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ABSTRACT

The role of exogenously applied two flavonoids, quercetin and epicatechin, was assessed on plant growth and development. For this,
tobacco (Nicotiana tabacum) seedlings were supplemented with 50 and 100 pM epicatechin and quercetin individually and their shoot
and root parts were analyzed for total flavonoids content, transcriptional regulation of flavonoid biosynthesis pathway, morphological and
anatomical responses. Exogenous application of these two flavonoids increased the level of total flavonoids in the shoot and decreased it
in the root. Similarly the transcript expression of genes encoding key regulatory enzymes of flavonoid biosynthesis pathway was
increased in the shoot and decreased or not affected in the root. Interestingly, chalcone synthase (CHS) expression decreased in the shoot
and increased in the root. Seedlings exposed to flavonoids were observed for the following changes: inhibition of lateral and adventitious
roots, reduced plant growth and leaf expansion. Further, flavonoids increased the number of parallel vascular strands in the central and
petiolar region of the leaf and decreased the cell size of various regions in the leaf. These observations were similar to the responses
produced by synthetic auxin transport inhibitors. Therefore, free indole-3-acetic acid (IAA) content was estimated in tobacco seedlings.
Exposure to flavonoids enhanced the endogenous free IAA content in tobacco shoots. In tobacco roots, exposure to only 50 uM epicate-
chin and quercetin enhanced the free IAA content, while 100 pM exposure decreased the free IAA content. Results suggest that recorded

changes could be the consequence of decreased basipetal free [AA transport due to higher flavonoid content in tobacco seedlings.
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INTRODUCTION

Flavonoids are widespread throughout the plant kingdom.
They serve a variety of ecological and physiological func-
tions in plants (Stafford 1990; Mathesius et al. 1998a;
Debeaujon et al. 2000). Some flavonoids are considered as
regulators for endogenous auxin transport that affect plant
development (Jacobs and Rubery 1988; Brown et al. 2001,
Taylor and Grotewold 2005). Indole acetic acid (IAA), one
of the endogenous auxin has been considered as a critical
determinant in controlling plant growth (Casimiro et al.
2003; Friml 2003; Grebe 2004). Further, the young deve-
loping leaves have been documented as an important source
of auxin for rest of the plant (Ljung ef a/. 2001). Auxin
moves from cell to cell in a highly polar fashion, with a
basipetal polarity in the stems and a more complex polarity
in the roots (Lomax et al. 1995). Auxin enters into root
from shoot and transported through the central tissue of the
root towards the tip. There it combines with apically syn-
thesized auxin (Ljung et al. 2005), and transported basi-
petally through lateral root caps and epidermis (Swarup and
Bennett 2003). This strong bias in the direction of transport
within a tissue has resulted from asymmetry in the cellular
localization of an influx and efflux apparatus that contained
auxin importer AUX1 and PIN-type efflux facilitators, res-
pectively (Muller et al. 1998; Swarup et al. 2001; Friml
2003).

Flavonoids have also been screened for their ability to
block binding of a synthetic auxin transport inhibitor, naph-
thylphthalamic acid (NPA) and to inhibit auxin transport
from hypocotyls. Qercetin, kaempferol, and bestatin have
been found to be the most active flavonoids that compete
with NPA for binding to the same protein (Jacobs and
Rubery 1988; Rubery and Jacobs 1990).

Quercetin produces developmental alterations similar to
those produced by NPA in wheat embryos (Fischer ef al.
1997). The change in endogenous flavonoid concentration
leads to the change in auxin transport. This suggests that
flavonoids are endogenous regulators of auxin transport.
The #t Arabidopsis mutant has been used effectively to ana-
lyze the effects of individual flavonoids on auxin transport
and growth characteristics (Koornneef 1990; Shirley et al.
1995). The 4 alleles contained mutations in the gene
encoding chalcone synthase (CHS), the first enzyme of the
flavonoid biosynthesis. Mutant also showed alteration in
auxin transport in seedlings and inflorescence tissue as well
as increased number of lateral roots (Murphy et al. 2000;
Brown et al. 2001). However, treatment of 74 mutant seed-
lings with naringenin, a flavonoid precursor could restore
flavonoid biosynthesis. In Arabidopsis, lateral root forma-
tion is reduced upon inhibition of auxin transport (Reed et
al. 1998) and promoted upon increase in auxin transport
(Casimiro et al. 2001). The mechanisms underlying root
growth and architecture are well studied in Arabidopsis
thaliana (Benkova and Hejatko 2009; Fukaki and Tasaka
2009). However, several specifics of legume roots suggest
that regulatory mechanisms involved in determining root
growth and architecture may differ (Gonzalez-Rizzo et al.
2009). The compact root architecturel (CRAI) gene has
been reported to regulate lignification, flavonoid production,
and polar auxin transport in Medicago trunculata (Laffont
et al. 2010).

The vascular tissue of a plant is composed of continu-
ous network of vascular bundles. These are primarily com-
posed of phloem and xylem tissues and translocate dis-
solved photo assimilates and minerals, respectively (Nelson
and Dengler 1997). All types of vascular tissues differenti-
ated from provascular cells. These cells are arranged in con-
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tinuous strands of narrow cells through coordinated, orien-
ted divisions, parallel to the axis of the emerging strand.
Auxin is well known for inducing vascular differentiation
(Lyndon 1990). However, the molecular mechanism con-
trolling this differentiation during plant organ development
is not known. Importantly, transgenic plants overproducing
auxin have increased the amount of vascular tissue (Klee et
al. 1987).

A large number of environmental factors like light,
wounding, pathogens, symbiotic bacteria, and development
regulate the synthesis of enzymes that control flavonoid
biosynthesis (Feinbaum ef al. 1991; Kubasek et al. 1992;
Yang et al. 1992; Shirley 1996; Sakuta 2000). Changes in
the endogenous flavonoid concentration altered auxin trans-
port. Flavonoids have been co-localized to the tissues that
transport auxin (Murphy et al. 2000; Peer et al. 2001) and
to the plasma membrane (Peer ef al. 2001), where auxin
transport inhibitor binding site is localized (Dixon et al.
1996). Therefore, flavonoids have the characteristics that
make them suitable endogenous regulators of auxin trans-
port.

This study was conducted to see the influence of two
flavonoids; quercetin and epicatechin on plant growth and
development. Also, to check whether flavonoids induced
changes are mediated through the regulation of auxin/free
IAA transport or content. For this, tobacco seedlings were
grown on MS media containing epicatechin and quercetin.
Flavonoids content, expression levels of flavonoid pathway
genes and free IAA content was estimated in root and shoot
tissues of exposed tobacco seedlings. Higher doses of these
flavonoids led to the inhibition of the lateral and adventi-
tious root formation and also produced developmental alte-
rations. Probable mechanism of flavonoid induced changes
in plants has been documented.

MATERIALS AND METHODS
Chemicals

Quercetin, epicatechin, DMSO, PVPP and 2,4-dinitrophenylhydra-
zine (2,4-DNPH) were purchased from Sigma-Aldrich USA.
Tween 20 and mercuric chloride were procured from Himedia.
Absolute ethanol was purchased from Merck. All other chemicals
used were of high analytical grade.

Tobacco seedling and flavonoid treatment

Tobacco (Nicotiana tabacum L. cv Xanthi) seeds obtained from
ICGEB, New Delhi were firstly treated with detergent 10%
Tween-20 for 5 min and thereafter with 70% ethanol for 30 sec.
Seeds were then surface sterilized with 0.001% mercuric chloride
for 3 min and washed thrice with sterile distilled water. Seeds were
grown in petri plates containing full strength Murashige and
Skoog medium (MS; Murashige and Skoog 1962) with 3% suc-
rose and 0.6% agar at 25 + 2°C for 7 days. By this time cotyledons
had emerged and roots had reached a length of 1-1.5 cm. These 7
day old tobacco seedlings were transferred to new plates con-
taining MS media or MS plus quercetin and MS plus epicatechin.
Quercetin and epicatechin were dissolved in dimethylsulfoxide
(DMSO) and were added at 50°C to molten sterile MS media.
These two flavonoids were used at two different concentrations 50
and 100 pM. Seedlings were allowed to grow for next 21 days.
Seedlings were carefully removed from the plates and their root
and shoot parts were separated and stored in liquid nitrogen for
further use.

Total flavonoid estimation

Hundred milligrams of tissue was extracted with 2.5 ml of 95%
ethanol under 200 rpm shaking for 24 h. After filtration, the filtrate
was used for flavonoid estimation. Total flavonoids comprise of
flavones, flavonols and flavanones. The flavones and flavonols
were estimated following aluminum chloride colorimetric method
(Woisky and Salatino 1998). The reaction mixture contained sam-
ple extract, 95% ethanol, 10% aluminum chloride, and 1M potas-
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sium acetate. After incubation at room temperature for 30 min, the
absorbance was read at 415 nm with UV-Vis spectrophotometer.

The flavanones were estimated following the 2,4-DNPH
colorimetric method described earlier (Nagy and Grancai 1996).
One millilitre extract was reacted with 2 ml of 1% 2,4-DNPH and
2 ml of methanol at 50°C for 50 min. After cooling at room tem-
perature, the reaction mixture was mixed with 5 ml of 1% potas-
sium hydroxide in 70% methanol and incubated at room tempera-
ture for 2 min. Then, 1 ml of the mixture was mixed with 5 ml of
methanol and centrifuged at 3000 rpm for 10 min to remove the
precipitate. The supernatant was collected and adjusted to 25 ml.
The absorbance was read at 495 nm with UV-Vis spectrophoto-
meter.

Measurement of free IAA

Free IAA was estimated by the method described earlier with little
modifications (Ernstsen e al. 1987). For extraction, 1 g fresh sam-
ple was crushed in liquid nitrogen and extracted with chilled 80%
methanol by keeping for 24 h under dark at 4°C. The methanolic
extract was centrifuged at 10,000 rpm for 20 min at 4°C. The
supernatant was reduced to dryness in vacuum with a rotary eva-
porator. The residue was dissolved in 2 ml of 1M phosphate buffer
(pH 7.8) and passed through the column packed with polyvinyl
pyrrolidine phosphate (PVPP; MW 40,000). Column was eluted
with 80 ml of 1M phosphate buffer. Filtrate was mixed with 150
ml of diethyl ether and poured in a separating funnel. The lower
phase was collected and its pH was adjusted to 3. The diethyl ether
extract was then filtered through sodium sulphate. The filtrate was
dried in vacuum evaporator and powder was dissolved in 2 ml of
methanol (HPLC grade). Resulting solution was used for estima-
tion of endogenous auxin content using Salkowski’s reagent (50
ml 35% HCIO4 and 1 ml FeCly). The absorbance was read with
UV-Vis spectrophotometer at 530 nm. The content was calculated
from the standard curve prepared from pure IAA (Sigma).

RNA isolation and RT-PCR

Total RNA was isolated from 100 mg of treated and untreated tis-
sues by using TRIzol reagent (Invitrogen). cDNA was synthesized
using 1pg of RNA in the presence of 200 U reverse transcriptase
Superscript III (Invitrogen, USA), 1 ul of 10 mM dNTPs and 250
ng oligo (dT)12-18. Resulting cDNA was used to carry out the
PCR reactions with gene specific primers: phenylalanine ammonia
lyase (PAL) (forward primer 5'-CAAGAACGGTGGTGCTCTTC-
3" and reverse primer 5-CCAGAACCAACTGCAGTACC-3"),
chalcone synthase (CHS) (forward primer 5'-GTACAACTAGTG
GTGTAGACA-3' and reverse primer 5-CCAACTTCACGAAGG
TGAC-3’), chalcone isomerase (CHI) (forward primer 5'-CGA
GTGACTATGATCTTGCC-3" and reverse primer 5-CTGACG
CGTCGGCATAGC-3"), flavanone 3-hydroxylase (F3H) (forward
primer 5'-GGTAGTTGATCATGGTGTTGA-3' and reverse primer
5'-GTTCCTGGATCAGTGTCTCG-3") and flavonol synthase
(FLS) (forward primer 5'-GTCCACAACGTTGCATGGTG-3' and
reverse primer 5-CACAACTTCTCGCAGCCTC-3"). Linearity
between the amount of input RNA and the final RT-PCR products
was verified and confirmed. After standardizing the optimal ampli-
fication at exponential phase, PCR was carried out under the con-
ditions of 94°C-4 min, 94°C-30s, 50-60°C-40s, 72°C-50s for 25
cycles. The 26S rRNA-based gene primers were used as internal
control for expression studies (Singh et al. 2004).

Microscopic analysis

To check the effect of quercetin and epicatechin on cell size, first
nodal leaf of the treated tobacco seedlings was fixed overnight in
formaldehyde: acetic acid: ethanol (FAA; 1:1:18). Fixed leaf was
dehydrated in an alcohol series and was embedded in paraffin wax.
Thin sections were cut using ultramicrotome and examined under
light microscope attached with Nikon digital camera (Dxm 1200).
Microscopic study was also conducted to see the effect of
quercetin and epicatechin on vascular system. For this, first nodal
leaf and root of the treated tobacco seedling was used. The cell
content of the tissues was removed by overnight incubation with
5% NaOH and 0.1% SDS at 37°C, followed by several washes in
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distilled water. Thereafter, tissue was stained with Schiff’s reagent
(Sigma) and cleared as described earlier (Vollbrecht and Hake
1995). The cleared tissues were examined under light microscope
attached with Nikon digital camera (Dxm 1200) for vascular
patterning.

Table 1 Total flavonoid content in shoot and root of tobacco seedlings
under untreated and quercetin/epicatechin treated condition. Seven days
old tobacco seedlings treated with various concentrations of quercetin/epi-
catechin for 21 days were used for different flavonoids estimations as des-
cribed in materials and methods.

Tissue and Flavonoid content (mg/g fresh weight)*
treatment Flavones. Flavanones*** Total
flavonols** flavonoids

Shoot
Untreated control %0.52 £0.01 %0.72 £ 0.066 1.24+£0.076
EC-50 %0.57 +0.01 20,74 + 0.04 131 £0.05
EC-100 °0.65 + 0.03 °0.97 + 0.005 ®1.62 £ 0.035
Quercetin-50 %0.56 + 0.02 %0.75 +0.05 11.31+0.07
Quercetin-100  °0.77 £ 0.01 °1.00 £ 0.02 ®1.77+£0.03
Root
Untreated control °0.004 + 0.0002 %0.97 +0.08 %0.974 + 0.080
EC-50 °0.005 + 0.0005  “0.96 + 0.00 20,965 + 0.0005
EC-100 40.009 + 0.0007 °0.85 +0.05 °0.859 + 0.050
Quercetin-50 €0.007 £ 0.0004  “0.96 + 0.03 20.967 + 0.030
Quercetin-100  °0.01 £0.0009  °0.80 + 0.02 °0.81 + 0.020

*All results are presented as mean + SD (n=3)

**Levels calculated as quercetin equivalents

***Levels calculated as naringenin equivalents

Different letters of the alphabet superscript to the values represents the significant
difference in the mean values of estimates at 5% level
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Fig. 1 Changes in the relative transcript level of (A) Phenylalanine
ammonia lyase (PAL), (B) Chalcone synthase (CHS), (C) Chalcone iso-
merase (CHI), (D) Flavanone 3-hydroxylase (F3H) and (E) Flavonol
synthase (FLS) in tobacco shoots in response to 50 and 100 uM treatments
of epicatechin and quercetin. Values are the mean of three repeats of
expression levels. Least significance difference was determined at 5 and
1% level. Different letters of the alphabet at the bar represent significant
differences at 5% and same letters with an asterisk represent significant
difference at 1%. Similar letters of the alphabet indicate insignificant
differences.
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RESULTS

Effect of epicatechin and quercetin application on
flavonoid contents of shoot and root of tobacco
seedlings

To check whether exogenously applied quercetin and epi-
catechin has any influence on the endogenous level of fla-
vonoids in tobacco seedlings, total flavonoids content was
estimated in shoot and root tissues. Total flavonoid content
was increased with the exogenous application of both quer-
cetin and epicatechin in tobacco shoots. The content was
further increased with the increase in dose of epicatechin
and quercetin exposure. The maximum flavonoid content of
1.77 £ 0.03 mg g "' fresh weight was observed in the 100
uM quercetin exposed shoot followed by 1.62 + 0.035 mg
g ! fresh weight with 100 uM epicatechin (Table 1).

On the other hand, total flavonoid content was de-
creased with exogenous application of epicatechin and
quercetin in tobacco roots as compared to untreated roots.
The response of root for flavonoid content was exactly
reverse to that of shoot upon exogenous application of both
epicatechin and quercetin. Hence, total flavonoid content
was lowest in 100 pM epicatechin and quercetin exposed
tobacco roots compared to untreated roots (Table 1).

Effect of epicatechin and quercetin on the
expression of flavonoid biosynthesis pathway
genes

Since shoot and root tissue showed opposite behavior for
flavonoid content accumulation upon exogenous application
of both quercetin and epicatechin, the influence of exoge-
nously applied constituents was expected on the regulation
of flavonoid biosynthesis pathway. In view of this, expres-
sion of flavonoid biosynthesis pathway genes was moni-
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Fig. 2 Changes in the relative transcript level of (A) Phenylalanine
ammonia lyase (PAL), (B) Chalcone synthase (CHS), (C) Chalcone
isomerase (CHI), (D) Flavanone 3- hydroxylase (F3H) and (E) Flavonol
synthase (FLS) in tobacco roots in response to 50 and 100 uM treatments
of epicatechin and quercetin. Values are the mean of three repeats of
expression levels. Least significance difference was determined at the 5
and 1% level. Different letters of the alphabet at the bar represent
significant difference at 5% and same letters with an asterisk represent
significant difference at 1%. Similar letters of the alphabet indicate
insignificant differences.
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Fig. 3 The effects of different concentrations of flavonoids application on tobacco shoot and root development. Photographs show 7-days-old
seedlings grown for 21 days on (A) 0.1% DMSO, (B) 50 uM epicatechin, (C) 100 uM epicatechin, (D) 50 uM quercetin and (E) 100 uM quercetin. Upper
panel is the top view of seedlings and lower panel is the vertical view of seedlings in petri plates.

Fig. 4 Vascular organization in flavonoid treated and control plants. (A) Whole mount preparations of cleared leaf from tobacco seedlings grown on
medium a) without flavonoids, b) 50 uM epicatechin, ¢) 100 uM epicatechin, d) 50 pM quercetin and e) 100 uM quercetin. Numerous parallel vessels
were seen in the central and petiolar region of flavonoid treated plants. (B) Whole mount preparations of cleared primary root tips from tobacco seedlings
grown on medium f) without flavonoids, g) 50 uM epicatechin, h) 100 pM epicatechin, i) 50 uM quercetin and j) 100 pM quercetin. Arrows indicate
numerous parallel vessels extended towards the root apex in 100 pM epicatechin treated tobacco seedlings. PR, petiolar region; CR, central region, RT,

root tip.

tored in tobacco shoot and root upon exposure to quercetin
and epicatechin. The transcript levels of PAL, CHS, CHI,
F3H and FLS was monitored. In tobacco shoot, epicatechin
exposure influenced the transcript level of various enzymes
in a concentration dependent manner. Upon exposure to 50
uM epicatechin, the expression of CHI and F3H was up-
regulated while the expression of other three enzymes was
not affected. Application of 100 uM epicatechin has signi-
ficantly increased the transcript expression level of PAL,
CHI, F3H and FLS. Interestingly, CHS expression was
downregulated with 100 uM epicatechin (Fig. 1). The 50
uM quercetin application was observed to increase trans-
cript expression level of all the five enzymes. The expres-
sion was further enhanced with 100 uM quercetin applica-
tion (Fig. 1).

Influence of these two flavonoids was also seen on the
expression of genes encoding flavonoid biosynthetic en-
zymes in tobacco roots. In epicatechin exposed tobacco
roots, transcript expression of CHI, F3H and FLS was de-
creased. While PAL expression was unaffected with both 50
and 100 pM epicatechin exposure compared to untreated
control. Only the expression of CHS was found to be
upregulated with 100 uM epicatechin applications (Fig. 2).
Similarly, quercetin exposure was also found to decrease
the expression of PAL in addition to F3H and FLS. How-
ever, CHS and CHI expression was found to be increased
with 100 uM quercetin compared to untreated control (Fig.
2). In general, results suggest that epicatechin and quercetin
exposure enhanced the expression of genes encoding flavo-
noid pathway enzymes in shoot and decreased in root of
tobacco seedlings. Interestingly, CHS showed reverse res-
ponse in two tissues compared to other four enzymes.

45

Morphological responses of epicatechin and
quercetin application on tobacco seedlings

Tobacco seedlings grown on media supplemented with 100
UM epicatechin and quercetin exhibited larger primary roots
with no lateral and adventitious roots. Higher concentration
of flavonoids exposure also resulted in smaller leaves and
laminae (Fig. 3). The inhibition in lateral and adventitious
root formation was also observed with 50 uM epicatechin
but extent was lesser as compared to its higher dose. On the
other hand, tobacco seedlings grown in the medium with 50
uM quercetin produced no difference in their root system as
well as leaves and laminae. However, higher dose of epi-
catechin and quercetin application retarded the plant growth
significantly (Fig. 3).

Effect of epicatechin and quercetin application on
vascular system of tobacco seedlings

To assess the influence of these two flavonoids on plant
vascular patterning, development of vascular systems was
analyzed during their exogenous application. For this, roots
and leaves were analyzed through histological sections. The
first nodal leaf of the seedlings grown in the presence of
100 uM epicatechin and quercetin show increase in number
of parallel vascular strands in central and petiolar region of
the leaf as compared to that of untreated control. Also, these
parallel vascular strands were separated from each other.
The 50 uM epicatechin and quercetin exposure also en-
hanced the number of parallel vessels compared to unex-
posed plant; however, the increase was to a lesser extent
compared to 100 uM exposure (Fig. 4A). Similarly, the
effect of these flavonoids was also observed on vascular
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Fig. 5 Cell size comparisons in leaf cross-sections centered with central vein. (A) leaf cross-section of flavonoids untreated control plant and
flavonoids treated plants such as (B) 50 uM epicatechin, (C) 100 uM epicatechin, (D) 50 pM quercetin and (E) 100 uM quercetin. Red bars indicate a
shift towards the smaller cell size that was observed with higher concentrations of epicatechin and quercetin. UE, upper epidermis, LE, lower epidermis;

PP, palisade parenchyma; SP, spongy parenchyma.

Table 2 Free IAA content in shoot and root of tobacco seedlings under
untreated and quercetin/epicatechin treated condition. Seven days old
tobacco seedlings treated with various concentrations of quercetin/epi-
catechin for 21 days were used for free IAA estimation as described in
materials and methods.

Samples Conc. of auxin (IAA)* (ng/g fresh weight)
Untreated  EC-50 EC-100 Quercetin Quercetin
control pM uM 50 pM 100 pM

Shoot  “20.5+0.76 "252+2.0 °41.5+£2.6 "28.0+2.2 44.0+25

Root 5.0+ 0.4 '5.8+0.5 °43+035 °6.2+041 "3.8+0.28

*All results are presented as mean + SD (n=3)
Different superscript letters next to the values represent significant differences in
the mean values of estimates at the 5% level according to LSD

strands in the root tip. Numerous parallel vessels extended
towards root apex were found only in the seedlings exposed
to 100 uM epicatechin. Other treatments did not show any
effect on vessels accumulation in the root tip region (Fig.
4B).

Effect of epicatechin and quercetin on leaf
anatomy

To check the effect of flavonoids on cell size of leaf,
microscopic analysis was conducted with tobacco seedlings
exposed to 50 and 100 pM epicatechin and quercetin. For
microscopic analysis, fixed leaves were cut with microtome

and cross-sections centered with central vein were analyzed.

Decrease in cell size was observed in the seedlings exposed
to higher flavonoid concentrations compared to unexposed
seedlings. Cell size of epidermis, palisade and spongy
parenchyma revealed a shift to smaller size population upon
exposure to 100 uM of both the flavonoids. However, no
difference in cell size was observed with 50 uM exposure
of both the flavonoids compared to unexposed control (Fig.
5).

Effect of epicatechin and quercetin on
endogenous free IAA content of tobacco seedling

The similar morphological and anatomical responses as
observed in this study have been documented by the use of
synthetic auxin transport inhibitors. Therefore, endogenous
free IAA content was determined in the shoot and root of
tobacco seedlings to see the effect of quercetin and epi-
catechin. The endogenous free IAA content was increased
in tobacco shoots upon exposure to both the flavonoids. The
content was further increased with increase in dose of their
treatment. The maximum free IAA content was observed in
shoots exposed to 100 pM quercetin followed by 100 uM
epicatechin treated shoots (Table 2). In tobacco roots, the
endogenous free IAA was also increased upon the exposure
to 50 uM epicatechin and quercetin (Table 2). However,
100 uM exposures of both the flavonoids decreased the free
IAA content. The 50 uM quercetin treated roots showed the
maximum free IAA content.
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DISCUSSION

The goal of the present work was to check the influence of
exogenous application of two flavonoids on growth and
development of tobacco seedlings under in-vitro. For this,
tobacco seedlings were grown in the presence of 50 and 100
uM of epicatechin and quercetin. The treated seedlings
were analyzed for flavonoid content, flavonoid biosynthetic
pathway genes expression, morphological changes and vas-
cular patterning. The exogenous application of flavonoids
generally upregulated the expression of genes encoding
flavonoid biosynthetic pathway enzymes such as PAL, CHI,
F3H and FLS in tobacco shoots compared to untreated con-
trol shoots (Fig. 1). The upregulation in gene expression of
some of these enzymes was also found with their lower
dose of flavonoid exposure. The expression of genes influ-
enced by lower dose of flavonoid exposure can be catego-
rized as early responsive genes and other can be late res-
ponsive. The decrease in expression of CHS at 100 pM epi-
catechin exposure in tobacco shoots might be due to
negative regulation at higher dose (Pelletier ef al. 1999). In
contrast to this, the expression of these genes were either
decreased or not affected with epicatechin and quercetin
treatments in tobacco roots. Only the CHS expression was
found to be upregulated with 100 pM epicatechin and quer-
cetin exposure in tobacco roots (Fig. 2). This has suggested
the reverse behaviour of CHS in two tissues compared to
other four enzymes upon exogenous supply of quercetin
and epicatechin.

This increase in expression of flavonoid biosynthetic
enzymes with epicatechin and quercetin exposure in
tobacco shoot than that in root, suggested higher accumu-
lation of flavonoids in the aerial part of the seedlings. Our
results support this and found higher levels of total flavo-
noid contents in the shoot than root (Table 1). Higher ac-
cumulation of flavonoids in shoot part of tobacco seedlings
during the exposure of epicatechin and quercetin suggested
free IAA accumulation in this region through the flavonoid-
mediated inhibition of free IAA transport. While decrease in
flavonoid content documented for lesser free IAA in the
roots compared with the untreated control (Table 2). This
result is supported by the fact that flavonoids act as endo-
genous regulators of auxin transport (Jacobs and Rubery
1988; Brown ef al. 2001; Taylor and Grotewold 2005).
Aglycone flavonols like quercetin and kaemferol have been
reported as highly active inhibitors of auxin transport than
glycosides (Mathesius ef al. 1998b). Hence, free IAA reten-
tion in shoot portion of tobacco seedlings might be respon-
sible for various observed morphological and developmen-
tal events.

Auxin is required at several developmental stages to
facilitate lateral root formation. Lateral root primordial that
are unable to divide if excised from the primary root, can be
rescued if supplemented with exogenous auxin (Dubrovsky
et al. 2001). Further it has been reported that higher levels
of auxin (IAA) in the aerial part or shoot of a plant resulted
in inhibition of lateral and adventitious roots formation
(Reed et al. 1998). Similar inhibition in lateral and adven-
titious root formation was also observed in the exogenously
exposed tobacco seedlings (Fig. 3). Application of IAA to
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Fig. 6 Representative model depicting the transport and accumulation of auxin in tobacco seedlings during flavonoids application. (Left) Impor-
tant sources of auxin required for the developing roots in plant. The de-novo synthesized auxin is transported basipetally from aerial parts of plant to the
root tip. Auxin is also synthesized locally in the primary and lateral root tips. From roots, auxin can be transported acropetally within the root stele and
basipetally from the root apex to other tissues with in the root tip. (Right) Applications of higher concentrations of flavonoids to tobacco seedlings
through the medium resulted into flavonoid accumulation in the aerial region. Large numbers of developmental defects were produced as described in this
study by the inhibition of basipetal auxin transport resulting from flavonoid accumulation.

growing plants stimulates lateral root development (Blakely
et al. 1982; Muday and Haworth 1994). Conversely, growth
of tomato roots on agar containing auxin-transport inhib-
itors, including NPA, decreased the number of lateral roots
(Muday and Haworth 1994). A negative correlation was
found between the degree of branching in root systems and
the amount of NPA-binding activity present in roots in dif-
ferent species of plants (Lomax et al. 1995). Thus these evi-
dences support the fact that free IAA is necessary for lateral
root formation and inhibition of these lateral and adventi-
tious roots is mediated by the blockage of free IAA trans-
port resulted from flavonoid accumulation.

We have further studied the vascular system of plants
grown in the presence of flavonoids. Variation in dosage of
flavonoid applications altered the vascular system of a leaf
in a predictable fashion. The number of parallel vascular
strands in the central and the petiolar region of the leaf
increased with increase in dosage of flavonoids (Fig. 4A).
Secondary veins approached the primary vein at a more
acute angle, and often did not fuse with the primary vein.
As a result, several parallel veins could frequently be seen
in the central and petiolar region. This could be because of
the free IAA retention in aerial portion of the seedlings
induced by maximum flavonoid accumulation. Numerous
parallel vessels extended towards the root apex were found
only with 100 uM epicatechin (Fig. 4B). This might be due
to the inhibition of basipetal free IAA transport from root
apex towards the root base. This could be resulted from
more flavonoid accumulation in the root tip only and lesser
in the root as a whole. Similar responses were evoked by
three synthetic auxin transport inhibitors TIBA, NPA and
HFCA in Arabidopsis. This has revealed that auxin trans-
port is required for vascular tissue continuity and the res-
triction of vascular differentiation to narrow strands (Matt-
son et al. 1999).

Further, higher dose of epicatechin and quercetin inhib-
ited plant growth to much higher level as compared to their
lower dose and untreated control. This finding is supported
by the fact that NPA restricted leaf auxin translocation and
concurrently reduced leaf size in Arabidopsis and bean
(Keller et al. 2004). Although, the exact mechanism of
auxin in controlling leaf expansion remains unclear, in-
crease in auxin level has been reported to have negative
effects on leaf expansion. In this study, decrease in cell size
of leaf epidermis, palisade and spongy parenchyma during
exposure to 100 pM epicatechin and quercetin was ob-
served (Fig. 5). This decrease in cell size could be due to
flavonoid-mediated free IAA retention in the leaf of seed-
lings treated with higher doses of epicatechin and quercetin.
Such changes in leaf cell size have earlier been reported
through following different studies. Transgenic petunia
(Petunia hybrida) overproducing auxin developed epinastic,
smaller and narrower leaves than non-transgenic control
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plant (Klee et al. 1987). Similarly, Arabidopsis mutants
surl and sur2 overproducing auxin resulted in less expan-
ded leaf (Boerjan et al. 1995). Application of exogenous
auxin to bean (Phaseolus vulgaris) and Arabidopsis leaf
blades inhibited long-term blade elongation (Keller et al.
2004). On the other hand, a low auxin concentration has
been documented to drive cell elongation and cell enlarge-
ment in tobacco cell culture (Zazimalova ef al. 1995; Wini-
cur et al. 1998).

Overall conclusion of this study has been documented
through a model. The model depicts the two important sour-
ces of IAA for the developing roots. The primary one is the
basipetal transport of de novo synthesized IAA from aerial
parts of the plant to root tip and the secondary one is the
locally synthesized IAA in the primary and lateral root tips.
Within the root, IAA can be transported acropetally in the
root stele and basipetally from the root apex to other tissues
(Fig. 6A). The exogenous application of higher doses of
epicatechin and quercetin resulted into flavonoid accumula-
tion in aerial region of tobacco seedlings through coordi-
nated upregulation of key regulatory enzymes of flavonoid
biosynthetic pathway. In contrast to this, the roots showed
lesser flavonoid accumulation. Higher level of flavonoid in
the aerial region resulted into inhibition of basipetal IAA
transport from aerial region to root of the tobacco seedlings
(Fig. 6B). This inhibition in free IAA transport was found to
be responsible for non formation of lateral and adventitious
roots. More accumulation of free IAA in the aerial portion
of the seedlings resulted in several morphological and ana-
tomical alterations in the leaves of tobacco.
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