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Abstract
Increasing the productivity of cereals such as maize while protecting the environment remains a fundamental impetus of healthy 
food production systems. The use of biostimulants is one of the sustainable strategies to achieve this balance, although the 
ability of biostimulants to enhance maize productivity varies. Moreover, research on the efficacy of biostimulants is ubiquitous 
with limited comprehensive global analysis. In this context, this systematic review evaluated the sole and interactive effects 
of biostimulants on the yield and quality of maize grain from a global perspective. Changes in yield (t ha-1), protein content 
(%), starch content (%) and oil content (%) of maize grain were assessed. Results revealed that sole and combined application 
of biostimulants significantly improved grain yield. Irrespective of the region, the highest and the lowest grain yields ranged 
between 16-20 t ha-1 and 1-5 t ha-1, respectively. In sole application, the promising biostimulants were chicken feather (16.5 t 
ha-1), and endophyte Colletotrichum tofieldiae (14.5 t ha-1). Sewage sludge × NPK (15.4 t ha-1), humic acid × control release 
urea (12.4 t ha-1), Azospirillum brasilense or Bradyrhizobium japonicum × maize hybrids (11.6 t ha-1), and Rhizophagus intra-
radices × earthworms (10.0 t ha-1) had higher yield for the interactive effects. The effects of biostimulants on grain quality were 
minimal, and all attributes improved in the range from 0.1 to 3.7%. Overall, biostimulants had a distinct improvement effect on 
yield, rather than on the quality of grain. As one way of maximising maize productivity, soil health, and the overall function-
ing of crop agroecosystems, the integrated application of synergistic microbial and non-microbial biostimulants could provide 
a viable option. However, the ability to produce consistent yield and quality of grain improvement remains a major concern.
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1  Introduction

Maize (Zea mays L.) is the second most important widely 
cultivated crop after wheat with a global production esti-
mated at 1137 million tons (Erenstein et  al. 2022) and 

significantly contributes to global food security (Díaz-
González et al. 2020; Efthimiadou et al. 2020; Erenstein 
et al. 2022). However, its productivity is constrained by abi-
otic stresses such as climate change (Jiménez-Arias et al. 
2022; Mohammed et al. 2022; Széles et al. 2023) and soil 
degradation especially deteriorating soil fertility (Gomiero, 
2016) among other factors. Abiotic stresses account for 50% 
of yield losses in crop production (Nassar et al. 2023), with 
nutrient stress or unbalanced nutrient supply being one of 
the fundamental factors (Javeed et al. 2019; Rácz et al. 
2021). Climate change alters optimum soil fertility attrib-
utes such as appropriate nutrient level, moisture content, 
temperature, organic matter and microbiota. Addressing 
this challenge requires sustainable agrotechnologies that 
improve soil productivity while maintaining environmental 
and human health (Nakayan et al. 2013; Megali et al. 2015; 
Długosz et al. 2020; Ocwa et al. 2023). Conventionally, the 
use of chemical fertilisers raises concerns related to soil 
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and water pollution (Bhattacharjee et al. 2008; Adesemoye 
and Kloepper 2009; Canellas et al. 2013; Alori et al. 2017; 
Chen et al. 2020). Yet, environmental protection is one of 
the key objectives of healthy food production systems (Pope-
scu 2019). Some ecological strategies include increasing 
nutrient uptake through biostimulant application (Yakhin 
et al. 2017; Abbott et al. 2018; Jiménez-Arias et al. 2022) 
without additional nutrient input (Ördög et al. 2021). Plant 
biostimulants are designated as metabolic enhancers, plant 
strengtheners, biofertilisers, plant probiotics and biostimula-
tors (Sible et al. 2021). These products are materials or sub-
stances such as seaweed extracts, humic substances, amino 
acids, and plant-growth-promoting bacteria that can modify 
plant physiological processes in a way that provides benefits 
for growth or development, or stress response upon their 
application (Halpern et al.2015). Globally, the biostimulant 
market is predicted to reach USD 5.1 billion by 2027, com-
pared to USD 3 billion in 2021 (Market research 2021; Corsi 
et al. 2022). This production and marketing trend indicates 
increased application of biostimulants in crop production 
(Craigie 2011; Nkebiwe et al. 2016). Biostimulants improve 
soil health through bioremediation of soil contaminated by 
pesticides (Tejada et al. 2018), while enhancing soil fertility 
(Chandanie et al. 2005; Aquino 2019) and crop production.

In terms of non-microbial biostimulants; humic acids 
improve soil nutrient availability and the abiotic stress response 
of crops (Osman and Rady 2012; Popescu, 2019; Chen et al. 
2022; Guo et al. 2022). At the same time, the degree of crop 
response depends on soil conditions (Szczepanek and Wil-
czewski 2016) and biostimulant formulation (Ortega and 
Fernandez 2007; Verlinden et al. 2009). On the same note, 
seaweed extracts improve maize productivity by amelio-
rating water stress (Trivedi et al. 2018a) through increased 
activity and concentration of non-enzymatic and enzymatic 
antioxidants (Trivedi et al. 2018b). In addition, Kumar et al. 
(2020) explained that Kappaphycus seaweed extract applica-
tion causes beneficial changes in expression pattern of several 
genes, modulation of biological processes and plant produc-
tivity under soil moisture stress. Quantitatively, Trivedi et al. 
(2018a) reported that Kappaphycus seaweed extract improved 
yield by 13.5%, 21.7%, and 36.4% under well-irrigated, mod-
erately irrigated, and severe water conditions, respectively. 
Similarly, the highest yield increment of 32% was recorded 
when Kappaphycus seaweed extract was applied at V5 + V10 
+ V15 stages under drought (Trivedi et al. 2022). Relatedly, 
glycine betaine biostimulant under field conditions increased 
maize grain yield while the protein and carbohydrate content  
were the same as the control (Jiménez-Arias et al. 2022).

Microbial biostimulant formulations from plant growth 
promoting bacteria (PGPB), arbuscular mycorrhiza fungi 
(AMF), and phosphorus solubilising microorganisms (PSM) 
enhance maize production by fixing nitrogen (Ahmadi-Rad 
et  al. 2016; Romero-Perdomo et  al. 2017), solubilising 

mineral phosphates (Mpanga et al. 2019), generating phy-
topathogen antagonistic environment (Bahadur et al. 2007) 
and producing plant growth hormones (Ahmad et al. 2008; 
Zainab et al. 2021). The ability of PGPB to produce desired 
effects depends on the level of Indole Acetic Acid (IAA) pro-
duction, generation of smelling salts (ammonia), siderophore 
activity and rhizosphere conditions (Romero-Perdomo et al. 
2017) and the severity of the biotic and abiotic stresses. For 
example, Nkebiwe et al. (2016) reported no significant grain 
yield increment by Pseudomonas bacterial inoculation due 
to low severity of environmental stress factors. In terms of 
grain quality, Berta et al. (2014) revealed that Pseudomonas 
fluorescens Pf4 mainly increased starch and reduced protein 
content of the maize grain while AMF increased protein and 
reduced starch content of maize grain. According to Smith 
and Smith (2011), AMF improves protein content by ame-
liorating phosphorous deficiency and improving nitrogen 
use efficiency. In addition, the efficiency of availability and 
utilisation of phosphorus depends on the solubility of the 
phosphorus sources (Ghorchiani et al. 2018).

The mechanism of productivity enhancement by biostim-
ulants is not evidently defined (Efthimiadou et al. 2020). 
Therefore, optimising biostimulant use necessitates quanti-
fying potential isolated and combined effects. In addition, 
positive impact of biostimulants under laboratory conditions 
may become suboptimal under field conditions (Naveed 
et al. 2014; Mpanga et al. 2019). Variation in field efficacy 
is caused by interaction between biostimulants and soil prop-
erties (Rojas-Tapias et al. 2012; Tripaldi et al. 2017), host 
plant factors, soil microflora (Berta et al. 2014) and climatic 
conditions. Additionally, the inherent biostimulant factors, 
sole or combined use (Gümüs and Seker 2015; Długosz 
et al. 2020) and concentration (Szczepanek and Wilczewski 
2016) may elicit different crop responses. Canellas (2013) 
reported that combined application of humic substances 
and endophytic diazotrophic bacteria improved maize grain 
yield by 65%, compared to 20% by sole bacteria. Contrasting 
to this finding, Abbasi et al. (2015) revealed that sole and 
combined application of phosphate-solubilising bacteria and 
diammonium phosphate did not significantly affect yield. 
Accordingly, Lino et al. (2019) reported that interaction 
between cattle manure fertilisation × mycorrhizal inocula-
tion significantly increased yield only in the second year 
of the experiment. Dineshkumar et al. (2019) noted that 
biostimulant interactive effects improved yield and reduced 
the protein and carbohydrate content of maize grain. Gener-
ally, the inconsistencies on the effects of biostimulants under 
different experimental sites, seasons and/or years necessitate 
proper evaluation (Baloyi et al. 2023). This makes under-
standing application of biostimulants on plant production 
to remain elusive ( Torun and Toprak 2020; Liu et al. 2022).

Numerous reviews have focused on identifying the main 
types of biostimulants and modes of action (Sible et al. 2021; 
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Abir et al. 2022; Bhupenchandra et al. 2022). A review by 
Yuniati et al. (2022) recommended soil or seed treatment testing 
of biostimulants that have positive impact by foliar application. 
According to Castiglione et al. (2021), the success of using 
microbial biostimulants requires correct selection of beneficial 
microorganism’s consortia. In addition, limited literature has 
explored combined application of PGPB and humic substances 
(Olivares et al. 2017). From these reviews, it is evident that 
aggregation of results of published literature is necessary to 
highlight the consensus in positive results. This will allow repli-
cability of positive impacts on certain plant species (Montoneri 
et al. 2022), or provide direction for future investigations. None 
of these reviews explicitly investigated the response of yield and 
quality of maize grain to biostimulants. Yet, most biostimulant 
products are uncharacterised with limited robust independent 
validation (Yakhin et al. 2017). Together with the unpredict-
ability in replicating the positive effects of biostimulants under 
laboratory conditions in the field, there is uncertainty on the 
direction of biostimulant utilisation to improve maize produc-
tion. Therefore, this systematic review evaluated the sole and 
interactive effects of biostimulants on the yield and quality of 
maize grain from a global perspective.

2 � Materials and Methods

2.1 � Document Identification and Search Strategy

The comprehensive literature search was conducted in Sco-
pus, as it is the most complete and extensively used database 
archiving millions of high-quality articles from reputable 
journals. The search string ((“biostimulant*” OR “phyto-
stimulat*” OR “biofertiliser*” OR “microorganism*” OR 
“humic acid*” OR “fluvic acid” OR “seaweed extract*”) 
AND ((“maize” OR “Zea mays” OR “corn”)) AND (“yield” 
OR “productivity” OR “grain quality”)) was used for the 
period 2011-2023. We desisted from including disaggregated 
forms of microorganisms such as “fungi” and “bacteria” in the 
search because the pilot output brought thousands of articles, 
majorly on plant pathology, which were out of context for this 
study. The search strategy is summarised in Fig. 1.

2.2 � Document Exclusion and Inclusion Criteria

Both the titles and abstracts were screened and where uncer-
tain, the full text was screened. Articles that passed this step 
were fully reviewed. The inclusion criteria were that only 
original research articles that reported the effect of biostimu-
lants on the yield and quality of maize grain under field 
conditions were considered. Details of the articles inclusion 
and exclusion criteria are summarised in Box 1.

Box 1 Title and abstract screening criteria (inclusion and 
exclusion)

No: Maize included in the study but no and/or unclear biostimulants 
information.

No: Biostimulants were included in the study but no quality of 
maize grain or yield information.

No: Both maize and biostimulants included in the study but no 
quantitative or unclear direction (qualitative evidence) of how the 
biostimulants affect yield and/or quality of maize grain.

No: Maize intercrop and biostimulants were included in the study. 
If the effect of biostimulant on sole maize and/or intercrop is not 
reported.

No: Biostimulant is combined with other fertilizers or agro-inputs 
but no effect of sole biostimulant and/or interactive effects on 
yield and/or quality of maize grain is reported.

Yes: Study is eligible for inclusion in full-text review if it passed the 
above criteria.

NB: Articles with quantitative data and qualitative evidence effect 
of biostimulants on yield and quality of maize grain were included 
in the study after full text article review.

2.3 � Data Extraction and Analysis

Data such as yield (t ha-1), protein, starch, and oil content of 
maize grain were extracted from Tables and Figures. Webplotdig-
itizer (version 4.6) was used to extract data presented in Figures 
(Rohatgi 2022). Data on the interactive effect of biostimulants 
with agronomic practices and/or inputs such as chemical fertilis-
ers and irrigation (drought stress) on yield and quality of maize 
grain were also extracted. The other data extracted included: 
location of the study (country), details of biostimulants, maize 
varieties, soil type in the study sites, and method of biostimu-
lants application. Where the parameters were presented in two or 
more different seasons, an average value was calculated (AlFaris 
et al. 2021), except where season or year was the principal factor 
tested with biostimulants. The grain yield and quality attributes 
change due to biostimulants effect and/or interaction between 
biostimulants and agronomic practices were calculated (Singhal 
et al. 2012; Gavilanes et al. 2020; Chen et al. 2021a). The sole 
and interactive effects of biostimulants versus control at conti-
nental level were analysed using the T test. Accordingly, detailed 
descriptive analysis and reflections were conducted to identify 
possible future research gaps. It is also worthwhile to note that for 
the attributes of the quality of maize grain reporting; only articles 
reported in percentage were used.

3 � Results and Discussion

3.1 � Categorisation of Included Literature

Resulting from article evaluation, 69 articles were 
included in this study, with continental distribution as 
Asia (46.4%), South America (23.2%), Europe (17.4%), 
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Africa (11.6%), and North America (1.4%). The country 
distribution of articles is presented in Fig. 2. Overall, 
global distribution of the articles depicts the increasing 
interest in utilising biostimulants to increase maize pro-
duction. The nature and composition of biostimulants 
investigated varied from humic acids, PGPB, AMF, PSM, 
phytohormones, amino acids, seaweed extracts, sewage 
sludge, biochar biofertiliser, and chicken feather biostim-
ulant. The biostimulants were utilised through sole appli-
cation and/or in combination with other agro-inputs, such 
as other organic and chemical fertilisers, fungicides, irri-
gation, and maize genotypes.

3.2 � Effect of Sole Biostimulants on Grain Yield 
of Maize

The effect of sole biostimulant application on grain yield 
at continental level was significant (p<0.05) only in Asia 
and South America (Fig. 3a). Critical analysis of all articles 
reviewed revealed that biostimulants increased maize grain 
yield, though a few decreased grain yield as compared to 
the control (Table 1). Yield improvements varied according 

to the nature of biostimulants, soil types and application 
methods. For example, a study by Anzuay et al. (2023) in 
Argentina revealed that Enterobacter sp. J49 recorded grain 
yield of 8.9 t ha-1 compared to the control (7.96 t ha-1), rep-
resenting 11.8% (0.94 t ha-1) increment. Ördög et al. (2021) 
in Hungary reported that foliar application of Cyanobac-
teria (Nostoc piscinale) produced yield of 10.33 t ha-1 as 
compared to the control of 9.4 (t ha-1), revealing 9.8% (0.93 
t ha-1) increment. In Brazil Silva et al. (2022) reported that 
Azospirillum brasilense applied through seed inoculation 
produced grain yield of 5.6 t ha-1 as compared to 4.48 t 
ha-1 in the control, showing 25% (1.1 t ha-1) improvement. 
Generally, seed inoculation promotes earlier establishment 
of maize as well as resistance to abiotic stress. Meanwhile, 
foliar application supplies nutrients to maize at critical 
stages, improving nutrient use efficiency and agronomic effi-
ciency (Anzuay et al. 2023). Consequently, it is worthwhile 
to investigate the combined effect of seed inoculation with 
Azospirillum brasilense combined with foliar application of 
Nostoc piscinale or Azospirillum brasilense + Enterobac-
ter sp. J49 on grain yield. This will reveal the possibility 
of existence of synergistic or antagonistic effects on yield. 

Fig. 1   Criteria applied during 
literature search
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Mutualistic association between most microorganisms is 
common. However, Azospirillum brasilense produces other 
molecules and siderophores that reduce fungal mycelial 

growth (Silva et al. 2022), hence a possibility of antagonis-
tic effects. Meanwhile, Chen et al. (2021b) tested the effect 
of different bacterial species on a soil with low nitrogen and 

Fig. 2   Distribution of the arti-
cles by country
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Fig. 3   Continental effect of biostimulants application on grain yield of maize: a) Sole application, b) integrated application.
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phosphorus. The results showed that under low soil nitrogen 
conditions, Sphingomonas sp. A55 recorded the highest (12 
t ha-1) yield as compared to 10.2 t ha-1 in the control, imply-
ing 17.6% (1.8 t ha-1) improvement. While under low soil 
phosphorus conditions, the highest yield was recorded in 
Enterobacter sp. P24 (12.3 t ha-1), Sphingomonas sp. A55 
and Bacillus sp. A28 with 12.1 t ha-1 each, compared to 10.2 
t ha-1 in the control. This represented improvement in yield 
in each of the inoculants; Enterobacter sp. P24 by 20.6% (2.1 
t ha-1) and 18.6% (1.9 t ha-1) by Sphingomonas sp. A55 and 
Bacillus sp. A28 respectively, compared to the control. Yield 
improvement was attributed to increased nitrogen and phos-
phorus uptake. In addition, these bacteria increased abun-
dance of organic matter recycling bacteria while reducing 
nitrogen loss associated bacterial groups. Although these 
bacterial species were utilised through sole application, the 
yield effect of combining Enterobacter sp. P24, Sphingo-
monas sp. A55 and Bacillus sp. A28 under low and moderate 
soil nitrogen and phosphorus levels remains unclear.

Similarly, a study by Cunha et  al. (2021) in Brazil, 
revealed a higher grain yield of 9.28 t ha-1 in Azospirillum 
brasilense, 9.78 t ha-1 in Bradyrhizobium japonicum and 
8.75 t ha-1 in A. brasilense + B. japonicum as compared to 
7.06 t ha-1 in the control (50% of the recommended N dose 
(40kg ha-1). This represented an increase in grain yield by 
31.4% (2.22 t ha-1), 38.5% (2.72 t ha-1) and 23.9% (1.69 
t ha-1) in Azospirillum brasilense, Bradyrhizobium japoni-
cum, and A. brasilense + B. japonicum, respectively as 
compared to the control. This is a clear indication that the 
sole application of Bradyrhizobium japonicum performed 
better. Since a positive control with nitrogen application was 
used, this suggests the ability of Bradyrhizobium japoni-
cum to improve yield and reduce environmental pollution by 
excess nitrogen application. Viruel et al. (2014) in Argentina 
reported a high yield of 11.8 t ha-1 through seed inoculation 
with Pseudomonas tolaasii compared to 9.9 t ha-1 in un-
inoculated seeds + TSP (50 kg P ha-1) and 8.18 t ha-1 in the 
control. This showed yield increment by 44.3% (3.62 t ha-1) 
in Pseudomonas tolaasii compared to 21% (1.72 t ha-1) in 
un-inoculated seeds + TSP (50 kg P ha-1). Conversely, Ghor-
chiani et al. (2018) revealed that the combined application of 
P. fluorescens and F. mosseae produced a yield of 8.81 t ha-1, 
7.3 t ha-1 in P. fluorescens, 8.0 t ha-1 in F. mosseae compared 
to 6.7 t ha-1 in un-inoculated control under drought stress. 
This implies that P. fluorescens + F. mosseae slightly ame-
liorated drought stress signified by the highest yield incre-
ment of 31.3% (2.1 t ha-1). However, earlier, the combined 
application of A. brasilense + B. japonicum recorded low 
yield as compared to sole Bradyrhizobium japonicum. This 
shows that the efficacy of microorganisms differs by their 
nature, mode of application and environmental stress type. 
The future studies should investigate the effect of combined 
application of Bradyrhizobium japonicum + P. fluorescens Ta
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+ F. mosseae under drought stress and varying soil fertil-
ity levels. It is reported that combined application increases 
production of phytohormones such as indole acetic acid 
(IAA) and enhances the availability of nutrients, especially 
phosphorus and nitrogen, as well as the production of sec-
ondary metabolites that ameliorate stress. Specifically, fungi 
enhance amelioration of drought stress by improving rhizo-
sphere soil properties, promoting root growth, activating 
defense systems and reducing oxidative damage (Ghorchiani 
et al. 2018). However, robust field experiments are required 
to verify those effects due to the complex nature of soil eco-
systems in different agro-environments, since the soil ecol-
ogy influences the survival and viability of bioinoculants in 
the rhizospheric soil of maize (Anzuay et al. 2023), making 
their potential effect on yield under complex soil ecosys-
tems to vary. Generally, limited research explored the role 
of soil ecology and agrometeorological elements in shap-
ing the functionality of biostimulants in improving maize 
productivity. For this reason, it remains as one of the grey 
areas of research.

Categorically, Tejada et al. (2018) in Spain reported that 
foliar application of biostimulant from chicken feathers at the 
concentration of 7.2 lha-1 recorded the highest g yield of 16.48 
t ha-1 compared to 14.17 t ha-1 in the common practice with 
chemical fertiliser application (control), signifying improve-
ment by 16% (2.31 t ha-1). Accordingly, Francis et al. (2016) 
in USA utilised different concentrations of foliar Blend® con-
taining a complex mixture of nutrients and revealed that con-
centration 3.5 l ha-1 produced the highest yield of 14.3 t ha-1 
compared to 13.42 t ha-1 in the control, revealing 6.6% (0.88 
t ha-1) yield increment. The improvement in yield was attrib-
uted to better plant nutrient uptake and overall improvement 
in plant nutrition. Meanwhile, the utilisation of Lysobacter 
antibioticus 13–6 with additives through soil application in 
China (Dai et al. 2023) produced yield of 12.23 t ha-1 com-
pared to 10.81 t ha-1 in the control resulting in the improve-
ment of grain yield by 13.4% (1.42 t ha-1). Our overall syn-
thesis reveals that chicken feather based biostimulant, foliar 
Blend® and Lysobacter antibioticus produced grain yield of 
over 12 t ha-1 each. Although, documented evidence shows 
that the Genus Lysobacter is mainly used to suppress patho-
gens (biocontrol), new emerging evidence shows some species 
of Lysobacter mineralises soil phosphorus. According to Dai 
et al. (2023), Lysobacter antibioticus13–6 has the potential 
to solubilise phosphorus and synthesise IAA. The fact that 
Lysobacter antibioticus13–6 was applied through seed coating 
could also suggest its ability to improve the initial establish-
ment of seedlings. On the contrary, foliar applied biostimulants 
provide nutrients to maize plants at critical stages. Therefore, 
combining foliar Blend®, and chicken feather based biostimu-
lant applied through foliar method with Lysobacter antibioti-
cus13–6 seed inoculation could provide more insights into pos-
sibility of improving maize productivity. This could reduce 

reliance on agrochemicals hence making maize production 
sustainable.

Humic acid was the vastly studied biostimulant category. 
Our analysis of the studies in terms of types of soil where the 
experiments involving humic acids were conducted revealed 
varying results. A study by Szczepanek and Wilczewski (2016) 
in Poland under Typic Hapludalfs soil revealed that humistar 
(humic preparation) at 40 dm3 ha-1 had grain yield of 10.42 
t ha-1 compared to 10.0 t ha-1 in the control. Accordingly, a 
study of the effect of different levels of humic urea under Typic 
Hapludalf soil in China revealed that the humic area at the 216 
kg N hm−2 registered the highest yield of 8.5 t ha-1 compared 
to 5.4 tha-1 in the control (Kong et al. 2022), revealing 57.4% 
(3.1 tha-1) improvement. The improvement was attributed to 
the improved soil phosphorus, nitrates and overall nutrient 
balance. According to Niaz et al. (2016) yield improvement 
by humic acid is related to hormonal processes that directly 
affect key physiological activities in the plant. Meanwhile, in 
Pakistan, Hussain et al. (2019) conducted a study under sandy 
loam soil and revealed grain yield of 9.9 tha-1 due to humic 
acid application at 24.7 kgha-1 compared to 9.0 tha-1 in the 
control, revealing 10% yield improvement. Similarly, Azeem 
et al. (2021) in Pakistan evaluated different humic acid doses 
under silty-loam soil (alkaline conditions) and revealed the 
yield of 3.3 t ha-1, 3.64 t ha-1, 3.78 t ha-1 and 2.76 t ha-1in 
1.5 kgha-1, 3kgha-1, 4.5 kgha-1 and the control, respectively. 
The highest yield increment of 37% (1.02 t ha-1) was recorded 
in 4.5 kg ha-1 dose. Regardless of the concentrations, humic 
acid improves soil organic matter and nitrogen concentration 
and uptake by maize (Azeem et al. 2021). In addition, humic 
acid improves the enzymatic activity in the crop rhizosphere 
enhancing hydrolysation of phosphorus compounds (Purwanto 
et al. 2021). These processes contribute to the improvement in 
grain yield. Still, under silty loam soil in Pakistan, Mussarat 
et al. (2021) revealed grain yield of 2.76 tha-1 in humic acid 
(5 kg ha−1) compared to 1.84 t ha-1 in the control. In Egypt, 
under alluvial clay soil, Abdo et al. (2022) revealed yield of 6.7 
t ha-1, 7.4 t ha-1, 7.8 tha-1 and 5.9 tha-1 in humic acids, amino 
acids, humic acids + amino acids and the control, respectively. 
This reflects yield increment by 13.6% (0.8 t ha-1), 25.4% (1.5t 
ha-1) and 32.2% (1.9 t ha-1). Critical analysis of these results 
reveals moderate yield improvement under typic hapludalfs, 
silty-loam, sandy loam and clay alluvial clay soils by different 
humic acid levels. Generally, the highest increment in yield by 
humic acid application was 57%. Overall, it became evident 
that the yield effect of humic acid depended on soil types and 
doses. Different soil types exhibit heterogeneity in soil nutri-
ents depicting the need for precision site-specific application 
of equivalent doses of humic acids.

Generally, it is very important to note that in some stud-
ies, although biostimulants were used as nutrient inputs 
through foliar, seed or soil application, blanket applica-
tion of chemical fertilisers was done to sustain the nutrient 
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requirement of maize. This implies that research is required 
to develop biostimulants the solely improve maize produc-
tivity without chemical fertilisers.

3.3 � Interactive Effect of Biostimulants and other 
Fertiliser types or Agro‑inputs on Maize Grain 
Yield

At continental level, significant (p<0.05) differences in 
yield owing to interactive effects of biostimulants on grain 
yield were only observed in Asia (Fig. 3b). Based on gen-
eral mapping, the highest and lowest yield was in the range 
of 16-20 t ha-1and 1-5 t ha-1, respectively (Fig. 4). Critical 
descriptive analysis of all articles shows that biostimulants 
were combined with agro-inputs including different maize 
genotypes, irrigation and agrochemicals such as fungicides 
under abiotic stresses such as drought, salinity, soil infer-
tility, and biotic stresses. Changes in the yield effect were 
positive while slight reductions were also noted (Table 2).

3.3.1 � Interactive Effect of Biostimulants with Irrigation 
and/or Water Stress, other Fertiliser Types, 
and Agrochemicals on Grain Yield of Maize

In terms of water management, a study by Ali et al. (2018) 
in Pakistan revealed that humic acid ameliorated water stress 
effect on grain yield. Humic acid at 20 kg ha−1 + 350 mm irri-
gation registered yield of 4.88 t ha-1 compared to 3.46 t ha-1 in 
the control, signifying yield improvement of 41% (1.42 t ha-1). 
Humic acid at 20 kg ha−1 + 175 mm irrigation recorded yield 
of 4.26 t ha-1 compared to 3.12 t ha-1 in the control, revealing 
yield increment of 36.5% (1.14 t ha-1). In Iran under irrigation 
withholding at staminate inflorescence appearance, humic acid 
at 150 ppm, 300ppm, and 450ppm had yield of 8.95, 9.48, 
and 9.42 t ha-1 compared to 8.72 t ha-1 in the control, respec-
tively. Yield improved by 2.6%, 8.8% and 8.5% in 150 ppm, 
300ppm, and 450ppm, respectively (Moghadam et al. 2014) 
as a result of improved root growth, nutrient supply, and better 
moisture retention. Charkhab et al. (2022) compared humic 
acid concentrations 2, 4 and 6 lha-1 under moderate and severe 
water stress. Yield reduced under all concentrations under both 
moderate and severe water stress conditions, except 6.0 lha-1, 
which had no effect under moderate water stress. However, 
humic (6 lha-1) acid under severe water stress reduced yield 
by -35.1%. Meanwhile, Nawaz et al. (2020) revealed that 
Rhizobium phaseoli-RS-1 + Pseudomonas spp. under nor-
mal irrigation recorded yield of 9.32 tha-1 compared to 5.07 
t ha-1 in the control showing 83% yield improvement. Under 
terminal drought, yield was 5.4 t ha-1 compared to 4.5 t ha-1 
in the control, indicating improvement by 20%. Maize yield 
improvement by Rhizobium was attributed to oxidase enzyme 
activity, production of exopolysaccharides and auxins and bet-
ter nutrient uptake. The overall analysis of the above results 

shows reduced efficacy of high concentration of humic acid 
and application of Rhizobium phaseoli-RS-1 + Pseudomonas 
spp on grain yield under extreme water stress conditions.

The interaction between biostimulants and other organic 
and chemical fertilisers had varying effects. In China, utilisa-
tion of humic acid (3%) + control release fertiliser/urea (210 
kg Nha-1) produced yield of 12.7 t ha-1 compared to 12.1 t ha-1 
and 6.4 t ha-1 in control release fertiliser and control, respec-
tively (Guo et al. 2022). Humic acid (3%) + control release 
fertiliser (210 kg Nha-1) had the highest yield improvement of 
yield of 98.4% (6.3 t ha-1). Addition of humic acid to control 
release fertiliser improved nitrogen availability, accumulation 
of nitrogen in maize tissues, and consequently high nitrogen 
use efficiency. In addition, humic acid reduced N2O emission 
by delaying nitrification and ammoniation of urea in soil. 
Exploring the results of Abdo et al. (2022) in Egypt involv-
ing the interaction of humic acid × amino acids× mineral and 
biofertiliser revealed highest yield of 9.9 t ha-1 in amino acids 
(3 g L-1) + NPK 75% plus biofertilisers compared to 5.2 t 
ha-1 in the control, representing 90.4% (4.7 t ha-1) improve-
ment. However, reduction of yield by -23.9% (-2.2 t ha-1) was 
recorded in humic acid (3 g L-1) + amino acids (3 g L-1) + 
100% NPK. Interestingly, the earlier report showed that humic 
+ control release fertiliser increased yield. The synthesis of 
these results clearly shows compatibility differences between 
humic acid and other biostimulants and chemical fertilisers, 
depicting the need for continuous investigations involving 
humic acids and varying combinations of other biostimu-
lant types and/or chemical fertilisers. Contrariwise, Fall et al. 
(2023) in Uganda examined the interactive effect of AMF 
(gigaspora, carpospore, glomus, acrospora, archaeospora, 
enttrophospora, and paraglomus) with 50% and 100% NPK in 
different locations. The obtained results revealed that AMF + 
50% NPK had the highest yield in the two locations: 6.5 t ha-1 
in Kumi and 6.2 t ha-1 in Nkozi, compared to 2.7 and 2.6 t ha-1 
in the control, respectively, revealing the yield improvement 
of 140.7% (3.8 t ha-1) and 138.5% (3.6 t ha-1). Meanwhile, 
AMF + 100% NPK in both locations had yield less than 4 t 
ha-1. Accordingly, in Benin, Glomeraceae + 25% NPK+Urea, 
Acaulosporaceae + 25% NPK+Urea, and Glomeraceae + 50% 
NPK+Urea registered grain yield of between 3.11 – 3.19 t ha-1 
except Glomeraceae + 50% NPK+Urea that produced 2.87 t 
ha-1 (Agbodjato et al. 2022). Our analysis reveals that Acaulo-
sporaceae + 50% NPK+Urea slightly reduced grain yield by 
-1.4%, while Glomeraceae+25%NPK+Urea had the highest 
increment of yield by 13.5%. Mycorrhiza regulates growth 
through production of auxins and improves resistance of maize 
to drought and specific leaf and root pathogens. In addition, 
mycorrhiza Glomeraceae recycles nutrients and improves soil 
properties (Agbodjato et al. 2022), hence improving produc-
tivity (Niaz et al. 2016; Khan et al. 2019). However, from the 
above results, it is critical to determine the effect of integrat-
ing humic acid (3%) + control release fertiliser (urea) (210 kg 
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Nha-1) with Glomus species on grain yield. This will widen the 
scope of technologies available to improve grain yield while 
reducing soil pollution. Earlier report revealed that humic acids 
and amino acids reduce chemical fertilisers by 25% without 
yield loss (Abdo et al. 2022). Overall, in this category of inter-
actions, humic acid (3%) in combination with chemical control 
release fertiliser (urea) (210 kg N ha-1) had promising results.

In addition, the integration of PGPB, AMF and biochar 
improved grain yield. Wolna-Maruwka et al. (2021) inves-
tigated biochar × algae × mycorrhizal fungi × PGPB inter-
actions. Biochar fertiliser + algae + mycorrhizal fungi, and 
biochar fertiliser + mycorrhizal fungi recorded the highest 
yield of 8.02 and 8.83 t ha-1, respectively compared to 6.94 
t ha-1 in the control. This indicated yield increment of 15.6% 
(1.08 t ha-1) and 27.2% (1.89 t ha-1). Accordingly, Hussain et al. 
(2019) investigated the effect of humic acid × PGPB × biochar 

× rock phosphate enriched compost. Highest yield improve-
ments of 23.3% (2.1tha-1) and 31.1% (2.8 tha-1) were obtained 
in rock phosphate enriched compost (0.5 t ha-1) + humic acid 
(24.7kgha-1) + biochar (0.5 t ha-1) + Alcaligenes sp. AZ9, and 
rock phosphate enriched compost (0.5 t ha-1) + humic acid 
(24.7kgha-1) + biochar (0.5 t ha-1), respectively. What was not 
clear is the effect of integrating biochar (0.5 t ha-1) + humic acid 
(24.7 kg ha-1) and Alcaligenes sp on yield. In addition, improv-
ing soil water holding capacity, reducing nutrient leaching from 
the soil, absorption of soil inorganic and organic pollutants, 
biochar influences soil microbe diversity especially PGPB and 
AMF which may have either symbiotic or antagonistic inter-
actions in the maize soil rhizosphere (Wolna-Maruwka et al. 
2021). It appears that integrating biochar with Alcaligenes sp 
and/or mycorrhizal fungi sustains high grain yield. However, 
the doses of biochar to be combined with Alcaligenes sp and/

Fig. 4   Overall yield range by different biostimulants. Note:Types 
of biostimulants: PGPB – plant growth promoting bacteria, PGPF - 
plant growth promoting fungi , HA – Humic acids, CFB – Chicken 
feather biostimulant, Others biostimulants (seaweed extracts, phy-
tohormones, amino acids and other ameliorants). Countries: USA 

– United States of America, CN – China, SAF – South Africa, HU 
– Hungary, EG –Egypt, , BR – Brazil, IN – India, BN – Benin, PK 
–Pakistan, ID – Indonesia, SP – Spain, PO – Poland, IQ – Iraq, AR – 
Argentina, IR – Iran, DE -German
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or AMF to enhance the attainment of optimal grain yield under 
different soil conditions needs further investigations.

Solubilisation of phosphorus sources or fertilisers were 
among the key components investigated. Mussarat et  al. 
(2021) in Pakistan revealed that mixing phosphate sources 
and humic acid in of 90 kg P2O5:5kg humic acid ha−1 ratio 
increased yield compared to the control. The yield was in 2.62 
t ha-1 in humic acid + rock phosphate, 2.84 t ha-1 in humic 
acid + acidulated rock phosphate, 2.81 t ha-1 in humic acid + 
single super phosphate, and 2.78 t ha-1 in humic acid + diam-
monium phosphate compared to 1.84 t ha-1 in the control. All 
treatments increased yield by over 50% compared to the con-
trol. Humic acid reduced phosphorus fixation and improved its 
recovery in calcareous soils. In addition, combining humic acid 
and phosphorus sources increased soil organic matter content, 
phosphorus fractions and concentration, and overall phospho-
rus use efficiency. Conversely, in Brazil, de Sousa et al. (2021) 
investigated the interaction between Bacillus bacteria strains 
× triple superphosphate (TSP), and the obtained yield results 
were: 8.69 t ha-1 in B2084 TSP, 10.1t ha-1 in B119 + TSP, and 
9.43 t ha-1 in B116 + TSP compared to 8.01t ha-1 in the control. 
All treatments had less than 30% yield increment, with B119 
+ TSP having the highest increment of 26.1% (2.09 t ha-1). 
Bacillus species improves maize grain yield through produc-
tion of Indole acetic acid (IAA) which improves root growth, 
solubilisation of phosphorus, and enhances better acquisition 
of phosphorus from the soil (de Sousa et al. 2021). Collectively, 
it seems that combining humic acid and Bacillus strains have 
potential to increase phosphorus solubilisation. Therefore, a 
study involving humic acid levels and Bacillus strains and dif-
ferent phosphorus sources is required. Elucidating the effect 
of these combinations on yield unravels the complex nature 
of interactions between these treatments. According to Kaur 
and Reddy (2015), combining phosphorus solubilising bacte-
ria and phosphate fertilisation is a sustainable crop production 
technology in terms of yield increment, reduction of excessive 
phosphorus application and consequently profit attainment and 
environmental health. In fact, Ghorchiani et al. (2018) noted 
that inoculants such as P. fluorescens and F. mosseae can act as 
crude phosphorus fertilisers if directly applied to the soil in the 
field. Generally, bio-inoculants play a critical role in enhancing 
healthy and productive agro-ecosystems (Mpanga et al. (2019).

Besides, the stress induced by inappropriate application of 
agrochemicals such as herbicides and fungicides also affect 
maize yield. Incorrect application of agrochemicals such as 
herbicides activates multiple response mechanisms by crops 
that disrupt physiological processes raising concerns about 
their compatibility with biostimulants. Balabanova et  al. 
(2023) investigated the interaction between protein hydrolysates 
biostimulants × Imazamox herbicide. The yield obtained were 
6.05 t ha-1 in Imazamox + Trainer (2.5 lha-1), 6.35 t ha-1 in 
Imazamox + Terra - sorb (2.5 lha-1), 6.0 t ha-1 in Imazamox 
+ Naturamin plus (2.5 g ha-1), 6.16 t ha-1 in Imazamox + 

Naturamin WSP (0.5 g ha-1), 5.54 t ha-1 in 10 g a.i. imazamox 
compared to 6.47 t ha-1 the control (untreated by imazamox). 
These results clearly show that the protein hydrolysates reversed 
the effects of Imazamox herbicide on yield. However, compared 
to the control, there was a slight reduction in yield, which sug-
gests the need to utilise the protein hydrolysates in combination 
with other agro-inputs to boost yield. Conversely, Araújo Gui-
maraes et al. (2020) reported that use of fungicide followed by 
Streptomyces araujoniae or Bacillus subtilis had a higher yield 
and reduced incidence of Fusarium verticillioides compared to 
control. Yield was 6.1t ha-1 in Bacillus subtilis + fungicide, 6.6 
t ha-1 in Streptomyces araujoniae + fungicide and 6.2 t ha-1 in 
fungicide compared to 5.5 t ha-1 in the control (water). These 
results indicate the ability of biostimulants to reverse stress 
induced by some agrochemicals. Taking these results together, 
a question arises, what is the effect of combining Bacillus sub-
tilis and protein hydrolysates on grain yield and agrochemical 
stress amelioration?

Overall, excessive application of chemical fertilizers nega-
tively affects soil health, and have phytotoxic effects. An 
appropriate amelioration strategy is to utilize the combination 
of biostimulants, other organic supplements (such as farmyard 
manure, poultry manure, and crop residues), and beneficial soil 
macro-organisms such as earthworms to optimize soil physi-
cal, chemical and microbiological properties. This reduces soil 
pollution, maintains soil health and sustainable crop agroeco-
systems. Li et al. (2013) provided evidence to this, where field 
inoculation with earthworms and AMF improved abundance 
of AMF community, nutrient uptake, and productivity of 
maize. However, biostimulant and organic supplements types 
and doses that can combine with beneficial soil macro-organ-
isms to elicit stable optimal effects on soil health and maize 
productivity remains a grey area that requires research.

3.3.2 � Interactive Effect of Biostimulants × Genotypes 
or Cultivars with Chemical Fertilizers on Grain yield 
of Maize

Different varieties and/or genotypes of maize respond differ-
ently to the use of biostimulants tantamounting to differences in 
the final yield. Kapela et al. (2020) investigated the interaction 
between two maize cultivars (PR38N86 and P8400) × biostimu-
lants (Asahi SL®, Zeal® and Improver®) on yield in Poland. 
The highest yield (8.93 t ha-1) was recorded in Asahi SL® + 
maize cultivar P8400 and the lowest (7.65 t ha-1) in Improver® 
+ maize cultivar PR38N86. In all biostimulants, the yield of 
maize cultivar P8400 was over 8 t ha-1, rendering it the best per-
forming genotype. However, because it was only applied once, 
it may be possible that its yield potential could be high under the 
three biostimulants types if applied twice or thrice under critical 
stages of maize growth. Equally, a study by Atta et al. (2017) 
on VIUSID agro biostimulant levels × maize cultivars revealed 
interesting results. Highest yield (13.24 t ha-1) was obtained in 
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0.96 lha-1 + cultivar SC-30k9 and the lowest (3.5 t ha-1) in each 
of the treatments; 2 lha-1 + cultivar SC-110 and 1.44 lha-1 + 
SC-30k8. Our analysis of yield change indicates the highest 
increment 81.5% (3.31 tha-1) in 0.96 lha-1 + SC-30k8 while the 
highest yield reductions of -47.3% (-5.25 t ha-1) in 2 lha-1 + 
Cairo-1 and -45.1% (-2.88 t ha-1) in 2 lha-1 + cultivar SC-110, 
respectively. This shows that increasing the concentration of the 
biostimulant does not necessarily increase yield. Instead, the 
genetic constitution of the maize cultivar is a vital contributing 
factor. Overall, the increase and decrease in the yield depicts the 
need for robust field tests with several biostimulants and maize 
genotypes to validate their compatibility with other agro-inputs.

The productivity of maize genotypes under different 
biostimulants improves in combination with inorganic fertilis-
ers. A study on the interaction between humic acid VIUSID 
agro biostimulant × nitrogen × maize variety in Pakistan (Khan 
et al. 2019) showed that 1.8 kg humic acid + 120 kg N ha-1+ 
Jalal variety had the highest yield of 4.74 tha-1 compared to 2.54 
t ha-1 in the control, revealing yield improvement by 86.6% (2.2 
t ha-1). Likewise, for the Iqbal maize variety, the highest yield 
of 4.82 t ha-1 was recorded in the case of applying 1.8 kg humic 
acid + 120 kg N ha-1 compared to 2.94 t ha-1 in the control, 
presenting 64% (1.88 t ha-1) yield improvement. This shows 
that increase in humic acid concentration boosts the interac-
tive effect between maize genotypes and biostimulants. The 
concentrations used: 0.6, 1.8 1.8 kg affected yield in ascend-
ing order. Since the concentration of humic acid used was low, 
future studies are suggested on the slightly higher concentra-
tion of VIUSID agro biostimulant together with 120 - 150kg 
N ha-1. This could probably reveal the optimum yield response 
by Jalal and Iqbal maize varieties. Also, a study by Cunha 
et al. (2021) involving inoculation of creole corn and hybrid 
corn seeds with Azospirillum brasilense and Bradyrhizobium 
japonicum revealed slightly a higher yield in sole application 
compared to combined application of the bacteria. The yield 
results were: 7.25 t ha-1 in Azospirillum brasilense + Creole 
corn, 7.67 t ha-1 in Bradyrhizobium japonicum + Creole corn 
and 6.64 tha-1 in A. brasilense + B. japonicum+ creole corn 
compared to 4.77 t ha-1 in 50% N (40 kg ha-1) which was the 
lowest nitrogen dose recommended for Rio Grande do Sul and 
Santa Catarina Brazilian States soils. Meanwhile, in hybrid 
corn, the yield was 11.3 t ha-1 in Azospirillum brasilense, 11.89 
t ha-1 in Bradyrhizobium japonicum, 10.86 t ha-1 in A. brasi-
lense + B. japonicum compared to 9.34 tha-1 in 50% N (40 kg 
ha-1). This indicates that co-inoculation had additive effect as 
opposed to synergistic effect. In this study, 100% N (80 kg ha-1) 
had 4.77 and 11.06 tha-1 yield in creole corn and hybrid corn, 
respectively. Because the two recommended nitrogen doses 
produced considerable yield, future studies should consider 
integrating the recommended doses of nitrogen with sole and 
co-inoculation of the two bacterial species with more genotypes 

of maize. Meanwhile, a study by Alves et al. (2021) on the 
interaction between crop variety × season × Herbaspirillum 
inoculation on yield showed that under dry and rainy seasons, 
Herbaspirillum inoculation + nitrogen application slightly 
improved yield compared to sole Herbaspirillum inoculation. 
Under dry conditions, the yield was 4.9 t ha-1 in hybrid + dry 
season + Herbaspirillum, 5.9 tha-1 in hybrid + dry season + 
Herbaspirillum + 40 kg N ha-1compared to 4.8 t ha-1 in the 
control. Under rainy season, the yield was 6.3 tha-1in hybrid 
+ rainy season + Herbaspirillum, and 6.6 t ha-1in hybrid + 
rainy season + Herbaspirillum + 40 kg N ha-1compared to 5.9 
tha-1 in the control. This shows the highest yield increment of 
22.9% (1.1tha-1) under dry season and 11.8% (0.7 t ha-1) under 
rainy season, respectively in hybrid + Herbaspirillum + 40 kg 
N ha-1

. Similar trend was recorded for variety + Herbaspiril-
lum + 40 kg N ha-1 both under dry and rainy season except 
that sole variety + Herbaspirillum had no effect under rainy 
season (zero yield increment) and reduced yield by -2% in dry 
season. Based on this and all interactive varietal effects above, 
it becomes clear that key performing treatments were: 0.96 lha-1 
of VIUSID agro biostimulant, Bradyrhizobium japonicum and 
Herbaspirillum +40 kgN ha-1. However, the following ques-
tions arise: i) What is the effect of integrating 0.96 lha-1 of 
VIUSID agro biostimulant + Herbaspirillum+40 kgN ha-1 
on the yield of maize varieties or genotypes? ii) What is the 
effect of integrating 0.96 lha-1 of VIUSID agro biostimulant 
+ Herbaspirillum + Bradyrhizobium japonicum on the yield 
of maize varieties or genotypes? Answering these questions 
could reveal the complex interaction between the different 
biofertilisers and maize genotypes. Earlier, it was reported that 
plants such as maize alter the rhizosphere microbiota through 
secretion of root exudates. Since exudate secretion is host spe-
cific, metabolites contained in root exudates could promote or 
inhibit nutrients absorption especially nitrogen (Mandic et al. 
2018). Therefore, it becomes clear that the interaction between 
biostimulants and maize genotypes with other agro-technical 
inputs such as chemical fertilisers and water management 
regimes could yield synergistic or antagonistic effects.

3.4 � Effect of Biostimulants on the Quality of Maize 
Grain

Biostimulants improved the protein, starch and oil content of 
maize grain (Table 3). Research by Niaz et al. (2016) reported 
grain protein content of 9.99% in 5 l ha-1 humid acid as com-
pared to 8.83% in the control. According to Azeem et al. (2021), 
protein content of 9.5% was obtained in 1.5 kg ha-1 humic acid, 
10.3% in 3 kg ha-1, 9.8% in 4.5 kg ha-1 as compared to 6.6% 
in the control. Critical examination of these results shows 
improvement of protein content of maize grain in the range of 
between 0.3% - 3.7%. According to Niaz et al. (2016), grain 
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protein content improvement by humic acid could be related to 
hormone-like processes that affect protein synthesis and other 
relevant physiological activities. Conversely, a report by Ördög 
et al. (2021) revealed that cyanobacteria (N. piscinale) had 
grain protein content of 9.4% compared to 8.2% in the control 
representing improvement by 1.2%. A study by Kalman et al. 
(2022) involving different combinations of Rhodopseudomonas 
palustris, Lactobacillus plantarum, Lacto-bacillus casei, Sac-
charomyces cerevisiae, Bacillus pumilus and Pseudomonas 
putida recorded grain protein content between 8.3% - 8.6%. 
Meanwhile, Al-Temimi and Al-Hilfy (2022) investigated the 
combinations of 50% mineral fertiliser with seaweed extract 
(5%), Pseudomonas fluorescens, Glomus mosseae, and Azoto-
bacter chroococcum. All combinations had 9% protein content 
except 50% mineral fertiliser + Azotobacter chroococcum + 
Glomus mosseae that had 10.1%. At the same time, Layek et al. 
(2015) reported the grain protein of between 10.12% - 10.45% 
in seedweed, Kappaphycus alvarezii and Gracilaria edulis, 
sap as compared to 10.1% in the control. In addition, biostimu-
lants made from chicken feathers and sewage sludge were also 
reported to improve grain protein (Tejeda et al., 2016; 2018). 
Gao et al. (2020) emphasised that the interaction between differ-
ent biostimulants increase soil nutrient content and their avail-
ability to plants. The nutrients such as nitrogen and magnesium 
contribute to the improvement of amino acids, starch and protein 
content in maize grains. Overall, slight improvements in grain 
protein content were reported with humic acid, 50% mineral 
fertiliser + Azotobacter chroococcum + Glomus mosseae, and 
Kappaphycus alvarezii and Gracilaria edulis sap. Therefore, 
it’s worthwhile to investigate the effect of combinations of these 
biostimulants such as humic acid + Kappaphycus alvarezii and/
or Gracilaria edulis sap, 25% mineral fertiliser + Azotobacter 
chroococcum + Glomus mosseae + humic acid, and Glomus 
mosseae + Kappaphycus alvarezii sap + 25% mineral fertiliser.

In terms of the oil content of maize grain, Niaz et al. 
(2016) reported that humic acid improved oil concentra-
tion at different application rates. Grain oil content of 
4.24% was recorded in 5 l ha-1 humic acid, 3.93% in 5 l 
ha-1 humic acid compared to 3.38% in the control. Con-
versely, Al-Temimi and Al-Hilfy (2022) investigated the 
combinations of 50% mineral fertiliser with seaweed 
extract (5%), Pseudomonas fluorescens, Glomus mosseae, 
and Azotobacter chroococcum. All combinations had oil 
content in the range of 3.3-3.7%. Meanwhile, Kalman et al. 
(2022) reported that the combination Rhodopseudomonas 
palustris + Lactobacillus plantarum + Lactobacillus casei 
+ Saccharomyces cerevisiae had grain oil content of 3.9%, 
Bacillus pumilus+ Pseudomonas putida (4.0) and 4% in 
the control. Generally, our synthesis reveals limited effect 
of biostimulants in improving grain protein, and oil. Over-
all, studies show that application of biostimulants improve 

uptake of nutrient plants (Tejada et al. 2016, Gao et al. 
2020; Ördög et al. 2021; Al-Temimi and Al-Hilfy 2022) 
which improves the quality attributes of maize grain. 
Although, the improvement of starch, protein and oil con-
tent of maize grain by different biostimulants was minimal 
(0.1-3.7%), the positive change is an indication of their 
potential to increase the quality of maize grain. However, 
research on how to boost their positive effect to a sustain-
able level is required.

4 � Conclusions

The review analysed the efficacy of sole and interactive 
effects of biostimulants on the yield and quality of maize 
grain from a global perspective. The key conclusions were:

•	 Generally, biostimulants improved grain yield. The 
grain yield obtained under biostimulant application 
ranged from 1-20 t ha-1 regardless of sole or combined 
application. Application of Colletotrichum tofieldiae, 
foliar blend and chicken feather biostimulant had the 
highest (14-17 t ha-1) yield under sole application 
while under combined application, sewage sludge × 
NPK, humic acid × control release urea, Azospiril-
lum brasilense or Bradyrhizobium japonicum × maize 
hybrids and Rhizophagus intraradices × earthworms 
were promising treatments with the yield ranging from 
10-15 t ha-1.

•	 In some instances, humic acid and Bacillus sp reduced 
yield depending on the water stress level or maize gen-
otypes, indicating non-unidirectional effect of some 
biostimulants on maize productivity.

•	 The effects of biostimulants on the quality of grain were 
minimal with all attributes improved in the range between 
0.1-3.7%. In fact, biostimulants had a distinct improvement 
on the yield, rather than the quality of grain.

•	 For the case of soil application, limited research exten-
sively profiled the role of soil ecology in shaping the func-
tionality of biostimulants in improving maize productivity; 
hence remains as one of the grey areas of research.

•	 Overall, it appears that obtaining maximum maize pro-
ductivity requires use of synergistic microbial or non-
microbial biostimulants by foliar and soil application, 
or alternatively through integration of biostimulants 
with reduced chemical fertilisers, especially NPK. 
However, exact combinations between biostimulants, 
reduced chemical fertilisers and other agro-inputs that 
can produce consistent improvement in yield, quality 
of maize grain, soil health, and ensure sustainable crop 
agroecosystems needs further investigation.
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Table 3   Effect of biostimulants on the quality of maize grain

Reference Country Soil type (exper-
imental site)

Treatment Protein (%) Protein change 
(%)

Starch (%) Starch 
change 
(%)

oil(%) oil change(%)

Niaz et al. 
(2016)

Pakistan Clay loam Humic acid 
(HA)

5 l HA ha-1

2.5 l HA ha-1

Control (without 
HA)

9.99
9.11
8.83

1.16
0.28

- - 4.24
3.93
3.38

0.86
0.55

Al-Temimi 
and Al-Hilfy 
(2022)

Iran Silty loam 50% mineral 
fertiliser + 
spraying sea-
weed extract 
at 5%

50% mineral 
fertiliser + 
spraying sea-
weed extract at 
10%

50% mineral 
fertiliser+ 
Azotobacter 
chroococcum 
+ Glomus 
mosseae

50% mineral 
fertiliser + 
Pseudomonas 
fluorescens+ 
Glomus mos-
seae

Control (recom-
mended min-
eral fertiliser)

9.11
10.1
9.95
9.61
9.1

0.01
1.0
0.9
0.5

- - 3.7
3.3
3.3
3.5
3.4

0.3
-0.1
0.1
0.1

Kalman et al. 
(2022)

Hungary Classification 
unspecified 
(physico-
chemical 
properties 
detailed)

PGPB
Rhodopseu-

domonas 
palustris + 
Lactobacillus 
plantarum + 
Lacto-bacillus 
casei + Sac-
charomyces 
cerevisiae

Bacillus 
pumilus + 
Pseudomonas 
putida

Bacillus 
megaterium + 
Pseudomonas 
fluorescens

Control

8.3
8.6
8.2
8.5

-0.1
0.1
0.3

63.4
63.2
63.3
63.4

0.0
-0.2
-0.1

3.9
4.0
3.9
4.0

0.1
0.0
-0.1
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Table 3   (continued)

Reference Country Soil type (exper-
imental site)

Treatment Protein (%) Protein change 
(%)

Starch (%) Starch 
change 
(%)

oil(%) oil change(%)

Singh et al. 
(2016)

India Sandy loam alfi-
sols (hyper-
ther-mic, 
mixed-type 
Paleudtalf)

Seaweeds sap 
(Kappaphycus 
alvarezii (K) 
and Gracilaria 
edulis (G) × 
Recommended 
rate of fertiliz-
ers (RFF)

100 % RRF+2.5 
% K-sap

100 % RRF+5.0 
% K-sap

100 % RRF+7.5 
% K-sap

100 % RRF+10 
% K-sap

100 % RRF+15 
% K-sap

50 % RRF+7.5 
% K-sap

50 % RRF+10 
% K-sap

50 % RRF+15 
% K-sap

100 % RRF+2.5 
% G-sap

100 % RRF+5.0 
% G-sap

100 % RRF+7.5 
% G-sap

100 % RRF+10 
% G-sap

100 % RRF+15 
% G-sap

50 % RRF+7.5 
% G-sap

50 % RRF+10 
% G-sap

50 % RRF+15 
% G-sap

50 % 
RRF+water

100 % 
RRF+water

NB: Recom-
mended rate 
of fertilisers 
(150:60:40 kg 
N:P2O5:K2O)

10.2
11.3
13.4
11.4
10.3
11
9.6
9.6
9.3
12.9
10.7
10.9
12.1
10.7
10.9
9.4
9.4
10.2

0.0
1.1
3.2
1.2
0.1
1.6
0.2
0.2
-0.9
2.7
0.5
0.7
1.9
1.3
1.5
0.0

- - - -

Ördög et al. 
(2021)

Hungary Alluvial soil Cyanobacteria 
(Nostoc pisci-
nale)

Control

9.4
8.2

1.2

Azeem et al. 
(2021)

Pakistan Silty-loam Humic acid 
doses

1.5 kg ha-1

3kg ha-1

4.5 kg ha-1

Control

9.5
10.3
9.8
6.6

2.9
3.7
3.2
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Table 3   (continued)

Reference Country Soil type (exper-
imental site)

Treatment Protein (%) Protein change 
(%)

Starch (%) Starch 
change 
(%)

oil(%) oil change(%)

Layek et al. 
(2015)

India Clay loam Kappaphycus 
alvarezii sap 
(K) and Graci-
laria edulis 
sap (G)

2.5% K-SAP
5% K-SAP
10% K-SAP
15% K-SAP
2.5% G-SAP
5% K-SAP
10% K-SAP
15% K-SAP
7.5% K-SAP + 

50% RDF
Control (no sap, 

water spray)

10.18
10.41
10.5
10.58
10.12
10.27
10.58
10.58
9.47
10.1

0.08
0.3
0.4
0.5
0.02
0.2
0.5
0.5
-0.6

Gao et al. (2020) Egypt Clay loam Biofertilisers × 
NPK

100% NPK
50% NPK
Humic acid + 

50% NPK
Biogas slurry + 

Humic acid + 
50% NPK

Biofertilizer 
mixture 
(Azotobacter 
chrococcum + 
AMF + Bacil-
lus circulans) 
+ 50% NPK

Biogas slurry + 
Biofertilisers 
+ 50% NPK

Humic acid + 
Biofertilisers 
+ 50% NPK,

Biogas + Humic 
+ Biofertilis-
ers + 50% 
NPK

NB: AMF 
spores (Glo-
mus clarum, 
Glomus 
mosseae and 
Gigaspora 
margarita)

21.1
16.1
21.45
36.95
38.2
31.15
29.9
31.8

Not calculated - - -



Journal of Soil Science and Plant Nutrition	

Funding  Open access funding provided by University of Debrecen. 
Project no. TKP2021-NKTA-32 has been implemented with the sup-
port provided by the Ministry of Culture and Innovation of Hungary 
from the National Research, Development and Innovation Fund, 
financed under the TKP2021-NKTA funding scheme. Also, open 
access funding was provided by University of Debrecen.

Data Availability  All data extracted and used for reporting are included 
in the article.

Declarations 

Competing Interests  We declare no conflict of interest.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abbasi MK, Musa N, Manzoor M (2015) Mineralization of soluble P fer-
tilizers and insoluble rock phosphate in response to phosphate-solu-
bilizing bacteria and poultry manure and their effect on the growth 
and P utilization efficiency of chilli (Capsicum annuum L.). Biogeo-
sciences 12:4607–4619. https://​doi.​org/​10.​5194/​bg-​12-​4607-​2015

Abbott LK, Macdonald LM, Wong MTF, Webb MJ, Jenkins SN, Farrell 
M (2018) Potential roles of biological amendments for profitable 
grain production – A review. Agric Ecosyst Environ 256:34–50. 
https://​doi.​org/​10.​1016/j.​agee.​2017.​12.​021

Abdo AI, El-Sobky EEA, Zhang J (2022) Optimizing maize yields 
using growth stimulants under the strategy of replacing chemi-
cals with biological fertilizers. Front Plant Sci 13:1069624. 
https://​doi.​org/​10.​3389/​fpls.​2022.​10696​24

Abir M, Nupur JA, Hunter CT, Sohag AAM, Sagar A et al (2022) Crop 
improvement and abiotic stress tolerance promoted by moringa 
leaf extract. Phyton 91(8):1557–1583. https://​doi.​org/​10.​32604/​
phyton.​2022.​021556

Adesemoye AO, Kloepper JW (2009) Plant–microbes interactions in 
enhanced fertilizer-use efficiency. Appl Microbiol Biotechnol 
85:1–12. https://​doi.​org/​10.​1007/​s00253-​009-​2196-0

Agbodjato NA, Assogba SA, Babalola OO, Koda AD, Aguégué RM, 
Sina H, Dagbénonbakin GD, Adjanohoun A, Baba-Moussa 
L (2022) Formulation of biostimulants based on Arbuscular 
Mycorrhizal Fungi for maize growth and yield. Front Agron 
4:894489. https://​doi.​org/​10.​3389/​fagro.​2022.​894489

Ahmad F, Ahmad I, Khan MS (2008) Screening of free-living rhizos-
pheric bacteria for their multiple plant growth promoting activi-
ties. Microbiol Res 163(2):173–181. https://​doi.​org/​10.​1016/j.​
micres.​2006.​04.​001

Ahmad W, Shah Z, Khan F, Ali S, Malik W (2013) Maize yield and 
soil properties as influenced by integrated use of organic, inor-
ganic and bio-fertilizers in a low fertility soil. Soil Environ 
32(2):121–129

Ahmadi-Rad S, Gholamhoseini M, Ghalavand A, Asgharzadeh A, 
Dolatabadian A (2016) Foliar application of nitrogen fixing 
bacteria increases growth and yield of canola grown under dif-
ferent nitrogen regimes. Rhizosphere 2:34–37. https://​doi.​org/​10.​
1016/j.​rhisph.​2016.​08.​006

AlFaris NA, Altamimi JZ, Alghamdi FA, Lbaridi NA, Alzaheb RA, 
Aljabryn DH, Aljahani AH, Almousa LA (2021) Total phenolic 
content in ripe date fruits (Phoenix dactylifera L.): A system-
atic review and meta-analysis. Saudi J Biol Sci 28:3566–3577. 
https://​doi.​org/​10.​1016/j.​sjbs.​2021.​03.​033

Ali S, Jan A, Manzoor Sohail A, Khan A, Khan MI, Inamullah Zhang 
J, Daur I (2018) Soil amendments strategies to improve water-use 
efficiency and productivity of maize under different irrigation 
conditions. Agric Water Manag 210:88–95. https://​doi.​org/​10.​
1016/j.​agwat.​2018.​08.​009

Alori ET, Glick BR, Babalola OO (2017) Microbial phosphorus solubi-
lization and its potential for use in sustainable agriculture. Front 
Microbiol 8:97. https://​doi.​org/​10.​3389/​fmicb.​2017.​00971

Al-Temimi AHM, Al-Hilfy IHH (2022) Role of plant growth promot-
ing in improving productivity and quality of maize. Iraqi J Agric 
Sci 53(6):1437–1446. https://​doi.​org/​10.​36103/​ijas.​v53i6.​1660

Alves GC, Dos Santos CLR, Zilli JE, Dos Reis Junior FB, Marriel IE, 
da Breda FAF, Boddey RM, Reis VM (2021) Agronomic evalua-
tion of Herbaspirillum seropedicae strain ZAE94 as an inoculant 
to improve maize yield in Brazil. Pedosphere 31(4):583–595. 
https://​doi.​org/​10.​1016/​S1002-​0160(21)​60004-8

Anzuay MS, Prenollio A, Ludueña LM, Morla FD, Cerliani C, Lucero 
C, Angelini JG, Taurian T (2023) Enterobacter sp. J49: A native 
plant growth-promoting bacteria as alternative to the application 
of chemical fertilizers on peanut and maize crops. Curr Microbio 
l 80:85. https://​doi.​org/​10.​1007/​s00284-​023-​03181-8

Aquino JPA (2019) Plant growth-promoting endophytic bacteria on 
maize and sorghum. Pesq Agropec Trop 49:e56241. https://​doi.​
org/​10.​1590/​1983-​40632​019v4​956241

Araujo Guimaraes F, Zanotto E, Perrony PEP, Lz Z, da Silva LJ, 
Machado JC, Pinto FAMF, Medeiros HN et al (2020) Integrating 
a chemical fungicide and Bacillus subtilis BIOUFLA2 ensures 
leaf protection and reduces ear rot (Fusarium verticillioides) and 
fumonisin content in maize. J Phytopatho 1169:139–148. https://​
doi.​org/​10.​1111/​jph.​12968

Atta MMM, Abdel-Lattif HM, Absy R (2017) Influence of biostimu-
lants supplement on maize yield and agronomic traits. Biosci 
Res 14(3):604–615

Azeem K, Naz F, Jalal A, Galindo FS, Filho MCMT, Khalil F (2021) 
Humic acid and nitrogen dose application in corn crop under 
alkaline soil conditions. Rev Bras Eng Agríc 25(10):657–663. 
https://​doi.​org/​10.​1590/​1807-​1929/​agria​mbi.​v25n1​0p657-​663

Bahadur A, Singh UP, Sarma DP, Singh DP, Singh KP, Singh A (2007) 
Foliar application of plant growth-promoting rhizobacteria 
increases antifungal compounds in pea (Pisum sativum) against 
Erysiphe pisi. Microbiology 35(3):129–134. https://​doi.​org/​10.​
4489/​myco.​2007.​35.3.​129

Balabanova D, Neshev N, Yanev M, Koleva-Valkova L, Vassilev A 
(2023) Photosynthetic performance and productivity of maize 
(Zea mays L.), exposed to simulated drift of imazamox and sub-
sequent therapy application with protein hydrolysates. J Cent Eur 
Agric 24(1):126–136

Balbinot WG, Rodrigues S, Botelho GR (2020) Isolates of Bacillus sp. 
from garlic: effect on corn development and plant growth-pro-
moting mechanisms. Rev Bras Cienc Solo 44:e0200043. https://​
doi.​org/​10.​36783/​18069​657rb​cs202​00043

Baloyi TC, Kutu FR, du Preez CC (2023) Is the use of commercial 
organic ameliorants. S Afr J Plant Soil 40:134–45. https://​doi.​
org/​10.​1080/​02571​862.​2023.​21925​28

Basavaraja PK, Yogendra ND, Zodape ST, Prakash R, Ghosh A (2018) 
Effect of seaweed sap as foliar spray on growth and yield of 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.5194/bg-12-4607-2015
https://doi.org/10.1016/j.agee.2017.12.021
https://doi.org/10.3389/fpls.2022.1069624
https://doi.org/10.32604/phyton.2022.021556
https://doi.org/10.32604/phyton.2022.021556
https://doi.org/10.1007/s00253-009-2196-0
https://doi.org/10.3389/fagro.2022.894489
https://doi.org/10.1016/j.micres.2006.04.001
https://doi.org/10.1016/j.micres.2006.04.001
https://doi.org/10.1016/j.rhisph.2016.08.006
https://doi.org/10.1016/j.rhisph.2016.08.006
https://doi.org/10.1016/j.sjbs.2021.03.033
https://doi.org/10.1016/j.agwat.2018.08.009
https://doi.org/10.1016/j.agwat.2018.08.009
https://doi.org/10.3389/fmicb.2017.00971
https://doi.org/10.36103/ijas.v53i6.1660
https://doi.org/10.1016/S1002-0160(21)60004-8
https://doi.org/10.1007/s00284-023-03181-8
https://doi.org/10.1590/1983-40632019v4956241
https://doi.org/10.1590/1983-40632019v4956241
https://doi.org/10.1111/jph.12968
https://doi.org/10.1111/jph.12968
https://doi.org/10.1590/1807-1929/agriambi.v25n10p657-663
https://doi.org/10.4489/myco.2007.35.3.129
https://doi.org/10.4489/myco.2007.35.3.129
https://doi.org/10.36783/18069657rbcs20200043
https://doi.org/10.36783/18069657rbcs20200043
https://doi.org/10.1080/02571862.2023.2192528
https://doi.org/10.1080/02571862.2023.2192528


	 Journal of Soil Science and Plant Nutrition

hybrid maize. J Plant Nutr 41(14):1851–1861. https://​doi.​org/​
10.​1080/​01904​167.​2018.​14633​81

Berta G, Copetta A, Gamalero E, Bona E, Cesaro P, Scarafoni A, 
D’Agostino G (2014) Maize development and grain quality are 
differentially affected by mycorrhizal fungi and a growth-promot-
ing pseudomonad in the field. Mycorrhiza 24:161–170. https://​
doi.​org/​10.​1007/​s00572-​013-​0523-x

Bhattacharjee RB, Singh A, Mukhopadhyay SN (2008) Use of nitro-
gen-fixing bacteria as biofertiliser for non-legumes: prospects 
and challenges. Appl Microbiol Biotechnol 80:199–209. https://​
doi.​org/​10.​1007/​s00253-​008-​1567-2

Bhupenchandra I, Chongtham SK, Devi ELRR, Choudhary AK, Salam 
MD, Sahoo MR, Bhutia TL, Devi SH, Thounaojam AS, Behera 
CMNH, Kumar A, Dasgupta M, Devi YP, Singh D, Bhagowati 
S, Devi CP, Singh HR, Khaba CI (2022) Role of biostimulants 
in mitigating the effects of climate change on crop performance. 
Front Plant Sci 13:967665. https://​doi.​org/​10.​3389/​fpls.​2022.​
967665

Braccini AD, Dan LGD, Piccinin GG, Leandro LP, Barbosa MC, Ortiz 
AHT (2012) Seed inoculation with Azospirillum brasilense, 
associated with the use of bioregulators in maize. Rev Caatinga 
25(2):58–64

Breedt G, Labuschagne N, Coutinho TA (2017) Seed treatment with 
selected plant growth-promoting rhizobacteria increases maize 
yield in the field. Ann Appl Biol 171:229–236. https://​doi.​org/​
10.​1111/​aab.​12366

Candido ACTF, De Carvalho MAC, Felito RA, Da Rocha AM, 
Yamashhita OM (2020) Nitrogen rates and residual effect of co-
inoculation of soybean on maize plants. Rev Caatinga 33(3):633–
643. https://​doi.​org/​10.​1590/​1983-​21252​020v3​3n306​rc

Canellas LP, Balmori DM, Médici LO et al (2013) A combination 
of humic substances and Herbaspirillum seropedicae inocula-
tion enhances the growth of maize (Zea mays L.). Plant Soil 
366:119–132. https://​doi.​org/​10.​1007/​s11104-​012-​1382-5

Castiglione AM, Mannino G, Contartese V, Bertea CM, Ertani A 
(2021) Microbial biostimulants as response to modern agricul-
ture needs: composition, role and application of these innova-
tive products. Plants 10:1533. https://​doi.​org/​10.​3390/​plant​s1008​
1533

Chandanie WA, Kubota M, Hyakumach M (2005) Interaction between 
arbuscular mycorrhizal fungus Glomus mosseae and plant growth 
promoting fungus Phoma sp. on their root colonization and 
growth promotion of cucumber (Cucumis sativus L.). Mycosci-
ence 46:201–204. https://​doi.​org/​10.​1007/​s10267-​005-​0230-3

Charkhab A, Mojaddam M, Lack S, Sakinejad T, Dadnia MR (2022) 
Evaluation of remobilization rate, grain yield and antioxidant 
content of maize in reaction to biochar and humic acid amounts 
under water deficiency stress. Not Bot Horti Agrobot Cluj 
Napoca 10(2):12603. https://​doi.​org/​10.​15835/​nbha5​02126​03

Chen Q, Qu Z, Li Z, Zhang Z, Ma G, Liu Z, Wang Y, Wu L, Fang 
F, Wei Z, Zhang M (2021a) Coated diammonium phosphate 
combined with humic acid improves soil phosphorus availabil-
ity and photosynthesis and the yield of maize. Front Plant Sci 
12:759929. https://​doi.​org/​10.​3389/​fpls.​2021.​759929

Chen L, Li K, Shang J, Wu Y, Chen T, Wanyan Y, Wang E, Tian 
C, Chen W, Chen W, Mi G, Sui G (2021b) Plant growth–pro-
moting bacteria improve maize growth through reshaping the 
rhizobacterial community in low-nitrogen and low-phosphorus 
soil. Biol Fertil Soils 57:1075–1088. https://​doi.​org/​10.​1007/​
s00374-​021-​01598-6

Chen Q, Li Q, Qu Z, Zhou H, Qi Y, Liu Z, Zhang M (2020) Maize 
yield and root morphological characteristics affected by con-
trolled release diammonium phosphate and Paecilomyces vari-
otii extracts. Fields Crops Res 255(15):107862. https://​doi.​org/​
10.​1016/j.​fcr.​2020.​107862

Chen Q, Qu Z, Ma G, Wang W, Dai J, Zhang M, Wei Z, Liu Z (2022) 
Humic acid modulates growth, photosynthesis, hormone and 
osmolytes system of maize under drought conditions. Agric 
Water Manag 263:107447. https://​doi.​org/​10.​1016/j.​agwat.​
2021.​107447

Corsi S, Ruggeri G, Zamboni A, Bhakti P, Espen L, Ferrante A, 
Noseda M, Varanini Z, Scarafoni A (2022) A bibliometric anal-
ysis of the scientific literature on biostimulants. Agro 12:1257. 
https://​doi.​org/​10.​3390/​agron​omy12​061257

Craigie JS (2011) Seaweed extract stimuli in plant science and agri-
culture. J Appl Phycol 23:371–393. https://​doi.​org/​10.​1007/​
s10811-​010-​9560-4

da Cunha ESL, dos Santos MSN, da Silva JF, de Moraes JR, Silveira 
NM, Ferreira Rde O, de Souza VL et al (2021) Agronomic and 
chemical performance of corn cultivars under inoculation and 
co-inoculation with diazotrophic bacteria. Biointerface Res 
Appl Chem 11(4):11765–11777. https://​doi.​org/​10.​33263/​
BRIAC​114.​11765​11777

Dai Z, Ahmed W, Yang J, Yao X, Zhang J, Wei L, Ji G (2023) Seed 
coat treatment by plant-growth-promoting rhizobacteria Lyso-
bacter antibioticus 13–6 enhances maize yield and changes 
rhizosphere bacterial communities. Biol Fertil Soils 59:317–
331. https://​doi.​org/​10.​1007/​s00374-​023-​01703-x

de Sousa SM, de Oliveira CA, Andrade DL, de Carvajho CM, Ribeiro 
VP, Pastina MM, Marriel IE, de Paula Lana UG, Gomes EA 
(2021) Tropical Bacillus strains inoculation enhances maize 
root surface area, dry weight, nutrient uptake and grain yield. 
J Plant Growth Regul 40:867–877. https://​doi.​org/​10.​1007/​
s00344-​020-​10146-9

Di Salvo LP, Cellucci GC, Carlino ME, de Salamone IGE (2018) 
Plant growth-promoting rhizobacteria inoculation and nitro-
gen fertilization increase maize (Zea mays L.) grain yield and 
modified rhizosphere microbial communities. Appl Soil Ecol 
126:113–120. https://​doi.​org/​10.​1016/j.​apsoil.​2018.​02.​010

Díaz-González S, Marín P, Sánchez R, Arribas C, Kruse J, González-
Melendi P, Brunner F, Sacristán S (2020) Mutualistic fungal 
endophyte Colletotrichum tofieldiae ct0861 colonizes and 
increases growth and yield of maize and tomato plants. Agron 
10:1493. https://​doi.​org/​10.​3390/​agron​omy10​101493

Dineshkumar R, Subramanian J, Gopalsamy J, Jayasingam P, Aru-
mugam A, Kannadasan S, Sampathkumar P (2019) The impact 
of using microalgae as biofertilizer in maize (Zea mays L.). 
Waste Biomass Valor 10:1101–1110. https://​doi.​org/​10.​1007/​
s12649-​017-​0123-7

Długosz J, Piotrowska-Długosz A, Kotwica K, Przybyszewska E 
(2020) Application of multi-component conditioner with 
clinoptilolite and ascophyllum nodosum extract for improv-
ing soil properties and Zea mays L. growth and yield. Agron 
10:1–22. https://​doi.​org/​10.​3390/​agron​omy10​122005

Efthimiadou A, Katsenios N, Chanioti S, Giannoglou M, Djordjevic N, 
Katsaros G (2020) Effect of foliar and soil application of plant 
growth promoting bacteria on growth, physiology, yield and 
seed quality of maize under Mediterranean conditions. Sci Rep 
10:1–11. https://​doi.​org/​10.​1038/​s41598-​020-​78034-6

Erenstein O, Jaleta M, Sonder K, Mottaleb K, Prasanna BM (2022) 
Gobal maize production, consumption and trade: trends and 
R&D implications. Food Secur 14:1295–1319. https://​doi.​org/​
10.​1007/​s12571-​022-​01288-7

Fall A, Nakabonge G, Ssekandi J, Founoune-Mboup H, Badji A, Ndi-
aye A, Ndiaye M, Kyakuwa P, Anyoni OG, Kabaseke C et al 
(2023) Combined effects of indigenous Arbuscular Mycorrhizal 
Fungi (AMF) and NPK fertilizer on growth and yields of maize 
and soil nutrient availability. Sustainability 15:2243. https://​doi.​
org/​10.​3390/​su150​32243

https://doi.org/10.1080/01904167.2018.1463381
https://doi.org/10.1080/01904167.2018.1463381
https://doi.org/10.1007/s00572-013-0523-x
https://doi.org/10.1007/s00572-013-0523-x
https://doi.org/10.1007/s00253-008-1567-2
https://doi.org/10.1007/s00253-008-1567-2
https://doi.org/10.3389/fpls.2022.967665
https://doi.org/10.3389/fpls.2022.967665
https://doi.org/10.1111/aab.12366
https://doi.org/10.1111/aab.12366
https://doi.org/10.1590/1983-21252020v33n306rc
https://doi.org/10.1007/s11104-012-1382-5
https://doi.org/10.3390/plants10081533
https://doi.org/10.3390/plants10081533
https://doi.org/10.1007/s10267-005-0230-3
https://doi.org/10.15835/nbha50212603
https://doi.org/10.3389/fpls.2021.759929
https://doi.org/10.1007/s00374-021-01598-6
https://doi.org/10.1007/s00374-021-01598-6
https://doi.org/10.1016/j.fcr.2020.107862
https://doi.org/10.1016/j.fcr.2020.107862
https://doi.org/10.1016/j.agwat.2021.107447
https://doi.org/10.1016/j.agwat.2021.107447
https://doi.org/10.3390/agronomy12061257
https://doi.org/10.1007/s10811-010-9560-4
https://doi.org/10.1007/s10811-010-9560-4
https://doi.org/10.33263/BRIAC114.1176511777
https://doi.org/10.33263/BRIAC114.1176511777
https://doi.org/10.1007/s00374-023-01703-x
https://doi.org/10.1007/s00344-020-10146-9
https://doi.org/10.1007/s00344-020-10146-9
https://doi.org/10.1016/j.apsoil.2018.02.010
https://doi.org/10.3390/agronomy10101493
https://doi.org/10.1007/s12649-017-0123-7
https://doi.org/10.1007/s12649-017-0123-7
https://doi.org/10.3390/agronomy10122005
https://doi.org/10.1038/s41598-020-78034-6
https://doi.org/10.1007/s12571-022-01288-7
https://doi.org/10.1007/s12571-022-01288-7
https://doi.org/10.3390/su15032243
https://doi.org/10.3390/su15032243


Journal of Soil Science and Plant Nutrition	

Francis PB, Earnest ALD, Bryant K (2016) Maize Growth and 
yield response to a biostimulant amendment. J Crop improve 
30(6):632–640. https://​doi.​org/​10.​1080/​15427​528.​2016.​12077​40

Gao C, El-Sawah AM, Ali DF, Hamoud YA, Shaghaleh H, Sheteiwy 
MS (2020) The integration of bio and organic fertilizers improve 
plant growth, grain yield, quality and metabolism of hybrid 
maize (Zea mays L.). Agron 10:319. https://​doi.​org/​10.​3390/​
agron​omy10​030319

Gavilanes FZ, Andrade DS, Zucareli C, Horácio E, Yunes JS, Bar-
bosa AP, Alves LAR, Cruzatty LG, Maddela NR, Guimarães FD 
(2020) Co-inoculation of Anabaena cylindrica with Azospirillum 
brasilense increases grain yield of maize hybrids. Rhizosphere 
100224. https://​doi.​org/​10.​1016/j.​rhisph.​2020.​100224

Gerhards R, OuidohFN AA, Avohou VAP, Dossounon BLS, Adisso 
AKD, Heyn A, Messelhäuser M, Santel HJ, Oebel H (2021) Crop 
response to leaf and seed applications of the biostimulant Com-
Cat® under stress conditions. Agron 11:1161. https://​doi.​org/​10.​
3390/​agron​omy11​061161

Ghorchiani M, Etesami H, Alikhani HA (2018) Improvement of growth 
and yield of maize under water stress by co-inoculating an arbus-
cular mycorrhizal fungus and a plant growth promoting rhizo-
bacterium together with phosphate fertilizers. Agric Ecosyst and 
Environ 258:59–70. https://​doi.​org/​10.​1016/j.​agee.​2018.​02.​016

Gomiero T (2016) Soil Degradation, land scarcity and food security: 
reviewing a complex challenge. Sustainability 8(3):281. https://​
doi.​org/​10.​3390/​su803​0281

Gümüs I, Seker C (2015) Influence of humic acid application on soil 
physicochemical properties. Solid Earth Discuss 7:2481–2500. 
https://​doi.​org/​10.​5194/​sed-7-​2481-​2015

Guo Y, Ma Z, Ren B, Zhao B, Liu P, Zhang J (2022) Effects of humic 
acid added to controlled-release fertilizer on summer maize 
yield, nitrogen use efficiency and greenhouse gas emission. 
Agriculture 12:448. https://​doi.​org/​10.​3390/​agric​ultur​e1204​0448

Halpern M, Bar-Tal A, Ofek M, Minz D, Muller T, Yermiyahu U 
(2015) Chapter Two—the use of biostimulants for enhancing 
nutrient uptake. Adv Agron 130:141–74. https://​doi.​org/​10.​1016/​
bs.​agron.​2014.​10.​001

Hussain A, Ahmad M, Mumtaz MX, Nzil F, Farooqi MA, Khalid I, Zb 
I, Arshad H (2019) Impact of integrated use of enriched compost, 
biochar, humic acid and Alcaligenes sp. AZ9 on maize productiv-
ity and soil biological attributes in natural field conditions. Ital J 
Agron 14:1413. https://​doi.​org/​10.​4081/​ija.​2019.​1413

Iqbal A, Amanullah, Song M, Shah Z, Alamzed M, Iqbal M (2019) 
Integrated use of plant residues, phosphorus and beneficial 
microbes improve hybrid maize productivity in semiarid cli-
mates. Acta Ecol Sin 39:348–355. https://​doi.​org/​10.​1016/j.​
chnaes.​2018.​09.​005

Javeed HMR, Qamar R, Rehman AU, Ali M, Rehman A, Farooq M, 
Zamir SI, Nadeem M, Cheema M, ShehzadM ZA, Sarwa MA, 
Iqbal A, Hussain M (2019) improvement in soil characteristics 
of sandy loam soil and grain quality of spring maize by using 
phosphorus solubilizing bacteria. Sustainability 11(24):7049. 
https://​doi.​org/​10.​3390/​su112​47049

Jiménez-Arias D, Hernándiz AE, Morales-Sierra S, García-García 
AL, García-Machado FJ, Luis JC, Borges AA (2022) applying 
biostimulants to combat water deficit in crop plants: research 
and debate. Agron 12:571. https://​doi.​org/​10.​3390/​agron​omy12​
030571

Kalman CD, Kálmán L, Szél S, Salamon KM, Xoltan N, Kiss E, Posta 
K (2022) Assessment of the influence of soil inoculation on 
changes in the adaptability of maize hybrids. Cereal Res Com-
mun. https://​doi.​org/​10.​1007/​s42976-​023-​00369-3

Kapela K, Sikorska A, Niewegłowski M, KrasnoDebska E, Zarzecka 
K, Gugała M (2020) The impact of nitrogen fertilization and the 
use of biostimulants on the yield of two maize varieties (Zea 

mays L.) cultivated for grain. Agron 10:1–8. https://​doi.​org/​10.​
3390/​agron​omy10​091408

Kaur G, Reddy MS (2013) Phosphate solubilizing rhizobacteria from 
an organic farm and their influence on the growth and yield of 
maize (Zea mays L.). J Gen Appl Microbiol 59:295–303. https://​
doi.​org/​10.​2323/​jgam.​59.​295

Kaur G, Reddy MS (2015) Effects of phosphate-solubilizing bacteria, 
rock phosphate and chemical fertilizers on maize-wheat cropping 
cycle and economics. Pedosphere 25(3):428–437. https://​doi.​org/​
10.​1016/​S1002-​0160(15)​30010-2

Khan SA, Khan SU, Qayyum A, Gurmani AR, Khan A, Khan SM, 
Ahmed W, Mehmood A, Amin BAZ (2019) Integration of humic 
acid with nitrogen wields an auxiliary impact on physiological 
traits, growth and yield of maize (Zea mays L.) Varieties. Appl 
Ecol Environ Res 17(3):6783–6799. https://​doi.​org/​10.​15666/​
aeer/​1703_​67836​799

Kong B, Wu Q, Li Y, Zhu T, Ming Y, Li C, Li C, Wang F, Jiao S, 
Shi L et al (2022) The application of humic acid urea improves 
nitrogen use efficiency and crop yield by reducing the nitrogen 
loss compared with urea. Agriculture 12:1996. https://​doi.​org/​
10.​3390/​agric​ultur​e1212​1996

Kumar SK, Kandasamy S, Imayavaramban V, Dhanasekaran K, Anbu-
selvam Y (2022) Effect of foliar application of organic and inor-
ganic nutrient solutions on growth and yield of maize (Zea mays 
L.). J Pharm Negat 13:2765–2767

Kumar R, Trivedi K, Anand KGV, Ghosh A (2020) Science behind 
biostimulant action of seaweed extract on growth and crop yield: 
insights into transcriptional changes in roots of maize treated 
with Kappaphycus alvarezii seaweed extract under soil moisture 
stressed conditions. J Appl Phycol 32:599–613. https://​doi.​org/​
10.​1007/​s10811-​019-​01938-y

Layek J, Das A, Ramkrushna GI, Ghosh A, Panwar AS, Krishnappa 
R, Ngachan SV (2016) Effect of seaweed sap on germination, 
growth and productivity of maize (Zea mays) in North Eastern 
Himalayas. Indian J Agron 61(3):354–359

Layek J, Das A, Ramkrushna JI, Trivedi K, Yesuraj D, Chandramohan 
M, Kubavat D, Agarwal PK, Ghosh A (2015) Seaweed sap: a 
sustainable way to improve productivity of maize in North_East 
India. Int J Environ Stud 72(2):305–315. https://​doi.​org/​10.​1080/​
00207​233.​2015.​10108​55

Li B, Song D, Guo T, Xu X, Ai C, Zhou W (2022) Combined physi-
ological and metabolomics analysis reveals the effects of differ-
ent biostimulants on maize production and reproduction. Front 
Plant Sci 13:1062603. https://​doi.​org/​10.​3389/​fpls.​2022.​10626​03

Li H, Wang C, Xian Li X, D, (2013) Inoculating maize fields with 
earthworms (Aporrectodea trapezoides) and an arbuscular 
mycorrhizal fungus (Rhizophagus intraradices) improves 
mycorrhizal community structure and increases plant nutrient 
uptake. Biol Fertil Soils 49:1167–1178. https://​doi.​org/​10.​1007/​
s00374-​013-​0815-5

Lino IAN, Da Silva DKA, Martins JCR, Sampaio EVSB, Maia LC 
(2019) Mycorrhizal inoculation and application of cattle manure 
in field-grown maize in semiarid conditions. Exp Agric 55:866–
874. https://​doi.​org/​10.​1017/​S0014​47971​80004​43

Liu M, Wang C, Wang F, Xie Y (2019) Maize (Zea mays) growth and 
nutrient uptake following integrated improvement of vermicom-
post and humic acid fertilizer on coastal saline soil. Appl Soil 
Ecol 142:147–154. https://​doi.​org/​10.​1016/j.​apsoil.​2019.​04.​024

Liu Z, Li M, Liu J, Wang J, Lin X, Hu J (2022) Higher diversity and 
contribution of soil arbuscular mycorrhizal fungi at an optimal 
P-input level. Agric Ecosyst Environ 337:108053. https://​doi.​
org/​10.​1016/j.​agee.​2022.​108053

Mandic V, Krnjaja V, Djordjević S, Djordjević N, Bijelić Z, Simić A, 
Dragičević V (2018) Effects of bacterial seed inoculation on micro-
biological soil status and maize grain yield. Maydica 63(3):1–8

https://doi.org/10.1080/15427528.2016.1207740
https://doi.org/10.3390/agronomy10030319
https://doi.org/10.3390/agronomy10030319
https://doi.org/10.1016/j.rhisph.2020.100224
https://doi.org/10.3390/agronomy11061161
https://doi.org/10.3390/agronomy11061161
https://doi.org/10.1016/j.agee.2018.02.016
https://doi.org/10.3390/su8030281
https://doi.org/10.3390/su8030281
https://doi.org/10.5194/sed-7-2481-2015
https://doi.org/10.3390/agriculture12040448
https://doi.org/10.1016/bs.agron.2014.10.001
https://doi.org/10.1016/bs.agron.2014.10.001
https://doi.org/10.4081/ija.2019.1413
https://doi.org/10.1016/j.chnaes.2018.09.005
https://doi.org/10.1016/j.chnaes.2018.09.005
https://doi.org/10.3390/su11247049
https://doi.org/10.3390/agronomy12030571
https://doi.org/10.3390/agronomy12030571
https://doi.org/10.1007/s42976-023-00369-3
https://doi.org/10.3390/agronomy10091408
https://doi.org/10.3390/agronomy10091408
https://doi.org/10.2323/jgam.59.295
https://doi.org/10.2323/jgam.59.295
https://doi.org/10.1016/S1002-0160(15)30010-2
https://doi.org/10.1016/S1002-0160(15)30010-2
https://doi.org/10.15666/aeer/1703_67836799
https://doi.org/10.15666/aeer/1703_67836799
https://doi.org/10.3390/agriculture12121996
https://doi.org/10.3390/agriculture12121996
https://doi.org/10.1007/s10811-019-01938-y
https://doi.org/10.1007/s10811-019-01938-y
https://doi.org/10.1080/00207233.2015.1010855
https://doi.org/10.1080/00207233.2015.1010855
https://doi.org/10.3389/fpls.2022.1062603
https://doi.org/10.1007/s00374-013-0815-5
https://doi.org/10.1007/s00374-013-0815-5
https://doi.org/10.1017/S0014479718000443
https://doi.org/10.1016/j.apsoil.2019.04.024
https://doi.org/10.1016/j.agee.2022.108053
https://doi.org/10.1016/j.agee.2022.108053


	 Journal of Soil Science and Plant Nutrition

Market research (2021) Global biostimulants market (2021-2026) 
by active ingredient, application method, crop type, form, and 
geography, impact of Covid-19, Ansoff Analysis Infogence 
Global Research - 4/12/2021 - 138 Pages - ID: IMAS16629842: 
https://​www.​marke​trese​arch.​com/​Infog​ence-​Marke​ting-​Advis​
ory-​Servi​ces-​v4010/​Global-​Biost​imula​nts-​Active-​Ingre​dient-​
Appli​cation-​14533​191/ (accessed on 21 November 2023)

Marks BB, Megías M, Nogueira MA, Hungria M (2013) Biotechno-
logical potential of Rhizobial metabolites to enhance the per-
formance of Bradyrhizobium spp. and Azospirillum brasilense 
inoculants with soybean and maize. AMB Expr 3:21. https://​doi.​
org/​10.​1186/​2191-​0855-3-​21

Marks BB, Megías M, Ollero FJ, Nogueira MA, Araujo RS, Hungria 
M (2015) Maize growth promotion by inoculation with Azospiril-
lum brasilense and metabolites of Rhizobium tropici enriched on 
lipo-chitooligosaccharides (LCOs). AMB Expr 5:7. https://​doi.​
org/​10.​1186/​s13568-​015-​0154-z

Megali L, Schlau B, Rasmann S (2015) Soil microbial inoculation 
increases corn yield and insect attack. Agron Sustain Dev 
35:1511–1519. https://​doi.​org/​10.​1007/​s13593-​015-​0323-0

Mohammed S, Alsafadi K, Enaruvbe GO, Bashir B, Elbeltagi A, Széles 
A, Alsalman A, Harsanyi E (2022) Assessing the impacts of 
agricultural drought (SPI/SPEI) on maize and wheat yields 
across Hungary. Sci Rep 12(1):8838. https://​doi.​org/​10.​1038/​
s41598-​022-​12799-w

Moghadam HRT, Khamene MK, Zahedi H (2014) Effect of humic acid 
foliar application on growth and quantity of corn in irrigation 
withholding at different growth stages. Maydica 59(2):124–128

Montoneri E, Baglieri A, Fascella G (2022) Biostimulant effects of 
waste derived biobased products in the cultivation of ornamen-
tal and food plants. Agriculture 12:994. https://​doi.​org/​10.​3390/​
agric​ultur​e1207​0994

Mpanga KI, Nkebiwe MP, Kuhlmann M, Cozzolino V, Piccolo A, 
Geistlinger J, Berger N, Ludewig U, Neumann G (2019) The 
form of N supply determines plant growth promotion by p-sol-
ubilizing microorganisms in maize. Microorganisms 38:1–18. 
https://​doi.​org/​10.​3390/​micro​organ​isms7​020038

Mussarat M, Al H, Muhammad D, MianI Ahmad, Khan S, Adnan M, 
Fahad S, Wahid F, Dawar K, Ali S, Zia A, Ahmad M, Khan S, 
Ali Shah W, Romman M, Parvez R, Siddiqui M, Khan A, Wang 
D, Jiang X (2021) Comparing the phosphorus use efficiency of 
pre-treated (organically) rock phosphate with soluble P fertilizers 
in maize under calcareous soils. PeerJ 9:e11452. https://​doi.​org/​
10.​7717/​peerj.​11452

Nakayan P, Hameed A, Singh S, Young L, Hung M, Young C (2013) 
Phosphate-solubilizing soil yeast Meyerozyma guilliermondii 
CC1 improves maize (Zea mays L.) productivity and minimizes 
requisite chemical fertilization. Plant Soil 373:301–315. https://​
doi.​org/​10.​1007/​s11104-​013-​1792-z

Nassar MAA, El-Magharby SS, Ibrahim NS, Kandil EE, Abdelsalam 
NR (2023) Productivity and quality variations in sugar beet 
induced by soil application of K-Humate and foliar application 
of biostimulants under salinity condition. J Soil Sci Plant Nutr 
872–3887. https://​doi.​org/​10.​1007/​s42729-​023-​01307-2

Nascimento RD, Cavalcanti MIP, Correia AD, Escobar IEC, de Freitas 
NDS, Nobrega RSA, Fernabdes Junior PI (2021) Maize-asso-
ciated bacteria from the Brazilian semiarid region boost plant 
growth and grain yield. Symbiosis 83:347–359. https://​doi.​org/​
10.​1007/​s13199-​021-​00755-7

Naveed M, Mitter B, Yousaf S, Pastar M, Afzal M, Sessitsch A (2014) 
The endophyte Enterobacter sp. FD17: a maize growth enhancer 
selected based on rigorous testing of plant beneficial traits and 
colonization characteristics. Biol Fertil Soils 50:249–262. https://​
doi.​org/​10.​1007/​s00374-​013-​0854-y

Nawaz H, Hussain N, Jamil M, Azra Y, Asad B, Auringzaib B, Usman 
M (2020) Seed biopriming mitigates terminal drought stress at 

reproductive stage of maize byenhancing gas exchange attributes 
and nutrient uptake. Turk J Agric For 44(3). https://​doi.​org/​10.​
3906/​tar-​1904-​51

Niaz A, Yaseen M, Shakar M, Sultana S, Ehsan M, Nazarat A (2016) 
Maize production and nitrogen use efficiency in response to 
nitrogen application with and without humic acid. J Anim Plant 
Sci 26(6):1641–1651

Nkebiwe MP, Weinmann M, Müller T (2016) Improving fertilizer-
depot exploitation and maize growth by inoculation with plant 
growth-promoting bacteria: from lab to field. Chem Biol Technol 
Agric 3(15):1–16. https://​doi.​org/​10.​1186/​s40538-​016-​0065-5

Olivares FL, Busato JG, de Paula AM, Lima Ld, Aguiar ON, Canel-
las PL (2017) Plant growth promoting bacteria and humic sub-
stances: crop promotion and mechanisms of action. Chem Biol 
Technol Agric 4:30. https://​doi.​org/​10.​1186/​s40538-​017-​0112-x

Ocwa A, Harsányi E, Széles A, Holb J, Szabó S, Rátonyi T, Moham-
med S (2023) A bibliographic review of climate change and 
fertilization as the main drivers of maize yield: implications for 
food security. Agric Food Secur 12:14. https://​doi.​org/​10.​1186/​
s40066-​023-​00419-3

Ördög V, Stirk WA, Takacs G, Pothe P, Illes A, Bojtor C, Szeles A, 
Toth B, van Staden J, Nagy J (2021) Plant biostimulating effects 
of the cyanobacterium Nostoc piscinale on maize (Zea mays L.) 
in field experiments. S Afri J Bot 140:153–160. https://​doi.​org/​
10.​1016/j.​sajb.​2021.​03.​026

Ortega R, Fernandez M (2007) Agronomic evaluation of liquid 
humus derived from earthworm humic substances. J Plant Nutr 
30:2091–2104. https://​doi.​org/​10.​1080/​01904​16070​17005​74

Osman AS, Rady MM (2012) Ameliorative effects of sulphur and 
humic acid on the growth, anti-oxidant levels, and yields of pea 
(Pisum sativum L.) plants grown in reclaimed saline soil. J Hortic 
Sci Biotechnol 87:626–632. https://​doi.​org/​10.​1080/​14620​316.​
2012.​11512​922

Popescu GC (2019) Biostimulants and agri-environment measures in 
order to increase the agricultural sustainability. Int Symp Adv 
Eng Technol 15–19. https://​www.​acade​mia.​edu/​41134​697/B%​
C4%​B0OST%​C4%​B0MUL​ANTS_​AND_​AGRI_​ENVIR​
ONMENT_​MEASU​RES_​IN_​ORDER_​TO_​INCRE​ASE_​THE_​
AGRIC​ULTUR​AL_​SUSTA​INABI​LITY

Purwanto BH, Wulandari P, Sulistyaningsih E, Utami, SN, Handayani 
S (2021) Improved corn yields when humic acid extracted from 
composted manure is applied to acid soils with phosphorus fer-
tilizer. Appl Environ Soil Sci 12. https://​doi.​org/​10.​1155/​2021/​
88384​20

Rohatgi A (2022) WebPlotDigitizer. https://​autom​eris.​io/​WebPl​otDig​
itizer

Rojas-Tapias D, Moreno-Galvan A, Pardo-Diaz S, Obando M, Rivera 
D, Bonilla R (2012) Effect of inoculation with plant growth-
promoting bacteria (PGPB) on amelioration of saline stress in 
maize (Zea mays). Appl Soil Ecol 61:264–272. https://​doi.​org/​
10.​1016/j.​apsoil.​2012.​01.​006

Romero-Perdomo F, Abril A, Camelo M, Moreno-Galvan A, Pastrana 
I, Rojas-Tapias D, Bonilla R (2017) Azotobacter chroococcum as 
a potentially useful bacterial biofertilizer for cotton (Gossypium 
hirsutum): effect in reducing N fertilization. Rev Argent Microbiol 
49(4):377–383. https://​doi.​org/​10.​1016/j.​ram.​2017.​04.​006

Salman MA, Al-Shibani JAK (2020) Effect of bacterial and fungal bio-
fertilizer and potassium fertilizer on iron, copper and zinc availa-
bility and yield of Zea mays L. crop. Plant Arch 20(1):1876–1882

Sible CN, Seebauer JR, Below FE (2021) Plant Biostimulants: A cat-
egorical review, their implications for row crop production, and 
relation to soil health indicators. Agron 11:1297. https://​doi.​org/​
10.​3390/​agron​omy11​071297

Silva PST, Cassiolato AMR, Galindo FS, Jalal A, Nogueira TAR, 
Oliveira CEDS, Filho MCMT (2022) Azospirillum brasilense 
and zinc rates effect on fungal root colonization and yield of 

https://www.marketresearch.com/Infogence-Marketing-Advisory-Services-v4010/Global-Biostimulants-Active-Ingredient-Application-14533191/
https://www.marketresearch.com/Infogence-Marketing-Advisory-Services-v4010/Global-Biostimulants-Active-Ingredient-Application-14533191/
https://www.marketresearch.com/Infogence-Marketing-Advisory-Services-v4010/Global-Biostimulants-Active-Ingredient-Application-14533191/
https://doi.org/10.1186/2191-0855-3-21
https://doi.org/10.1186/2191-0855-3-21
https://doi.org/10.1186/s13568-015-0154-z
https://doi.org/10.1186/s13568-015-0154-z
https://doi.org/10.1007/s13593-015-0323-0
https://doi.org/10.1038/s41598-022-12799-w
https://doi.org/10.1038/s41598-022-12799-w
https://doi.org/10.3390/agriculture12070994
https://doi.org/10.3390/agriculture12070994
https://doi.org/10.3390/microorganisms7020038
https://doi.org/10.7717/peerj.11452
https://doi.org/10.7717/peerj.11452
https://doi.org/10.1007/s11104-013-1792-z
https://doi.org/10.1007/s11104-013-1792-z
https://doi.org/10.1007/s42729-023-01307-2
https://doi.org/10.1007/s13199-021-00755-7
https://doi.org/10.1007/s13199-021-00755-7
https://doi.org/10.1007/s00374-013-0854-y
https://doi.org/10.1007/s00374-013-0854-y
https://doi.org/10.3906/tar-1904-51
https://doi.org/10.3906/tar-1904-51
https://doi.org/10.1186/s40538-016-0065-5
https://doi.org/10.1186/s40538-017-0112-x
https://doi.org/10.1186/s40066-023-00419-3
https://doi.org/10.1186/s40066-023-00419-3
https://doi.org/10.1016/j.sajb.2021.03.026
https://doi.org/10.1016/j.sajb.2021.03.026
https://doi.org/10.1080/01904160701700574
https://doi.org/10.1080/14620316.2012.11512922
https://doi.org/10.1080/14620316.2012.11512922
https://www.academia.edu/41134697/B%C4%B0OST%C4%B0MULANTS_AND_AGRI_ENVIRONMENT_MEASURES_IN_ORDER_TO_INCREASE_THE_AGRICULTURAL_SUSTAINABILITY
https://www.academia.edu/41134697/B%C4%B0OST%C4%B0MULANTS_AND_AGRI_ENVIRONMENT_MEASURES_IN_ORDER_TO_INCREASE_THE_AGRICULTURAL_SUSTAINABILITY
https://www.academia.edu/41134697/B%C4%B0OST%C4%B0MULANTS_AND_AGRI_ENVIRONMENT_MEASURES_IN_ORDER_TO_INCREASE_THE_AGRICULTURAL_SUSTAINABILITY
https://www.academia.edu/41134697/B%C4%B0OST%C4%B0MULANTS_AND_AGRI_ENVIRONMENT_MEASURES_IN_ORDER_TO_INCREASE_THE_AGRICULTURAL_SUSTAINABILITY
https://doi.org/10.1155/2021/8838420
https://doi.org/10.1155/2021/8838420
https://automeris.io/WebPlotDigitizer
https://automeris.io/WebPlotDigitizer
https://doi.org/10.1016/j.apsoil.2012.01.006
https://doi.org/10.1016/j.apsoil.2012.01.006
https://doi.org/10.1016/j.ram.2017.04.006
https://doi.org/10.3390/agronomy11071297
https://doi.org/10.3390/agronomy11071297


Journal of Soil Science and Plant Nutrition	

wheat-maize in tropical savannah conditions. Plants 11:3154. 
https://​doi.​org/​10.​3390/​plant​s1122​3154

Singh S, Singh MK, Pal SK, Trivedi K, Yesuraj D, Singh CS, Vijay 
Anand KG, Chandramohan M, Patidar R, Kubavat D, Zodape 
ST, Ghosh A (2016) Sustainable enhancement in yield and qual-
ity of rain-fed maize through Gracilaria edulis and Kappaphy-
cus alvarezii seaweed sap. J Appl Phyco l 28:2099–2112. https://​
doi.​org/​10.​1007/​s10811-​015-​0680-8

Singh SR, Najar GR, Singh U, Singh JK (2011) Phosphorus manage-
ment in maize-onion cropping sequence under rainfed temperate 
conditions of Inceptisol. J Indian Soc Soil Sci 59:355–361

Singhal SK, Sharma VK, Singh RD (2012) Effect of inorganic 
and biofertilizers (VAM AND PSB) on yield of maize and 
wheat cropping sequence and soil fertility. Indian J Agric Res 
46(2):167–172

Smith SE, Smith FA (2011) Roles of arbuscular mycorrhizas in plant-
nutrition and growth: new paradigms from cellular to ecosystem 
scales. Annu Rev Plant Biol 62:227–250. https://​doi.​org/​10.​1146/​
annur​ev-​arpla​nt-​042110-​103846

Széles A, Horváth E, Simon K, Zagyi P, Huzsvai L (2023) Maize pro-
duction under drought stress: nutrient supply, yield prediction. 
Plants 12:3301. https://​doi.​org/​10.​3390/​plant​s1218​3301

Szczepanek M, Wilczewski E (2016) Maize response to soil-applied 
humic substances and foliar fertilization with potassium. J Anim-
Plant Sci 26(5):1298–1303

Rácz D, Szőke L, Tóth B, Kovács B, Horváth É, Zagyi P, Duzs L, 
Széles A (2021) Examination of the productivity and physi-
ological responses of maize (Zea mays L.) to nitrapyrin and 
foliar fertilizer treatments. Plants 10(11):2426. https://​doi.​org/​
10.​3390/​plant​s1011​2426

Tejada M, Rodríguez-Morgado B, Gómez I, Franco-Andreu L, 
Benítez C, Parrado J (2018) Effects of foliar fertilization of a 
biostimulant obtained from chicken feathers on maize yield. 
Eur J. Agron 96:54–59. https://​doi.​org/​10.​1016/j.​eja.​2018.​03.​
003

Tejada M, Rodríguez-Morgado B, Gómez I, Franco-Andreu L, Benítez C, 
Parrado J (2016) Use of biofertilizers obtained from sewage sludges 
on maize yield. Eur J Agron 78:13–19. https://​doi.​org/​10.​1016/j.​eja.​
2016.​04.​014

Thomé SEN, Lima SF, de Oliveira IC, Contardi LM, Vendruscolo EP, de 
Andrade MGO, Cordeiro MAS, Arguelho JC, de Oliveira JJ (2023) 
Biostimulants increase growth and yield of second-crop maize. Rev 
Bras Eng Agríc Amb 27(7):550–558. https://​doi.​org/​10.​1590/​1807-​
1929/​agria​mbi.​v27n7​p550-​558

Torun H, Toprak B (2020) Arbuscular Mycorrhizal Fungi and 
K-Humate combined as biostimulants: changes in antioxidant 
defense system and radical scavenging capacity in Elaeagnus 
angustifolia. J Soil Sci Plant Nutr 20:2379–2393. https://​doi.​org/​
10.​1007/​s42729-​020-​00304-z

Tripaldi C, Novero M, Di Giovanni S, Chiarabaglio PM, Lorenzoni P, 
Meo Zilio D, Palocci G, Balconi C, Aleandri R (2017) Impact 
of mycorrhizal fungi and rhizosphere microorganisms on maize 
grain yield and chemical composition. Pak J Agri Sci 54(4):857–
865. https://​doi.​org/​10.​21162/​PAKJAS/​17.​4840

Trivedi K, Anand KGV, Kubavat D, Ghosh A (2022) Role of Kap-
paphycusalvarezii seaweed extract and its active constituents, 
glycine betaine, choline chloride, and zeatin in the alleviation of 
drought stress at critical growth stages of maize crop. J Appl Phy-
col 34:1791–1804. https://​doi.​org/​10.​1007/​s10811-​022-​02722-1

Trivedi K, Vijay Anand KG, Kubavat D, Patidar R, Ghosh A (2018a) 
Drought alleviatory potential of Kappaphycus seaweed extract 
and the role of the quaternary ammonium compounds as its 
constituents towards imparting drought tolerance in Zea mays 
L. J Appl Phycol 30:2001–2015. https://​doi.​org/​10.​1007/​
s10811-​017-​1375-0

Trivedi K, Vijay Anand KG, Vaghela P, Ghosh A (2018b) Differential 
growth, yield and biochemical responses of maize to the exog-
enous application of Kappaphycus alvarezii seaweed extract, at 
grain filling stage under normal and drought conditions. Algal 
Res 35:236–244. https://​doi.​org/​10.​1016/j.​algal.​2018.​08.​027

Verlinden G, Pycke B, Mertens J, Debersaques F, Verheyen K, Baert 
G, Bries J, Haesaert G (2009) Application of humic substances 
results in consistent increases in crop yield and nutrient uptake. 
J Plant Nutr 32(9):1407–1426. https://​doi.​org/​10.​1080/​01904​
16090​30926​30

Viruel M, Erazzú LE, Martínez Calsina L, Ferrero MA, Lucca ME, 
Siñeriz F (2014) Inoculation of maize with phosphate solubiliz-
ing bacteria: effect on plant growth and yield. J Soil Sci Plant 
Nutr 14(4):819–831. https://​doi.​org/​10.​4067/​S0718-​95162​01400​
50000​65

Wolna-Maruwka A, Piechota T, Niewiadomska A, Kaminski A, Kayzer 
D, Grzyb A, Pilarska AA (2021) The effect of biochar-based 
organic amendments on the structure of soil bacterial community 
and yield of maize (Zea mays L.). Agron 11:1286. https://​doi.​org/​
10.​3390/​agron​omy11​071286

Yakhin O, Lubyanov AA, Yakhin IA, Brown PH (2017) Biostimulants 
in plant science: a global perspective. Front Plant Sci 7:2049. 
https://​doi.​org/​10.​3389/​fpls.​2016.​02049

Yousif AM, Firas WA, Iman QM, Kusay AW (2020) Effect of organic, 
mineral fertilizers and foliar application of humic acid on growth 
and yield of corn (Zea mays L.). Indian J Ecol 47(10):39–44

Yuniati N, Kusumiyati K, Mubarok S, Nurhadi B (2022) The Role of 
moringa leaf extract as a plant biostimulant in improving the 
quality of agricultural products. Plants 11:2186. https://​doi.​org/​
10.​3390/​plant​s1117​2186

Zainab R, Mujtaba Shah G, Khan G, Mehmood A, Azad R, Shahzad 
K, Hussain Shah K, Alghabari F, Sultan T, Chung G (2021) Effi-
ciency of plant growth promoting bacteria for growth and yield 
enhancement of maize (Zea mays) isolated from rock phosphate 
reserve area Hazara Khyber Pakhtunkhwa, Pakistan. Saudi J Biol 
Sci 28:2316–2322. https://​doi.​org/​10.​1016/j.​sjbs.​2021.​01.​025

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.3390/plants11223154
https://doi.org/10.1007/s10811-015-0680-8
https://doi.org/10.1007/s10811-015-0680-8
https://doi.org/10.1146/annurev-arplant-042110-103846
https://doi.org/10.1146/annurev-arplant-042110-103846
https://doi.org/10.3390/plants12183301
https://doi.org/10.3390/plants10112426
https://doi.org/10.3390/plants10112426
https://doi.org/10.1016/j.eja.2018.03.003
https://doi.org/10.1016/j.eja.2018.03.003
https://doi.org/10.1016/j.eja.2016.04.014
https://doi.org/10.1016/j.eja.2016.04.014
https://doi.org/10.1590/1807-1929/agriambi.v27n7p550-558
https://doi.org/10.1590/1807-1929/agriambi.v27n7p550-558
https://doi.org/10.1007/s42729-020-00304-z
https://doi.org/10.1007/s42729-020-00304-z
https://doi.org/10.21162/PAKJAS/17.4840
https://doi.org/10.1007/s10811-022-02722-1
https://doi.org/10.1007/s10811-017-1375-0
https://doi.org/10.1007/s10811-017-1375-0
https://doi.org/10.1016/j.algal.2018.08.027
https://doi.org/10.1080/01904160903092630
https://doi.org/10.1080/01904160903092630
https://doi.org/10.4067/S0718-95162014005000065
https://doi.org/10.4067/S0718-95162014005000065
https://doi.org/10.3390/agronomy11071286
https://doi.org/10.3390/agronomy11071286
https://doi.org/10.3389/fpls.2016.02049
https://doi.org/10.3390/plants11172186
https://doi.org/10.3390/plants11172186
https://doi.org/10.1016/j.sjbs.2021.01.025

	Maize Grain Yield and Quality Improvement Through Biostimulant Application: a Systematic Review
	Abstract
	1 Introduction
	2 Materials and Methods
	2.1 Document Identification and Search Strategy
	2.2 Document Exclusion and Inclusion Criteria
	2.3 Data Extraction and Analysis

	3 Results and Discussion
	3.1 Categorisation of Included Literature
	3.2 Effect of Sole Biostimulants on Grain Yield of Maize
	3.3 Interactive Effect of Biostimulants and other Fertiliser types or Agro-inputs on Maize Grain Yield
	3.3.1 Interactive Effect of Biostimulants with Irrigation andor Water Stress, other Fertiliser Types, and Agrochemicals on Grain Yield of Maize
	3.3.2 Interactive Effect of Biostimulants × Genotypes or Cultivars with Chemical Fertilizers on Grain yield of Maize

	3.4 Effect of Biostimulants on the Quality of Maize Grain

	4 Conclusions
	References


