinal hydroxyls at 

the A-ring (C2a and C3cr) and in the side chain (C22R and C23R) (61). In addition, 

24-epibrassinolide has been legally registered as a seed treatment agent for various crops 

in Russia.  

2.4 Strigolactones 

The strigolactones stimulates the seed germination of parasitic weeds (Striga and 

Orobanche spp.) and also induces hyphal branching in arbuscular mycorrhizal fungi (1,63). 

These are involved in shoot branching, secondary growth, plant stress responses (drought 

tolerance and disease resistance), root growth and nodulation (21,75). Recent studies have 

shown that DWARF 14 is a non-canonical hormone receptor for strigolactone (74). The 

strigolactones are terpenoids with a tetracyclic structure of three fused rings (A,B,C) 

containing a γ-lactone connected to a butenolide lactone (D-ring) through an enolether 

linkage. They are mainly synthesized in the roots and transported upward through the 

xylem to the aerial part (33,34,63). Currently, 36 kinds of natural Strigolactones have been 

isolated with the same carbon skeleton. These can be divided into the (i). Strigol-type 

(strigol, sorgolactone, sorgomol, 5-deoxystrigol, etc.) and (ii). Orobanchol-type 

(orobanchol, alectrol, 4-deoxyorobanchol, 7-oxoorobanchol, 7-hydroxyorobanchol, 

fabacol, solanacol, etc.) (18,71). Strigol was the first strigolactone isolated from the root 

exudates of cotton, a non-host plant for Striga spp. (14,15). In addition, the sorgolactone 

and alectrol have the same stimulatory power as strigol (77). 

2.5 Jasmonic acid 

Jasmonic acid is a naturally occurring growth regulator widely distributed in higher 

plants. It was detected in several Leguminosae plants and its highest contents were found 

in young leaves, flowers and fruit, especially the immature pericarp (16). At the early stage 

of its discovery, jasmonic acid was regarded as inhibitory to phytohormone, but now 

jasmonic acid had many physiological effects on plants. For instance, from the responses 



20                                    He et al.                

of the process of jasmonic acid system induction, Bt gene introduction and endogenous 

chemical defence of corns act synergistically (20). Moreover, the application of jasmonic 

acid on young hemp plantlets promotes the secondary growth and increased the lignin 

content in hypocotyl of Cannabis sativa L. (6). 

2.6 Salicylic acid: 

Salicylic acid is a water-soluble antioxidant phenolic compound found in plants. It 

regulates the plant growth and provides resistance to plant stress. Its foliar application at 

100 ppm on maize increased the plant height, leaf area, crop growth rate and dry matter 

yield (31). Previous studies have also revealed that plants soaked in an aqueous solution of 

salicylic acid showed increased tolerance to heat, cold and drought stress (64). Spraying 

low concentration (0.01 mM) of a salicylic acid solution significantly improves the 

chilling resistance of wheat and tomato (19). 

3. SYNTHETIC BIOREGULATORS 

3.1 Synthetic brassinosteroids or brassinosteroid analogues 

These compounds of synthetic origin, were obtained by chemical or biotechnological 

means. They exhibit any structural similarity with natural brassinosteroids and activity 

similar to brassinolide. Some examples are shown in Figure 2. 

To promote the application of brassinosteroids in agriculture, research on isolation 

and identification, chemical synthesis, biochemistry and plant physiology of 

brassinosteroids is expanding. The early synthetic Brassinolides mainly contains only the 

following: brassinolide, 24-epibrassinolide, 28-homobrassinolide, epihomobrassinolide.  

Rice lamina inclination tests of leaf lamina demonstrated that at the same dose, the 

activity of brassinolide analogues 1 and 2 was 87 % and 51 %, respectively and the 

activity of compound 1 was similar to that of 28-homobrassinolid (9). The compound 3 

has almost the same activity as brassinolide (28). Anderson et al. (2) for the first time 

synthesized Non-steroidal compound 4 to mimic the activity of brassinolide. 

3.2 Synthetic strigolactone (SL) 

Synthetic SL can be divided into two categories: (i) Analogues, whose structure is 

very similar to the typical natural SL; (ii) Mimics, which are simpler in structure and 

biologically similar to strigolactone (Fig. 2). 

3.2.1 Synthetic strigolactone Analogues: GR 24 is a well-known representative of the 

GR derivative family, which has been widely used in agricultural production and scientific 

research, resulting in the synthesis of GR5 and GR7 due to its simple structure. GR7 is 

used as a suicide germination agent for the control of Striga asiatica (32,79). In addition, 

the germination activity of Nijmegen-1 is equivalent to GR24 and this substance can be 

easily synthesized (49,80). EGO10, which can be easily synthesized from the readily 

available reagent in a three-step reaction, is used as a phytohormone to regulate plant 

branching (13,51). Goossens, Hannelore et al. (27) showed that CISA-1 showed higher 

activity than GR24 in stimulating Orobanche spp. seed germination and inhibiting the 

parasitic plant. In addition, the activity of CISA-1 and GR24 was comparable for both 

Arabidopsis and pea in inhibiting the plant branching. At the same time, CISA-1 promotes 

arbuscular mycorrhizal fungal branching and does not endanger the toxicity of host plant  
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Figure 2. Chemical structures of synthetic bioregulators 
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(27). In 2011, Mwakaboko et al. (47) reported the synthesis of α-Tetralone-derived 

analogue and Indanone-derived analogue and the results of activity test. The results 

showed that the (R)-configurations of the two analogues had very high stimulatory activity 

to Orobanche crenata seeds at all concentrations, comparable to GR24 activity, but the 

(S)-configuration did not stimulate germination. Recent studies have shown that 

strigolactam and strigolactam derivatives with germination activity can be successfully 

synthesized (35,37). 

3.2.2 Synthetic strigolactone Mimics: The activity of such compounds is similar to 

synthetic strigolactone. Due to its simple structure and high activity, such substance is 

considered for agricultural application. It was named "debranones" because it inhibits plant 

branches (23,24,36). These synthetic strigolactone mimics moderately stimulates the seeds 

germination of Striga hermonthica, but significantly stimulates the seed germination of 

Orobanche cernua and Philipphe ramosa (23,66). Compound AR36 is very inhibitory to 

the pea branches, but does not induce the seeds germination of root parasitic weeds (8). 

4. CONCLUSIONS  

Six types of allelochemicals as plant growth regulators have been reviewed. The 

agrostemin, brassinolide and triacontanol are widely used as Growth Regulators, but the 

use of strigolactones, jasmonic acid and salicylic acid is less due to their high cost. 

Research should focus on discovering more new allelochemicals with growth regulation 

activity and their use as basic structures or templates for the development of novel, 

eco-friendly and efficient synthetic growth regulators useful in agriculture. 

5. ACKNOWLEDGEMENTS 

This work was supported by the Key Project at Central Government Level: The 

Ability Establishment of Sustainable Use for Valuable Chinese Medicine 

resources (2060302); The National Natural Science Foundation of China (31870332, 

31470414, 21702187); The Fundamental Research Funds for the Central Universities; The 

Zhejiang Public Welfare Research Project (LGN19B020001) and The Program for 

Zhejiang Provincial Collaborative Innovation Center for Bamboo Resources and 

High-efficiency Utilization (2017ZZY2-09). 

6. REFERENCES 

1.  Akiyama, K., Matsuzaki, K.I. and Hayashi, H. (2005). Plant sesquiterpenes induce hyphal branching in 

arbuscular mycorrhizal fungi. Nature 435: 824. 

2.  Andersen, D.L., Back, T.G., Janzen, L., Michalak, K., Pharis, R.P. and Sung, G.C. (2001). Design, synthesis 

and bioactivity of the first nonsteroidal mimetics of brassinolide. The Journal of Organic Chemistry 66: 

7129-7141. 

3.  Anjum, S.A., Wang, L.C., Farooq, M., Hussain, M., Xue, L.L. and Zou, C.M. (2011). Brassinolide 

application improves the drought tolerance in maize through modulation of enzymatic antioxidants and leaf 

gas exchange. Journal of Agronomy and Crop Science 197: 177-185. 

 



Allelochemicals as growth regulators: A review                 23 

4.  Anuradha, S. and Rao, S.S.R. (2001). Effect of brassinosteroids on salinity stress induced inhibition of seed 

germination and seedling growth of rice (Oryza sativa L.). Plant Growth Regulation 33: 151-153. 

5.  Aroca, R., Ruizlozano, J.M., Zamarreño, A.M., Paz, J.A., Garcíamina, J.M., Pozo, M.J. and López-Ráez, J.A. 

(2013). Arbuscular mycorrhizal symbiosis influences strigolactone production under salinity and alleviates 

salt stress in lettuce plants. Journal of Plant Physiology 170: 47-55. 

6.  Berh, M., Lutts, S., Hausman, J.F. and Guerriero, G. (2018). Jasmonic acid to boost secondary growth in 

hemp hypocotyl. Planta 248: 1029-1036. 

7.  Bittenbender, H.C., Dilley, D.R., Wert, V. and Ries, S.K. (1978). Environmental parameters affecting dark 

response of rice seedlings (Oryza sativa L.) to triacontanol. Plant physiology 61: 851-854. 

8.  Boyer, F.D., de Saint Germain, A., Pouvreau, J.B., Clavé, G., Pillot, J.P., Roux, A. and Heugebaert, T.S. 

(2014). New strigolactone analogs as plant hormones with low activities in the rhizosphere. Molecular 

plant 7: 675-690. 

9.  Brosa, C., Capdevila, J.M. and Zamora, I. (1996). Brassinosteroids: A new way to define the structural 

requirements. Tetrahedron 52: 2435-2448.  

10. Chen, X.H., Hu, F. and Kong, C.H. (2008). Varietal improvement in rice allelopathy. Allelopathy Journal 22: 

379-384. 

11. Chou, C.H. and Waller, G.R. (1989). Phytochemical Ecology: Allelochemicals, Mycotoxins and Insect 

Pheromones and Allomones Monograph Vol. 9: 13-20. Institute of Botany, Academia Sinica, Taipei. 

12. Chou, C.H. and Zeng, R.S. (2010). Role of allelopathy in sustainable agriculture: Use of allelochemicals as 

naturally occurring bio-agrochemicals. Allelopathy Journal 25: 3-16. 

13. Cohen, M., Prandi, C., Occhiato, E. G., Tabasso, S., Wininger, S., Resnick, N., Steinberger, Y., Koltai, H. and 

Kapulnik, Y. (2013). Structure–function relations of strigolactone analogs: activity as plant hormones and 

plant interactions. Molecular Plant 6: 141-152. 

14. Cook, C.E., Whichard, L.P., Turner, B., Wall, M.E. and Egley, G.H. (1966). Germination of witchweed (Striga 

lutea Lour.): Isolation and properties of a potent stimulant. Science 154: 1189-1190. 

15. Cook, C.E., Whichard, L.P., Monroe, W.E., Egley, G.H., Coggon, P., Luhan, P.A. and Mcphail, A.T. (1972). 

Germination stimulants. Ii. structure of strigol, a potent seed germination stimulant for witchweed (Striga 

lutea). Journal of the American Chemical Society 94: 6198-6199.  

16. Creelman, R.A. and Mullet, J.E. (1995). Jasmonic acid distribution and action in plants: Regulation during 

development and response to biotic and abiotic stress. Proceedings, National Academy of Sciences of the 

United States of America 92: 4114-4119.  

17. Davies, P.J. (2010). The plant hormones: Their nature, occurrence and functions. In Plant Hormones, pp. 1-15. 

Springer, Dordrecht. 

18. Delaux, P.M., Xie, X., Timme, R.E., Puech-Pages, V., Dunand, C., Lecompte, E., Delwiche, C.F., Yoneyama, 

K., Bécard, G. and Séjalon-Delmas, N. (2012). Origin of strigolactones in the green lineage. New 

Phytologist 195: 857-871. 

19. Ding, C.K., Wang, C., Gross, K.C. and Smith, D.L. (2002). Jasmonate and salicylate induce the expression of 

pathogenesis-related-protein genes and increase resistance to chilling injury in tomato fruit. Planta 214: 

895-901.  

20. Feng, Y.J., Jin, Q., Tan, F.X. and Wang, J.W. (2018). Jasmonic acid induced defence responses in Bt (Bacillus 

thuringiensis) and non-Bt corn (Zea mays L.) seedlings. Allelopathy Journal 43: 203-216. 

21. Foo, E. and Reid, J.B. (2013). Strigolactones: New physiological roles for an ancient signal. Journal of Plant 

Growth Regulation 32: 429-442. 

22. Fu, L., Huang, M., Han, B., Sun, X., Sree, K.S., Appenroth, K.J. and Zhang, J. (2017). Flower induction, 

microscope-aided cross-pollination and seed production in the duckweed (Lemna gibba) with discovery of a 

male-sterile clone. Scientific Reports 7: 3047. 

23. Fukui, K., Ito, S., Ueno, K. and Yamaguchi, S. (2011). New branching inhibitors and their potential as 

strigolactone mimics in rice. Bioorganic & Medicinal Chemistry Letters 21: 4905-4908. 

24. Fukui, K., Ito, S. and Asami, T. (2013). Selective mimics of strigolactone actions and their potential use for 

controlling damage caused by root parasitic weeds. Molecular Plant 6: 88-99. 

25. Gajic, D. (1966). Interaction between wheat and corn cockle on brown soil and smonitsa. Journal of Scientific 

Agriculture Research 19: 63-96. 

 



24                                    He et al.                

26. Gomez-Roldan, V., Fermas, S., Brewer, P.B., Puech-Pagès, V., Dun, E.A., Pillot, J.P. and Bouwmeester, H. 

(2008). Strigolactone inhibition of shoot branching. Nature 455: 189. 

27. Goossens, H., Heugebaert, T.S., Dereli, B., Van Overtveldt, M., Karahan, O., Dogan, I., Waroquier, M., Van 

Speybroeck, V., Aviyente, V., Catak, S. and Stevens, C.V. (2015). Elucidating the structural isomerism of 

fluorescent strigolactone analogue CISA‐1. European Journal of Organic Chemistry 2015: 1211-1217. 

28. He, Q. (2016). U.S. Patent No. 9,326,506. U.S. Patent and Trademark Office, Washington, DC. 

29. Ibañes, M., Fàbregas, N., Chory, J. and Caño-Delgado, A.I. (2009). Brassinosteroid signaling and auxin 

transport are required to establish the periodic pattern of Arabidopsis shoot vascular bundles. Proceedings of 

the National Academy of Sciences 106: 13630-13635. 

30. International Allelopathy Society. (1996). Constitution and Bylaws of IAS. IAS Newsletter, Cadiz, Spain.  

31. Jeyakumar, P., Velu, G., Rajendran, C., Amutha, R., Savery, M.A.J.R. and Chidambaram, S. (2008). Varied 

responses of black gram (Vigna mungo) to certain foliar applied chemicals and plant growth 

regulators. Legume Research International Journal 31: 110-113. 

32. Johnson, A.W., Gowada, G., Hassanali, A., Knox, J., Monaco, S., Razavi, Z. and Rosebery, G. (1981). The 

preparation of synthetic analogues of strigol. Journal of the Chemical Society, Perkin Transactions 1: 

1734-1743. 

33. Kohlen, W., Charnikhova, T., Liu, Q., Bours, R., Domagalska, M.A., Beguerie, S., Verstappen, F., Leyser, O., 

Bouwmeester, H. and Ruyterspira, C. (2011). Strigolactones are transported through the xylem and play key 

role in shoot architectural response to phosphate deficiency in nonarbuscular mycorrhizal host 

arabidopsis. Plant Physiology 155: 974-987. 

34. Koltai, H. (2014). Implications of non-specific strigolactone signaling in the rhizosphere. Plant Science 225: 

9-14. 

35. Lachia, M., Wolf, H.C., Jung, P.J.M., Screpanti, C. and De Mesmaeker, A. (2015). Strigolactam: New potent 

strigolactone analogues for the germination of Orobanche cumana. Bioorganic and Medicinal Chemistry 

Letters 25: 2184-2188. 

36. Lumba, S., Bunsick, M. and Mccourt, P. (2017). Chemical genetics and strigolactone 

perception:. F1000Research 6: 975.  

37. Lumbroso, A., Villedieu-Percheron, E., Zurwerra, D., Screpanti, C., Lachia, M., Dakas, P., Castelli, L., Paul, 

V., Wolf, H.C. and Sayer, D. (2016). Simplified strigolactams as potent analogues of strigolactones for the 

seed germination induction of Orobanche cumana Wallr. Pest Management Science 72: 2054-2068.  

38. Mangotič, N. (2005). New realizations about the natural bioregulator Agrostemin. Zbornik Predavanj in 

Referatov. 7. Slovensko Posvetovanje o Varstvu rastlin, 8.-10 March, 2005, Zreče, Slovenija 442-444. 

(Slovenian).  

39. Mayzlishgati, E., Lekkala, S.P., Resnick, N., Wininger, S., Bhattacharya, C., Lemcoff, J.H., Kapulnik, Y. and 

Koltai, H. (2010). Strigolactones are positive regulators of light-harvesting genes in tomato. Journal of 

Experimental Botany 61: 3129-3136. 

40. Mir, M.A., John, R., Alyemeni, M.N., Alam, P. and Ahmad, P. (2018). Jasmonic acid ameliorates alkaline 

stress by improving the growth performance, ascorbate glutathione cycle and glyoxylase system in maize 

seedlings. Scientific Reports 8: 2831. 

41. Mo, J.R. (1982). A review of the physiological effects of triacontanol on plants at home and 

abroad.Technology & Development of Chemical Industry 21-28.(in Chinese) 

42. Molisch, H. (1937). Der einfluss einer pflanze auf die andere, allelopathie. Fischer, Jena, Germany. 

43. Morillon, R., Catterou, M., Sangwan, R.S., Sangwan, B.S. and Lassalles, J.P. (2001). Brassinolide may 

control aquaporin activities in Arabidopsis thaliana. Planta 212: 199-204.  

44. Dias, L.S, Pereira, I.P. and Dias, A.S. (2016). Allelopathy, seed germination, weed control and bioassay 

methods. Allelopathy Journal 37: 31-40. 

45. Muthuchelian, K., Murugan, C., Nedunchezhian, N. and Kulandaivelu, G. (1997). Photosynthesis and growth 

of Erythrina variegata as affected by water stress and triacontanol. Photosynthetica 33: 241-248. 

46. Muthuchelian, K., Velayutham, M. and Nedunchezhian, N. (2003). Ameliorating effects of triacontanol on 

acidic mist-treated Erythrina variegata seedlings: Changes in growth and photosynthetic activities. Plant 

Science 165: 1253-1259. 

47. Mwakaboko, A.S. and Zwanenburg, B. (2011). Strigolactone analogues derived from ketones using a working 

model for germination stimulants as a blueprint. Plant & Cell Physiology 52: 699-715. 



Allelochemicals as growth regulators: A review                 25 

48. Naeem, M., Khan, M.M.A. and Moinuddin (2012). Triacontanol: A potent plant growth regulator in 

agriculture. Journal of Plant Interactions 7: 129-142. 

49. Nefkens, G.H.L., Thuring, J.W.J.F., Beenakkers, M.F.M. and Zwanenburg, B. (1997). Synthesis of a 

phthaloylglycine-derived strigol analogue and its germination stimulatory activity toward seeds of the 

parasitic weeds Striga hermonthica and Orobanche crenata. Journal of Agricultural & Food Chemistry 45: 

2273-2277. 

50. Perveen, S., Shahbaz, M. and Ashraf, M. (2010). Regulation in gas exchange and quantum yield of 

photosystem II (PSII) in salt-stressed and non-stressed wheat plants raised from seed treated with 

triacontanol. Pakistan Journal of Botany 42: 3073-3081. 

51. Prandi, C., Occhiato, E.G., Tabasso, S., Bonfante, P., Novero, M., Scarpi, D., Bova, M.E. and Miletto, I. 

(2011). New potent fluorescent analogues of strigolactones: Synthesis and biological activity in parasitic 

weed germination and fungal branching. European Journal of Organic Chemistry 2011: 3781-3793. 

52. Raihan, I., Miyaura, R., Baki, B.B. and Fujii, Y. (2019). Assessment of allelopathic potential of goniothalamin 

allelochemical from Malaysian plant Goniothalamus andersonii J. Sinclair by sandwich method. Allelopathy 

Journal 46: 25-40.  

53. Rice, E.L. (1984). Allelopathy. 2nd ed. Academic Press, London. 

54. Ries, S. (1991). Triacontanol and its second messenger 9-β-L (+)-adenosine as plant growth substances. Plant 

Physiology 95: 986-989. 

55. Ries, S.K., Bittenbender, H., Hangarter, R., Kolker, L., Morris, G. and Wert, V. (1977). Improved growth and 

yield of crops from organic supplements. In Agriculture and Energy, pp. 377-384. Academic Press, 

Washington.  

56. Ries, S.K., Richman, T.L. and Wert, V.F. (1978). Growth and yield of crops treated with 

triacontanol. Japanese Journal of Applied Entomology and Zoology 29: 14-20. 

57. Ries, S., Savithiry, S., Wert, V. and Widders, I. (1993). Rapid induction of ion pulses in tomato, cucumber and 

maize plants following a foliar application of L (+)-adenosine. Plant Physiology 101: 49-55. 

58. Ries, S.K. and Stutte, C.A. (1985). Regulation of plant growth with triacontanol. Critical Reviews in Plant 

Sciences 2: 239-285.  

59. Ries, S.K., Wert, V., Sweeley, C.C. and Leavitt, R.A. (1977). Triacontanol: a new naturally occurring plant 

growth regulator. Science 195: 1339-1341. 

60. Ruyter-Spira, C., Kohlen, W., Charnikhova, T., van Zeijl, A., van Bezouwen, L., de Ruijter, N. and 

Verstappen, F. (2011). Physiological effects of the synthetic strigolactone analog GR24 on root system 

architecture in Arabidopsis: another belowground role for strigolactones? Plant Physiology 155: 721-734. 

61. Sakurai, A. and Fujioka, S. (1993). The current status of physiology and biochemistry of brassinosteroids. 

Plant Growth Regulation 13: 147-159. 

62. Santos, I. and Salema, R. (2000). Promotion by jasmonic acid of bulb formation in shoot cultures of Narcissus 

triandrus l. Plant Growth Regulation 30: 133-138. 

63. Screpanti, C., Fonné-Pfister, R., Lumbroso, A., Rendine, S., Lachia, M. and Mesmaeker, A.D. (2016). 

Strigolactone derivatives for potential crop enhancement applications. Bioorganic & Medicinal Chemistry 

Letters 26: 2392-2400. 

64. Senaratna, T., Touchell, D., Bunn, E. and Dixon, K. (2000). Acetyl salicylic acid (Aspirin) and salicylic acid 

induce multiple stress tolerance in bean and tomato plants. Plant Growth Regulation 30: 157-161. 

65. Stankovic, D. and Rajkovic, N. (1981). Agrostemin-A new promising natural bioregulator. In Symposium on 

Growth Regulators in Fruit Production 120: 263-263. International Society for Horticultural Science Acta 

Horticulturae, Australia.  

66. Takahashi, I., Fukui, K. and Asami, T. (2016). Chemical modification of a phenoxyfuranone-type 

strigolactone mimic for selective effects on rice tillering or Striga hermonthica seed germination. Pest 

Management Science 72: 2048-2053. 

67. Tarkowská, D. and Strnad, M. (2017). Protocol for extraction and isolation of Brassinosteroids from plant 

tissues. In Brassinosteroids, pp. 1-7. Humana Press, New York, NY. 

68. Umehara, M., Hanada, A., Yoshida, S., Akiyama, K., Arite, T., Takeda-Kamiya, N. and Kyozuka, J. (2008). 

Inhibition of shoot branching by new terpenoid plant hormones. Nature 455: 195-200. 



26                                    He et al.                

69. Van Ha, C., Leyva-González, M.A., Osakabe, Y., Tran, U.T., Nishiyama, R., Watanabe, Y. and Yamaguchi, 

S.K. (2014). Positive regulatory role of strigolactone in plant responses to drought and salt 

stress. Proceedings of the National Academy of Sciences 111: 851-856. 

70. Wang, H.B., Zhang, Q., Lin, Z.H., Li, J.Y., Lin, S.X., Ding, L. and He, H.B. (2019). Physiological and 

molecular features of allelopathic and non-allelopathic rice in response to weed competition. Allelopathy 

Journal 47: 167-180. 

71. Wang, Y. and Bouwmeester, H.J. (2018). Structural diversity in the strigolactones. Journal of Experimental 

Botany 69: 2219-2230. 

72. Weihua, L., Shenju, Z. and Lexin, H. (2007). Study on the plant growth regulators in reducing summer 

soybeans, pods without peas. Chinese Agricultural Science Bulletin 6: 76. (Chinese) 

73. Yamada, Y., Furusawa, S., Nagasaka, S., Shimomura, K., Yamaguchi, S. and Umehara, M. (2014). 

Strigolactone signaling regulates rice leaf senescence in response to phosphate deficiency. Planta 240: 

399-408. 

74. Yao, R., Ming, Z., Yan, L., Li, S., Wang, F., Ma, S. and Li, Y. (2016). DWARF 14 is a non-canonical hormone 

receptor for strigolactone. Nature 536: 469. 

75. Yao, R., Wang, L., Li, Y., Chen, L., Li, S, Du, X., Wang, B., Yan, J., Li, J. and Xie, D. (2018). Rice DWARF 

14 acts as an unconventional hormone receptor for strigolactone. Journal of Experimental Botany 69: 

2355-2365. 

76. Yokota, T. (1995). 6-Deoxotyphasterol and 3-Dehydro-6-deoxoteasterone, possible precursors to 

brassinosteroids in the pollen of Cupressus arizonica. Bioscience, Biotechnology and Biochemistry 59: 

956-959. 

77. Yoneyama, K.X.X., Sekimoto, H., Takeuchi, Y., Ogasawara, S., Akiyama, K., Hayashi, H. and Yoneyama, K. 

(2008). Strigolactones, host recognition signals for root parasitic plants and arbuscular mycorrhizal fungi 

from Fabaceae plants. New Phytologist 179: 484-494. 

78. Yuan, X.Y., Zhang, L.G., Huang, L., Yang, H.J., Zhong, Y.T., Ning, N. and Guo, P.Y. (2017). Spraying 

Brassinolide improves Sigma Broad tolerance in foxtail millet (Setaria italica L.) through modulation of 

antioxidant activity and photosynthetic capacity. Scientific Reports 7: 11232. 

79. Zwanenburg, B., Mwakaboko, A.S., Reizelman, A., Anilkumar, G. and Sethumadhavan, D. (2009). Structure 

and function of natural and synthetic signalling molecules in parasitic weed germination. Pest Management 

Science 65: 478-491. 

80. Zwanenburg, B., Mwakaboko, A.S. and Kannan, C. (2016). Suicidal germination for parasitic weed 

control. Pest Management Science 72: 2016-2025. 

 

 


