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Abstract
Gibberellins represent an important group of potent phytohormones, growth-promoting, closely related diterpenoid acids 
biologically derived from tetracyclic diterpenoid hydrocarbon. Among these, gibberellic acid (GA3) has received the great-
est attention. GA3 is a highly valued plant growth regulator which has various applications in agriculture. It is extensively 
used for beneficial effects including stem elongation, elimination of dormancy, sex expression, seed germination, flowering, 
and fruit senescence. Along with plants, many microbes are also producing GA3 as their secondary metabolite, and among 
these, fungi are reported to produce a higher amount of GA3. Fermentation technology based on submerged fermentation 
and solid-state fermentation for the production of GA3 has been used with its merits and demerits using Fusarium monili-
forme fungus in the industry. Several mathematical models and optimization tools were also designed for enhancing the 
fermentative yield by researchers. The detailed analysis is essential to understand all the fermentation aspects, various 
unit parameters, process operation approaches, reduction in cost, and assessment of the possible uses of these models in 
the production of GA3 for higher yield. Recently, exclusive research is executed to lower down the production cost of GA3 
approaching various strategies.

Introduction

The importance of the agricultural sector to the national 
economy conveys the search for alternatives to increase the 
production of food and raw materials. Plant hormones are 
then perceived as an important input to increase the technical 
and economic efficiency of agricultural production systems. 
Plant hormones play a vital role during the various stages of 
growth and development. In that, gibberellic acid has world-
wide consideration due to its valuable applicability in the 

agricultural and brewing industry. Now, the bulk production 
of this natural plant hormone is fulfilled by the fermenta-
tion technology using Fusarium moniliforme. This fun-
gus was earlier known as Gibberella fujikuroi [1]. Various 
stages of upstream and downstream processes are required 
parameters to understand GA3 production specifically when 
fungal cells are used. Strain selection, strain improvement, 
inoculum development, ensuring the viability of economic 
raw materials for the production, extraction methods, and 
GA3 recovery from the fermentation medium are the major 
concerns effective to GA3 fermentation.

Chemistry of GA3

GA3 is the part of gibberellin group. Gibberellin refers to a 
large group of diterpenoid carboxylic acids which are cat-
egorized based on their structure (Fig. 1). They contain four 
isoprene units in their basic structure and are classified into 
two groups: C20 and C19. All the gibberellins have either 
19 or 20 carbon structures containing the ent- gibberelllane 
skeleton [2]. Subscribed numbers GAn are used to character-
ize gibberellins traditionally, where "n" commonly indicates 
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the sequence of the discovery [3]. For example, GA3 or gib-
berellin A3 is termed for gibberellic acid.

GA3 is the most prevalent gibberellin, isolated from 
Fusarium fujikuroi and the first had been structurally 
described. It is characterized chemically as tetracyclic 
dihydroxy-γ-lactone acid, containing a double bond at 
C1–C2, γ-lactone ring at C-10, and a hydroxyl group in 
C-13 [4]. Early chemical characterization of the saturated 
γ-lactone ring was done by infrared spectra having a band 
near 1780 cm−1; the presence of two ethylenic bonds was 
detected by Cross [5] using microhydrogenation. The ultra-
violet spectrum of pure gibberellic acid showed only end 
absorption and ruled out the presence of a conjugated sys-
tem [6]. The physicochemical properties are mentioned in 
Table 1.

GA3 is one of the slightest steady compounds among 
all GAs, including its aqueous solutions [8]. It cannot be 
decomposed in dry conditions but rapidly decomposed in 
hot conditions and aqueous solutions. At 20 °C, the aque-
ous solution of GA3 has a half-life near to 14 days [9]. The 
stability can be related to a C1–C2 double bond in chemical 

structure and that is making the molecule more bioactive 
according to Albermann et al. [10].

GA3 decomposition products can be distinguished when 
various physical factors such as temperature, pH of the solu-
tion, and the time of reaction are applied to the GA3 solution. 
Due to that changes in the structure of the GA3, its effective-
ness on a plant may be changed [11]. A detailed study of 
GA3 reactions and derivatives was published by Cross [5] 
and Hanson [12].

Biosynthetic Pathway of GA3

The descriptive literature on GA3 biosynthesis and regu-
lation was deliberated by MacMillan [13], Salazar-Cerezo 
et al. [14], Kawaide [15], Hedden and Sponsel [16], and 
Rademacher [17] in plant, fungi, and bacteria. A brief note 
on GA3 biosynthetic pathway in fungi is included here in 
Fig. 2. The general pathway was defined in the 1960s and 
early 1970s, where GA3 was considered the end product 
of gibberellin biosynthesis found in F. moniliforme. It was 
determined by feeding 14C-labelled acetate and mevalonate 
to mutant strains in which specific steps of the pathway were 
blocked [18].

The genes responsible for GA3 formation in the fungi are 
systematized in clusters, which are found on chromosome 4 
in Fusarium fujikoroi, where they are organized in a cluster 
of 7 genes [14]. Another fungus, Sphaceloma manihoticola 
showed similarities with F. fujikoroi except for two genes 
[19].

GA3 is formed as a diterpene via the isoprenoid biosyn-
thetic pathway. It is initiated with mevalonic acid, which 
is converted to geranylgeranyl pyrophosphate (GGPP) in 
the cytosol [17] via isopentenyl, dimethylallyl, geranyl, and 
farnesyl pyrophosphates in fungi [20].

Fig. 1   Chemical structure of gibberellic acid (GA3)

Table 1   Physicochemical 
properties of GA3 {adopted 
from [7]} 

Molecular formula C19O 22H 6

IUPAC name (3S,3aS,4S,4aS,7S,9aR,9bR,12S)-7,12-Dihydroxy-3-me-
thyl-6-methylene-2-oxoperhydro-4a,7-methano-9b,3-
propenoazuleno[1,2-b]furan-4-carboxylic acid

Common name Gibberellic acid (GA3), Gibberellin A3

CAS 77–06-5
Molecular Weight 346.38 g/mole
Melting Point 234 °C
Physical State solid
Appearance white to yellow, fine powder
Odour Odourless
Solubility in Water 5 g/L (25 °C)
Density 600 mg/mL at 28 °C
pH (of 5% solution) 4.0
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GGPP is then converted to ent-kaurene, which is the 
first intermediate in GA3 biosynthesis. The formation of 
ent- kaurene significantly increases the specificity. Copa-
lylpyrophosphate is worked as an intermediate in this reac-
tion, and the two steps are catalysed by ent-kaurene syn-
thetase [17]. Synthesis of ent-Kaurene is a pathway branch 
that perpetrates the cell to the production of either GA 
or alternative products. This ent-kaurene is oxidized into 
ent-7a-hydroxykaurenoic acid via stepwise oxidation [18].

By contracting the B ring and further oxidizing at C-6, 
the compound converted later into GA12-aldehyde. GA12 
aldehyde is converted into GA14 in which first 3β- hydrox-
ylation forms GA14 aldehyde and then oxidation at C-7 to 
form GA14. This GA14 is converted into GA4 subsequently 
by 20-oxidation and the formation of a lactone ring [1]. 
F. moniliforme 's main product of gibberellin biosynthe-
sis is GA3, which is formed after the GA4 via GA7 by 
1,2-dehydrogenation (GA4→GA7) and 13-hydroxylation 
(GA7→GA3) [21].

Production of GA3

GA3 is naturally produced by plants and microorganisms, 
more specifically by fungi and bacteria. The plant con-
tains just a few micrograms of gibberellins per kilogram 
of fresh weight in vegetative parts of plants [8]. Among 
them, the amount of GA3 extracted from the plant tissue 
was relatively low and the extraction technique was time-
consuming. As a result, it is no longer commercially viable 
for gaining GA3.

However, only a few researchers attended the procedure 
for the chemical method of GA3 synthesis. Corey et al. 
[22] utilized 2-allyloxyanisole as the starting point for a 
retrogressive synthesis, whereas Hook et al. [23] attempted 
a complete synthesis of GA3 using the hydrofluorene route. 
Apparently, Nagaoka et al. [24] described a highly stereo-
controlled route for the total synthesis of ( ±)—gibberellic 
acid. These synthesis procedures require the use of costly 

Fig. 2   Biosynthetic pathway of 
GA3 in F. moniliforme [9]
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chemicals and many stages. As a result, the chemical syn-
thesis of GA3 is no longer employed.

Microbial fermentation is extensively utilized for the 
manufacturing of GA3 at the industrial level. The commer-
cial production of GA3 at a laboratory scale was initiated by 
ICI in 1954. Earlier liquid surface fermentation (LSF) was 
the prime technique for production but it was incapable in 
terms of advantages and now, many industries are producing 
GA3 by SSF and SmF [8]. However, Oliveira [25] explored 
the semi-solid-state fermentation mode for GA3 production 
using citric acid pulp.

Strain Selection

Originally from the culture filtrate of Gibberella fujikuroi, 
the first time gibberellins were isolated. Besides Gibberella 
fujikuroi, other fungi were also reported to produce GA3, but 
mostly in lesser quantities [21] and not beneficial at com-
mercially viable levels [26]. Borrow et al. [27] tested 21 
strains isolated from several host plants for their capacity 
to synthesize GA3. Another researcher, Sanchez-Marroquin 
[28] worked on Fusarium spp. and tested 43 strains for GA3 
production in which F. moniliforme was able to produce a 
greater yield of GA3. Therefore, Fusarium spp. is the pref-
erable choice for GA3 research. The isolation method and 
the presence of Fusarium spp. were documented by Leslie 
and Summerell [29]. Choi et al. [30]; Bhalla et al. [31], and 
Ahmad et al. [32] mentioned the isolation procedure and 
screening of GA3-producing fungi.

After Gibberella fujikuroi and Sphaceloma manihoticola, 
Nurospora crassa is the third fungus shown to produce GA3. 
It is worth noting that GA3 is primarily found in the myce-
lia of Neurospora crassa, whereas Gibberella fujikuroi and 
Sphaceloma manihoticola secrete GA3 into the medium [33].

Strain Improvement

Natural isolates have low production capacity as compared 
to optimized and developed strains. Hence, strain improve-
ment is required for higher production as well as for its sta-
bility. Strain development has been accomplished by natural 
recombination, mutagenesis, and genetic engineering [34]. 
Mutagenesis is a common approach where mutagenic agents 
are used including X-rays, UV, gamma radiation, and chemi-
cal mutagens for strain improvement. Sleem [1] studied the 
effect of different doses of 60Co gamma radiation on fungus 
growth and the production of GA3. Lale [9] applied UV radi-
ation, ethyl methyl sulphonate (EMS) treatment, and a com-
bination of UV + EMS treatment for mutagenesis intended 
for the enhancement of GA3 production.

Recombination of DNA such as protoplast fusion was 
approached by Lale [9]. The researcher used yeast cell Tri-
chosporon cutaneum (NCIM 3352) and a mutant strain of 

F. fujikuroi for recombination. Combined fusant Mut32 
tested for the higher production of GA3. Genetic engineering 
approach for GA3 using CRISPR/Cas-9 based on genome 
editing in F. fujikuroi was developed by Shi et al. [35]. In 
that altering metabolic pathway, such as the elimination of 
ppt1 gene, P-450-3 gene affected the other GAs metabolites 
and induced their production. But it was not suitable for 
GA3 [36–38]

Inoculum Preparation

Inoculation of vegetative cultures and subsequent inoculum 
development are the essential steps in the production of sec-
ondary metabolites. The quality and quantity of inoculum 
have a significant impact on GA3 production. The conditions 
in which hyphae fragmented as the vegetative inoculum 
when it aged and autolysis began in the production medium 
are not suitable for production [21].

Inoculum for large-scale fermentation is prepared pro-
gressively in several submerged culture stages until enough 
mycelium volume is available. The first fungal culture was 
streaked onto potato dextrose agar (PDA) Petri plates and 
incubated for 7 to 10 days at 28 °C. Then 12 mm diameter 
of agar having mycelium was placed in 250 mL Erlenmeyer 
flasks with a 100 mL fermentation medium [39].

An aqueous suspension of spore inoculum was prepared 
from 7- to 10-day-old PDA slant culture in which an ade-
quate amount of distilled water [40] or Tween 80 water [41] 
was added into the slants. Then the spores were scraped 
and collected into a sterile flask. By this, conidia and myce-
lium fragments combine to form the suspension. From this, 
1 × 106 spores/ mL were inoculated into Czapek–Dox (CD) 
broth for the inoculum preparation. Later on, they were 
added to the fermentation medium [42]. The schematic dia-
gram of the fermentation process for GA3 is mentioned in 
Fig. 3 [34].

Production Modes

At the initial level, liquid surface fermentation (LSF-fer-
mentation in static condition with liquid medium) mode was 
used but the current scenario of GA3 production is based on 
solid-state fermentation (SSF) and submerged fermentation 
(SmF) modes. Therefore, the study of SSF and SmF for GA3 
fermentation is discussed here. Other modes of fermentation 
were reviewed by Kumar and Lonsane [8]; Oliveira [25]; 
Camara et al. [4].

Submerged Fermentation (SmF)

SmF is the production mode in which microorganism 
grows in a liquid medium that has been optimized with 
the necessary nutrients, physical, and chemical parameters 
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for better production of desired metabolites. The pro-
duction of a metabolite is correlated to the growth pat-
tern of microbes. This requires carefully growing the 
selected microorganisms in a closed reactor for industrial 

production or in a flask that enabled laboratory scale pro-
duction containing the fermentation medium. The medium 
used in the SmF process is naturally free-flowing. This 
differentiates it from the SSF technique, whereas the use of 

Fig. 3   Schematic diagram of GA3 fermentation
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a medium in greater depth extricates it from the liquid sur-
face fermentation (LSF) process. The use of a medium in 
deep layers in the SmF process provides many advantages, 
including operational convenience, economy, reduced 
space requirements, improved accuracy in inoculation 
and growth pattern, enhanced contamination control, and 
efficient control of parameters [8]. Nutritional parameters, 
carbon and nitrogen (C:N) ratio, the optimized volume of 
inoculum, and controlled physical parameters like temper-
ature, pH, dissolved oxygen, etc., affect in greater extent to 
the SmF technique for GA3 production. Several research-
ers had denoted the SmF data for better GA3 production 
mentioned in Table 2.

The Physiology of  GA3 formation  GA3 as a secondary 
metabolite was confirmed by the lower production before 
nitrogen exhaustion in nitrogen-limited media, bulk pro-
duction after nitrogen exhaustion, and termination of the 
production after the glucose exhaustion in glucose-limited 
media. The growth phases of G. fujikuroi related to the 
GA3 were studied by Borrow et al. [27]. These phases were 
also reviewed by Kumar and Lonsane [8] and Machedo 
and Soccol [43].

When the spores were inoculated as an inoculum 
directly in the medium, the first phase—the lag phase 
could be observed for up to 90 h [27]. When the nitrogen-
limited medium is utilized, the lag phase is untraceable as 
the strain needs little or no adaptation if the added inocu-
lum is mycelium cells. But the phase is noticeable when 
more than 30% glucose is consumed from the carbohy-
drate-rich or ammonium acetate medium [8]. The second 
phase is a balanced phase in which growth comes to be 
exponential initially and later on becomes linear. The 
uptake of nutrients like glucose, nitrogen, and other salts 
is near to constant per unit increase in biomass weight then 
cells undergo the deceleration stage due to oxygen restric-
tion. The production of GA3 is not initiated in this phase 
[43]. The following stage is the transition phase in that, 
the mycelium composition differs from the balanced phase 
due to the phosphate and magnesium limited medium. The 
next is the storage phase in which increases in dry weight. 
In this phase, the carbon source mainly glucose presented 
in excess whereas the nitrogen source is exhausted. The 
accumulation of carbohydrates, lipids, and polyols can be 
noticed. The GA3 production is initiated in this phase and 
continued in the presence of available glucose [8]. Later 
on in the maintenance phase, dry weight remained con-
stant, and the uptake of only glucose for GA3 production. 
If glucose is exhausted, still synthesis of GA3 is operated 
from the reserved fat. Finally, the nutrient is depleted and 
the mycelial cells break apart increasingly as compared to 
the maintenance phase. This phase is called the terminal 
phase [21]. Ta
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Immobilization Technique  In the immobilization technique, 
the microbial cells or enzymes are fixed in a spatial range 
by using physical or chemical ways. Microbial cell immo-
bilization can be classified as entrapment, adsorption, or 
encapsulation within natural or synthetic polymers [44]. 
Immobilized mycelia or pellets have numerous advantages, 
including contamination-free products and easy reaction 
stoppage by removing fungal cells. Immobilized growing 
cells have been shown to provide benefits such as improved 
stability and faster removal of end products from fermen-
tation vessels. Cell adhesion is preferable to encapsulation 
and entrapment because it requires a simple preparation 
method. This can be useful for the preservation of the cell's 
viability and activity. The main disadvantages of these tech-
niques are cell release due to weak binding to carriers and 
high production costs [1].

According to Lu et al. [45], GA3 production by immo-
bilized G. fujikuroi on polymeric fibrous carriers was 
maintained at a constant value of about 210 mg L−1 over 
84 days in flask cultures during 12 consecutive batch fer-
mentation cycles. Escamilla et al. [46] optimized the pH, 
C:N ratio, rice flour concentration, and temperature in a 
batch fluidized bioreactor for GA3 production using immo-
bilized G.fujikuroi in Ca-polygalacturonate. The obtained 
product concentration was three times higher than those 
reported earlier for either suspended or solid culture. Kim 
et al. [47] investigated the performance of immobilized G. 

fujikuroi for GA3 production on celite beads and concluded 
that the repeated incubations of immobilized fungal cells 
increased cell concentrations and volumetric productiv-
ity. The maximum volumetric productivity obtained in 
the immobilized cell culture was three times that of the 
suspended cell culture.

Solid‑State Fermentation (SSF)

In the absence of free water, solid-state fermentation is 
described as fermentation that unfolds over a non-soluble 
material and serves as both physical support and needed 
nutrients. The SSF method entails growing moulds on a 
moist solid substrate in a suitable fermenter/flask under 
optimal growth conditions to get the maximum potential 
yields. Growth in flasks was allowed in laboratory scale 
fermentations. Kumar and Lonsane [8] enlisted the advan-
tages of the SSF technique over SmF which are relevant 
for GA3 fermentation by SSF.

Table 3 summarizes the various studies on the produc-
tion of GA3 by SSF mode. The data incorporate a vari-
ety of substrates such as wheat bran, coffee husk, maize 
cob particles, cassava flour, and many more [8, 54–57]. 
Incubation times and temperatures vary across the data. 
However, the temperature range was 28–30 °C except for 
Paecilomyces sp. ZB which was 37 °C [59].

Table 3   Solid-State Fermentation (SSF) of GA3

Reference Organism Substrate Production (g/kg) system Incuba-
tion time 
(Days)

Temp. (°C)

Kumar and Lonsane [8] Gibberella fujikuoroi p-3 Wheat bran 1.22 500 mL flask 7 28 ± 1
Pastrana et al. [53] Gibberella fujikuroi 

NRRL 2284
Maize cob particles 4.8 250 mL flask 8 30

Bandelier et al. [54] Gibberella fujikuoroi 
PPB 92

Wheat bran 3 50 L fermenter 11 28

Tomasini et al. [55] Gibberella fujikuroi Cassava flour 0.25 Column fer-
menter (volume 
2 × 12 cm)

1.5 29

Machado et al. [56] Gibberella fujikuoroi 
LPB-06

Coffee husk
Cassava bagasse (7:3, 

dry wt)

0.492 250 mL flask 7 29

Rodrigues et al. [57] Gibberella fujikuoroi Citric pulp extract 
supplemented with 
sucrose

5.9 250 mL flask 3 28

Satpute et al. [58] Fusarium proliferatum 
NCIM 1105

Pigeon pea pod
Pea pods
Corncobs
Sorghum straw

6.4–7.8
5.7–6.4
5.2–6.1
4.1–5.5

- 8–10 29

Rangaswamy [51] Fusarium moniliforme Jatropha seed cake 105 250 mL flask 4 30
Panchal and Desai [42] Fusarium moniliforme Commercial wheat bran 

(CWB)
0.154 500 mL flask 7 28 ± 1

(El-Sheikh et al. [59] Paecilomyces sp. ZB Cow dung 1.312 250 mL flask 8 37
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Factors Affecting the Production of GA3

Regardless of the fermentation method used, the chemical 
and physical conditions are critical for the development 
of fungi and the production of their metabolites [4]. Sec-
ondary metabolite synthesis is primarily determined after 
the maximum biomass formation. As a result, the medium 
component selection is based on both growth and product 
formation. A fast enrichment of GA3 at high concentrations 
is a criterion for medium composition and other ingredients.

Carbon and nitrogen sources are the most important 
nutrients influencing GA3 production. Glucose and sucrose 
have frequently been used as carbon sources. However, if 
the initial amount of glucose was greater than 30%, the spe-
cific growth rate and rate of production were reduced. Feed 
processes were implemented in response to the inhibitory 
effect of high glucose levels on productivity. Glucose was 
added at regular intervals during the production phase, and 
the concentration was kept below 4%. Another way to avoid 
the inhibitory effect of glucose is to use carbohydrate poly-
mers such as starch and plant meals that contain a mix of 
quickly and slowly metabolized carbon sources [21]. Car-
bon sources for GA3 production are typically glucose and 
sucrose. Other carbon sources such as mannitol, maltose, 
starch, and glycerol have also been described as GA3 produc-
tion medium [8, 43, 55].

The presence of nitrogen in the medium is critical for 
GA3 production. However, GA3 synthesis does not begin 
until the nitrogen is depleted from the medium [27]. Organic 
sources such as corn steep liquor, plant oil, and inorganic 
salts such as ammonium sulphate, ammonium chloride, and 
ammonium tartrate are used as nitrogen sources [4].

The C:N ratio is another useful factor that managed to 
improve GA3 yield. Agro-industrial residues have been 
extensively reported as carbon or nitrogen sources for GA3 
production using various fermentation systems. This prac-
tice is undoubtedly useful also reducing the environmental 
impact and allowing for a possible cost reduction in obtain-
ing the final product. [20, 60]

Temperature, pH, agitation, aeration, water activity, and 
humidity are physical parameters that affect GA3 production 
[49]. Depending on the strain, the ideal temperature ranges 
from 25 to 32 °C. The commonly used pH range of 3.5–5.8 
is appropriate for GA3 synthesis [59]. The biosynthesis of 
GAs needs a series of oxidative processes; hence, aeration 
is absolutely required. As a result, the fungus's requirement 
for oxygen might increase as mycelium grows. Agitation 
should allow for efficient homogenization and mass transfer 
of oxygen inside the flask or fermenter [19, 43].

The production of many metabolites requires the addition 
of salts and trace elements along with carbon and nitrogen 
sources including magnesium, potassium, phosphate, and 
sulphate. Despite this, the impact of trace elements on the 

microbial synthesis of GA3 is still poorly understood [60]. 
The need for trace elements was frequently satisfied by 
contaminants in commercial media [8, 21, 27]. The range 
of magnesium and potassium was up to 2 g/L and 7 g/L, 
respectively, whereas the rest of the trace elements like salts 
of iron, zinc, and copper were added with less than 0.1 g/L 
concentration in the media [45, 48, 53, 60].

Optimization Tools

Optimization is an experimental design in which the pro-
duction of any metabolite is enhanced at the end. Before 
any optimization, the screening of effective parameters that 
affect production must be checked. In that, a fungal strain 
or the factors that affect the growth can be improved and 
finalized for optimization. Various statistical tools are useful 
for this purpose. Here, a number of runs are considered as a 
number of flasks having all the factors/variables in a particu-
lar unit/level prescribed by the optimization tool.

Optimization of GA3 fermentation has been reported by 
many researchers. Ben-Rhouma et al. [61] showed the com-
plied optimization tools for GA3 production for Fusarium 
oxysporum in SSF. They initiated the screening for addi-
tional nutrients by a Plackett–Burman design having 13 
variables- inoculum size, NH4NO3, urea, fish meal, NaNO3, 
molasses, date waste, sucrose, barley bran, wheat straw, ses-
ame bark, wheat bran, and (NH4)2SO4- with 2 levels. After 
finding the most affecting factors, Taguchi L25 (orthogonal 
array) methodology with six factors with 3 levels was used 
for understanding the relationship between the factors of 
a medium component. In that sesame bark, wheat straw, 
NaNO3, date waste, urea, and (NH4)2SO4 with 3 levels were 
performed having 25 runs. The result was an increased 
7.14 g/kg GA3 as compared with initial production 2.72 g/
kg. After obtaining the significant factors, Box-Behnken 
Design (BBD) Response Surface Methodology (RSM) was 
executed to find optimum conditions for the highest GA3 
fermentation with a quadratic model having date waste, 
NaNO3, urea, (NH4)2SO4, and as factors. After optimiza-
tion, the final production of GA3 was achieved 8.16 g/kg.

BBD-RSM was also implemented by Isa and Mat Don 
[62] with incubation time, inoculum sizes, and precursor 
concentration (olive oil) as independent variables selected 
with 3 levels having a total of 17 runs in SSF. Optimized 
condition after experiment was concluded as -incubation 
time 7 days, inoculum size 21% (v/w), and 2% (v/w) olive 
oil concentration. After fermentation, GA3 concentration 
reached 31.95 mg/kg substrate which increased by 16.7% 
as compared with initial unoptimized media.

Orthogonal experimental design L9 (34) reported by 
Escamilla et al. [46] using G. fujikuroi. In that temperature, 
pH, C:N (glucose:NH4Cl), and rice flour concentration were 
taken as factors with 3 levels in the fluidized bioreactor 
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having 9 runs total in SmF. Immobilized medium beads were 
added for fermentation. In the end, the final 3.9 g/L GA3 
production was achieved which was 3 times higher than the 
initial 1.1 g/L production.

Rodrigues et al. [57] adopted a simplex lattice design with 
six factors in the form of six agro-industrial residues using 
5 fungal strains. The substrates utilized for GA3 SSF were 
citric pulp, soy husk, cassava bagasse, soy bran, sugarcane 
bagasse, and coffee husk. Among these, the citric pulp (CP) 
resulted in the highest production of GA3 5.9 g /kg of dry 
CP in SSF after the optimization.

Mathematical models were also exploitable as an optimi-
zation tool. With limited assumption, GA3 production corre-
lated to a specific growth rate of organism was characterized 
by Monod type relationship and that was developed based 
on batch kinetics in SmF [48]. Another model was moulded 
by Gohlwar et al. [63] using milk permeate as a medium for 
GA3 production in SmF. In this model, the dependence of 
GA3 production with various fermentation parameters was 
analysed by a non-linear multiple regression model.

Downstream Processes

Downstream processes (DSP) comprise the post-fermenta-
tion processes. It is operated when the fermentation system 
contains a higher quantity of desired metabolites. These pro-
cesses aim to recover the product with its original poten-
tiality from the system. DSP can be divided into a series 
of distinct unit processes linked together to accomplish the 
product purification [34].

Various factors are affecting these recovery and purifica-
tion steps including morphology of the organism, by-product 
present in the medium, and mode of production. The cost 
of DSP is higher in SmF as compared to SSF and SSSF 
media [4].

Primary Recovery

The physical and chemical properties of the product, as well 
as its concentration and location, are apparently key factors 
as they determine the initial separation steps and the overall 
purification strategy. In some cases, pre-treatment is required 
to avoid inactivation or degradation of the product. Because 
of handling, spillage, and other related factors, some quan-
tity of product loss is inherent in all of this downstream 
processing [8].

The first step in GA3 recovery begins with filtration and 
centrifugation for the removal of larger particles from the 
medium and separation of mycelia or pellets from the culture 
filtrate [54]. In general, SSF and SmF show similarities in 
the recovery process after obtaining the filtrate that con-
tains fermented GA3. In SSF, the supernatant is acquired 

by adding various solvents to the medium and then stirring 
under optimal conditions to achieve uniformity then fol-
lowed by centrifugation and filtration processes, whereas 
in SmF, the fraction of fermented medium in the form of a 
sample can be collected then filtration and centrifugation 
are performed. The supernatant is used for GA3 extraction. 
Another technique such as supercritical fluid extraction 
or multiple countercurrent leaching could be used for the 
extraction [4].

Several data were collected in SSF for the primary extrac-
tion, which includes the addition of various solvents as well 
as their mixing durations, and centrifugation rates related to 
the solid media and subsequently fermentation completion.

Solid cultures were milled after drying for 24  h at 
40 °C. The dried sample was then extracted overnight with 
a 100 mL mixture of ethanol and water (1:1, v/v) [64]. 
Whereas Bandelier et al. [54] stated a 10% (v/v) ethanol 
aqueous solution at a solid medium to solvent ratio of 1:3. At 
25 °C, the solution was mixed at 100 rpm for 1 h. Phosphate 
buffer (pH 8.0) was added to fermented media and mixed 
for 1 h [57]. Distilled water [51], 70% methanol [58], and 
butanol [65] were also employed as mixing solvents. Fur-
ther, crude samples were centrifuged at a range of 4000 to 
12,000 rpm [66, 67] in SSF and SmF. After centrifugation, 
the liquid fraction is used for the extraction of GA3 and for 
the rest of the downstream processes.

When compared to many other secondary metabolites, 
the concentration of GA3 is low in the medium after the 
fermentation. As a result, recovering GA3 from fermentation 
broth necessitates handling a considerable volume of liquid 
to separate a relatively small amount of GA3.

Extraction of GA3

The cell-free extract is then subjected to adsorption, liq-
uid–liquid extraction, or clarification steps. The most com-
monly used technique is repeated liquid–liquid extraction 
followed by a vacuum evaporator for concentration [68]. 
New industrially viable GA3 recovery techniques and the 
optimization of existing techniques are still necessary to 
lower downstream costs and reduce GA3 losses that typi-
cally occur [4].

Adsorption

Metabolites can be purified and separated through adsorp-
tion. To separate the desired metabolite, an adsorbent col-
umn packed with a solid resin with an affinity to the solute 
is used. Metabolite is then recovered from the loaded resin 
while the other components of the solution flow through the 
system. This resin can be reused for subsequent cycles [69].

The polarity of GA3 is lower; hence, resin with moderate 
polarity showed a higher adsorption effect [4]. Tang et al. 
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[70] investigated the adsorption efficiency. The medium and 
weak polarity resins (X-5, S-8, and AB-5) in comparison 
with nonpolar (D3520, D4006, and D4020) and polar (NKA-
9) resins were used by the researcher. Using S-8 resin, GA3 
recovery reached 90%, and the concentration was higher 
compared to those extractions of GA3 without resin. XAD-
16, C18, and activated charcoal were also utilized to remove 
impurities whereas activated charcoal has proven efficient 
material for adsorption [71].

Liquid–Liquid Extraction

It consists transfer of the GA3 from one solvent to another 
solvent that has more affinity. Ethyl acetate is used com-
monly for liquid–liquid extraction that solubilizes GA3 from 
the aqueous phase [72]. Instead of ethyl acetate, Uslu et al. 
[73] illustrated tridodecylamine as an extractant dissolved 
in three solvents (Isoamyl alcohol, octane-1-ol, and decane-
1-ol) for liquid–liquid extraction. In that isoamyl alcohol 
displayed 96.37% extraction efficiency as compared to oth-
ers. However, liquid–liquid extraction necessitates a large 
volume of solvents, and their recovery amount is compara-
tively reduced from the original volume which results in a 
significant solvent loss.

An aqueous two phase system (ATPS) is advantageous 
for extraction of GA3 in which mutual incompatibility of 
two polymers or a polymer and a salt in aqueous solution 
formed this ATPS. Polyethylenimine (PEI) / Hydroxyethyl-
cellulose (HEC)-based ATPS for extraction was explored by 
Shukla et al. [68]. In a cell-free stream, by properly designed 
ATPS is quite useful to overcome the problem of low prod-
uct extraction.

Emulsified Liquid Membrane

Using emulsion liquid membrane (ELM) technology, Ber-
rios et al. [74] investigated the extraction of GA3. The sys-
tem used in this study was water in oil emulsion consisting 
of KCl aqueous solution and n-heptane stabilized by the 
surfactant SPAN 80. Aliquat 336, a common carrier, was 
added to the organic phase to improve mass transfer and 
selectivity. The extraction yield was 68% with a 2.2-fold 
increase in concentration. These findings imply that GA3 
extraction using ELM is entirely feasible.

Purification of GA3

Specific details about the purification steps are usually not 
published but kept by every manufacturing company as con-
fidential business information. Researchers follow repeat-
edly liquid–liquid extraction and then the organic phase was 
subjected to treatment with Na2SO4 for removal of water. A 
repeated procedure of extraction can be performed for the 

elimination of impurities. At last, this solvent is followed 
by vacuum evaporation and drying for the crystallization 
of GA3 [75].

GA3 Analysis and Estimation

GA3 analytical procedures are classified into two types gen-
erally as biological assays and physicochemical methods. 
Bioassays are used when a high level of specificity and 
sensitivity is mandatory but they are not appropriate when 
fermentation is operated and analysis of GA3 is constantly 
monitored. Physicochemical instrumentation methods such 
as colorimetric, spectrophotometric, and fluorometric meth-
ods are relatively simple and can be completed within a short 
period hence commonly preferred in fermentation industries. 
However, these methods have the disadvantage of requiring 
pre-treatment of the sample to remove interfering substances 
present in the fermentation broth [8, 76].

Spectrophotometric Method

Holbrook et al. [77] described GA3 spectrophotometric 
quantification at 254 nm. In brief, this method involves 
adding HCl to the sample and measuring the absorbance 
at 254 nm after 75 min. During this time, the absorbance 
reaches a maximum and then gradually decreases. This 
method is simple and quick, making it ideal for measuring 
higher concentrations and a larger number of samples, but 
it is not specific to GA3. Through broth acidification with 
HCl, GA3 is converted into gibberellenic acid [76]. However, 
high purity of broth samples is required for this method to 
avoid interruptions during estimation, particularly when the 
fermentation media are not defined.

Berríos et al. [76] modified the above estimation method. 
The author showed that the conversion of GA3 into gibber-
ellenic acid is linear and this linearity can be seen within 
2 min after the addition of HCl. Therefore, the incubation 
period is reduced from 75 min, and recording the absorbance 
at 254 nm with each 20 s intervals up to 2 min after add-
ing 3.75 M HCl immediately. This method has a sensitivity 
threshold of 0.1 g and accuracy is greater than 97% for GA3 
concentrations ranging from 0.1 to 1 g L −1.

Graham and Henderson [78] mentioned a producible 
and quantitative method for GA3, ranging the concentration 
from 5 to 50 μg/mL. Folin—Wu phosphomolybdic acid rea-
gent was mixed with purified broth and incubated at 100 °C 
for 1 h. After incubation, the absorbance was calculated at 
780 nm. If sodium tungstate was removed from the reagent, 
then absorbance should be measured at 660 nm. Another 
colorimetric estimation was illustrated in which the absorb-
ance was taken at 730 nm when GA3 reacted with the Folin-
Ciocalteu reagent [79].
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The alkaline 2,4-dinitrophenylhydrazine (DNPH) method 
for estimating GA3 was successfully adapted by Graham and 
Thomas [80]. GA3 reacts with acidic 2,4—dinitrophenyl-
hydrazine. The resulting product possibly the 2,4—dinitro-
phenylhydrazone of gibberic acid, treated with alcoholic 
potassium hydroxide at 100 °C for 5 min, produces a stable 
wine-red colour. The intensity of the colour is proportional 
to the amount of GA3 present when it is measured at 430 
or 540 nm. A similar estimation procedure was stated by 
Desai [81].

Chromatographic Method

As compared to the spectrophotometric methods, chroma-
tographic methods are more reliable, sensitive, and accurate 
for the analysis of GA3. These methods enable the qualita-
tive as well as quantitative determination of GA3 after the 
purification steps.

High‑Performance Liquid Chromatography (HPLC)

HPLC is the appropriate technique for biomolecule analy-
sis. In HPLC, the mobile phase is a liquid carrier stream 
that transports the injected sample through the separation 
column and to the detector. Individual components are sepa-
rated in the separation column based on physicochemical 
interactions, and the elution order is determined by such 

interactions. The separated components are detected by 
the detector based on the absorption of light or changes in 
refractive index, electrochemical/conductivity changes, or 
simply the size distribution of eluting molecules.

The UV detector is commonly used in HPLC for the assay 
of GA3 from the fermented broth. Several published data 
for GA3 analysis by HPLC are mentioned in the following 
Table 4.

Thin‑Layer Chromatography (TLC)

Thin-layer chromatography is a method for identifying 
primarily GA3 after purification steps. It can be used for 
quantification based on colour intensity but is not reliable. 
However, it is a cheaper method for the detection of GA3 as 
compared to HPLC. Following the completion of the chro-
matographic separation on silica paper, colour development 
solvents are sprayed and visualized under ultraviolet light. 
The retention factor and colour specification of standard 
GA3 are considered when extracted GA3 sample is testified 
by TLC. Few data on TLC for GA 3 are listed in Table 5.

Fourier Transform Infrared Spectrometer (FT‑IR)

FT-IR is used to assess the purity as well as the functional 
group of the compound. Qualitative analysis of plant hor-
mones such as GA3 can be analysed through FT-IR as the 

Table 4   HPLC data for GA3 analysis

Reference Stationary phase (column) Mobile phase Flow rate mL/min Detector light/ 
Wavelength 
UV

Castillo and Martinez [82] Reversed-phase C18 column Spher-
isorb S5ODS1 (25 cm × 4.6 mm 
i.d., 5 μm)

30% methanol containing 0.01 M 
H3PO4, adjusted with KOH to pH 3

– 206 nm

Escamilla et al. [46] Bondapak C18 analytical reverse-
phase HPLC Column

A mixture of 75% methanol and 25% 
KH2PO4 buffer (75:25)

1.8 204 nm

Machado et al. [56] C18 (5 μm, 4.5 × 250 mm) Methanol and water (40:60) – –
Shukla et al. [48] C18 column at 45 ◦C 30% methanol containing 0.01 M 

phosphoric acid
– 254 nm

Satpute et al. [58] Bondapak C18 column of 
3.9 mm × 300 mm, having particle 
size of 10 μm

Methanol (HPLC grade) 1.0 222 nm

Bhalla et al. [31] LiChrospher on RP-18 packed stain-
less steel column (250 × 4 mm i.d.)

Acetonitrile and acidic water (0.01% 
H3PO4) in the ratio of 60:40

0.6 206 nm

Negrete-rodriguez et al. [83] Reversed-phase C18 ChromSpher 
(250 × 4.6 mm i.d., 5 μm,

A methanol–water mixture contain-
ing 10 mM H3PO4 and adjusted to 
pH 3 with 40% NaOH

– 206 nm

Haldar et al. [65] C18 column Methanol 1.0 206 nm
Sun et al. [84] XDB-C18 column 4.6 × 250 mm, 

5 µm
40% methanol (v/v, pH 4.0) 0.4 210 nm

Ben Rhouma et al. [61] C18 column Methanol and water (80: 20) 20 μl/min 210 nm
Zhang et al. [85] C18 column (4.6 mm × 250 mm, 

5 μm,
Methanol/phosphoric acid an aque-

ous 40:60
0.6 210 nm
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method. It can be done for the purified GA3 obtained from 
the fermentation by comparing it with the standard solution 
or powder of GA3 using the method described by evaluating 
both spectra results that indicate the qualitative analysis of 
GA3. The transmittance was carried out in the form of potas-
sium bromate (KBr) pellets in the range of 400—4,000 cm−1 
and the chromatograph of GA3 was mentioned by Omojasola 
and Adejoro [40].

Gas Chromatography‑Mass Spectrometry (GC–MS)

A heated injector is used to introduce samples into the GC 
capillary column to act as a stationary phase. Inert gases like 
helium or nitrogen are used as carrier gas/ mobile phase. 
Components are separated into a column based on a com-
bination of molecular mass and polarity. Then, it enters in 
the MS source sequentially via a heated transfer region. The 
MS is an analytical instrument that generates a beam of gas 
ions from samples and sorts the resulting mixture of ions 
using electrical or magnetic fields. It provides a digital out-
put signal (peaks) from which the mass-to-charge ratio and 
intensity of each detected ionic species can be determined.

Method parameters for GA3 analysis by GC–MS were 
cited by Suwannasom et al. [88]. In that, the capillary GC 
column used was a ZB-5 (30 m × 0.25 mm i.d., Zebron). 
The following conditions were used: the column temperature 
was held at 150 °C for 2 min then increased at 20 °C /min 
to 280 °C and maintained for 2 min; helium was used as 
the carrier gas at a linear flow rate of 1 ml/min. The injec-
tion and interface temperatures were 250 °C and 280 °C, 
respectively. Electron energy was 70 eV. Extracted GA3 was 
identified by comparing their mass spectra to authentic GA3 
spectra.

Another GC–MS programming parameter was mentioned 
by Choi et al. [30]. The authors have described conditions 
as follows: sample volume was 1 μL; Helium as carrier gas; 
column temperature program – 1 min hold at 60 °C, then 

to rise at 15 °C min−1 to 200 °C followed by 5 °C min−1 to 
285 °C. The GC was connected directly to a MS Detector, 
which had an interface and source temperature of 280 °C, 
an ionizing voltage of 70 eV, and a dwell time of 100 min.

Other Methods

A lower amount near 4.97 nmolL−1 of GA3 can be quantified 
by a modified graphite pencil electrode [89]. An electro-
chemical sensor based on 5-ethyl 5-phenyl barbituric acid 
(EPBA) / Polyvinylpyrrolidone (PVP) with modified pencil 
graphite (PG) electrode was constructed in this method for 
quantification of GA3.

Apart from this method, fluorometric and spectrofluoro-
densitometric methods for the estimation of GA3 were also 
notably used [4, 8, 22]. With the help of the radioimmu-
noassay technique, femtomolar quantities of GA3 were deter-
mined by Weiler and Wieczorek [90].

A nuclear magnetic resonance (NMR) spectrometer was 
used to confirm the structure of purified GA3. A Brucker AV 
500 MHz NMR spectrometer was used to record 1H NMR 
spectra of GA3 in deutero-chloroform [10].

Applications

GA3 is available in a variety of forms including soluble 
powder, liquid, tablet, water-dispersible granular, and wet 
powder. The shelf life as well as the stability reduced when 
the liquid formulation of GA3 was accomplished in water. 
As a result, GA3 is frequently dissolved in alcohol. GA3 in 
solid and liquid forms has some disadvantages in terms of 
transportation, storage, and use [4]. Formulation types and 
examples of commercial products of GA3 were reported by 
Camara et al. [4] in their review article. The cost of GA3 
in the market is varying based on the type of formulation, 
purity, and concentration of GA3 in a particular product.

Table 5   TLC data for GA3 analysis

Reference Mobile phase Colour development solution/ spraying solu-
tion

Colour

Saucedo et al. [86] Benzene: Propionic acid: Water 6:3:1, and 
ethyl acetate in the ratio of 6:4

5% sulphuric acid in ethanol –

Latus-Zietkiewicz et al. [64] Ethyl alcohol: Chloroform:25% Ammonium 
Hydroxide (6:4:1, v/v)

To1uene:Ethyl acetate:80% Formic acid (6:3: 
1, v/v/v)

Vapours of concentrated HCI Grey-blue 
fluorescence 
of GA,

Machado et al. [56] Chloroform: Ethyl acetate: Acetic acid 
(40:60:5)

80% methanol in water –

Puyam et al. [87] Isopropanol: Ammonia: Water (10:1:1,v/v/v) 3% sulphuric acid in methanol and 50 mg 
Fecl3

Greenish spot

Sharma et al. [75] Isopropanol: Ammonium Hydroxide: Water 
(10:1:1 v/v/v)

Concentrated sulphuric acid (30: 70 v/v) Grey colour spot
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GA3 is one of the most commercial and physiologically 
effective gibberellins for industrial and agricultural appli-
cations so far [22]. GA3 is significantly used as a plant 
growth regulator and the benefits include increased crop 
production and quality.

As malted barley is the primary raw material used in 
beer production, malt quality is crucial to the end product's 
quality. The development of the malting process in the 
brewing industry is expensive and time-consuming. Hence, 
GA3 is widely used for the malting process. 7–10 days is 
the normal steeping and germination time, whereas the 
addition of GA3 can cut the time down to 1–3 days [21].

GA3 is applied to the crop exogenously by various 
methods like foliar spraying, seed priming, and plunging. 
The application range of GA3 is 100–150 ppm, 10–6 M [91, 
92]. Some of the effects on plants by GA3 are mentioned 
in the following Table 6.

Future Prospects

GA3 is a member of the gibberellin family of plant growth 
regulators. Commercial production of GA3 using high-
yielding strains is used in agricultural farms for rapid crop 
production and flowering that comprise green revolution to 
meet global food requirements. For that, the essential sub-
jects connected to GA3 fermentation, analysis methods for 
GA3, and application were discussed in this paper. Solvent 
extraction, adsorption, and concentration with higher puri-
fication procedures are commonly used in downstream pro-
cesses of GA3. Nowadays, much more attention is needed 
for the large-scale production of GA3 with low-cost down-
stream processes, effective strain improvement, and alter-
native strategies of production mode. Resultantly, various 
production techniques are constantly being tested, yielding 
new perspectives for GA3 production. The hunt for novel 
and cost-effective GA3 manufacturing techniques would 

Table 6   Application of GA3 on various plants

References Species/target Action/effect

Porat et al. [93] Oroblanco citrus fruit Citrus grandis Osbeck × C. 
paradisi Macf.)

Reduced the degreening

Choi et al. [94] Sweet cherry (Prunus avium L.) Increased fruit firmness at harvest, slowed fruit softening, 
and delayed fruit maturity by 5–8 days

Koyuncu [95] Black mulberry (Morus nigra L.) Seed dormancy breaking
Kaya et al. [96] Maize (Zea mays L. Cv., dk 647 f1) Improved the water stress tolerance
Shah [97] Mustard (Brassica juncea L. Czern & Coss, cv. Varuna) Reduction in salt stress
Jamil and Rha [98] Sugar beet (Beta vulgaris L. cv. Tianjin qing pielan) Salt tolerance increasing
Cline and Trought [99] Prunus avium cv. Bing and Prunus avium cv. Sam Resistant to crack of pomegranate fruit. Improved fruit set 

as well as to control apple rusting
Hamayun et al. [100] Soybean (Glycine max) cv. Hwangkeum Increased plant length and fresh/dry biomass

Salt stress reduction
Sangeetha et al. [101] Grapes (vitis vinifera L.) Improved berry quality
Sajid et al. [91] Chrysanthemum morifolium cv. Fanfare Increase in plant height, flower size, flower fresh weight, 

leaf area and leaf numbers
Hassankhah et al. [102] Walnut (Juglans regia) cv. ‘Chandler’ Increased the number of male flowers, total flowers, and 

male: female flower ratio per branch
Hussien Ibrahim et al. [92] Wheat varieties Increasing wheat salt tolerance in high salinity con-

centration. GA3 application of pre-soaking positively 
influenced germination and early seedling growth

Miceli et al. [103] Leaf lettuce (Lactuca sativa L. var. Crispa cv. ‘Lattuga 
da Taglio a Foglia Liscia’, Sementi Dotto and Rocket 
(Eruca sativa L. cv. ‘Coltivata da orto’, Sementi 
Dotto)

Promote growth and quality
Retarding senescence

Pereira et al. [104] Solanum lycopersicum var. cerasiforme Enhanced plant development, increased fruit productivity
Ramesh et al. [105] Rice (Oryza sativa L.) Increased rice production
Talat et al. [106] Kinnow mandarin (Citrus reticulata Blanco) Increase fruit quality
Lin and Agehara [107] Blackberry (Rubus L. subgenus Rubus Watson) Bud dormancy breaking
Iftikhar et al. [108] Wheat (Triticum aestivum L.) Reduced heavy metal uptake and abiotic stress in plants, 

improved nutritional quality and growth of the wheat
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definitely expand its applicability, benefiting the productiv-
ity and quality of various cultivars all over the world.
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