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Abstract
Fungal endophytes are the subject of intense research due to their plant growth-promoting properties and production of plant 
growth regulators (PGRs). This study evaluated the potential synergistic interaction between indole-3-acetic acid (IAA) and 
crude fungal extract (CFE) derived from Rhizopus oryzae (coriander roots isolate), on 24 growth attributes in spinach. Cori-
ander roots were investigated for fungal endophytes, the isolate was assessed for IAA production, and the CFE was examined 
for plant growth-promoting properties. Groups of spinach plants were aerially sprayed with CFE or IAA separately and 
concurrently every week for 42 days in a research greenhouse. In total, 15/24 vegetative and 9/24 physiochemical plant traits 
were monitored for improvements. Morphological identification of Rhizopus oryzae was confirmed through 18S sequencing 
and was registered for 35.2 mg  L−1 of IAA in culture. Among the three CFE treatments (CFE-100, CFE-250, CFE-500), 
only CFE-500 exhibited bioactivities and promoted 15/24 growth attributes. Similarly, IAA alone improved 19/24, while 
concurrent treatment with CFE and IAA interactively affected 23/24 plant features. Briefly, 18/24 synergistic, 3/24 additive, 
and 3/24 antagonistic interactions were registered between CFE and IAA. Taken together, CFE exhibited growth-promoting 
properties when used individually but synergistically improved 18/24 plant traits when applied concurrently with IAA. It 
is obvious that the isolate is a potential biofertilizer and industrial organism and may be trial inoculated to variety of plant 
roots for enhancing agricultural productivity.
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1 Introduction

Sustainable agricultural productivity is desirable to meet 
the food demand of increasing global population. Currently, 
huge quantities of organic and inorganic fertilizers are used 
by the farmers to enhance crop growth and yield. However, 
long-term application of synthetic fertilizers influences the 
soil negatively and ultimately contributes to the soil pol-
lution. Therefore, agriculturists are now turning to adapt 
eco-friendly biological fertilizers (Suebrasri et al. 2020). 

Certain fungi establish a mutually beneficial association 
with plants without causing disease symptoms and are called 
endophytes. This is an extreme adaptation where the fungus 
resides inside the plant tissues, protected from environmen-
tal stresses like mycoparasites, rival microbes, direct sun-
light, UV radiation, extreme temperatures, and desiccation. 
In this safe ecological niche, the symbiont receives min-
erals and organic nutrients (e.g., carbohydrates, proteins, 
vitamins, organic acids) and in return prepare host-specific 
active metabolites that assist the host in its physiological 
functions (Baron and Rigobelo 2022; Roberts 2022). The 
endophytes enable the host to resist biotic (birds, insects, 
and mammals) and abiotic (drought, salt, and heat) stresses 
(Hussain et al. 2020a; Turbat et al. 2020). On average, every 
plant harbors more than one endophyte, and therefore over 
one million fungal strains may be associated with 300,000 
higher plants (Fouda et al. 2015).

Auxins, abscisic acid, gibberellins, cytokinins, and 
ethylene are important plant hormones regulating almost 
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every aspect of plant growth and development. Produc-
tion of plant hormones is the most important attribute 
associated with fungal endophytes (Jahn et  al. 2021; 
Hori et al. 2021). Auxin or indole-acetic-acid (IAA) is 
considered the principal plant hormone involved in plant 
growth and development. It is a multifunctional PGR, 
controlling cell division, elongation, differentiation, pho-
totropic and geotropic responses, flower formation, fruit 
ripening, senescence, and apical dominance (Pradhan and 
Tayung 2019). Auxin is a signaling molecule and affects 
the expression of many genes that are involved in the 
physiological process of plant growth and development. 
Therefore, IAA producer endophytes have received much 
attention recently (Zhang et al. 2022; Jahn et al. 2021).

Medicinal plants offer a huge repository of fungal 
endophytes and need to be fully explored for unique 
strains with biotechnological features. Coriander (Cori-
andrum sativum Linn) is a well-known medicinal, spice, 
and flavoring crop, possessing medicinal and nutritional 
values. It belongs to the Apiaceae family and is widely 
used for treating various health issues (Aftab et al. 2020). 
Coriander was selected for this study because of efficient 
growth under a variety of environments and stressed con-
ditions (Khodadadi et al. 2017). Based on current litera-
ture, there was no study on the fungal endophytes associ-
ated with coriander roots and their potential role in plant 
growth promotion. The growth-promoting properties of 
the fungal isolate were assessed using Spinach (Spinacia 
oleracea L.) plant.

The effects of growth-promoting endophytes and syn-
thetic plant hormones on plant growth and development 
have gained considerable attention and are under intense 
research recently (Turbat et al. 2020; Rabiei et al. 2020; 
Hussain et al. 2020a). The idea of improved plant growth 
and development through combination of two or more 
synthetic plant hormones is well established in plant sci-
ences (El-Karamany et al. 2019). However, reports on the 
combined effect of synthetic plant hormones and extract 
derived from growth-promoting fungal endophytes are 
limited. Compared to fungus inoculum, CFE application 
has the advantage to be prepared on large scale industri-
ally, by culturing the most efficient endophytic strain for 
extraction. Interaction between CFE and synthetic PGRs 
may produce synergetic, additive, or antagonist effects 
on plant growth and development. The current study was 
aimed (1) to characterize fungal endophytes isolated from 
coriander roots for IAA production and (2) to assess the 
growth-promoting properties of CFE derived from the 
isolate singly and (3) potential synergistic effect of CFE 
by applying concurrently with IAA in spinach. Similarly, 
the level of growth-promoting activities in CFE will be 
used to (4) hypothesize industrial potential of the strain.

2  Materials and Methods

2.1  Plant Collection and Sampling Area

Plant collection was made from 5 different points at Pesha-
war (34° 1′ 33.3012″ N and 71° 33′ 36.4860″ E) KPK 
(Khyber Pakhtunkhwa), Pakistan, in the months of July 
and August 2019. Ten young, healthy, and fresh whole 
plants from each point were collected in sterile plastic 
bags and transferred to the Biotechnology Laboratory at 
Sarhad University Peshawar, Pakistan. Plant samples were 
stored at 4°C until further procedures, the next day. Ran-
domly, 1 plant from each point was autoclaved to be used 
as negative control.

2.2  Surface Sterilization

Plant samples were prepared for inoculation as described 
by Turbat et al. (2020). Clay particles were removed by 
washing the plant thoroughly with running tap water and 
then rinsing thrice with sterilized  dH2O. Roots were sepa-
rated from the whole plant with a sterilized blade and cut 
into 1-cm-long sections for inoculation. Five root sections 
from each area were prepared which collectively resulted 
in 25 inoculations. Each section was surface sterilized by 
immersing in 70% ethanol for 1 min, followed by immer-
sion in 2% sodium hypochlorite for 5 min and soaked again 
in 70% ethanol for ½ min. Sterilized root sections were 
rinsed thrice with autoclaved  dH2O and wrapped in steri-
lized filter paper for 6 h. To check the success of steriliza-
tion, water from the last washing step was collected in a 
disinfected beaker and streaked on potato dextrose agar 
(PDA) plate for fungal growth.

2.3  Isolation of Endophytic Fungi

Root sections were carefully placed on Sabouraud Dextrose 
Agar plates (supplemented with 50 µg  ml−1 of penicillin-G) 
with sterilized forceps and incubated at 27°C for 7 days. The 
growth was checked daily until the fungal colonies appeared 
on the plates. Percent frequency of colonization was deter-
mined by using Eq. 1 (Mehmood et al. 2018).

Fungal colonies having similar shape and color were sub-
cultured on PDA slants. The re-culturing was repeated mul-
tiple times until the pure culture was obtained. Preliminary 
identification of the isolate was performed through micro-
scopic study.

(1)Colonization Frequency (%) =
Number of Colonies formed

Total Inoculation
× 100
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2.4  Molecular Characterized

Phenol/chloroform/iso-amyl alcohol (PCI) method described 
by Gul et al. (2017) and Katoch et al. (2017) was used to 
extract genomic DNA. Fungal isolate was identified by 
sequencing the ITS region of 18S DNA. The target gene 
was amplified using the primers NS1 5′ (GTA GTC ATA 
TGC TTG TCT C) 3′ and NS8 5′ (TCC GCA GGT TCA 
CCT ACG GA) 3′. Polymerase chain reaction was performed 
in a 50 μl reaction mixture containing 27.5 μl master mix, 
13.5 μl deionized water, 1 μl of each primer, and 7 μl of 
genomic DNA. For amplification, thermal cycler (T100 Bio-
Rad, USA) was initially set at 94°C for 3 min to activate 
Taq polymerase. This was followed by 35 cycles of 94°C 
(1 min for denaturation), followed by 55°C (30-s primer 
annealing), 72°C (1 min for extension), and final step of 
72°C for 10 min. Services of MS Macrogen Korea were 
obtained for sequencing and purification of amplified DNA 
(size 1757 nucleotides). Sequencing errors were determined 
and cleaned with Finch TV (Version 1.4.0), while alignment 
was performed with Codon Code Aligner (trial version V. 
8.0.2). To find out the identity values, the sequence was ana-
lyzed and compared with the sequences present in the Gen-
Bank database using BLAST tools from the NCBI website. 
Phylogenetic tree was constructed using MEGAX32 soft-
ware and by applying neighbor-joining method with a con-
fidence level of 1000 repeat bootstrap value. The sequence 
was deposited into the NCBI GeneBank under the Accession 
No MW331683.

2.5  IAA Quantification

IAA produced in the culture was qualitatively detected 
(Suebrasri et al. 2020) and then quantified using spectro-
photometric methods of Suebrasri et al. (2020) with minor 
modifications. The quantification was made using standard 
curve technique. Ten dilutions (5, 10, 15, 20, 25, 30, 35, 
40, 45, and 50 µg  ml−1) of IAA were prepared from stock 
solution in ethanol. Five milliliters from culture was centri-
fuged at 8000 rpm for 5 min at RT. One milliliter from each 
supernatant and standard IAA solution was mixed with 2 ml 
of Salkowski’s reagent and kept in dark for 120 min. Optical 
density was read at 530 nm and the standard curve used for 
IAA quantification. The cultures were filtered through steri-
lized filter paper (Whatman No. 1), and the culture filtrate 
(CF) was subjected to HPLC with a UV detector set at 280 
nm and column size C18 (5 μm; 25 × 0.46 cm).

2.6  Extract Preparation and Greenhouse 
Experiment

The isolate was cultured in Erlenmeyer flasks (250 ml) 
containing potato dextrose broth (150 ml), by inoculating 

a 5-mm plug, taken from PDA culture. The culture was 
allowed to grow at 27°C for 7 days. The mycelia were 
crushed with glass spheres and separated through vacuum 
filtration, with 0.45-μm filter paper. The filtrate was then 
extracted with 50 ml of ethyl-acetate (1:1 ratio) using a sepa-
rating funnel. The extract was subjected to reduced pres-
sure using rotary vacuum evaporator at 40°C and 20 mbar, 
until concentrated to semisolid crude form (Suebrasri et al. 
2020; Turbat et al. 2020). Plant growth-promoting activ-
ity of CFE alone and synergistic effect in combination with 
IAA were assessed in an experimental greenhouse using 
spinach plant. The focused plant characters included whole 
plant lengths (WPLs), shoot lengths (SLs), root lengths 
(RLs), number of leaves/plant (NOL/P), leaf blade lengths 
(LBLs), leaf blade widths (LBWs), flag leaf area by manual 
method (FLAM), flag leaf area by camera scanner (FLACS), 
total soluble protein (TSP), total soluble sugar (TSS), fresh 
shoot weight (FSW), dry shoot weight (DSW), shoot water 
contents (SWC), fresh root weight (FRW), dry root weight 
(DRW), root water contents (RWCs), root/shoot ratio (R/S), 
chlorophyll a (Chl-a), chlorophyll b (Chl-b), total chloro-
phyll (Chl-t), total carotenoids (TCar), β-carotene (βCar), 
and xanthophyll (Xan).

Flat-leafed spinach seeds were kindly obtained from 
PCSIR Laboratory Peshawar, Pakistan. The experiment was 
carried out in randomized complete block design, comprised 
of 6 treatments weekly for 4 weeks as CFE-100, CFE-250, 
and CFE-500 (received 100, 250, and 500 mg  L−1 of CFE, 
respectively); IAA-25 (received 25 mg  L−1 of IAA); CFE-
250+IAA-25 (received combination of 250 mg  L−1 CFE 
and 25 mg  L−1 IAA); and N-control (received sterilized 
 dH2O only). A total of 120 healthy seeds were selected and 
sterilized as described above (Section 2.2.). The disinfected 
seeds were placed evenly on water soaked sterilized filter 
paper in Petri plates (10 seeds in each) and allowed to grow 
for 7 days at 25°C in the dark (Gong et al. 2021). Equal sized 
6 germinated seeds were transferred into 500-ml plastic pots, 
packed uniformly with 500 g of soil. Cultivated layer of soil 
(0–20 cm) from a clean pristine site was used for pot pack-
ing. To prepare a homogenized soil sample, unnecessary 
pebbles were removed and sieved with 2-mm sieve. To pre-
vent unwanted weed growth and destroy phytopathogenic 
spores, the soil was sterilized by autoclaving at 121° C for 
15 min. Textural class of pot soil was checked and was found 
loamy with 35% silt, 28% sand, and 37% clay. Important soil 
features were assessed and found as cation exchange capac-
ity (mEq) = 41.5, electrical conductivity = 1080, organic 
matter = 3.2, organic carbon = 1.6, and pH = 6.7.

After the seedlings successfully established roots (3 
days), the density was reduced to 3 healthy plantlets per pot 
and shifted to greenhouse. Cultivated plantlets were allowed 
to grow at 8–20°C, 60–80% humidity, and 14-h illumina-
tion (8000 lux) period and watered with deionized water, 
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as described by Gong et al. (2021). Thereafter, plantlets 
in each pot were aerially sprayed with 100, 250, and 500 
mg  L−1 (prepared in  dH2O) of CFE and 25 mg  L−1 IAA 
separately and 25 mg  L−1 IAA combined with 250 mg  L−1 
CFE. Depending on the age and size of the plantlet, 5–10 ml 
(approximately) of each solution was used on the plantlet in 
the pot, using a hand pump. Negative control received auto-
claved  dH2O. During the experimental period, all groups 
of plants were irrigated twice a day with a fixed amount 
(30 ml) of autoclaved tap water. On the 42nd day of experi-
ment, the plants were harvested and assessed for vegetative 
and physiochemical features. Cumulative time duration from 
seed selection to grownup plants was 52 days in total.

Both treated and control groups were carefully uprooted 
from the pot. Soil particles were removed by rinsing the 
whole plant slowly with tap water. To minimize root dam-
age, a delicate paint brush was used to clean roots. All plants 
were blotted dry by mildly pressing between the paper tow-
els for ½ min. Keeping record of each group, lengths of 
whole plant, roots, and shoots were measured with a ruler. 
Roots and shoots (before the individual leaves separated) 
were then separated, and fresh weights of whole plant and 
separated parts were measured with a digital balance. Three 
leaves from each group were randomly selected for chloro-
phylls, carotenoids, soluble sugar, and soluble protein inves-
tigations. The remaining leaves and roots were dried for 48 h 
at 75°C in a hot air oven and analyzed for dry weights. Root 
to shoot ratio was determined simply by dividing root dry 
weight by shoot dry weight. Total water content in the whole 
plant, shoots, and roots was calculated with Eq. 2 (Bueno 
and Cordovilla 2021).

where WCPP is water content in plant part, FW fresh weight, 
and DW dry weight.

The number of leaves per plant in each group was 
counted. Flag leaf area was calculated manually, as well as 
with Easy Leaf Area Software using scanner camera (Cam 
Scan) in cell phone (Samsung, J7 prime) following the step-
wise instructions provided by the App makers.

2.7  Estimation of Chlorophyll a and b and Total 
Chlorophyll

Rabiei et al. (2020) were followed to assess chlorophyll a 
(Chl-a), chlorophyll b (Chl-b), and total chlorophyll (Chl-T) 
in spinach leaves treated with CFE singly and in combina-
tion of CFE with IAA. One gram of healthy fresh leaf was 
crushed finely with mortar and pestle and extracted with 
10 ml of acetone and water mixture (4:1) by shaking for 2 
min. After homogenization, the samples were centrifuged 
(5000 rpm) for 10 min at 20°C. Supernatants were subject to 

(2)WCPP (%) = [FW − DW∕DW]100

spectrophotometry (Hitachi U-2001 Japan) at 652 and 665.2 
nm. The levels of Chl-a, Chl-b, and Chl-T were calculated 
with Eqs. 3, 4, and 5, respectively (Arnon formulas).

2.8  Estimation of Carotenes and Carotenoids

Β-carotene (βCar), xanthophyll (Xan), and total carot-
enoids (TCar) were extracted with an extraction mixture 
containing 4 parts acetone and 1 part water (as described 
for chlorophyll pigments in Section 2.11). For β-carotene 
and total carotenoids, the absorption was read at 453, 470, 
505, 645, and 663 nm and calculated using Eqs. 6 and 7 
(Branisa et al. 2014).

Xanthophyll was estimated by subtracting beta-carotene 
from total carotenoids.

2.9  Total Soluble Protein (TSP) and Total Soluble 
Sugar (TSS) Contents

Fresh whole plant (500 mg) was crushed in liquid nitrogen 
and homogenized in 10 ml of potassium-phosphate-buffer 
(pH 7.5). After centrifugation (2000 rpm) for 15 min at 4°C, 
the supernatant was mixed with Bradford reagent (500 ml) 
and allowed to react for 25 min at room temperature (25±2). 
The absorbance was read at 595 nm, and protein level was 
measured (μg  g−1), by using standard curve, prepared with 
bovine serum albumin (Aslam et al. 2016). To determine 
soluble sugar, 500 mg of fresh whole plant was crushed in 5 
ml of 80% ethanol at 80°C in a water bath. After centrifuga-
tion (5000 rpm) for 15 min, the supernatant was separated, 
and the residue was re-extracted with 5 ml of 80% etha-
nol. The two extractions were mixed and diluted to 50 ml. 
One milliliter from each sample was mixed with 5 ml of 
anthrone-sulfuric-acid reagent and measured at 627 nm after 
cooling to room temperature (Qi et al., (2020).

(3)Chla
(mg

L

)

= 16.29(A665.2) − 8.54(A652)

(4)Chlb
(mg

L

)

= 30.66(A652) + 13.58(A665.2)

(5)Chlt
(mg

L

)

= 22.12(A652) + 2.71(A665.2)

(6)
Beta − carotene

(mg

L

)

=0.216(A663) − 1.22(A645)

− 0.304(A505) + 0.452(A453)

(7)
Total carotenoids

(mg

L

)

=1000(A470) − 2.27(Chla)

− 81.4(Chlb)∕227
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2.10  Statistical Analysis

Microsoft Excel sheet and GraphPad Prism (version 
5.03) were used for statistical analysis. Colonization fre-
quency, total water content, Chl-a, Chl-b, Chl-T, βCar, 
TCar, and Xan were calculated with Microsoft Excel 
sheet using Eqs. 1, 2, 3, 4, 5, 6, and 7, respectively. Syn-
ergistic effects were calculated by comparing the sum of 
changes (%) due to application of 250 mg  L−1 CFE and 
25 mg  L−1 IAA separately, with the changes (%) occur-
ring due to 250 mg and IAA collectively. For descrip-
tive analysis, two-way ANOVA was applied. The data for 
vegetative and physiochemical characters was measured 
in triplicate.

3  Results

3.1  Colonization and Identification

We observed 13 identical colonies on different culture plates. 
The colonization frequency was 52%. Based on macroscopic 
(colony) and microscopic (mycelial) features, a single isolate 
was identified from root system of coriander. The identity of 
fungal endophyte was confirmed from 18S gene sequencing, 
where the strain showed 99.5% homology (Fig. 1) to the 
sequence of Rhizopus oryzae (Accession No gi: 106364874), 
downloaded from NCBI database. The isolate belonged to 
Genus Rhizopus, class Zygomycete, phylum Zygomycota, 
and Kingdom Eukaryota.

3.2  IAA Detection and Quantification

Formation of characteristic pink color with addition of 
Salkowski’s reagents confirmed the presence of auxin in 
culture supernatant. Quantitative assessment revealed 35.2 
mg  L−1 of IAA in Potato Dextrose Broth-based culture fil-
trate. The R square value of the standard curve was 0.9843. 

Production of IAA was further confirmed with HPLC-
MS/MS analyses using the Multiple Reaction Monitoring 
(MRM) model.

3.3  Green House Experiment

Figures 2 and 3 present the average effects of each treat-
ment on growth, Table 1 on biomass, Fig. 4 on biochemi-
cal parameters, and Table 2 on the physiological features of 
spinach. Weekly application of CFE or IAA separately and 
in combination (CFE-250+IAA-25) for 42 days in a research 
greenhouse influenced 14/15 vegetative (Fig. 2a, b, c, and 
d; Fig. 3a, b, c, and d; and Table 1) and 9/9 physiochemical 
(Fig. 4a and b and Table 2) features in spinach.

Among the three CFE treatments (CFE-100, CFE-250, 
CFE-500), only CFE-500 showed significant bioactivity and 
improved 15/24 (8/15 vegetative and 7/9 physiochemical) plant 
attributes during the course of study. Four vegetative (FSW, 
DSW, FRW, and DRW) and 4 physiochemical traits (Chl-a, 
Chl-b, Chl-T, and Xan) were improved at p < 0.05, 2 physi-
ological (Chl-a/b and TCar) at p > 0.01 while six (WPL, SLs, 
LBLs, FLAM, FLACS, and TSPs) at p < 0.001. Compared to 
N-control, the maximum increase (109.4%) was noted in Chl-b.

Similarly, the P-control (25 mg  L−1 of IAA) improved 
19/24 plant features when aerially sprayed for 42 days. Sta-
tistics of our data show that 7/15 vegetative and 5/9 physi-
ochemical plant traits improved at p < 0.05, 3 vegetative and 
3 physiochemical at p < 0.01, and 1 physiochemical plant 
character at p < 0.001.

The highest improvements were registered in plants 
treated concurrently with CFE and IAA compared to either 
component alone. Out of 24 plant traits, combined applica-
tion (CFE-250+IAA-25) promoted 23 characters in spinach. 
Moreover, co-application of extract and IAA promoted 2/15 
vegetative and 1/9 physiochemical at p < 0.05, 3 vegetative 
and 3 physiochemical at p < 0.01, and 9/15 vegetative and 
5/9 physiochemical plant trait at p < 0.001.

Fig. 1  Phylogeny of Rhizopus 
oryzae (TA_ROOT_contig_1) 
using neighbor joining (NJ) 
method
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3.4  Interaction of CFE with IAA

Interactive effects due to combined application of CFE 
and IAA were calculated using percent improvement in 
each plant character (Table 3). Compared to the effects of 
IAA (41.03%) and CPE (15.21%) on WPLs separately, the 
growth improved synergistically to 77.61% when the plant 
was treated concurrently with CPE and IAA. Similar syn-
ergisms were also registered for SLs, RLs, LBLs, LBWs, 
FLAM, FLACS, FSW, DSW, FRW, TSP, TSS, Chl-b, TCar, 
Chl-t, βCar, and Xan. On average, 17/24 characters were 
synergistically improved, 4 showed additive (SWC, DRW, 
RWC, Chl-a,) properties, while 3 were recorded for antago-
nistic (NOL/P, R/S, Chl-a/b) effects. Maximum synergism 
was recorded for TSP and TSS by showing 208% and 321% 
increases, compared to expected additive effects.

4  Discussion

Medicinal plants offer a huge repository of endophytes that 
may produce novel metabolites of pharmaceutical, indus-
trial, and agricultural importance. Production of PGRs is 
a unique feature and notable example of bioactive metabo-
lites associated with fungal endophytes (Mehmood et al. 
2018). We isolated an important filamentous fungus R. ory-
zae from the roots of coriander which is well documented 
for the production of enzymes, lipids, ethanol, pigments, 
polyphosphates, chitin/chitosan, and acidic metabolites 
(Dzurendova et al. 2021; Yin et al. 2020; Lopez-Fernandez 
et al. 2020; Benabda et al. 2019). To our knowledge, this is 
the first report about the isolation of R. oryzae from the roots 
of coriander. Previously, R. oryzae was also reported from 
the roots of Artemisia nilagirica (Myrchiang et al. 2014), 

Fig. 2  Effects of various treatments on sizes of whole plant (a), shoot 
(b), root (c), and number of leaves per plant (d). *** indicate sig-
nificance at p < 0.001, ** indicate significance at p < 0.01; ns, not 
significant; CFE, crude fungal extract; IAA, indole-3-acetic acid; 
CFE-100, received 100 mg  L−1 of extract; CFE-250, received 250 

mg  L−1 of extract; CFE-500, received 500 mg  L−1 of extract; IAA-
25, received 25 mg  L−1 of IAA; CFE-250+IAA-25, received 250 mg 
 L−1 of extract; and 25 mg  L−1 of IAA, N-control, received sterilized 
 dH2O
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Fig. 3  Effects of various treatments on leaf lengths (a), widths (b), 
and flag leaf area (FLA) by manual method (c) and by Easy Leaf 
Area Scanner software (d). *** indicate significance at p < 0.001, * 
indicate significance at p < 0.05; ns, not significant; CFE, crude fun-
gal extract; IAA, indole-3-acetic acid; CFE-100, received 100 mg 

 L−1 of extract; CFE-250, received 250 mg  L−1 of extract; CFE-500, 
received 500 mg  L−1 of extract; IAA-25, received 25 mg  L−1 of IAA; 
CFE-250+IAA-25, received 250 mg  L−1 of extract; and 25 mg  L−1 of 
IAA, N-control, received sterilized  dH2O

Table 1  Fresh and dry biomass of whole plant, roots, and shoots after foliar air spray of CFE and IAA on spinach

***  indicate significance at p < 0.001, ** indicate significance at p < 0.01, * indicates significance at p < 0.05; ns not significant, FSW fresh 
shoot weight, DSW dry shoot weight, SWC shoot water contents, FRW fresh root weight, DRW dry root weight, RWC  root water contents, R/S 
root/shoot ratio, CFE crude fungal extract, IAA indole-3-acetic acid; CFE-100, received 100 mg  L−1 of extract; CFE-250, received 250 mg  L−1 
of extract; CFE-500, received 500 mg  L−1 of extract; IAA-25, received 25 mg  L−1 of IAA; CFE-250+IAA-25, received 250 mg  L−1 of extract; 
and 25 mg  L−1 of IAA, N-control, received sterilized  dH2O

Treatments Biomass yield traits

FSW (grams) DSW (grams) SWC (%) FRW (grams) DRW (grams) RWC (%) R/S ratio

N-Control 18.9 ±0.3 3.1 ±0.2 512 ±49.3 1.9 ±0.2 0.39 ±0.03 390 ±74.3 0.126
CFE-100 18.73 ±0.76ns 3.23 ±0.25ns 482 ±48.5ns 2.1 ±0.26ns 0.44 ±0.03ns 379 ±76.5ns 0.136
CFE-250 21.9 ±0.2ns 3.13 ±0.2ns 602 ±49.3ns 2.27 ±0.15ns 0.43 ±0.03ns 430 ±64.1ns 0.137
CFE-500 25.4 ±0.6* 3.4 ±0.3 * 652 ±84.3ns 2.57 ±0.15* 0.5 ±0.02* 413 ±15.0ns 0.147
IAA-25 26.9 ±0.8** 4.53 ±0.15** 494 ±37.2ns 2.7 ±0.2* 0.71 ±0.02* 282 ±23.8ns 0.156
CFE-250+IAA-25 33.2 ±0.9*** 4.9 ±0.53** 582 ±77.0*** 3.2 ±0.3** 0.76 ±0.02* 320 ±47.5** 0.156
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Crocus sativus (Chamkhi et al. 2018), Helianthus annuus, 
and Glycine max (Hussain et al. 2020b).

Microbial endophytes help their host plant by protecting 
against environmental stresses (biotic and abiotic) and pro-
mote growth by producing a variety of metabolites. Of the 
many plant hormones, fungal IAA is considered the most 
important plant hormone involved in promoting plant growth 
and development (Pradhan and Tayung 2019). In this regard, 
a large number of fungal strains have been investigated for 
IAA production recently (Jahn et al. 2021; Suebrasri et al. 
2020; Pradhan and Tayung 2019; Mehmood et al. 2018). The 
current isolate (R. oryzae) was evaluated and confirmed for 
remarkable quantities of extracellular IAA (35.2 mg  L−1) on 
7th day of inoculation. In similar investigations, Turbat et al. 
(2020) reported 15 fungal isolates belonging to the genera 
Alternaria, Didymella, Fusarium, and Xylogone for IAA 

production. Fouda et al. (2015) recorded IAA production 
by Penicillium chrysogenum, Alternaria alternata, and an 
unidentified fungus they call sterile hyphae from Asclepias 
sinaica. In another study, Jagannath et al. (2019) isolated 
Cymbidium aloifolium, from an epiphytic orchid, and char-
acterized it for 10.7±1.97 mg  L−1 of IAA.

Interaction among biological molecules is an established 
phenomenon in nature (Limo et al. 2018). The outcome of 
molecular interaction may be synergistic, antagonistic, or 
additive (Huang and Falco 2021). Synergism is the desired 
property when observed among therapeutic or agronomic 
molecules. Researchers in health sciences employ combi-
natorial therapies (drug-drug, herb-drug, and herb-herb) 
to achieve better curative effects, dosage compliance, and 
extended spectrum of action (Moukette et al. 2017; Yuan 
et al. 2017). In a similar way, agronomists combine various 

Fig. 4  Effects of various treatments on total soluble protein (a) and 
total soluble sugar (b) in spinach. *** indicate significance at p < 
0.001; ns, not significant; CFE, crude fungal extract; IAA, indole-
3-acetic acid; CFE-100, received 100 mg  L−1 of extract; CFE-250, 

received 250 mg  L−1 of extract; CFE-500, received 500 mg  L−1 of 
extract; IAA-25, received 25 mg  L−1 of IAA; CFE-250+IAA-25, 
received 250 mg  L−1 of extract; and 25 mg  L−1 of IAA, N-control, 
received sterilized  dH2O

Table 2  The average values of photosynthetic pigments after foliar application of CFE and IAA

***  indicate significance at p < 0.001, ** indicate significance at p < 0.01, * indicates significance at p < 0.05; ns not significant, Chl-a chloro-
phyll a, Chl-b chlorophyll b, Chl-t total chlorophyll, TCar total carotenoids, βCar β-carotene, Xan xanthophyll, CFE crude fungal extract, IAA 
indole-3-acetic acid; CFE-100, received 100 mg  L−1 of extract; CFE-250, received 250 mg  L−1 of extract; CFE-500, received 500 mg  L−1 of 
extract; IAA-25, received 25 mg  L−1 of IAA; CFE-250+IAA-25, received 250 mg  L−1 of extract; and 25 mg  L−1 of IAA, N-control, received 
sterilized  dH2O

Treatments Physiological traits

Chl-a (mg  L−1) Chl-b (mg  L−1) Chl-a/b Chl-T (mg  L−1) TCar (mg  L−1) βCar (mg  L−1) Xan

N-Control 2.39±0.22 0.35±0.09 7.89±1.77 2.86±0.14 0.39±0.02 0.10±0.01 0.29±0.03
CFE-100 2.45±0.09ns 0.40±0.16ns 7.72±3.48ns 2.88±0.09ns 0.36±0.04ns 0.10±0.01ns 0.27±0.04
CFE-250 2.48±0.14ns 0.46±0.09ns 6.21±1.14ns 2.91±0.10ns 0.34±0.05ns 0.10±0.01ns 0.24±0.05
CFE-500 2.78±0.12* 0.6±0.34* 5.52±2.34** 3.27±0.22* 0.53±0.07** 0.11±0.01ns 0.42±0.06*
IAA-25 2.88±0.08* 0.74±0.16* 4.02±0.91*** 3.62±0.13** 0.51±0.02** 0.15±0.01* 0.36±0.03**
CFE-250 +IAA-25 3.04±0.09** 0.92±0.16*** 3.37±0.61*** 3.96±0.14*** 0.55±0.02** 0.17±0.01* 0.38±0.03**
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plant growth-promoting entities to synergize agricultural 
productivity and quality of food. The major combinations 
used in agronomic researches include phytohormones-phy-
tohormones (Zhang et al. 2022; Hussain et al. 2020a; El-
Karamany et al. 2019), various pesticides (Han et al. 2020), 
phytohormones with plant-extract (Aslam et al. 2016), pes-
ticide-CFE (Patel et al. 2020), phytohormone-CFE (Turbat 
et al. 2020), microorganism-microorganism (Xie et al. 2021; 
Hori et al. 2021), microorganism with plant-extract (Suri-
ani et al. 2021), and hydrolysate from several rhizobacteria 
(Redondo-Gomez et al. 2022). For the current research, a 
new idea was proposed to assess the combined performance 
of phytohormones (IAA) with CFE (from auxin producer 
endophyte) on plant growth and development.

In plant-endophyte association, PGRs are directly 
secreted into the plant tissues where growth signals are ini-
tiated for biological processes. Published data show that cul-
tured endophytes secret extracellular PGRs that are accumu-
lated in the growth media and can be extracted with suitable 
solvents. Therefore, three gradient concentrations of ethyl 
acetate extract (CFE-100, CFE-250, and CFE-500) were 
aerially sprayed, and the effects were recorded on 24 plant 

features. Only 500 mg  L−1 of extract displayed bioactivi-
ties and produced statistically significant effects on spinach 
growth. Externally applied hormones are generally absorbed 
through diffusion across the cuticle and plasma membrane 
and can easily pass through stomata. The overall impact of 
CFE-500 was slightly weaker than the effects produced with 
25 mg  L−1 of IAA. This clearly indicated that the CFE-500 
solution had PGRs with potency almost equal to 25 mg  L−1 
of IAA. It was further noted that CFE-500 improved 8/15 
vegetative and 7/9 physiochemical plant characters all at p 
< 0.05. On the other hand, 100 and 250 mg  L−1 of CFE 
exhibited weak bioactivities, indicating that CFE-100 and 
CFE-250 solutions had PGRs levels below the threshold 
concentrations required for triggering biological processes. 
Analysis of the overall results suggests that the improve-
ment recorded in spinach growth with CFE-500 was due to 
extracellular IAA and other PGRs produced by endophytic 
fungus in the culture (Jahn et al. 2021; Suebrasri et al. 2020). 
The results obtained in this study are in agreement with the 
findings of Aslam et al. (2016), who observed that Mor-
inga oleifera leaf extract (MOLE) improved Chl-a, Chl-b, 
Chl-T, and carotenoid contents in spinach plants. Similarly, 

Table 3  Impact (%) of CFE 
or IAA alone and the resultant 
interactions due to concurrent 
application

CFE crude fungal extract, IAA indole-3-acetic acid; CFE-250, received 250 mg  L−1 of extract; IAA-25, 
received 25 mg  L−1 of IAA; CFE-250+IAA-25, received 250 mg  L−1 of extract and 25 mg  L−1 of IAA

Effected plant traits Percent improvements in plant growth traits with Type of interaction

CFE-250 only IAA-25 only CFE-25+IAA-25

Whole plant lengths 15.21 41.03 77.61 Synergistic
Shoot lengths 0.22 35.95 78.43 Synergistic
Root lengths 15.44 20.81 62.42 Synergistic
Number of leaves/plant 18.18 45.45 54.55 Antagonistic
Leaf blade lengths 7.74 38.68 76.22 Synergistic
Leaf blade widths 3.95 10.17 25.42 Synergistic
Flag leaf area manual 11.79 52.97 121.05 Synergistic
Flag leaf area scan 3.27 26.47 53.76 Synergistic
Fresh shoot weight 15.9 42.3 75.7 Synergistic
Dry shoot weight 1.1 46.2 58.1 Synergistic
Shoot water contents 17.5 −3.4 13.9 Additive
Fresh root weight 19.3 42.1 68.4 Synergistic
Dry root weight 10.3 81.2 95.7 Additive
Root water contents 10.1 −27.8 −18.1 Additive
Root/shoot ratio 0.137 0.156 0.156 Antagonistic
Chlorophyll a 3.62 20.33 26.88 Additive
Chlorophyll b 29.25 109.43 160.38 Synergistic
Chlorophyll a/b −21.25 −49.01 −57.33 Antagonistic
Total chlorophyll 1.87 26.6 38.51 Synergistic
Total carotenoids −12.71 30.51 38.98 Synergistic
Β-carotene 0.00 53.33 70.00 Synergistic
Xanthophyll −19.32 22.73 30.68 Synergistic
Total soluble protein 0.30 17.51 54.90 Synergistic
Total soluble sugar −0.30 11.57 47.48 Synergistic
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Jagannath et al. (2019) treated Macrotyloma uniflorum and 
Vigna unguiculata seeds with culture filtrate from Colletotri-
chum gloeosporioides and observed significant improvement 
in seed germination, root lengths, and shoot lengths.

Plant growth-promoting properties of auxins, abscisic 
acid, gibberellins, cytokinins, and ethylene are well estab-
lished and are the most used plant hormones in agriculture. 
Depending on the plant part and the type of receptors, plant 
hormones control a wide range of plant features involved 
in overall plant yield. By acting on specific receptor, each 
plant hormone initiates a specific metabolic pathway for 
plant growth and development. However, IAA is regarded 
as the major PGR control and involved in multiple plant 
growth traits (Pradhan and Tayung 2019). In the current 
investigation, the positive control group of spinach plants 
was weekly treated with 25 mg  L−1 of IAA for 42 days. 
The results revealed that treatment with IAA promoted 9/15 
vegetative and 9/9 physiochemical traits in spinach plants. 
Similarly, Hanaa and Safaa (2019) assessed 7 vegetative and 
1 physiological traits of wheat plant and registered signifi-
cant promotion of different plant features after treatments 
with IAA at different stages of growth. Increases in leaf 
number, sizes and surface area, fresh and dry weights of 
plant, photosynthetic pigments, protein, and carbohydrate 
contents have also been observed by other researchers after 
foliar application of IAA (Hussain et al. 2020a, Aslam et al. 
2016; Suebrasri et al. 2020; Turbat et al. 2020; El-Karamany 
et al. 2019).

It is well established that combined application of two or 
more plant hormones improves the overall efficiency of plant 
growth and development. In this regard, plant growth-pro-
moting properties of various plant hormones like auxin and 
gibberellic acid  (GA3) have been studied extensively. Prad-
han and Tayung (2019) reported that  GA3 and IAA collec-
tively regulate plant growth and development by triggering 
cell division, elongation, tissue differentiation, phototropic 
and geotropic responses, lateral root initiation, flower forma-
tion, embryogenesis, fruit ripening, senescence, and apical 
dominance. Recently, Hussain et al. (2020b) assessed the 
combined effect of IAA and  GA3 in 4 cultivars of pea and 
recorded significant improvement in 14 growth characters of 
the plant. In similar study, El-Karamany et al. (2019) noticed 
that combined application of IAA and  GA3 synergistically 
promoted pods weight/plant, pods No/plant, seeds No/pod, 
straw yield, plant height, plant biomass, seed biomass, N 
in seeds (%), protein in seeds (%), and total carbohydrates.

In spite of extensive research on interaction between dif-
ferent plant growth regulators, reports on combined effects 
of synthetic plant hormones and CFE obtained from growth-
promoting fungal endophytes are limited. The ability of 
CFE to improve growth-promoting properties of synthetic 
plant hormones might be a new approach that may help to 
increase agricultural productivity in the future. To assess 

synergistic effects, 250 mg  L−1 of CFE and 25 mg  L−1 IAA 
were collectively applied through aerial spray for the same 
period of time. Although 250 mg  L−1 of CFE was weak 
bio-stimulant separately, however, concurrent application 
of CFE-250 with IAA-25 produced synergistic effects on 
10/15 vegetative and 7/9 physiochemical plant traits focused 
in this research. Based on the recorded data, all the three 
types of interactions (additive, synergistic, and antagonistic) 
were observed for concurrent application of CFE and IAA. 
The overall plant growth pattern due to combined treatment 
(CFE-250+IAA-25) indicated the production of multiple 
growth-promoting entities by the strain that may have col-
lectively magnified growth effects of IAA. Compared to a 
mixture of synthetic PGRs, interaction among the crude 
extract (both fungal and plant) and phytohormones is more 
complex and difficult to elucidate scientifically (Huang and 
Falco 2021). However, many bioactives in crude extract and 
several target proteins initiate a network of reactions, lead-
ing to amplification or suppression of metabolic processes. 
Receptor-mediated interaction between bioactive compo-
nents and phytohormones may induce or inhibit targeted 
metabolic enzymes and transporter protein (Zhang et al. 
2022; Huang and Falco 2021; Yuan et al. 2017). Fungi are 
amazing factories of bioactive metabolites. The culture fil-
trate from fungal isolate generally contains several metabo-
lites, many of which may show bioactivity. Of the 22,500 
bioactive metabolites so far obtained from microorganisms, 
approximately 9000 were originally screened from fungi 
(Sanchez and Demain 2017). Depending on the types of bio-
active metabolites in the culture filtrate and their interaction 
with targeted protein, the CFE may change the track of plant 
growth and development. The current synergetic, additive, 
or antagonistic effects on the growth pattern in spinach may 
be the results of interaction between IAA and the multiple 
bioactive components produced by the strain.

Generally, high levels of bioactivities in crude extract can 
indicate industrial potential of an organism (Dzurendova 
et al. 2021). The data generated in this research revealed 
that CFE-250 alongside IAA-25 produced synergistic effects 
in 18/24 plant growth traits compared to the overall effect 
of each component. Extract induced synergistic increase in 
bioactivities indicated the production of novel PGRs in the 
culture. To effectively use these beneficial PGRs in agricul-
ture, the strain can be a candidate for commercial production 
of extract in the future.

5  Conclusion

This study revealed that Rhizopus oryzae was the only fungal 
endophyte isolated from coriander roots where it was ben-
efiting the host by supplying auxin. The strain was confirmed 
for in vitro production of indole-acetic-acid (IAA), and the 
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extract obtained from culture filtrate exhibited growth-
promoting properties in spinach. Concurrent application of 
crude fungal extract influenced the growth-promoting prop-
erties of IAA, which indicated interaction between the bio-
active components of extract and synthetic plant hormones. 
All the 3 types of interactions were registered; however, 
synergism was the predominant feature recorded for sev-
eral plant traits, compared to additive or antagonistic effects 
in this study. High-level synergistic benefits registered for 
fungal extract suggested the possible industrial role of the 
strain. The synergistic growth effects noted for fungal extract 
were not simple to be postulated and need to be analyzed 
using multifaceted approaches in field application.
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