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ABSTRACT

Although considerable researches have been conducted on the physiological responses
to plant iron (Fe) deficiency stress in dicotyledonous plants, much still needs to be learned
about the regulation of these processes. In the present research, red clover was used to
investigate the role of root phenolics accumulation in regulating Fe-deficiency induced
Fe(lll) chelate reductase (FCR). The root FCR activity, IAA and phenolics accumulation,
and also the phenolics secretion were greatly increased by the Fe deficiency treatment.
The application of TIBA (2,3,5-riiodobenoic acid) to the stem, an IAA polar transport
inhibitor, which could decrease IAA accumulation in root, significantly inhibited the FCR
activity, but did not effect root phenolics accumulation and secretion, suggesting that IAA
itself did not involve in root phenolics accumulation and secretion. In contrast, the Fe
deficiency treatment significantly decreased the root IAA-oxidase activity. Interestingly the
phenolics extracted from roots inhibited |IAA-oxidase activity in vitro, and this inhibition
was greater with phenolics extracted from roots of Fe deficient plants than that from Fe
sufficient plants, indicating that the Fe deficiency-induced IAA-oxidase inhibition probably
caused by the phenolics accumulation in Fe deficient roots. Based on these observations,
we propose a model where under Fe deficiency stress in dicots, an increase in root
phenolics concentrations plays a role in regulating root IAA levels through an inhibition of
root IAA oxidase activity. This response, leads to, or at least partially leads to an increase
in root IAA levels, which in turn help induce increased root FCR activity.

INTRODUCTION

Fe deficiency is one of the most limiting factors affecting crop production in calcar-
eous soils. However, many native plant species and genotypes termed Fe-efficient plants
have evolved different strategies to avoid chlorosis caused by Fe deficiency. Romheld and
Marschner had classified these strategies as Strategy I in nongraminaceous monocots and
dicots, and Strategy II in graminaceous monocots. Because this study involves a dicot, we
will not discuss Strategy II further.!

Strategy I plants respond to Fe-deficient stress by inducing several processes, including
inducing a plasma membrane Fe(IIl) chelate reductase (FCR), proton extrusion and
in most instances accompanied by the release of phenolic compounds.>® The induced
phenolics secretion is probably related to changes in the phenolics content in plant tissues.
It has long been known that various phenolic compounds can play a role in regulating
IAA metabolism and IAA polar transport in plant.>”# For example, a derivative of
7,4'-dihydroxyflavone (DHF) as well as free DHF were shown in in vitro assays to strongly
inhibit enzyme-catalyzed TAA breakdown at concentrations found in root tissues, while
formononetin, an isoflavonoid, can accelerate the enzyme-catalyzed breakdown of IAA.”
In addition, increased auxin transport was found in the Arabidopsis transparent testa4 (1t4)
mutant which produces no flavonoids.”!2 Therefore, changes in the phenolics content in
plant tissues probably are related to plant IAA levels changes.

It has been reported that Fe-deficient sunflower roots contained higher levels of IAA
than the Fe-sufficient ones.! Therefore, IAA has been implicated to play a role in trig-
gering Fe-deficiency responses. Application of TIBA (2,3,5-triiodobenzoic acid) or CFM
(2-chloro-9-hydroxyfluorenecarboxylic acid-9-methylester), two inhibitors of polar IAA
transport, to Fe-deficient plants markedly inhibited FCR activity,'!3 proton extrusion and
subapical root hairs development.'* Meanwhile, Fe-sufficient plants treated with IAA or
IBA (indol-3-butylric acid, another natural auxin), have been demonstrated to closely
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mimic the root FCR activity and root morphology of Fe-deficient
plants.'>1¢ The mechanism by which IAA acts is related to changes
in IAA concentration at the specific site of action, which is controlled
by its biosynthesis, metabolism and transport.!” Although the
root can also synthesize the IAA, the shoot derived IAA is still an
important source in determining root IAA levels. Therefore, the
IAA basipetal transport and metabolism are two important elements
determining root IAA concentrations. Therefore, if the phenolics
content in Fe deficient root was changed, it was probably involved
in regulating the Fe deficiency induced responses through the link in
root phenolics content changes and IAA-oxidase activity in response
to Fe deficiency. The objective of the present research was focused
on investigating this hypothetical link in the red clover (77ifolium
pratense cv. Kenland).

MATERIALS AND METHODS

Plant culture. Red clover seeds were soaked in distilled-deionized
water overnight. After rinsed three times, the seeds were transferred
to an incubator at 25°C for germination in dark. The germinated
seeds were transferred to a plastic mesh tray placed over a container
filled with 0.5 mM CaCl, solution. The solution was renewed daily.
Three days later, the solution was replaced with one fifth strength
of complete nutrient solution. After 12 days, uniform seedlings
were transplanted to 1 L pots (four holes per seedling holder, and
three seedlings per hole) filled with aerated, full strength complete
nutrient solution. The nutrient solution had the following macro-
nutrient composition: 3 mM Ca(NO;),, 0.5 mM MgSO,, 0.3 mM
NaH,PO, and 0.5 mM K,SO,. Micronutrient concentrations were
3 UM H;BOj3, 0.4 UM ZnSO,, 0.2 UM CuSO,, 0.5 uM MnCl,,
0.01 uM (NH,)(MO,),, and 20 uM Fe(II)-EDTA. The solution
pH was adjusted to 6.5 using 1 M NaOH. Nutrient solutions were
renewed every other day. After certain days of cultivation as indicated
in the different experiments, plants were subjected to different treat-
ments. All treatments had three replicates and all experiments were
repeated independently at least two times, and the results from one
set of representative experiments were presented. Plants were grown
in a greenhouse with an average temperature of 28/23°C, relative
humidity of 50/80%, and photo-cycle of 14 h/10 h (day/night), and
average daytime photosynthetically active radiation between 500 and
1000 pmol photons m2s!.

TIBA (2,3,5-triiodobenzoic acid) and NPA (N-1-naphthyl-
phthalamic acid) treatments. The 23-day-old plants were subjected
to the following treatments: (1) Control, the plants still cultured in
complete nutrient solution; (2) -Fe, the plants transferred to the same
nutrient solution lacking Fe; (3) -Fe + TIBA, 2 mM TIBA dissolved
in lanoline was applied to the stem of the -Fe grown plant below the
cotyledons, and was reapplied every three days. NPA was also applied
and treated in the same way as TIBA.

Exogenous IAA treatment. The 23-day-old plants were subjected
to the following treatments: (1) Control; (2) -Fe; (3) Control + TAA,
the plants were transferred to complete nutrient solution contained
2 x 107 M IAA; (4)-Fe + IAA, the plants were transferred to -Fe
nutrient solution containing 2 x 107 M IAA. All the treatment
solutions were renewed daily.

The measurement phenolic compounds secretion. The concen-
tration of total phenolic compounds in the nutrient solutions were
determined colorimetrically at 750 nm using Folin-Ciocalteu’s
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reagent according to Singleton and Rossi.!® The concentration of the
total phenolic compounds was expressed in terms of molar equivalent
of gallic acid.

Measurement of phenolics content in roots. The phenolics
content in roots was measured according to Siddhuraju and Becker®
with some brief modifications. Briefly, one gram of root was ground
in a mortar to a fine powder with liquid N, and was extracted with
8 mL of 80% methanol in a sonication bath for 25 min. The solution
was centrifuged at 5000 g for 10 min. The total phenolics concentra-
tion in the supernatant was determined colorimetrically at 750 nm
using Polin-Ciocalteu’s reagent.'®

Analysis of the difference of the phenolics compositions between
Fe-deficient and Fe-sufficient roots. The phenolics was extracted
from 0.5 gram of Fe deficient or Fe sufficient root as described in
former Section. The methanol extract was passed through a 0.45-um
membrane filter, and 10 UL was used for HPLC analysis (Beckman).
The samples were injected into a Beckman C,4 (ODS) 5 pm, 4.6 x
250 mm HPLC column heated to 30°C. The mobile phase consisted
of (A) three parts 0.02M NH,H,PO, to one part 100% methanol
(V:V) and (B) 100% methanol. The flow rate was 0.8 mL/min, with
a gradient profile consisting of A with the following proportions (v/v)
of B: 0-15 min, 5%; 15-20 min, 5-35% B; 20-35 min, 35% B;
35-45min, 35-100% B; 45-50 min, 100% B; 50-52 min, 100-5% B.
The phenolic compounds in root extracts were identified by UV
spectra at 280 nm.

Measurement of IAA-oxidase activity. One gram of fresh root
sample was homogenized in 5 ml of ice-cold 100 mM phosphate
buffer (NaH,PO,/Na,HPO,, pH 7.0). The homogenate was centri-
fuged at 15000 g for 20 min at 4°C and the supernatant which
contains the enzyme extract, was used for IAA oxidase activity analysis
according to the methods of Beffa et al.!” Briefly, reaction mixtures
contained 3 ml of 100 mM phosphate buffer (NaH,PO,/Na,HPO,,
pH 7.0), 2 ml of 1 mM MnClz, 2 ml of 1 mM 2, 4-dichlorophenol
(DCP), 2 ml of 1 mM IAA and 1 ml of enzyme extract, and were
kept at 25 + 0.5°C. After reaction for 40 min, 3 mL of the reaction
mixture was mixed with 2 mL of Salkowski reagent. The Salkowski
reagent was prepared according to the method of Sarwar et al.?
The mixture was allowed to stand for 30 min for color development,
and the absorbance was recorded at 530 nm. The enzyme activity was
expressed as g of oxidized IAA per g fresh root per minute.

Effect of extracted root phenolics on IAA-oxidase activity.
After 13 days of growth on -Fe media, roots from both Fe-deficient
and Fe-sufficient plants were harvested, and phenolics extracted as
described in former Section. The extractant was dried at 40°C in a
rotary evaporator. Residues were dissolved in 100 mM phosphate
buffer (NaH,PO,/Na,HPO,, pH 7.0) and stored at 4°C for later
use. The quantity of the total phenolics in phosphate buffer was
measured colorimetrically using Folin-Ciocalteu’s reagent.

Crude IAA oxidase enzyme extract was prepared from 10 g of
roots from 38-day-old Fe-sufficient plants as described in former
Section. Different concentrations of phenolics isolated from roots
of Fe-sufficient and Fe-deficient plants were added to the reaction
mixtures. The rate of phenolics-induced inhibition of IAA-oxidase
activity was calculated according to the following equation:

Inhibited rate (%) = (A-A /A, x 100

where A, is the IAA-oxidase activity with no root-extracted pheno-
lics, and Ap is that with root-extracted phenolics.
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Figure 1. Effects of Fe-deficiency and stem TIBA application on root pheno-
lics secretion. The 23-day-old plants were subjected fo following treatments:
Control, plants cultured in complete nutrient solution; -Fe, plants cultured in
nutrient solution lacking Fe; -Fe + TIBA, TIBA was applied to the stem of the
-Fe grown plants Root phenolics secretion is expressed in terms of molar
equivalents of gallic acid. Error bars show standard deviation (n = 3).

The measurement of IAA content in root. IAA extraction,
purification and assay were modified from Yang et al.?! Briefly, about
0.500 g roots was homogenized in 3 ml prechilled 80% methanol
on ice in weak light condition, with about 0.1 g polyvinylpyr-
rolidone (PVP) added. Homogenate was centrifuged at 5000 rpm
for 10 min at 4°C, debris was cleaned with 0.5 ml prechilled 80%
methanol and centrifuged. Supernatant was combined and puri-
fied with C18 columns (C18Sep-Park Cartridge, Waters Corp.,
Millford, MA). Then 300 UL of the extract was dried under N
gas, and redissolved in 200 pl methanol. The IAA in the methanol
solution was methylized with diazomethane, followed by drying
under N, gas and redissolved in 300 ul phosphate buffer solution
(PBS, 1.3 mM NaH,PO,, 8.7 mM Na,HPO,, 0.14 M NaCl,
pH 7.4) for enzyme-linked immunosorbent assay (ELISA). The
ELISA kits were purchased from Phytohormone Research Institute,
Nanjing Agricultural University, China. Absorbance of the devel-
oped color was measured at 490 nm using a microplate reader.
The recovery rate of this immunoassay for IAA is 76%.

Determination of FCR activity. FCR activity was determined
according to Grusak.?? Briefly, one gram of the excised roots (less
than 10 cm from the root tips) was placed in an Erlenmeyer flask
filled with 50 ml of an assay solution consisting of 0.5 mM CaSO,
0.1 mM Mes (4-morpho-lineethanesulfonic acid), 0.1 mM BPDS
(4,7-diphenyl-1,10 -phenanhroline-disufonic acid) and 100 uM Fe
EDTA at pH 5.5 adjusted by 1 M NaOH. The flasks were placed
in a dark room at 25°C for 1 h, with periodically hand-swirling
at 15 min intervals. The absorbance of the assay solutions was
recorded by a spectrophotometer at 535 nm, and the concentration
of Fe(I)[BPDS]; was quantified using an extinction coefficient of
22.14 mM em™!
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Figure 2. Effect of TIBA (A) and exogenous IAA (B) treatments on phenolics
accumulation in roots. Twenty-three-day-old plants were used in this invest-
igation. Control, Plants cultured in complete nutrient solution; -Fe, Plants
cultured in nutrient solution lacking Fe; -Fe + TIBA, TIBA was applied to the
stem of Fe deficient plants Control + IAA, Plants cultured in complete nutrient
solution containing 0.2 UM IAA; Fe + IAA, plants cultured in Fe nutrient
solution containing 0.2 UM IAA. The root content of total phenolic compounds
is expressed in terms of molar equivalents of gallic acid. Error bars show
standard deviation (n = 3).

RESULTS

Effect of Fe deficiency on root phenolics secretion and accu-
mulation. Most Fe-efficient dicot plants secret phenolic compounds
under Fe-deficient conditions, 2324
occurs in red clover (Fig. 1). Compared with that of Fe sufficient roots,

and we show here that this also

the phenolics secretion of the Fe deficient roots was greatly increased
(Fig. 1). Phenolics accumulation in root was also significantly
increased by the Fe deficient treatment, showing about a 40%
increase (Fig. 2A). When the stem was treated with TIBA, both
phenolics secretion and accumulation in the roots of Fe deficient
plant were not affected. The NPA treatment also did not affect these
two Fe deficiency-induced responses (data not shown). In addition,
The exogenous IAA treatment did not affect the phenolics accumula-
tion both in Fe sufficient and Fe deficient roots too (Fig. 2B). These
results suggest that root phenolics secretion and accumulation in
response to Fe-deficiency was independent of TAA.

Effects of Fe-deficiency and root extracted phenolics on root
IAA-oxidase activity. [AA-oxidase activity in the roots was strongly
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Figure 3. Effect of Fe deficiency on IAA-oxidase activity in the root. Twenty-
three-day-old plants were used in this investigation. Control, Plants cultured
in complete nutrient solution; -Fe, Plants cultured in nutrient solution lacking
Fe. Error bars show standard deviation (n = 4).

inhibited by the Fe deficiency, particularly as the plants became
more Fe deficient (Fig. 3). An experiment investigating the effects
of phenolics extracted from roots of Fe deficient plants on in vitro
[AA-oxidase activity showed that phenolics strongly inhibited IAA
oxidase activity (Fig. 4A). Interestingly, total phenolics extracted
from roots of Fe deficient plants inhibited IAA oxidase activity
stronger than that from roots of Fe sufficient plants at any particular
concentration of phenolics (Fig. 4A). In addition, the inhibition
of IAA-oxidase activity clearly increased as phenolics concentra-
tions were increased in the reaction mixture from 20 to 400 UM,
which corresponded to root phenolics concentrations of 1.2 to
24 mM (Fig. 4B). At a concentration of 70 WM, which approxi-
mately corresponded to the measured phenolics content of roots
from Fe-deficient plants (about 4 mM) (Fig. 2), the inhibition of IAA
oxidase activity was approx 60%.

Effects of Fe-deficiency on the endogenous root IAA level. On
day three of Fe-deficient treatment, the root IAA content showed no
difference between Fe deficient and sufficient plants. However, from
the day six on, the root IAA contents in Fe deficient plants were
remarkably higher than that of Fe sufficient plant (Fig. 5).

Effect of TIBA application on the patterns of Fe-deficiency
induced FCR. Root FCR activity was strongly induced by the
imposition of Fe deficiency. When the stem was treated with TIBA
(Fig. 6) or NPA (data not shown), root FCR activity progressively
decreased, but it retained at a higher level than that in roots of
control (+Fe grown) plants for the entire treatment period, suggesting
that the IAA should be involved in regulating Fe deficiency-induced
FCR activity.

DISCUSSION

The accumulated phenolics in roots and their relationship
with TAA-oxidase activity. In plants, various phenolic compounds
have been demonstrated to have the ability to regulate IAA-oxidase
activity.>’-8 and the IAA-oxidase activity should play an important role
in regulating root IAA levels. As shown in Figure 3, root IAA-oxidase
activity was significantly inhibited by the imposition of Fe deficiency
in the plant. Thus we investigated whether this inhibition of root
IAA oxidase activity was due to Fe deficiency-induced accumulation
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Figure 4. Effect of the phenolics extracted from the roots on root IAA oxidase
activity. (A) Concentration dependence of the inhibition of root IAA oxidase
activity by phenolic compounds isolated from roots of Fe deficient and Fe
sufficient plants. Total phenolic concentration in the assay ranged from 0.1
to 100 uM; (B) Inhibition rates of root IAA oxidase activity by phenolic
compounds isolated from roots of Fe deficient plants. Total phenolic concen-
tration in the assay ranged from e 20 to 400 pM. Error bars show standard
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Figure 5. Effect of Fe deficiency on IAA content in the root. Twenty-three
day-old plants were used in this investigation. Control, plants cultured in
complete nutrient solution; -Fe, plants cultured in nutrient solution lacking Fe.
Error bars show standard deviation (n = 4).

of phenolic in the root. This was done by investigating the ability
of phenolics extracted from the root to affect enzyme-catalysed IAA
breakdown in vitro using IAA-oxidase isolated from roots of Fe suffi-
cient plants. As shown in Figure 4A, the phenolics extracted from
roots of Fe-deficient and sufficient plants both inhibited IAA-oxidase
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Figure 6. Effects of stem TIBA application on Fe deficiency induced FCR
activity. The 23-day-old plants were subjected to following treatments:
Control, plants cultured in complete nutrient solution; -Fe, plants transferred
to -Fe nutrient solution; -Fe + TIBA, TIBA was applied to the stem of the -Fe
plants. Error bars show standard deviation (n = 3).

activity in vitro, with phenolics extracted from roots of Fe deficient
plants have a greater inhibitory effect than those from roots of Fe
sufficient plants at the same concentration. The HPLC profiles of
the extracted phenolics from Fe-sufficient and deficient roots showed
that Fe deficiency definitely induced some new phenolic compounds
and increased the content of some phenolics (Fig. 7). Therefore, it is
highly possible that phenolics from Fe deficient roots might contain
more active phenolic components that have higher inhibitory effect.
In addition, the inhibitory effect of phenolics on IAA-oxidase activity
increased as the phenolics concentration was increased (Fig. 4A and
B). All of these results suggest that the inhibition of root IAA-oxidase
activity in response to Fe deficiency may be due to both the increases
in root phenolics levels and changes in phenolics compositions,
and this relationship is likely linked to the IAA levels increases in
the Fe-deficient root (Fig. 5). Of course, which compounds in the
Fe-deficient root extracts are more effective in inhibiting auxin
oxidase need further investigation by identifying the compounds and
doing the bioassay of the individual compound purified.

It is worthy to mention here, that the phenolics content of
Fe-deficient root had been increased at the second day of Fe-deficient
treatment (Fig. 2), while the IAA content of Fe-deficient was still
unaltered at the third day of Fe-deficient treatment (Fig. 5), suggesting
that the occurrence of phenolics content change is an earlier event
than IAA content change. This phenomenon interestingly fit the
hypothesis that the phenolics accumulation in Fe-deficient root is, at
least, one of the main factors resulting in the IAA level increases.

In contrast to the root, the phenolics content in the Fe-deficient
shoot was lower than in the Fe-sufficient shoot (data not shown).
Many phenolic compounds have been demonstrated to nega-
tively regulate IAA transport.”!? Therefore, the decreased phenolics
content in shoot may also contribute to the IAA accumulation
in the root through accelerating IAA transport from shoot. This
hypothetical model will be investigated in future research.

Involvement of IAA in regulating induction of the root FCR
by Fe deficiency. Fe-deficient red clover roots had much higher
IAA contents than Fe-sufficient roots (Fig. 5). The shoot derived
IAA has been demonstrated a critically important signal molecule
in regulating various root physiological responses.!”?> Application

www.landesbioscience.com
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Figure 7. The HPLC profile difference of the phenolics composition between
Fe-deficient and Fe-sufficient root. The phenolics was extract from the roots
with 80% methanol, and then the exiracts was analyzed by HPLC. Column,
5-um Beckman C;4 (ODS); flow, 0.8 ml min’!; detection, 280 nm.

of TIBA (Fig. 6) or NPA clearly inhibited Fe-deficiency-inducible
root FCR activity. Furthermore, decapitation of the shoot apex
and any new expanded leaves, which will inhibit subsequent TAA
synthesis in the shoot, also significantly inhibited root FCR activity
in the Fe-deficient red clover, implying that the IAA is involved in
regulating the increased expression of FCR capacity when the plant
suffers from Fe deficiency. Therefore, it is highly possible that the
Fe deficiency induced phenolic compounds secretion and FCR are
differentially regulated.

Recently, Zheng et al. demonstrated that the root FCR in red
clover was induced within one day, and displayed two distinct
peaks of increased activity during 24 days of Fe-deficiency treat-
ment.% In addition, shoot apical decapitation inhibited the second
cycle of increased FCR activity, but did not influence the first peak
(on day three). In present research, we also found that the FCR
activity was almost not inhibited by TIBA on day three (Fig. 6),
and the IAA content in the same day was also show no difference
between Fe-deficient and Fe-sufficient root (Fig. 5). In addition, the
Fe-deficiency induced FCR activity following stem TIBA application
was still significantly higher than the same activity in Fe sufficient
plants, and so did the shoot apex decapitation.2® In addition, we
also found that the exogenous IAA treatment to Fe-deficient root
could significantly increase the FCR activity, but the same treatment
to Fe-sufficient root can not mimic the FCR activity induced by Fe
deficiency.?” Therefore, we hypothesize that IAA may be a secondary
signal that, for example, may amplify the degree of later peak of
root FCR gene expression or enhance translation of the transcribed
mRNA, but is not the primary factor determining whether this FCR
gene(s) is expressed or not. Of course, we still can not rule out that
the root itself directly perceives the -Fe deficiency signal which results
in the induction of the FCR as proposed in our earlier report.®
Besides, the enhancing effect of IAA on FCR activity may be also
achieved by altering the root architecture, such as increasing the root
hairs and lateral roots, both of which can increasing the root surface
for ion uptake.

When roots were treated with exogenous IAA, the FCR activity in
-Fe plant roots was significantly increased, but only a slight increase
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was seen in roots of Fe-sufficient plants with the same treatment.?”

This resule further supports the above hypothesis since if the IAA
were the only signal determining Fe-deficiency induced FCR gene(s)
expression, and then the root FCR activity should also be strongly
stimulated by exogenous IAA in Fe sufficient plants. Nevertheless,
the internal IAA and exogenous IAA pools could be functionally
different in terms of regulating the physiological responses, which
needs to be studied further.

The potential joint effect of internal phenolics levels and IAA
in regulating iron-deficiency induced FCR. The present research
using stem TIBA application demonstrated that the TAA is involved
in regulating Fe-deficiency-induced root FCR activity, but is not
involved in root phenolics secretion and accumulation, suggesting
that phenolics are differentially regulated from other Fe-deficiency
responses. Application of NPA to the root-shoot junction can inhibit
IAA transporter from shoot to root,? in present research, we found
that NPA had the same effect on Fe deficient responses (data not
shown). This further supports the involvement of the IAA in regu-
lating Fe-deficiency-induced responses. The combined observations
that Fe deficiency inhibited root IAA oxidase activity (Fig. 3), and
increased root phenolics content (Fig. 2) and endogenous root IAA
content (Fig. 5), along with the observed inhibition of IAA oxidase
activity by increasing concentrations of phenolics (Fig. 4), allow
us to suggest the following model: When the plant suffers from Fe
deficiency stress, the increase in root phenolics concentrations play a
role in enhancing root IAA levels through at least partially through an
inhibition of root IAA oxidase activity. This response contributes to
increasing root IAA levels, which in turn help induce increased later
peak of root FCR activity. These findings are helping to advance our
understanding of the signaling pathways associated with the response
of Strategy I plants to Fe deficiency.
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