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ARTICLE INFO ABSTRACT

Cinnamic acid (CA) is an allelochemical that inhibits the growth of root promoting soil microorganisms. To
prevent the growth of soil microbes, CA modulates several metabolic pathways in host plants and soil microbes.
The aim of the current study was to investigate the effect of CA on maize root growth, exudation of secondary
metabolites and its interaction with beneficial endophyte Pz11. The endophyte Pz11 was isolated from the roots
of drought stressed Asphodelus tenuifolius (wild onion). The Pz11 strain was identified as Fusarium culmorum by
homology of the internal transcribed spacer (ITS) region of 18 S rDNA sequence. The F. culmorum Pz11 produced
phytostimulants and signaling compounds, such as indole-3-acetic acid (IAA), flavonoids and sugars. Moreover,
the strain have effectively colonized the roots of maize and subsequently enhanced the growth of its host plants.
On the contrary, application of CA has reduced root growth in maize seedlings as well as root colonization ability
of F. culmorum Pz11. Also, maize seedlings exposed to CA exude low quantities of flavonoids and polyphenols. In
conclusion, CA reduces the maize root growth and exudation of secondary metabolites, which may affects its
ability to attract plant growth promoting endophytic fungi.
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1. Introduction

Cinnamic acid (CA) is a well-known allelochemical that is released
by a number of plants to influence seed germination and root growth
(Lupini et al., 2016). It has been shown that CA influence plasma
membrane by inducing oxidative stress as a result of reactive oxygen
species (ROS) production and/or a disturbed Ca®>* homeostasis (Yu
et al., 2009). As an allelochemical, CA also influences the net uptake of
nitrate and ATPase activity in the target plant (Abenavoli et al., 2010).
It is also responsible for the enhanced lignification of plant cell by di-
verting the phenylpropanoid pathway in favor of lignin biosynthesis
(Salvador et al., 2013). The phenylpropanoid pathway is a biosynthesis
pathway shared for the production of flavonoids and lignin in plants.
Lignification of root under the influence of CA may act as a physical
barrier to reduce the leakage/exudation of different secondary meta-
bolites. In addition, the ability of microbes to colonize a lignified root
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can be significantly reduced due to hardness of tissues and compro-
mised release of chemical signals (Ryu et al., 2004).

Endophytic fungi can help the host plants to achieve fast growth,
promote minerals absorption and provide protection against pests/pa-
thogens (Sieber et al., 2002). Colonization of endophytic fungi also
enhances the ecological adaptability of the host plants by improving its
tolerance against the biotic and abiotic stresses (Schulz and Boyle,
2005). Rhizosphere is suggested as a rich source of endophytes because
nearly all of the reported endophytes were isolated from this region
(Sessitsch et al., 2002). Fungal endophytes enter the plant body either
through degraded cell wall or fractures in root system (Gough et al.,
1997; Waller et al., 2005). Before entering the plant root tissues, en-
dophytic fungi establishes a chemical dialogue (in the form of released
phytochemicals) with the host plants (Pathak and Nallapeta, 2014).
Such signaling molecules are known as chemoattractant (Steinkellner
et al.,, 2007). These chemical compounds includes polysaccharides,

! Current address: Institute of Biological Sciences, Sarhad University of Science and Information Tecnology, Peshawa.

https://doi.org/10.1016/j.plaphy.2018.11.029

Received 31 August 2018; Received in revised form 23 November 2018; Accepted 25 November 2018

Available online 27 November 2018
0981-9428/ © 2018 Elsevier Masson SAS. All rights reserved.


http://www.sciencedirect.com/science/journal/09819428
https://www.elsevier.com/locate/plaphy
https://doi.org/10.1016/j.plaphy.2018.11.029
https://doi.org/10.1016/j.plaphy.2018.11.029
mailto:drhussain@awkum.edu.pk
https://doi.org/10.1016/j.plaphy.2018.11.029
http://crossmark.crossref.org/dialog/?doi=10.1016/j.plaphy.2018.11.029&domain=pdf

A. Mehmood et al.

sugars, aliphatic acids, amino acids, fatty acids, aromatic acids, flavo-
noids, sterols, enzymes, phenolic, vitamins, etc. (Neumann and
Rombheld, 2007). Besides, endophytic fungi secretes a number of dif-
ferent chemicals [gibberellic acids (GAs), indole-3-acetic acid (IAA) and
cytokinins (CKs) to establish beneficial association in response to the
root signals (Badri et al., 2009). The phytohormones (GAs, IAA and
CKs) released by the endophytic fungi may promote the growth of host
plants either directly or by enhancing the capacity of host roots to
uptake nitrogen and phosphorus (Malinowski and Belesky, 1999). The
ability of plant-associated microorganisms to produce free IAA provides
them an opportunity to ameliorate the host's endogenous auxin pool
(Pieterse et al., 2009). Auxin is often suggested to play a role in the
cross-talk between plant and fungal signaling during ectomycorrhizal
establishment (Felten et al., 2012).

A number of endophytic fungi have shown significant response to-
wards the root exudates, but how exactly plants attract these en-
dophytic fungi is still a mystery (Philippot et al., 2013). Though sugar
and amino acids in the root exudates are considered the main bioactive
compounds that can act as stimulants for the fungal growth (Nelson and
Hsu, 1994). However, the knowledge is still limited that how the
bioactive compounds of plants can trigger the growth of microbes in the
rhizosphere (Bais et al., 2006). Flavonoids constitute another important
class of compounds implicated in the establishment of root association
with endophytes. During the nodulation process in leguminous plants,
flavonoids act as signaling molecules. It promotes basidiospores ger-
mination in mycorrhizal fungi (Kikuchi et al., 2007), and chemo at-
traction, gene induction and growth enhancement in Rhizobium (Hirsch
and Kapulnik, 1998). Currently, flavonoids have been reported to have
great influence on root colonization by Gigaspora and Glomus species
(Scervino et al., 2007). The role of flavonoids in root colonization by
endophytic fungi, including Aspergillus nodulias and Aspergillus orazyea
have also been reported in past (Qiu et al., 2010). Based on the afore-
mentioned facts, the objectives of the current study were set to in-
vestigate the influence of CA on root growth, its ability to release sec-
ondary metabolites and interaction with endophytic fungi.

2. Materials and methods
2.1. Collection of plants

Generally the plants growing in dry areas accommodates more en-
dophytes, hence healthy roots of Asphodelus tenifolius (wild onion) were
collected from dry area of district Malakand. A. tenifolius was used for
the first time in this study as a candidate for the isolation of novel
endophytes. The plants were brought to Plant Microbe Interaction
Laboratory, Department of Botany, Abdul Wali Khan University Mardan
in sterile polythene bag. The plant roots were quickly processed to
eliminate the risk of microbial contamination.

2.2. Processing of plant roots and isolation of endophytic fungi

The roots of the collected plants were rinsed with tap water to re-
move any visible dirt. After washing, the roots were surface sterilized
by dipping in 5% (v/v) sodium hypochlorite solution for 5s, followed
by 95% (v/v) ethanol for 3 min. The residual ethanol was rinsed off by
washing the roots (5-times) with autoclave double distill water. The
clean sterilized roots were air dried under sterile condition to remove
excess moisture. After drying, the roots were cut into 0.5cm pieces,
using a flame sterilized scalpel. About 5 to 6 segments were placed on
Hegam medium plates (0.5% (w/v) glucose, 0.05% (w/v) KH,POy,,
0.05% (w/v) MgS04.7H,0, 0.05% (w/v) NH4Cl, 0.1% (w/v) FeCls,
80 ppm streptomycin and 1.5% (w/v) agar; pH 5.6 = 0.2) for 1 week at
28 °C (Hamayun et al., 2010). The developing fungal plugs were then
grown on potato dextrose agar (PDA) medium plates for purification.
Purified fungus were then grown in 250 mL flask containing Czapek
broth medium (50 mL; 1% (w/v) glucose, 1% (w/v) peptone, 0.05%
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(w/v) KCl, 0.05% (w/v) MgS0,.7H-0, and 0.001% (w/v) FeSO,4.7H,0;
pH 7.3 = 0.2) for 7-days at 28 °C and 120 rpm in shaking incubator for
the production of culture filtrate and biomass (Khan et al., 2008).

2.3. Determination of colonizing frequency

Colonization frequency (CF) of the Pz11 strain was determined by
the method as described by Photita (2001) and Suryanarayanan et al.
(2003). Briefly, root segments were plated on Hagem media plates. The
plates were then shifted to a preset incubator at 28 °C and incubated for
7 days. After 7-days, the segments that were colonized by the Pzl1
strain were counted and the colonization frequency was determined as:

2.4. Determination of indole-3-acetic acid in Pz11 culture filtrate

For the production of IAA, isolated strain was inoculated in Czapek
broth media at 28°C for 7 days in shaking incubator at 120 rpm
(Hoffman et al., 2013). After incubation, the culture was harvested and
filtered through Whatman's filter paper to collect the culture filtrate.
About, 1.5 mL of the culture filtrate was then centrifuged at 11963 g for
2min. The supernatant (1 mL) was collected and mixed with 2 mL of
Salkowski reagent (150 mL concentrated H,SO,4, 250 mL distilled water,
7.5mL 0.5M FeCl;.6H,0) and the mixture was incubated in dark for
30 min. IAA production was observed in the form of pink color and the
absorbance was measured at As4;o with a PerkinElmer Lambda 25
spectrophotometer. Pure IAA (10-300 pg/mL) from Sigma Aldrich was
used to construct a standard curve.

2.5. Screening of the Pz11 for ACC deaminase activity

The endophyte Pz11 was screened for 1-aminocyclopropane-1-car-
boxylate (ACC) deaminase activity by the well-established method as
described earlier (Jia et al., 2000).

2.6. Determination of total flavonoids in Pz11 culture filtrate

The aluminium chloride method was used for the determination of
the total flavonoid content in Pz11 culture filtrate with and without CA
(Ahmad et al., 2014). Pz11 culture filtrate (1 mL) was added to a
mixture consisting of 10% (w/v) aluminium chloride (100 uL) and 1 M
potassium acetate (100 uL). Methanol (3.8 mL) was then added to the
mixture. The mixture was shaken vigorously and the absorbance was
recorded after 30 min at A4;5 nm. Quercetin (5, 10, 20, 25, 40, 50, 100,
120, 150, 200, 240, 300, 400 ug/mL) from Sigma Aldrich was used as a
standard.

2.7. Determination of total sugars in Pz11 culture filtrate

The sugars in Pz11 culture filtrate was determined according to the
method of Khan et al. (2017). Briefly, 500 uL of Pz11 culture filtrate
was diluted with 10 mL of distilled water and centrifuged at 3000 g for
10 min. After centrifugation, 500 pL of the supernatant was mixed with
80% phenols and incubated for further 10 min. Finally, 5mL of the
concentrated H,SO4 was added to the mixture and incubated for 4 h at
room temperature. The value was compared to standard curve obtained
from different concentrations of glucose (Sigma Aldrich) at Ao nm.

2.8. Effect of cinnamic acid on dry biomass of Pz11 strain

For the determination of dry biomass the isolated strain was grown
in 50 mL Czapek broth supplemented with CA (100 pL of 1 mM solu-
tion). The broth was inoculated with 100 pL spore suspension (10°
spores/mL) and incubated at 28°C for 7d in shaking incubator at
120 rpm. Control treatment consisted of Czapek broth without any
supplement. After 7 days, the Pz11 culture was harvested and filtered
through Whatman's filter paper. The fungal biomass from the filter was



A. Mehmood et al.

cautiously shifted to pre-weighed sterilized falcon tubes. The tubes
were shifted to an oven operated at 40 °C and kept there till constant
dry weight for Pz11 biomass were achieved. Flavonoids, IAA and sugars
secretions by the endophytes grown on inhibitors were also determined.
The experiment was repeated three times and all the treatments were
replicated at least three times.

2.9. Identification of Pz11

Fresh mycelium of Pz11 was collected and the genomic DNA was
extracted using the SolGent Fungus Genomic DNA Extraction Kit (Cat
No. SGD64-5120; SolGent Co., Daejeon, Korea) as described by (Waqas
et al., 2012). The primers NS1 5/(GTA GTC ATA TGC TTG TCT C) 3’ and
NS2 5' (AAA CCT TGT TAC GAC TTT TA) 3’ were used for the PCR. The
PCR reaction was performed with 20 ng of genomic DNA as the tem-
plate in a 30 pL reaction mixture by using a EF-Taq (SolGent, Korea).
The conditions of PCR were: activation of Taq polymerase at 95 °C for
2 min, 35 cycles at 95 °C for 1 min, finishing with a 10-min step at 72 °C.
The amplified products were purified with a multiscreen filter plate
(Millipore Corp., Bedford, MA, USA). Sequencing reaction was per-
formed using a PRISM BigDye Terminator v3.1 Cycle sequencing Kit.
The DNA samples containing the extension products were added to Hi-
Di formamide (Applied Biosystems, Foster City, CA). The mixture was
incubated at 95 °C for 5 min, followed by 5min on ice and then ana-
lyzed by ABI Prism 3730XL DNA analyzer (Applied Biosystems, Foster
City, CA).

2.10. Plant microbe interaction under hydroponic conditions

Maize (Zea mays L.) seeds were surface sterilized using HgCl, so-
lution (0.1%) and washed three times with distilled water. After surface
sterilization, 5 seeds were put into autoclaved Petri plates with two fold
filter papers. The seeds were allowed to germinate at 28 °C for 5 days.
The uniform seedlings were transferred to a hydroponic solution and
allowed to grow for two days (photoperiod 16/8h and temperature
25°C at midday and 15°C at night; 390 ppm CO,; 40% humidity).
Hydroponic setup was composed of a 100 mL beaker containing 50 mL
half strength Hoagland solution (Reversat et al., 1999; Barac et al.,
2004). Truncated micropipette tips hold in sterilized cardboard were
used to hold the seedlings in hydroponic solution (Dardanelli et al.,
2010). The seedlings were aerated by using Hydrofarm active aqua air
pump without disturbing the root growth (Bado et al., 2016). One set of
seedlings received endophyte in the form of spore suspension (10°
spores mL™!) in culture media and labeled as E+. Similarly the seed-
lings in E-set did not receive any fungal spore. Both the set were further
divided into three subsets:

Treatment 1: Received foliar spray of 1 mM CA (CAF).
Treatment 2: Received 100 puL of 1 mM CA in the culture medium
(CAR).

Treatment 3: Received 100 uL of distilled water.

Each treatment was replicated three times, having 9 seedlings per
replicate. The seedlings were allowed to grow for two weeks under
conditions described above. Growth parameters, including root length,
shoot length, root dry biomass and shoot biomass were recorded.
Secondary metabolites including IAA, sugars and flavonoids were de-
termined in root exudates and plant tissues by colorimetric method and
LC-ESI-MS/MS.

To determine the effect of CA on endophyte colonization, the roots
of the harvested seedlings were initially washed with tap water. The
clean roots were then cut into small pieces and stained with lectophenol
cotton blue dye for 20 min. After 20 min the segments were washed and
observe under light microscope.

The level of colonization was also quantified by platting the root
segments on PDA medium. For this purpose, roots were surface
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sterilized with 0.1% (w/v) HgCl,, washed with distill water and cut into
1 cm segments. Six root segments were obtained for each plant, i.e. 2
segments from upper part (near to inoculum) two from middle part and
two from lower part (near to stem). The obtained segments were kept
on clean filter paper and inoculated on PDA plates and incubated for 7
days. After incubation, colonization percentage was determined as
mentioned earlier.

2.11. HLPC fractionation of culture filtrates of pz11 and maize root
exudates

For HPLC fractionation, the culture filtrate of Pz11 was extracted
with ethyl acetate. Briefly, 5 mL of culture filtrate was mixed with equal
volume of ethyl acetate and centrifuged at 1000g for 5min. After
centrifugation, the collected supernatant was subjected to HPLC frac-
tionation. Maize root exudates were centrifuged for 5 min at 4000 g and
each sample was filtered through 45 um pore size filter paper twice
after centrifugation. The column was washed with methanol (60%)
before samples were subjected to HPLC. The samples (100 uL) were
then injected onto the C-18 reverse phase column using Flexer LC au-
tosampler (PerkinElmer LC technology). The sample was eluted from
the column through 60% methanol at a flow rate of 1 mL/min. The
eluate was monitored at 250 nm and the peaks were collected with the
help of fraction collector (FC 203 B USA). Each sample was injected five
times to collect sufficient amount of different fractions.

2.12. LC MS/MS analysis

The HPLC fractions were subjected to ESI-MS/MS (LTQ XL, Thermo
Electron Corporation, USA), using direct injection mode, for the iden-
tification of flavonoids, following the method of Steinmann and
Ganzera (2011) with minor modifications. Briefly, a mixture of me-
thanol and acetonitrile [80:20 (v/v)] was used as a solvent for the
fractionations of both culture filtrates and root exudates. The mass
ranges, in positive and negative ionization (wherever required) mode
was chosen from 50 to 1000 m/z. The collision induced dissociation
energy (CID) during MS/MS was kept in the range of 10-45, depending
on the nature of parent molecular ion. The capillary temperature was
kept at 280 °C and the sample flow rate was regulated to 8 pL/min. The
MS parameters, e.g. sheath gas and auxiliary gas, for each compound
were adjusted to confirm the maximum favorable ionization, ion
transfer conditions and optimal signal of both the precursor and frag-
ment ions. This was done via filling the analytes and physically rotating
the parameters. The source parameters were same for all of the ana-
lytes. The acquired ESI-MS/MS data was analyzed using manual, Xca-
libur (Xcalibur 3.0). ChemDraw (ChemDraw Ultra 8.0) software was
used for structural elucidation and then compared with online pub-
lished data.

2.13. Statistical analysis

Data analysis was done using SPSS 20 for Windows. In case of two
groups, comparison was done by Student's t-test (p = 0.01) while in
case of more than two groups comparison was done by analysis of
variance (ANOVA) and Duncan multiple range test (P = 0.05).

3. Results
3.1. Isolation and identification of the selected strain Pz11

The selected strain Pz11 was isolated from the roots of Asphodelus
tenuifolius along with 6 other strains. Healthy plants (5 in number) were
used to obtain 25 root segments that yielded 7 endophytes after an
incubation period of 7 days. Dominant strain was Pz14, sprouted out
from 19 root segments with highest colonization frequency (76%) of the
isolated strains (Table 1). The strains Pz11 and Pz16 were least
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Table 1

Colonization frequency (%) of the isolated endophytic fungi in root of
Asphodelus tenuifolius and their screening for plant growth promoting traits
including IAA and ACC deaminase.

Endophytes Colonization (%) 1AA ACC deaminase
Pz11 20 + +

Pz12 32 -

Pz13 28 +

Pz14 76 +

Pz15 48

Pz16 20

Pz17 60

abundant in the root of A. tenuifolius with 20% colonization frequency.
Three fungal strains (Pz11, Pz13 and Pz14) were screened positive for
IAA production, whereas strain Pz11 also produced ACC deaminase and
have no disease symptoms. Production of IAA, ACC deaminase and
nonpathogenic nature suggested Pz11 a possible candidate for plant
growth promotion and hence selected for further study.

To identify the strain, its DNA was extracted for subsequent iden-
tification. Sequence of the ITS region near the 18 S rDNA was obtained
and the obtained sequence was subjected to homology analysis, using
NCBI BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The obtained
sequence showed 99% homology and 100% query cover with F. cul-
morum. Its identity was further confirmed by carrying out phylogenetic
analysis of the sequences of closely resembling endophytes retrieved
from NCBI GenBank, using MEGA 7.0 software. The neighbor-joining
tree (based upon ITS sequence homology) grouped our isolated starin
with Fusarium culmorum (Fig. 1). Sequence was submitted to GenBank
under the accession No. KY780172.

3.2. Effect of CA on the growth and metabolism of Pz11

Fungal growth was determined by measuring its dry biomass after
incubation for 7 days. The results revealed that the growth of the en-
dophyte was significantly reduced under the influence of CA. For in-
stance, the dry biomass of CA exposed Pz11 was 36% as compared to
the control (Fig. 2). Likewise, Pz11 was screened for the production of
different metabolites, including IAA, flavonoids and sugars by colori-
metric methods. Culture filtrate of the strain contained 33.2 ug/mL of
IAA after 7 days of incubation. Also, the strain produced flavonoids and
sugars in significant amounts (Fig. 2). Application of CA, on the other
hand, has negatively influenced the level of IAA and flavonoids in the
fungal culture filtrate (Fig. 2).

For further confirmation, LC-ESI-MS/MS was used to measure IAA
and flavonoids in fungal culture filtrate. Flavonoids were structurally
identified based on their data and fragmentation patterns previously
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reported in literature. The ESI-MS/MS analysis of those components
was conducted in both positive and negative ion mode, and their
properties are given in Table 2. Three flavonoids including calycosin,
dihydroxyflavone and pratensein were identified in the culture filtrate
of Pz11. However, exposure to CA inhibited the production of calycosin
and pratensein, but dihydroxyflavone production continued even in CA
exposed cultures of this endophyte (Fig. S1).

3.2.1. Effect of CA on the growth of maize seedlings

Maize seedlings were grown for 14 days in a hydroponic system,
composed of half strength Hoagland's solution containing CA or en-
dophyte Pz11 or their combinations. Control seedlings were grown on
half strength Hoagland's solution without CA or Pz11. The Pz11 asso-
ciated seedlings showed significantly higher root and shoot growth as
compared to the control (Fig. 3A and B). However, the application of
exogenous CA drastically retarded root length with no effect on shoot
length. Interestingly, reduction in both shoot and root lengths were
recorded in seedlings exposed to foliar application of CA (Fig. 3A and
B). Similarly, dry biomass was significantly enhanced in seedlings in-
oculated with the Pz11 as compared to the control (Fig. 3C). Maize
seedlings from CAF treatment have significantly lower biomasses,
whereas from CAR treatments no observable differences were noticed
as compared to the control. In fact, the presence of Pz11 didn't make
any differences in the biomass of seedlings under CA stress (Fig. 3C).

3.2.2. Effect of CA on the exudation of secondary metabolites

The root exudates were collected and were screened for the quan-
tification of IAA, flavonoids and sugars. Highest amount of IAA
(11.6 = 7.3 to 12.4 * 3.0pg/mL) was found in root exudates col-
lected from endophyte associated seedlings (Fig. 4A). Application of
exogenous CA (CAF or CAR treatments) did not influence IAA exudation
by the maize roots. Exudates collected from endophyte F. culmorum
PZ11 associated maize seedlings had significantly higher amount of
IAA. However, its application in CAF or CAR treatments antag-
onistically interacted with the endophytes. As a result, it nullified the
fungal factor that contributed towards IAA production by the host roots
(Fig. 4A). Fungal isolate Pz11 also promoted the accumulation of sugar
in maize root exudates by 21.8% (Fig. 4B). However, unlike IAA, sugars
were not affected by CA application.

Flavonoids were checked in root exudates after 1, 3, 7, and 14 days
of maize seedlings. A time dependent increase was recorded in the
concentration root released flavonoids (Table 3). The first visible dif-
ference in flavonoids exudation among control and CA treated seedlings
(CAF and CAR) was recorded at 3 days after treatment (Table 3).
Seedlings in the two groups maintained this difference till the end of the
experiment. A non-significant difference has been observed concerning
the mode of AC application on flavonoids concentrations in the root
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gi|33334387|gb|AF548073.1|_Fusarium_culmorum_strain_UPSC
— 0i|29466972|dbjlAB067700.1|_Cordyceps_sinensis
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Fig. 1. Colony of endophyte Pz11 growing out from the root segments of Asphodelus tenuifolius on PDA medium (a) and its phylogeny shown through phylogenetic
tree constructed by Neighbor-Joining method (b). Contig 1 is the sequence from Pz11 strain.
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Fig. 2. Effect of cinnamic acid (CA) application on the growth and secondary metabolite production by the endophyte Fusarium culmorum PZ11. The isolate was
grown inn 50 mL of Czapek broth in a 500 mL flask containing 100 pL of 1 mM solution of CA at 28 °C and 150 rpm for 7 days. Bars labeled with (*) shows significant

difference between treatments (two tailed Student's t-test; p < 0.01).

Table 2

Identification of flavonoids in culture filtrate and root exudates of maize seedlings.

Sample Rt (min) [M-H] (m/z) Ion mode Ms2 (m/z) Compounds with Reference
Pz11 7.5 283 -ve 268,265,255,239,221,200,182,167,150,124,114,96.9,96 Calycosin (Ye et al., 2012)
11 255 +ve 237,223,213,197,195, Dihydroxyflavone (Zhang et al., 2014)
3.9 301 +ve 286,269,259,245,241,239,202,189,170,161,144,126,101 Pratensein (Zhang et al., 2014)
Pz11 + CA 12 255 +ve 237,223,211 Dihydroxyflavone (Zhang et al., 2014)
Root exudates 3.4 318 +ve 300,290,282,262,256,247,225,204,191,164 Quercetagatin
3.5 301 +ve 283,269,256,245,239,206,188,170,153 Rhamnocitrin (Zhang et al., 2014).
Root exudates + CA 3.4 318 +ve 300,282,265,247,211,192,165,134,108 Quercetagetin
Root exudates + Pz11 5.7 301 +ve 283,269,245,240,218,188,170,162,148,130,118,94 Rhamnocitrin
12.4 283 -ve 265,239,213,200,184,157,152,96 Calycosin
2.12 318 +ve 300,282,265,256,245,216,188,178,146,128,97 Quercetegatin

Rt = retention time, (m/z) = mass to charge ratio.

exudates of seedlings. Endophyte associated seedlings released higher
quantities of flavonoids as compared to the seedlings from all other
groups. Conversely, the response of endophyte associated seedlings to
CA exposure (in terms of flavonoids release) was similar to that of non-
endophyte associated seedlings during the first three days of CA treat-
ment. Interestingly, the amounts of flavonoids in the exudates of en-
dophyte associated seedlings were non-significant to the control seed-
lings on the 7th day after CA treatment (Table 3). Maize roots released
querecetagatin and rhamnocitrin under controlled conditions, whereas
under CA treatment, the exudation of the later was inhibited (Fig. S2).
Additionally, the endophyte associated maize seedlings exuded quere-
cetagatin and rhamnocitrin. On the other hand, the CA exposed cultures
of Pz11 released only calycosin (Fig. S3).

65

3.3. Effect of CA on root endophyte interaction

The endophyte showed remarkable potential to colonize maize root
under hydroponic system. Fungal hyphae were not seen in the roots of
control seedlings (Fig. 5A). However, roots of the endophyte associated
seedlings were full of fungal hyphae (Fig. 5B) and exposure to CA lar-
gely compromised its root colonizing ability (Fig. 5C). The endophyte
could colonize the root from the tip to the middle of root, leaving the
root in proximity of stem (non-colonized). About 74.9% of roots seg-
ments (near root tips) from the endophyte associated maize seedlings
were colonized by the Pz11 (Fig. 5D). Inhibition of flavonoids exuda-
tion by maize roots (CA application) also negatively influenced the root
colonization efficiency of the endophyte Pz11. The colonization effi-
ciency was reduced by 89% in CA treated maize seedlings. Foliar
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Fig. 3. Effect of CA and endophyte F. culmorum PZ11 on the growth of maize seedlings recorded as (A) shoot length, (B) root length and (C) dry weight. Seedlings
were grown hydroponically on half strength Hoagland medium for two weeks under controlled conditions set at 25°C (midday) and 15°C (at night), 16/8 h
(photoperiod) and 40% RH. Different labels on bars show significant difference among different treatments (Duncan test; p < 0.05).

application of CA was more devastating than its supply through nu-
trients solution.

4. Discussion

Plant interaction with endophytic fungi is a function of several
factors, mainly depends on plant and microbial signals. Endophytic
fungi are important group of microbes that interact with plant and
promote their growth under normal and stressed environment. How
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allelochemical influence plant-microbe interactions have not been in
focus. One of the important allelochemicals is CA, which has been
known for plant growth retardation. CA interferes with metabolic
pathways that leads to membrane damage and ROS accumulation (Ding
et al., 2007). Current study has also demonstrated the important role of
this allelochemical in maize growth modulation and exudation of sec-
ondary metabolites from roots. Furthermore, its interaction with an
endophytic fungus (F. culmorum Pz11) isolated from Asphodelus tenifo-
lius has also been explored. Interestingly, this allelochemical not only
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Fig. 4. Effect of CA and endophyte F. culmorum PZ11 on the exudation of secondary metabolites by roots of maize seedlings grown hydroponically on half strength
Hoagland medium for two weeks under controlled conditions set at 25 °C (midday) and 15 °C (night), 16/8 h (photoperiod) and 40% humidity. Different labels on
bars show significant difference among different treatments (Duncan test; p < 0.05).
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Table 3

Plant Physiology and Biochemistry 135 (2019) 61-68

Effect of different treatments on the concentration of flavonoids in the root exudates of maize seedlings. Seedlings were grown for 14 d in Hogland’ s solution under
axenic conditions. Roots of one set of seedlings were inoculated with spore suspension 10° mL ™" of endophytic fungi and another set was left uninoculated. Of both
sets three seedlings each were left untreated (control) and three seedlings were sprayed with exogenous IAA (10 ug/mL), CA (100 pL of 1 mM solution) and Yucasin,
foliar and root entries. Roots exudates were collected 1, 3, 7 and 14 d after treatment and subjected to flavonoids determination.

Treatments 1 day treatment 3 days treatment 7 days treatment 14 days treatment
Control 86.4 + 7.3ab 174.5 += 53.6¢ 208.5 + 12.6¢cd 213.0 = 25.0cd
CAF 81.4 + 13.9ab 84.8 + 9.5a 90.9 *+ 6.9a 104.1 = 6.1ab
CAR 82.8 + 3.8a 96.4 + 0.6a 108.0 = 0.3ab 111.1 = 3.5ab
PZ1 126.7 = 74.0 ab 216.9 * 60.7c 283.2 * 14.0e 260.8 + 38.8d
PZ1 + CA(Foliar) 73.9 = 11.8a 52.0 + 8.5a 150.8 + 81.1bc 107.1 + 48.1ab
PZ1 + CA (root) 104.9 = 7.6ab 83.3 + 4.4a 153.0 = 11.9bc 156.0 + 29.3bc

CA = cinnamic acid, IAA = indole-3-acetic acid.
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Fig. 5. Effect of CA on F. culmorum PZ11 colonization in maize roots.
Colonization was assayed in roots using chitin specific lactophenol cotton blue
dye in (A) control, (B) PZ11, (C) CA + PZ11 roots or plating surface sterilized
toot segments on PDA (D). Different labels on bars show significant difference
among different treatments (Duncan test; p < 0.05). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)

reduced the root growth and dry biomass of maize seedlings, but also
influenced the growth of the Pz11. Previously, it has been clearly de-
monstrated that CA has greatly influenced the fungal growth (Wu et al.,
2008). Inhibition of root growth is taught to be due to the premature
lignification of CA exposed root (Salvador et al., 2013). Growth in-
hibition in both host plant and endophyte was accompanied with re-
duction in the overall secretion of secondary metabolites, i.e IAA and
flavonoids. This means that rhizosphere of CA stressed maize seedlings
would have lower concentration of these two metabolites, which might
reduce the number and diversity of microbes attracted for colonization
(Hassan and Mathesius, 2012). CA stressed maize seedlings tried to
compensate for this deficiency by increasing the amount of IAA and
flavonoids released per gram dry biomass of seedling. However, full
compensation was not possible as releasing extra amount of secondary
metabolites overburden plant metabolism (Ouzounis et al., 2014).
Interestingly, release of different flavonoids was affected differen-
tially by CA. In case of endophyte, secretion of calycosin and pratensein
was completely abolished, but secretion of dihydroxyflavone continued
in the presence of CA. Similarly, exudation of rhamnocitrin stoped and
querecetagatin exudation continued in CA treated maize seedlings. This
shows that CA might interfere and modulate flavonoids biosynthesis
pathway in the target plants (Waskiewicz et al., 2013). The most
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striking observation was about flavonoids profile of the root exudates
obtained from endophyte associated maize roots exposed to foliar CA,
where three flavonoids including rhamnocitrin, querecetagatin and
calycosin were found. These observations suggest that rhamnocitrin
was important for maize root to establish symbiotic interaction with F.
culmorum Pz11 and cope with the stress. Microbes that can utilize fla-
vonoids are highly competitive and can grow at least 100-fold better
than their auxotrophic mutants on plant roots with high flavonoids
(Narasimhan et al., 2003). Plant roots are known to modify their roots
exudates in order to cope with stresses (Chaparro et al., 2013). Phy-
tohormones, such as IAA is also of great significance in establishing root
interations with microbes (Hussain et al., 2015). Reduction in the
amount of IAA might be attributed to the induction of IAA oxidase
under the influence of CA (Salvador et al., 2013). However, release of
sugars by maize root was not influenced by CA application. On the
other hand, total sugars secretion was increased in CA exposed culture
of F. culmorum Pz11. Taken together, there is a strong evidence that CA
stress reduce the overall release of IAA and flavonoids, but the ratio of
these metabolites to dry weight of seedlings is increased. This phe-
nomenon has been confirmed in the past, where root secreted higher
amounts of secondary metabolites in response to environmental stresses
(Chaparro et al., 2013).

5. Conclusion

Cinnamic acid application has been an effective antagonist of maize
and F. culmorum Pz11 growth. Besides, CA application can inhibit the
release of flavonoids by plant and fungus, whereas the release of IAA
and sugars can't be affected by this growth inhibitor. The endophytic
fungus F. culmorum Pz11 has the ability to colonize maize root effec-
tively and promote its growth. However, in the presence of CA, PZ11
was unable to colonize maize root effectively and alleviate the CA in-
duced stress.

Conflicts of interest

The authors declare no conflict of interest.

CRediT authorship contribution statement

Asif Mehmood: Investigation, Methodology, Writing — original
draft. Anwar Hussain: Conceptualization, Project administration,
Supervision, Writing - review & editing. Muhammad Irshad:
Supervision, Writing - review & editing. Muhammad Hamayun:
Resources, Visualization. Amjad Igbal: Writing — review & editing.
Hazir Rahman: Software. Abdul Tawab: Formal analysis.
Ayaz Ahmad: Data curation. Sultan Ayaz: Validation.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://


https://doi.org/10.1016/j.plaphy.2018.11.029

A. Mehmood et al.

doi.org/10.1016/j.plaphy.2018.11.029.
References

Abenavoli, M.R., Lupini, A., Oliva, S., Sorgona, A., 2010. Allelochemical effects on net
nitrate uptake and plasma membrane H+-ATPase activity in maize seedlings. Biol.
Plant. 54, 149-153.

Ahmad, R., Muniandy, S., Shukri, N.I.A., Alias, S.M.U., Hamid, A.A., Yusoff, W.M.W.,
Senafi, S., Daud, F., 2014. Antioxidant properties and glucan compositions of various
crude extract from Lentinus squarrosulus mycelial culture. Adv. Biosci. Biotechnol. 5,
805.

Bado, S., Forster, B.P., Ghanim, A.M., Jankowicz-Cieslak, J., Berthold, G., Luxiang, L.,
2016. Protocol for screening for salt tolerance in barley and wheat. In: Protocols for
Pre-field Screening of Mutants for Salt Tolerance in Rice, Wheat and Barley. Springer,
Cham, pp. 33-37.

Badri, D.V., Weir, T.L., Van Der Lelie, D., Vivanco, J.M., 2009. Rhizosphere chemical
dialogues: plant-microbe interactions. Curr. Opin. Biotechnol. 20, 642-650.

Bais, H.P., Weir, T.L., Perry, L.G., Gilroy, S., Vivanco, J.M., 2006. The role of root exu-
dates in rhizosphere interactions with plants and other organisms. Annu. Rev. Plant
Biol. 57, 233-266.

Barac, T., Taghavi, S., Borremans, B., Provoost, A., Oeyen, L., Colpaert, J.V.,
Vangronsveld, J., Van Der Lelie, D., 2004. Engineered endophytic bacteria improve
phytoremediation of water-soluble, volatile, organic pollutants. Nat. Biotechnol. 22,
583.

Chaparro, J.M., Badri, D.V., Bakker, M.G., Sugiyama, A., Manter, D.K., Vivanco, J.M.,
2013. Root exudation of phytochemicals in Arabidopsis follows specific patterns that
are developmentally programmed and correlate with soil microbial functions. PloS
One 8, e55731.

Dardanelli, M.S., Manyani, H., Gonzélez-Barroso, S., Rodriguez-Carvajal, M.A., Gil-
Serrano, A.M., Espuny, M.R., Lépez-Baena, F.J., Bellogin, R.A., Megias, M., Ollero,
F.J., 2010. Effect of the presence of the plant growth promoting rhizobacterium
(PGPR) Chryseobacterium balustinum Aur9 and salt stress in the pattern of flavo-
noids exuded by soybean roots. Plant Soil 328, 483-493.

Ding, J.U., Sun, Y., Xiao, C.L., Shi, K., Zhou, Y.H., Yu, J.Q., 2007. Physiological basis of
different allelopathic reactions of cucumber and figleaf gourd plants to cinnamic acid.
J. Exp. Bot. 58, 3765-3773.

Felten, J., Martin, F., Legué, V., 2012. Signalling in ectomycorrhizal symbiosis. In:
Signaling And Communication in Plant Symbiosis. Springer.

Gough, C., Galera, C., Vasse, J., Webster, G., Cocking, E.C., Dénarié, J., 1997. Specific
flavonoids promote intercellular root colonization of Arabidopsis thaliana by
Azorhizobium caulinodans ORS571. Mol. Plant Microbe Interact. 10, 560-570.

Hamayun, M., Khan, S.A,, Igbal, I., Ahmad, B., Lee, I.-J., 2010. Isolation of a gibberellin-
producing fungus (Penicillium sp. MH7) and growth promotion of Crown daisy
(Chrysanthemum coronarium). J. Microbiol. Biotechnol. 20, 202-207.

Hassan, S., Mathesius, U., 2012. The role of flavonoids in root-rhizosphere signalling:
opportunities and challenges for improving plant-microbe interactions. J. Exp. Bot.
63, 3429-3444.

Hirsch, A.M., Kapulnik, Y., 1998. Signal transduction pathways in mycorrhizal associa-
tions: comparisons with theRhizobium-legume symbiosis. Fungal Genet. Biol. 23,
205-212.

Hoffman, M.T., Gunatilaka, M.K., Wijeratne, K., Gunatilaka, L., Arnold, A.E., 2013.
Endohyphal bacterium enhances production of indole-3-acetic acid by a foliar fungal
endophyte. PloS One 8, €73132.

Hussain, A., Shah, S.T., Rahman, H., Irshad, M., Igbal, A., 2015. Effect of IAA on in vitro
growth and colonization of Nostoc in plant roots. Front. Plant Sci. 6, 46.

Jia, Y.-J., Ito, H., Matsui, H., Honma, M., 2000. 1-aminocyclopropane-1-carboxylate
(ACC) deaminase induced by ACC synthesized and accumulated in Penicillium ci-
trinum intracellular spaces. Biosci. Biotechnol. Biochem. 64, 299-305.

Khan, S.A., Hamayun, M., Yoon, H., Kim, H.-Y., Suh, S.-J., Hwang, S.-K., Kim, J.-M., Lee,
1.-J., Choo, Y.-S., Yoon, U.-H., 2008. Plant growth promotion and Penicillium citrinum.
BMC Microbiol. 8, 231.

Khan, N., Bano, A., Babar, M.A., 2017. The root growth of wheat plants, the water con-
servation and fertility status of sandy soils influenced by plant growth promoting
rhizobacteria. Symbiosis 72, 195-205.

Kikuchi, K., Matsushita, N., Suzuki, K., Hogetsu, T., 2007. Flavonoids induce germination
of basidiospores of the ectomycorrhizal fungus Suillus bovinus. Mycorrhiza 17, 563.

Lupini, A., Sorgona, A., Princi, M.P., Sunseri, F., Abenavoli, M.R., 2016. Morphological
and physiological effects of trans-cinnamic acid and its hydroxylated derivatives on
maize root types. Plant Growth Regul. 78, 263-273.

Malinowski, D., Belesky, D., 1999. Neotyphodium coenophialum-endophyte infection
affects the ability of tall fescue to use sparingly available phosphorus. J. Plant Nutr.
22, 835-853.

Narasimhan, K., Basheer, C., Bajic, V.B., Swarup, S., 2003. Enhancement of plant-microbe

68

Plant Physiology and Biochemistry 135 (2019) 61-68

interactions using a rhizosphere metabolomics-driven approach and its application in
the removal of polychlorinated biphenyls. Plant Physiol. 132, 146-153.

Nelson, E.B., Hsu, J.S., 1994. Nutritional factors affecting responses of sporangia of
Pythium ultimum to germination stimulants. Phytopathology 84, 677-683.

Neumann, G., Romheld, V., 2007. The release of root exudates as affected by the plant
physiological status. In: The Rhizosphere: Biochemistry and Organic Substances at
the Soil-plant Interface, second ed. CRC Press.

Ouzounis, T., Fretté, X., Rosenqvist, E., Ottosen, C.-O., 2014. Spectral effects of supple-
mentary lighting on the secondary metabolites in roses, chrysanthemums, and cam-
panulas. J. Plant Physiol. 171, 1491-1499.

Pathak, K.V., Nallapeta, S., 2014. Plant-microbial interaction: a dialogue between two
dynamic bioentities. In: Agricultural Bioinformatics. Springer.

Philippot, L., Raaijmakers, J.M., Lemanceau, P., Van Der Putten, W.H., 2013. Going back
to the roots: the microbial ecology of the rhizosphere. Nat. Rev. Microbiol. 11,
789-799.

Photita, W., Lumyong, S., Lumyong, P., Hyde, K.D., 2001. Endophytic fungi of wild ba-
nana (Musa acuminata) at doi Suthep Pui National Park, Thailand. Mycol. Res. 105
(12), 1508-1513.

Pieterse, C.M., Leon-Reyes, A., Van Der Ent, S., Van Wees, S.C., 2009. Networking by
small-molecule hormones in plant immunity. Nat. Chem. Biol. 5, 308.

Qiu, M., Xie, R.-S., Shi, Y., Zhang, H., Chen, H.-M., 2010. Isolation and identification of
two flavonoid-producing endophytic fungi from Ginkgo biloba L. Ann. Microbiol. 60,
143-150.

Reversat, G., Boyer, J., Sannier, C., Pando-Bahuon, A., 1999. Use of a mixture of sand and
water-absorbent synthetic polymer as substrate for the xenic culturing of plant-
parasitic nematodes in the laboratory. Nematology 1, 209-212.

Ryu, C.-M., Farag, M.A., Hu, C.-H., Reddy, M.S., Kloepper, J.W., Paré, P.W., 2004.
Bacterial volatiles induce systemic resistance in Arabidopsis. Plant Physiol. 134,
1017-1026.

Salvador, V.H., Lima, R.B., Dos Santos, W.D., Soares, A.R., Bohm, P.A.F., Marchiosi, R.,
Ferrarese, M.D.L.L., Ferrarese-FILHO, O., 2013. Cinnamic acid increases lignin pro-
duction and inhibits soybean root growth. PloS One 8, e69105.

Scervino, J.M., Ponce, M.A., Erra-Bassells, R., Bompadre, J., Vierheilig, H., Ocampo, J.A.,
Godeas, A., 2007. The effect of flavones and flavonols on colonization of tomato
plants by arbuscular mycorrhizal fungi of the genera Gigaspora and Glomus. Can. J.
Microbiol. 53, 702-709.

Schulz, B., Boyle, C., 2005. The endophytic continuum. Mycol. Res. 109, 661-686.

Sessitsch, A., Reiter, B., Pfeifer, U., Wilhelm, E., 2002. Cultivation-independent popula-
tion analysis of bacterial endophytes in three potato varieties based on eubacterial
and Actinomycetes-specific PCR of 16S rRNA genes. FEMS Microbiol. Ecol. 39,
23-32.

Sieber, T.N., Waisel, Y., Eshel, A., Kafkafi, U., 2002. Fungal root endophytes. In: Plant
Roots: the Hidden Half, pp. 887-917.

Steinkellner, S., Lendzemo, V., Langer, 1., Schweiger, P., Khaosaad, T., Toussaint, J.-P.,
Vierheilig, H., 2007. Flavonoids and strigolactones in root exudates as signals in
symbiotic and pathogenic plant-fungus interactions. Molecules 12, 1290-1306.

Steinmann, D., Ganzera, M., 2011. Recent advances on HPLC/MS in medicinal plant
analysis. J. Pharmaceut. Biomed. Anal. 55, 744-757.

Suryanarayanan, T.S., Venkatesan, G., Murali, T.S., 2003. Endophytic fungal communities
in leaves of tropical forest trees: diversity and distribution patterns. Curr. Sci.
489-493.

Waller, F., Achatz, B., Baltruschat, H., Fodor, J., Becker, K., Fischer, M., Heier, T.,
Hiickelhoven, R., Neumann, C., Von Wettstein, D., 2005. The endophytic fungus
Piriformospora indica reprograms barley to salt-stress tolerance, disease resistance,
and higher yield. Proc. Natl. Acad. Sci. U. S. A. 102, 13386-13391.

Wagas, M., Khan, A.L., Kamran, M., HamaYun, M., Kang, S.-M., Kim, Y.-H., Lee, L.-J.,
2012. Endophytic fungi produce gibberellins and indoleacetic acid and promotes
host-plant growth during stress. Molecules 17, 10754-10773.

Waskiewicz, A., Muzolf-Panek, M., Golinski, P., 2013. Phenolic content changes in plants
under salt stress. In: Ecophysiology and Responses of Plants under Salt Stress.
Springer.

Wu, H.-S., Raza, W., Fan, J.-Q., Sun, Y.-G., Bao, W., Shen, Q.-R., 2008. Cinnamic acid
inhibits growth but stimulates production of pathogenesis factors by in vitro cultures
of Fusarium oxysporum f. sp. niveum. J. Agric. Food Chem. 56, 1316-1321.

Ye, M., Yang, W.-Z., Liu, K.-D., Qiao, X., Li, B.-J., Cheng, J., Feng, J., Guo, D.-A., Zhao, Y.-
Y., 2012. Characterization of flavonoids in Millettia nitida var. hirsutissima by HPLC/
DAD/ESI-MSn. J. Pharmaceut. Anal. 2, 35-42.

Yu, J., Sun, Y., Zhang, Y., Ding, J., Xia, X., Xiao, C., Shi, K., Zhou, Y., 2009. Selective
trans-cinnamic acid uptake impairs [Ca 2+] cyt homeostasis and growth in cucumis
sativus L. J. Chem. Ecol. 35, 1471-1477.

Zhang, J., Xu, X.J., Xu, W., Huang, J., Zhu, D.Y., Qiu, X.H., 2014. Rapid characterization
and identification of flavonoids in Radix Astragali by ultra-high-pressure liquid
chromatography coupled with linear ion trap-orbitrap mass spectrometry. J.
Chromatogr. Sci. 53, 945-952.


https://doi.org/10.1016/j.plaphy.2018.11.029
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref1
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref1
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref1
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref2
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref2
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref2
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref2
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref3
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref3
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref3
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref3
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref4
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref4
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref5
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref5
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref5
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref6
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref6
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref6
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref6
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref7
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref7
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref7
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref7
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref8
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref8
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref8
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref8
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref8
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref9
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref9
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref9
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref10
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref10
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref11
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref11
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref11
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref12
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref12
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref12
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref13
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref13
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref13
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref14
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref14
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref14
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref15
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref15
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref15
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref16
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref16
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref17
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref17
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref17
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref18
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref18
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref18
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref19
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref19
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref19
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref20
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref20
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref21
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref21
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref21
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref22
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref22
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref22
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref23
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref23
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref23
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref24
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref24
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref25
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref25
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref25
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref26
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref26
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref26
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref27
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref27
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref28
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref28
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref28
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref1a
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref1a
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref1a
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref29
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref29
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref30
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref30
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref30
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref31
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref31
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref31
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref32
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref32
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref32
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref33
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref33
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref33
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref34
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref34
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref34
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref34
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref35
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref36
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref36
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref36
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref36
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref37
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref37
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref38
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref38
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref38
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref39
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref39
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref2a
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref2a
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref2a
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref40
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref40
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref40
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref40
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref41
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref41
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref41
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref42
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref42
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref42
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref43
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref43
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref43
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref44
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref44
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref44
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref45
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref45
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref45
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref46
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref46
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref46
http://refhub.elsevier.com/S0981-9428(18)30530-8/sref46

	Cinnamic acid as an inhibitor of growth, flavonoids exudation and endophytic fungus colonization in maize root
	Introduction
	Materials and methods
	Collection of plants
	Processing of plant roots and isolation of endophytic fungi
	Determination of colonizing frequency
	Determination of indole-3-acetic acid in Pz11 culture filtrate
	Screening of the Pz11 for ACC deaminase activity
	Determination of total flavonoids in Pz11 culture filtrate
	Determination of total sugars in Pz11 culture filtrate
	Effect of cinnamic acid on dry biomass of Pz11 strain
	Identification of Pz11
	Plant microbe interaction under hydroponic conditions
	HLPC fractionation of culture filtrates of pz11 and maize root exudates
	LC MS/MS analysis
	Statistical analysis

	Results
	Isolation and identification of the selected strain Pz11
	Effect of CA on the growth and metabolism of Pz11
	Effect of CA on the growth of maize seedlings
	Effect of CA on the exudation of secondary metabolites

	Effect of CA on root endophyte interaction

	Discussion
	Conclusion
	Conflicts of interest
	mk:H1_25
	Supplementary data
	References




